SOVIET PHYSICS USPEKHI
533.9

VOLUME 9, NUMBER 3

NOVEMBER-DECEMBER 1966

PLASMA OSCILLATIONS OF THE ELECTRON SHELL OF THE ATOM

D. A. KIRZHNITS and Yu. E. LOZOVIK

P. N. Lebedev Physics Institute, Academy of Sciences, U.S.S.R.

Usp. Fiz. Nauk. 89, 39—-47 (May, 1966)

THE question of plasma (collective) oscillations of
the atomic shell, raised more than thirty years ago[ﬂ,
has been recently getting more attention. The possible
manifestations of an atomic plasmon in such processes
as loss of energy by a fast particle in a medium t-2],
plasma oscillations and characteristic losses of elec-
trons in a metal [3'4], etc. were already discussed in
the literature in their time. Of special interest at
present is the participation of the plasmon in various
types of atomic reactions brought about by electron-
atom and atom-ion collisions or by interactions of
electromagnetic radiation with the atom 58], This
interest has been stimulated by the appearance of new
experimental data on atomic reactions with energy
transfer ranging from tens to thousands of electron
volts. Besides experiments on electron-atom colli-
sionst® 1], special interest is evinced in new and to a
considerable degree unique data on ion-atomic colli-
sions'1214) optained by using a coincidence technique
to register the states of the two participants in the
reaction.*

Plasma oscillations in the atomic shell have the
same nature as in the electron fluid of a metal or in a
plasma: when the particle density deviates from its
equilibrium value, a Coulomb restoring force is pro-
duced. In quantum language, the plasmon as an ele-
mentary excitation constitutes a definite superposition
of ordinary single-particle excitations of the particle~
hole type. This superposition encompasses, with one
weight or another, all the filled levels of the atom.T

To determine the nature of the atomic plasmon it is
necessary to evaluate primarily the following factors:

a) the spectrum of the oscillations—the natural fre-
quencies damping, and the character of the oscillations
(radial, dipole, etc.);

b) the characteristics describing the probability of
excitation of the plasma oscillations (in particular, the
oscillator strengths);

¢) the degree and character of participation of the
plasmon in atomic reactions.

*A special conference on collective effects in the atom was
held in February of this year at the Physicotechnical Institute
im. A. F. loffe of the Academy of Sciences, where most of these
data were reported.

TIn spite of the prevalent opinion, the plasmon cannot be re-
garded as a bound state of a particle and a hole, since the cor-
responding annihilation diagrams correspond not to attraction but
to repulsion. Accordingly, the plasmon energy in a homogeneous
medium lies above the energy levels of the interacting particles
and holes.

We must point out immediately that these factors
have not yet been uniquely evaluated. The experimental
data do not lend themselves to an unambiguous inter-
pretation, and the theoretical analysis encounters
serious difficulties. The problem is particularly acute
when it comes to the damping of plasma oscillations,
that is, essentially to the very existence of the atomic
plasmon (see 415 and Sec. 4 below concerning this
question).

In this brief review we describe the present status
of the theory of the atomic plasmon. We use the atomic
units e =i =m =1.

1. The simplest and historically the earliest method
of describing plasma oscillations in a heavy atom is
to start with their analogy with the hydrodynamic os-
cillations of a charged liquid drop. By considering the
acoustic approximation to the nonstationary Thomas-
Fermi equation, that is, by regarding the deviation
from the equilibrium density and the velocity as small
quantities, we arrive (1-2] 4¢ the following expressions
for the natural frequencies w;, and the oscillator
strengths fp:

o, =kpZ, fn=0.2Z, (1)

where Z is the number of electrons in the atom, and
kn and qn are numerical coefficients of the order of
unity.

It must be noted that the foregoing estimates are
valid when Z > 1 also outside the framework of the
hydrodynamic approach; thus, an estimate for
wp ~ vy/l (vy—characteristic velocity, {—character-
istic length) is obtained directly from the relations
vy~ Z%% and 1 ~ z1/3, which follow from the Thomas-
Fermi equation.

Formula (1) shows thus that the plasma oscillations
correspond to a region intermediate between the opti-
cal and the x-ray spectra (seet™ for details).

