
New prospects are opened up by a recent method of
paraelectric resonance (PER), which permits one to
study spectra of impurity centers that have a permanent
electric dipole moment (e.g., OH", Ii+, or Ag+ in KC1) in
the UHF region.[ 3 2 ] Splitting of the levels of the para-
electric center in the intracrystalline field is due to
tunneling of the dipole moment among equivalent equili-
brium orientations, and it is usually of the order of sev-
eral cm"1. An external electric field (or an elastic
stress) shifts these levels, similarly to what happens in
a paramagnetic material subjected to a magnetic field.
PER spectra are distinguished by a considerable width
of the resonance lines (108-1010 Hz). This is due to their
high sensitivity to inhomogeneities of the intracrystalline
field and to strong dipole-phonon coupling (see, e.g.,[33-1).
The latter circumstance has recently been used suc-
cessfully for generating and detecting UHF phonons.^34-1

We note in conclusion that the rapid perfection of the
methods of modern radiospectroscopy is based not only
on advances in the theory, but also on marked elabora-
tion and improvement of quality of the research appar-
atus. As a rule, the latter now include elements of com-
puter technology, signal accumulators, Fourier trans-
formers, etc.
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Elementary nonlinear optical phenomena
(from the materials of the 1st International Conference on Interaction
of Electrons with Strong Electromagnetic-Radiation Fields, Balatonfuret,
Hungary, Sept. 11-16, 1972)

Ν. Β. Delone
Usp. Fiz. Nauk 111, 379-383 (October 1973)

A new line of research has taken form in recent
years that lies at the boundary between nonlinear optics,
atomic physics, quantum radiophysics, and plasma phys-
ics; this is the study of elementary nonlinear optical
phenomena. Such phenomena (which take a high-inten-
sity light field to observe) as the creation of electron
pairs, the stimulated Compton effect, many-photon ion-
ization and many-photon excitation of atoms, resonance
dissociation of molecules, and the nonlinear surface
photoeffect are not only of independent interest. On the
one hand, study of these phenomena furthers the devel-
opment of quantum electrodynamics and quantum mech-
anics. On the other hand, these phenomena are the basis

of a number of astrophysical processes that occur when
powerful laser radiation interacts with matter, of reson-
ance chemistry, and of a number of new methods of
plasma diagnostics.

The progress in development of lasers now permits
us to get field intensities approaching atomic values
over a broad range of wavelengths (from several
hundred Angstroms to ten microns). Utilization of dye
lasers has furnished experimenters with a source of in-
tense light with smoothly variable frequency. Extremely
high radiation intensities are attainable at a number of
wavelengths. One can achieve the (currently) record-
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breaking field intensity of up to 10" V/cm at the wave-
length 1.06 μηι (neodymium glass laser). The consider-
able volumes of space over which one can obtain strong
fields permit one to study not only elementary processes
but also cumulative effects.

Elementary nonlinear optical phenomena are occupy-
ing an ever greater position in the programs of a num-
ber of the major periodically-held conferences (the
International Conference on Quantum Electronics, the
International Conference on Phenomena in Ionized Gases,
the Ail-Union Conference on Nonlinear Optics). However,
it has not been the main topic in any of them. Hence, the
idea of organizing an international conference devoted
to elementary nonlinear optical phenomena has been ac-
tively supported in a number of countries including the
USSR. The conference was organized by the Hungarian
Academy of Sciences, the L. Eotvos Hungarian Physical
Society, and the Central Institute of Physical Studies of
the Hungarian Academy of Sciences.

The most impressive section of the conference, both
in the number of participants and in the number of pre-
sented papers, was that on nonlinear photoionization of
atoms and molecules. We should note that studies of
nonlinear effects arising in molecules were not repre-
sented widely enough at the conference. As for atoms,
we can distinguish three fundamental problems that were
discussed in detail at the conference.

The first problem is how the nature of the process of
many-photon ionization of an atori depends on the con-
crete spectrum of the bound states of the electron and
the radiation frequency. Studies performed in recent
years at the Institute of Physics of the Academy of
Sciences have shown that one can distinguish two typical
cases: the direct and resonance ionization processes. [ 1 ]

It is called a direct process of many-photon ionization
whenever the electron goes while absorbing field quanta
from the ground state to the continuum via a series of
virtual states whose energies kfiw differ from the en-
ergy E (̂ <f) of the bound states of the electron perturbed
by the radiation field. For the direct process, the proba-
bility W of ionization is related to the field intensity δ
by the relation W = « k δ2k°, where k0 is the number of
quanta absorbed in ionization, k0 = ((l/hu>) + 1), and a^o

is the cross-section of the process. Comparison of the
experimental data on the cross-sections of two-, three-,
four-, and five-photon ionization processes, which were
mainly measured at the Institute of Physics of the Acad-
emy of Sciences, with the calculations from perturbation
theory in the order corresponding to k0 showed that the
first non-vanishing order of perturbation theory des-
cribes well the experimental data quantitatively.C2]

