
TABLE I. Quasiresonant processes in collisions of atomic parti-
cles.

Process
Effect or system in which the given

process occurs

1. Resonant charge exchange

2. Nonresonant charge exchange

3. Transfer of excitation

4. Spin exchange and transitions between hyper-
fine-structure states _

5. Depolarization (change in the direction of
angular momentum) in collisions

6. Transitions between fine-structure states

7. Ionization in a collision with a highly excited
atom

8. Mutual neutralization in the collision of a
positive ion with a negative ion

9. Destruction of a negative ion in a collision witt
an atom or molecule

10. Deactivation of metastable atoms in collisions

Charge transfer in an atomic gas or plasma
(gas discharges, fusion plasmas, electrode
effects, etc.)

The solar wind in the upper atmosphere;
aurorae; astrophysics; the diagnostics of
hot plasnas; the formation of population
inversions in lasers; etc.

Spectral-line broadening and the formation of
population inversions in lasers

The hydrogen and rubidium maser

Fluorescence of an atomic gas, spectroscopic
effects (e.g., the Hanle effect), laser spec-
troscopy

Sensitized fluorescence, spectroscopy of gases

Formation of charged particles in an excited
gas, in particular, an irradiated gas

Charge recombination in a low-density elec-
tronegative gas, in particular, in the earth's
atmosphere; formation of population inver-
sions in lasers; etc.

Formation of electrons in an electronegative
gas and the inverse process

Kinetics of excited states in an excited gas

are listed in Table I. In the resonant processes, tran-
sitions between states occur when the nuclei are far a-
part in comparison with the dimensions of the colliding
particles. This circumstance has two consequences.
First, the cross sections of the quasiresonant processes
are large, so these processes are important in various
effects in gases and plasmas (Table I). Second, there
is a small parameter, which can be exploited to derive
a rigorous asymptotic theory for each process.

An asymptotic theory for a quasiresonant process con-
sists of several elements.1 The transitions which occur
in long-range collisions involve a limited number of
channels, and for each of these channels the energy of
the corresponding state of the quasimolecule must be
calculated as a function of the distance between nuclei
in an asymptotically exact manner (i.e., in the limit of
large distances between nuclei). Then the dynamical
problem for the transition probability amplitudes must
be solved. Ultimately, it is possible to determine the
transition cross section or other parameters of the col-
lision (in particular, the density matrix of the system
for given conditions).

The asymptotic theory of quasiresonant processes
(like any approach which is based on a small parameter)
has the advantage that the accuracy of the result can be
estimated. Let us illustrate this point with the case of

resonant charge exchange of an ion with an atom of the
same species, in which the small parameter of the the-
ory is about 0.1 for collision energies up to the kiloelec-
tron-volt range. Most of the error in the calculation of
the cross section for resonant charge exchange is due to
the inexact value of the wave function of the valence e-
lectron in the atom far from the nucleus. This uncer-
tainty in the electron wave function is 10-30% for most
elements, and the corresponding error in the cross sec-
tion is 3-10%. This 3-10% value is larger than that due
to other factors (the approximations made regarding
associated processes, such as depolarization, a change
in the fine-structure state of the colliding particles, and
inelastic transitions; and the neglect of those effects in
short-range collisions which lead to oscillations in the
cross section). It follows that the asymptotic theory can
lead to a cross section for resonant charge exchange
which is more accurate than the results which can pre-
sently be found experimentally (the error in the abso-
lute experimental cross sections is 10-30%). These
considerations demonstrate the possibilities of asympto-
tic approaches in the theory of atomic collisions.

'E. E. Nikitin and B. M. Smirnov, Usp. Fiz. Nauk 124, 201
(1978) [Sov. Phys. Usp. 21, 95 (1978)].

Yu. N. Demkov and L. P. Presnyakov, An asymptotic
approach in the theory of atomic collisions. Research
on the elementary processes involved in atomic colli-
sions is important for the development of atomic and
molecular physics in general and also for many applica-
tions in plasma physics, quantum electronics, astro-

physics, and elsewhere. In the theory of atomic colli-
sions there is an obvious need for effective methods
which give clear interpretations of the various process-
es, which definitely show the effects of the various physi-
cal parameters, and which permit accurate practical
calculations of cross sections and reaction rates.

881 Sov. Phys. Usp. 21(10), Oct. 1978 Meetings and Conferences 881



In the theory of atomic collisions there is no univer-
sal calculation method equivalent (in terms of its re-
sults) to the Hartree-Fock method for calculations of a-
tomic structures. The reason is the fundamental differ-
ence between problems with a continuous spectrum (col-
lisions) and problems with a discrete spectrum (atomic
structure).