Relations (1) were used int*2) to determine the
energy loss of a fast particle in a medium (the Baker-
Bloch formula). Although this formula is in good
agreement with experiment, we still can not conclude
from this that the atomic plasmon really exists, since
we are uncertain whether we deal with a real excita-
tion of plasma oscillation or with some averaged effect
of single-particle excitations[16,

The discussed hydrodynamic approach has many
shortcomings. First, it is impossible to solve within
its framework the question of the damping without
introducing special dissipative terms. This in itself
already indicates the need for enrolling additional
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microscopic information. In addition, even when ap-
plied to a homogeneous medium, a correct result is
obtained for wy only in the long-wave limit'4). Yet in
an atom this limit is unattainable because of the
boundedness of the system (the wavelength of the
plasmon cannot exceed the dimensions of the atom).

2. A consistent microscopic description of plasma
oscillations is best expressed in the language of the
dielectric constant. To abbreviate the notation, we
assume the longitudinal dielectric constant of the
atom* €(w, x, X') to be a matrix relative to X and x’
and denote it by the symbol E(w).

Denoting by €(w) the eigenvalue of the matrix
€(w), we can determine the natural frequencies wy, and
the damping v, of the plasma waves from the equation
€(wp *+ 1¥n) = 0. In other words,

S dx’e (0 -+ iya, X, x) O (x')=0, @)

where ®(x) is the eigenfunction of the matrix g(w),
subject to the required boundary conditions.t In more
compact form, the equation for the determination of
wp and ¥, can be written as the condition for the
vanishing of the resolvent of the kernel €(w, X, X'):

exp (— Sp In & (@, + iy,)) = 0. (3)

With the aid of the matrix €(w) we can express
practically all the pertinent characteristics of the sys-
tem (177181 particular, the spectral density of the
oscillator strengths is

g(0) = — o Im S dx dx'e7 (o). (4)

This quantity satisfies the usual sum rule
S g (0) do=Z.
]

To determine the dielectric constant of the atom
itself, many workers employ the so called quasihomo-
geneous approach. It consists in substituting in the
expression for € for a homogeneous medium, which
depends on the values of the density p as a parameter,
the quasilocal value p(x) at the given point of space in
place of p.

In order for this approach to be valid it is neces-
sary that p(x) vary sufficiently smoothly. If we intro-
duce the characteristic inhomogeneity length I, over

*This quantity relates the longitudinal components of the in-
duction and of the electric field:

D, (x)= S dx’e (0, x, x") E, (x').

11n the spatially-homogeneous problem ® (x) = exp (ik-x), In-
troducing the Fourier transform e (w, k), of the dielectric constant
in terms of the coordinate difference, we arrive at the well known
equation.
g (Op 4 iyn, k)==0

(see, for example, [V']).
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which p(x) changes noticeably, then it is necessary
that I be much larger than all the characteristics of
the system (with dimensions of length), entering in the
expression for €. These include the mean distance
between particles d ~ p'i/ 3 and a quantity which in the
homogeneous case has the meaning of the Debye
screening radius, rp ~ p 8. In an atom with Z » 1
we have p ~ 2%, 1 ~ 2714, and rp ~ Z3. Thus, al-
though I > d, we always have I ~ rp. Therefore the
quasihomogeneous approach to the problem of calculat-
ing ¢ for an atom is not valid in principle[$:15] * This
circumstance makes worthless the quantitative deduc-
tions of most papers devoted to the calculation of the
spectrum of the atomic plasmon. T

3. The exact microscopic expression for the dielec-
tric constant is

& (0)=08(x—x)+ S dx” ___l'l! :::—x;;}[” .

where Il is the polarization operator (a quantity des-
cribing the closed particle-hole loop) (6], This expres-
sion can be represented in the form of a Kramers-
Kronig dispersion integralti?}

a0

+
é(m)=6(x—x’)—§1,; g do F (o) x, x')

02—m'24i3

(5)

The calculation of € for atoms with relatively smail
values of Z is an exceedingly difficult problem. The
situation becomes much simpler when Z > 1, a case
to which we confine ourselves. More accurately speak-
ing, we neglect terms having a relative order Z73,

We recall first that the condition Z >> 1 corresponds
to the inequality rp > d, as a result of which the
particle-pair interaction energy turns out to be small
compared with the kinetic energy. This makes it
possible to replace I1 by its lower-order perturbation-
theory expression (the perturbing term is chosen to
be the difference between the exact and self-consistent
interaction) L6

It ((l), X, X,) :—;— S GD (8+0), X, X’) GO (E, X’, X) dS,
where
, %y (X)) %y (%)
Go (e, %, %) = ) e—e, 116 5ign (e,—Ep)

v

is the Green’s function in the Hartree-Fock approxi-

*At the same time, the quantities that can be expediently
determined by means of the cruder self-consistent-field approxima-
tion can be calculated with the aid of the quasihomogeneous ap-
proach, for the parameter r does not enter at all in this approxi-
mation. This pertains, for example, to the electron density, a
quasihomogeneous description of which is given by the Thomas—
Fermi equation.

tWe note in addition that the exponential (3) has been erron-
epusly replaced in [7] O— the expression [1 + Sp Ine(w)]™; this
leads, in particular, to an incorrect spectrum in the homogeneous-
system limit.
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mation, x,, and €, are the eigenfunction and the energy
in this approximation, and € is the Fermi energy.

Using further the smallness of the parameter 7Y/ 3,
we can disregard the exchange terms and proceed to
a quasiclassical description. Consistent utilization of
the condition Z > 1 gives the following final expres-
sion for F, which is valid in that region of the atom
where most electrons are situated!51*;

<IX(T)1—X’X >m

Here py(x) = [372p (x)]!/? is the limiting momentum de-
fined by the Thomas-Fermi equation Ap} = 8p3/3r

— 27Z6(x). The quantity x(7) is the classical coordinate
of the particle moving in a self-consistent field, that
is, the solution of the equation X = —Vp}/2 with initial
conditions x(0) = x and x(0) = py(x)n. The superior bar
denotes averaging over the directions of the unit vector
n, and the symbol (...), is the Fourier component with
respect to 7. If the motion of the particle is periodic
with period T, then the quantity (...), is replaced by
the corresponding component of the Fourier series
multiplied by the factor [1 — exp(—~iwT)]™!. The poles
of this expression correspond to quasiclassical single
particle excitation energies.

The gquasihomogeneous approach discussed above
corresponds to replacing the real quantity x(r) by the
trajectory of free motion with the same initial condi~
tions, that is, X + py(X)n7. In this language, the inappli-
cability of the quasihomogeneous approach is manifest
in the fact that after a characteristic time ~1/wp the
true motion of the particle deviates noticeably from the
uniform straight-line motion.?

We present by way of illustration the results of the
calculation of the trajectory in the field of the atom.
Choosing for p}(x) the expression ‘1]

%py (x)
n2

(6)

F(w, x, x)=

]1/3

ne=21+97
r 9n i/ —1l/g
=g o=(15)"2

and introducing
Zo

A=22t

(M is the moment of the particle), we have in polar
coordinates in the plane of motion

E—}—%:A+1—{—(A—1)cosq>.

*For several quite accidental reasons, this expression can

be obtajmed also from the classical kinetic equation (for details
158’
-

iWe note that (5) and (6) are obtained from the exact ex-
pression by neglecting the parameters d/1'D and d/!, but re-
taining all the powers of the parameter rD/l. Yet in the quasi-
homogeneous approach the latter is also neglected.

see
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This is a closed self-intersecting trajectory, corre-
sponding to a period

T_:n.(A—|—1) BA—1)a2
R

The latter is precisely of the order of 1/wy.

We see from the foregoing relations the complica-
ted computations involved in the problem of describing
an atomic plasmon. This problem is still far from
solved.

4. As already indicated, the most acute problem for
the atomic plasmon is its damping. We recall that in
the case of homogeneous medium the plasmon damping
connected with its decay into single-particle excita-
tions is small so long the plasmon momentum k does
not exceed a certain value Kpp, which amounts to
(0.1—0.3) p, in the density range of interest to us.L20+5]
When k < kgp the energy and momentum conservation
laws prevent the plasmon decay into one particle-hole
pair, and decay into two or more pairs is suppressed
to the same degree as the Debye radius exceeds the
mean distance between particles.

Going over into the atomic plasmon, let us point out
several factors that make its damping larger than for
a homogeneous medium. First, as already noted, the
wavelength of the plasmon in the atom is bounded from
above and the effective value kg¢p is accordingly boun-
ded from below. This raises the question whether the
condition ketf < kep is satisfied for the atomic plasmon,
that is, whether the channel for plasmon decay into a
particle-hole pair always remains open. This aspect
of the problem was investigated ints) using a very
simple model with rectangular charge distribution. It
was found that most possible types of oscillations
indeed do not satisfy this condition, the only exception
being the dipole type* oscillations with the lowest ex-
citation energy.