The most interesting collisions are the "slow" colli-
sions in which the velocity of the relative motion of the
atoms is less than the typical orbital velocities of the
electrons. Depending on the nature of the particular
process under study, the corresponding upper boundary
on the kinetic energy of the atoms can range from a few
kiloelectron volts (resonant charge exchange1) to sever-
al million electron volts (vacancy formation in atomic
Κ shells during collisions). For slow collisions, it is
usually not possible to use any standard modification of
perturbation theory.

The most important results which have been obtained
in the modern theory of atomic collisions can be credit-
ed to the asymptotic approach. In this approach, the
multiple-channel problem of scattering and quantum
transitions is broken up into two parts: 1) an identifi-
cation of the natural physical parameters which are
large in magnitude for each particular type of elemen-
tary process, λ » 1 (Table II); 2) the construction of
asymptotically exact solutions in the form of power ser-
ies in the small parameters, λ" 1 «1. According to the
Born-Fock theory, "fast" and "slow" (nuclear) subsys-
tems are singled out in the system of colliding atoms.
If the electron terms are classified on the basis of sym-
metry, selection rules can be written for the quantum
transitions. The problem can be simplified substantial-
ly by reducing the number of possible processes by dis-
carding the "adiabatically blocked" processes (those for
which the Massey parameter1 is much larger than unity
and for which the transition probabilities and cross sec-
tions are exponentially small). Analysis of the electron
terms and the interactions between the various quantum
states leads to a distinction between adiabatic and non-
adiabatic regions in configuration space. Quantum tran-
sitions occur only in the nonadiabatic regions. In the
simplest case, only two states interact in each such re-
gion, and the multiple-channel problem reduces to a
succession of two-channel problems,2 each of which can
be solved analytically with a known accuracy.1'3"5'10 This
fact reflects a hidden symmetry in the system of collid-
ing atomic particles, which follows from the distribution
of atomic electrons among shells.

In general, however, the problem is a multiple-chan-
nel problem, and fundamentally new solution methods
are required. Typical problems of this type which are
of practical interest are listed in Table Π. An advan-
tage of the asymptotic approach in the analysis of these
problems is that a physical model can be constructed
(the expansion in powers of the small parameter λ"1 « 1
is carried out in the course of the construction of the
model). It is thus possible to find an exact analytic sol-
ution for the multiple-channel quantum-transition prob-
lem.

In process 1, because of the semiclassical nature of
the motion of the highly excited electron, the energy
spectrum of the electron is approximately equidistant,
so that a method can be found for solving exactly the
problem of quantum transitions between highly excited
levels for an arbitrary external effect on the atom.6·7

Calculations of the cross sections and rates of colli-
sional transitions are of interest for radio-astronomy
study of the distribution of atomic hydrogen with respect
to excited states in planetary nebulae. Process 2 is a
natural continuation of the first process into the contin-
uum region. It is thus possible to generalize the bound-
state models to the continuum, to study the behavior of
quasistationary states of a diatomic system, and to study
the behavior of the ionization cross sections as func-
tions of the basic physical parameters.2 One of the the-
oretical predictions which has been confirmed experi-
mentally is the formation of monoenergetic groups of
electrons as the result of ionization. In processes 3, it
is physically justified to use short-range potentials tak-
ing into account polarization and the finite dimensions of
the system,2 so that the cross sections for these pro-
cesses can be calculated reliably. Analysis of the charge
exchange of multiply charged ions (Z»l) with atoms
has shown that the dominant process is capture of atom-
ic electrons to excited ion states. The effective cross
section is large, increases with the ion charge, and
varies little over an extremely broad energy range.''8

The experimental data have confirmed the theoretical
conclusions and have spurred an effort to develop lasers
for the hard UV and soft x-ray ranges.9

Study of inelastic processes in atomic collisions has
led to the development of fundamentally new methods in
quantum scattering theory. Previously unknown classes
of time-dependent quantum-mechanical problems have
been identified as having exact solutions.2'6 The asymp-
totic approach also makes it possible to generalize the
traditional methods (contour integrals, reference equa-

TABLE Π.

I

i.

3.

4.

5.

Process

Collisional transitions between highly excited
atomic states

fonizatioB of atoms in slow collisions

Formation and decay of negative ions in
atomic collisions
Charge exchange of multiply charged ions with
neutral atoms
Noniesonant charge exchange of protons with
complex atoms; electron capture from inner
atomic shells

Asymptotic parameter λ » 1

Main quantum number η

Main quantum number η; analytic continuation
of its value into the continuum

Ratio of the electron binding energies in the
atom and in the negative ion

The ion charge Ζ

Ratio of the binding energies of the inner-
shell electrons to the binding energies of the
optical-shell electrons
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dons, generating functions, etc.) to multiple-channel
processes with nonseparable nonadiabatic regions. The
theory worked out for atomic collisions can also be ap-
plied to related fields (the shift and broadening of spec-
tral lines, the propagation of electromagnetic waves in
dielectrics, etc.). This approach leads to the most
graphic description of the physical processes which oc-
cur in collisions, shows the effects of the basic param-
eters, and makes possible the calculations required to
analyze the properties of gases and plasmas.