The situation becomes much more aggravated by
inhomogeneity in the particle distribution. Since
scattering by the inhomogeneities leads to a momentum
transfer of the order of 1/ (see Sec. 2), even the con-
servation laws may turn out to be satisfied in the decay
of a plasmon into a particle-hole pair if the condition
Keff < ker is fulfilled. In other words, since k is no
longer a good quantum number, the plasmon spends
part of the time in a state with k > kgy. This results
in a damping which is essentially connected with the
inhomogeneity, and which is apparently the principal
damping for the atomic plasmon.

The ratio of this damping to the plasmon frequency
should be expressed in terms of dimensionless com-

*QOscillations corresponding to the shift of the shell as a
whole relative to the nucleus are also dipole. This very
simple model of plasma oscillations was considered long ago
by E. L. Feinberg, and yields for w, estimates that are similar
to (1). The possibility of satisfying in this case the adiabat-
icity of the oscillations and the smallness of the damping has,
however, a low probability.
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binations that contain ! in the denominator: d/!, rp/i,
etc. The parameter rp/l, according to the estimates
of Sec. 2, is of the order of unity. Therefore there are
no small parameters in the atom capable of making
the ratio of the plasmon damping to its frequency
small. The possible occurrence of small numerical
coefficients is, of course, not excluded in principle,
but the solution of this problem calls for the perform-
ance of a complete numerical calculation.*

So.far we have been dealing essentially with plas-
mon decay processes that can occur in an atomic core.
There is also a definite plasmon decay mechanism
connected with the outer shells. It is sufficient to note
that the plasmon energy in a heavy atom greatly ex-
ceeds the first ionization potentials. Therefore the
plasmon level always lies in the continuous spectrum.
If there is an effective mechanism for transferring
the excitation energy to the outer shells then, provided
the momentum and parity conservation laws are satis-
fied, the plasmon can always decay into a pair with
production of a hole in the outer shell. From the point
of view of the analysis that follows, the greatest inter-
est attaches to the case when the corresponding parti-
cle falls in the continuous spectrum. The partial width
of the plasmon level corresponding to this case will be
denoted by yrilon_ When all the foregoing conditions are
satisfied, the contribution of Yi°R to the total width vy
may be appreciable.

5. If nevertheless the damping of the atomic plas-
mon remains not too large, then the presence of such
a collective level in the atomic excitation spectrum
can radically change the course of the atomic reac-
tions, and the energy transfer may be of the order of
the resonant energy wy. Under these conditions the
Bohr mechanism may compete with the direct reaction
mechanism, at least in principle (o],

We shall speak for concreteness of the collision be-
tween an electron and an atom. When a resonant elec-
tron falls into the atom, a virtual plasma oscillation
is excited in the latter. The incident electron trans-
fers its energy to a large number of electrons of the
atom and ‘‘sticks’’ in the shell, which goes over into
a strongly excited ‘‘heated’’ state (the corresponding
effective temperature is of the order of 10° deg). This
results in a relatively long-lived intermediate state—
the ‘‘compound atom.’’ The excitation energy can
subsequently be concentrated on the outer electrons
of the atom, and thus cause ionization (‘‘evaporation’’
of the outer electrons)t; other secondary processes

*Certain indirect evidence in favor of appreciable damp-
ing is the presence of a series of broad lines in the spectrum
of the characteristic electron losses in a metal; these lines
are related to oscillations that are induced in the electron
shells of the ions!®].

t+ Similar notions, although phenomenclogical to a certain
degree, were developed earlier for ionization occurring when
atoms collide with atoms L7 ™ (see also {2 2 Y.
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competing with ionization are, of course, also possible.

The most characteristic feature of a reaction pro-
ceeding via a compound atom is the absence of corre-
lation between the states of the reaction products and
the states of the colliding particles. The reaction
proceeds, as it were, in two independent stages:
formation of the intermediate system, and its decay
with emission of the end products. The cross section
for the reaction can accordingly be represented by a
product of two factors:

o'l (0) =0} (0) w' (), )

the first of which represents the cross section for the
formation of the compound atom, and the second the
probability of its decay in a given channel f. The cross
section 0if is given by the well known Breit-Wigner
formula; near resonance the cross section g is close
to geometric:

1 1
Go%m‘f\-’?.

wi = 'er1/7n’ where yfl is the partial width correspond-
ing to the f channel. In particular, for the ionization
cross section we have wion = vlilon/’yn (see end of
Sec. 4).

We emphasize that if the mechanism considered is
actually realized in electron-atom collisions, then the
traditional juxtaposition of this process with the colli-
sion between slow nucleons and a nucleus is unjusti-
fied. In order to make the analogy with nuclear reac-
tions, where strong interaction between particles is
important, even more complete we point out that the
interaction of the electrons in the atom in the reson-
ance region is also strong. In order not to complicate
the problem, let us consider a homogeneous medium.
It is well known that when allowance is made for the
interaction between the particles, the effective poten-
tial of the interaction is obtained by replacing the
Coulomb potential 47/k? by the quantity 4r/k%(w, k).
This quantity may turn out fo be appreciable near
resonance where €(w, K) = 0 (see Sec. 2).

We note that excitation of the plasma oscillation in
the shell can be effected not only by an electron inci-
dent from the outside, but also by an electron falling
into the shell, so to speak, ‘‘from the inside.’”’” We
have in mind a B electron emitted from the nucleus
during radioactive decay. The corresponding excita-
tion probability is given by the following estimating
formula indicated by E. L. Feinberg:

W ~ 012 #Eg,

where Eg is the kinetic energy of the § electron.

Let us also dwell briefly on the absorption of elec-
tromagnetic radiation by the atom. The corresponding
cross section

o (0) = 2% ()

(see (4)) has obviously a resonant character near wy.
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Using (1) we can readily obtain an estimate for the
integral of o{w) over the resonance region

S o (@) do=1,Z,

where Il is a numerical factor of the order of unity.

6. In conclusion let us consider briefly the availa-
ble experimental data on atomic reactions in the en-
ergy region of interest to us.

For electron-atom collisions using a monoener-
getic electron beam, there are data on the ionization
cross sections of noble gases over a wide range of
energies from threshold to 20 kev911J,

The most remarkable feature of the ionization
cross sections of a given ion multiplicity k is the ap-
preciable growth in the y fraction of the yield of ions
of given k with increasing Z. Thus, the ratio of the
maximum cross sections with k=4 and k=1 is
~0.001 for argon, ~0.01 for krypton, and ~ 0.1 for
xenon. Inasmuch as the properties of the atomic outer
shells from which the electrons are emitted change
very slowly with Z, the foregoing data offer undispu-
ted evidence of the collective nature of the ionization
process, that is, of the important role of the internal
shells of the atom.

However, the available experimental data are still
insufficient to disclose the nature of this collective
process. It is not clear, in particular, whether the
plasma level* comes into play here or whether a
direct reaction occurs, connected for example with
the Auger effect.

The most extensive and most detailed set of data
was obtained in experiments on the collisions between
ions and atoms of noble gases (12-14]

We note first that the relative probability of devia-
tion of the total charge of the produced ions from the
corresponding maximum value is given by a universal
Gaussian curve, which fits the points corresponding
to different states of the incident particles[!?J, This
fact does not contradict the Bohr picture (see (7)).

However, other characteristic features observed in
experiment are not readily interpreted in the spirit of
the Bohr picture. This pertains, in particular, to the
mechanism based on plasma excitations.

It must be emphasized that in general there is still
a certain disagreement between the data obtained by
different authors. Nor is it clear whether the observed
lines of the characteristic losses pertain to individual
atoms or to a ‘‘quasimolecule’’ produced during the
first stage of the process[m’“]. The interpretation of

*We note that in this case the ionization cross sections should
have a resonance at an energy w,. Resonances of this kind, per-
haps not very reliable, were observed at @ = 1 keV, for the cross
sections of Xe** and Xe** in[t],

+It is impossible to agree with the notion introduced inl®], of
plasma oscillations of individual shells of the atom, even for the
sole reason that the excitations of the internal shells are not plasma
but single-particle excitations (see "] on this subject),
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these experiments is already the subject of many
specialized papers [8:25:%], byt the proposed schemes
can hardly be regarded as satisfactory from the point
of view of the entire available experimental material.

It seems to us that in order to explain these experi-
ments and to disclose the role of the atomic plasmon
it is necessary to perform additional experiments.
Especially important for the solution of the problem
of the atomic plasmon would be an investigation of the
photoatomic reactions with heavy atoms at energies of
the order of several keV.
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