*E. E. Nikitin and Β. Μ. Smirnov, Usp. Fiz. Nauk 124, 201
(1978) tSov. Phys. Usp.

2Yu. N. Demkov and V. N. Ostrovskii, Metod potentsialov
nulevogo radiusa ν atomnoi fiz ike (The Method of Zero-Range
Potentials in Atomic Physics), Izd. Leningr. Univ.,

Leningrad, 1975.
3Yu. N. Demkov, Zh. Eksp. Teor. Fiz. 45, 195 (1963) [Sov.

Phys. JETP 18, 138 (1964)].
4L. A. Bainshtein, L. P. Presnyakov, and I. I. Sobel'man,

Zh. Eksp. Teor. Fiz. 43, 518 (1962) [Sov. Phys. JETP 16,
370 (1963)].

5Yu. N. Demkov and M. Kunike, Vestn. Leningr. Univ., No.
16, Issue 3, 39 (1969).
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(1970).
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8L. P. Presnyakov, in: Electronic and Atomic Collisions:
Proc. of the X ICPEAC. Invited Papers and Progress
Reports (ed. G. Watel), North-Holland, Amsterdam, New
York, Oxford, 1978, p . 407.
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G. A. Smolenskil, The electroacoustic phonon echo.
The nonlinear effects and the interaction of "subsys-
tems" or quasiparticles are interesting aspects of the
study of solids.1 Research of this type has led to the
discovery of the electroacoustic phonon echo in piezo-
electrics and ferroelectries.2 '3

In this effect, the application of pulses of an alternat-
ing electric field to piezoelectric samples in the form
of single crystals or powders results in the appearance,
at certain times, of other pulses of an alternating elec-
tric field (the echo pulses), which accompany acoustic
vibrations. Piezoelectric samples subjected to two elec-
tromagnetic pulses at times 2τ, 3τ These signals
constitute the two-pulse echo. If, instead, three pulses
are applied to the sample, at times 0, τ, and T, then
echo signals are again emitted at Τ + τ , Γ + 2τ,.... The
signals at Τ +τ and Τ +2τ constitute the three-pulse
echo. The first and second of these pulses are the "writ-
ing" pulses, while the third is the "readout" pulse.

For the two-pulse echo to be observed, the time τ
must be smaller than the acoustic damping time T2;
otherwise the acoustic vibrations excited in the sample
by the external pulses will not interact. It would seem
that Τ should also be smaller than T2, but it has been
found that the three-pulse echo can be observed under
the condition Τ > T2 and even under the condition Τ » Γ2.
Powdered samples have revealed a long-term memory
at room temperature, lasting for a matter of months.4'5

The echo is studied in two basic modes: the traveling-
wave mode (with both volume and surface waves) and the
mode with standing acoustic waves. In the resonant
mode (standing waves) a large number (~106) of crystal
grains are used, with dimensions of the order of half the
acoustic wavelength. The echo is observed by acoustic
methods or by pulsed rf spectrometry.

The appearance of this electroacoustic echo consists
of the following basic steps (the same is true for echoes
of other types): 1) oscillations—in the present case, a-
coustic—are excited; 2) these oscillations go out of

phase; 3) the time evolution of the phases is inverted
(in the traveling-wave case this is an "inversion" of the
wave vector; 4) the oscillations are brought into phase
(the creation of the echo).

The appearance of the echo in the traveling-wave mode
in single crystals can be explained as follows. The first
rf pulse excites a packet of elastic waves via the piezo-
electric effect, and these waves propagate away from
the surface into the crystal. The displacement in this
packet is

Bl = c.^**-""), (1)

where k is the wave vector and ω is the frequency.

This packet is reflected at the ends of the crystal and
travels back and forth through the crystal until it is
damped. The original packet goes out of phase because
of the diffraction divergence of the beam, elastic scat-
tering of the acoustic waves by crystal inhomogeneities,
and the surface roughness at the reflecting ends.

If a second rf pulse with the same frequency u> is ap-
plied at time τ, this pulse produces an electric field

Ε = £,,*ω('-τ) (2)

in the crystal. The nonlinear interaction of this field
with a traveling acoustic wave, which can be described,
for example, by a term u\E2 in the expansion of the free
energy (see below), produces a new acoustic wave in the
crystal:

(as usual, the asterisk denotes the complex conjugate).
This new wave propagates in the direction opposite the
original wave, and it can be seen from (3) that a new
packet of elastic waves is produced and creates an echo
signal at t =2τ. In the electric field of the second rf
pulse, each harmonic making up the packet «t excites a
harmonic with the same phase (at the time at which the
second pulse is applied) but with the opposite propaga-
tion direction. This secondary harmonic travels the
same path as the original harmonic, and it undergoes
the same scattering processes, but in the opposite or-
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