The process of many-photon ionization is termed a
resonance process whenever the electron arrives in a
state that proves to be real as field quanta are absorbed,
and the relationship № = Ei(<f) is obeyed. The possi-
bility of appearance of many-photon resonance, in con-
trast to single-photon resonance, is governed by two
parameters: not only the frequency, but also the field
intensity of the radiation. Resonance can be induced by
a strong field that perturbs the bound states and sub-
stantially alters their energies and widths. When reson-
ance exists, the ionization process occurs in two stages:
many-photon resonance excitation of the atom, and ion-
ization of the excited atom. The appearance of an inter-
mediate many-photon resonance substantially changes
the nature of the process of many-photon ionization of
an atom: it increases the probability of ionization and
alters the functional relationship of the probability to the

radiation intensity. Depending on the relationship be-
tween the resonance mismatch, the broadening, and the
change in the energy of the resonance state perturbed by
the radiation field, one can observe a W ( i ) relationship
that is either smoother or steeper than a power function
with exponent 2k0.

The process of resonance many-photon ionization has
proved interesting not only per se. Observation of a
resonance process has made it possible to study the per-
turbation of atomic levels in a strong light field. The
classical methods, which involve using an auxiliary light
to observe the excited state, as has been done by the
group of Bonch-Bruevich (USSR)C3] for resonance per-
turbation and by P. Platz (France) i f i for non-resonance
perturbation cannot be used in the general case. Actu-
ally, the probability of ionization of the excited state by
action of the strong main field is very large. Thus the
lifetime in the excited state is very short: it is deter-
mined not by the spontaneous downward transition, but
by the stimulated upward transition. Yet, even the first
studies of the resonance ionization process performed
in the Institute of Physics of the Academy of Sciences1-1-1

showed that, if one observes changes in the W = ί(β)
relationship involving a change in the frequency and in-
tensity of the radiation, one can measure both the energy
of the perturbed resonance state and its width, i.e., get
full information on the perturbation. This method has
been used in a series of studies conducted in the Central
Institute of Physical Studies of the Academy of Sciences
of Hungary by the group of J. Bakos.ts : l Thus, it has
been possible to measure the change in the energy of
the transition from the 23S state in the helium atom to
states of principal quantum numbers 11—15 at field in-
tensities of the order of 106 V/cm. Data on perturbation
of high levels in a strong field are of great interest.
Comparison of such data with calculations of the dy-
namic polarizability of atoms performed by perturbation
theory permits us, in particular, to establish the limit of
applicability of the first non-vanishing order. In this re-
gard, it is interesting to note the calculations of the
dynamic polarizability of the hydrogen atom in the first
excited states which were carried out with account taken
of the terms proportional to β2, <?*, and β6 (L Gontie
and M. Trahin, France (Saclay)).C6:l It turned out that
the higher-order terms give a contribution comparable
with that of the term ~ <f2, even at β ~ 107 v/cm.

Finally, the third problem that was widely discussed
at the conference was that of the spectrum of quasi-
steady states of an atom-field system in which the per-
turbation cannot be considered to be small. Various ex-
perimental and theoretical data that can be adduced to
analyze the spectrum give contradictory results. Thus,
one possibility consists in extrapolating to a strong
field the experimental and theoretical data that describe
the perturbation in a relatively weak field. If one esti-
mates the ionization broadening of the bound states in a
strong field from the known cross-sections for one-
photon ionization and the recently-measured cross-sec-
tions for many-photon ionization'-1-1 (including that from
excited states), then it turns out that practically the en-
tire spectrum of bound states must merge into a con-
tinuum, even at a field intensity of several times
107 v/cm. Appearance of a continuum is also predicted
by extrapolation of data on the dynamic polarization of
atoms as obtained in the first non-vanishing approxima-
tion of perturbation theory.'-2-1 Application of the quasi -
energy method has not yet given any general results for
a real atom.^7-1 We should assume that the quasienergy
spectrum of an atom in a strong light field should also
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merge into a continuum, owing to the high probability of
ionization from the excited states. Yet, studies of the
frequency-dependence of the process of many-photon
ionization of noble-gas atoms at a field intensity of ~ 5
χ 107 v/cm have revealed a resonance alteration in the
nature of the process. This indicates that the spectrum
of bound states is discrete.'-8-1 Currently theory is lag-
ging behind experiment in the study of this problem,
which is of a fundamental nature. Thus, e.g., it is even
difficult to make a qualitative analysis of the experimen-
tal data. It is now hard to point out the optimal method
for solving the problem of the spectrum of quasi-steady
states of the atom-field system. However, we should
note that the quasienergy method'-7-' has made it possi-
ble to get important results in a number of analogous
problems, including prediction of the qualitative varia-
tion of the light-scattering spectrum. -1

In the section devoted to nonlinear photoemission
from solids, they mainly discussed papers given by the
hosts of the conference, who were researchers from the
Central Institute of Physical Studies of the Academy of
Sciences of Hungary. Although the nonlinear surface
photoeffect has attracted the attention of large groups
of physicists in various countries, only the group of
G. Farkas in this institute has yet obtained experimental
results. The methododological success of this group has
involved using ultrashort laser pulses. When the surface
of a metal or dielectric is illuminated with radiation of
a mode-synchronized laser (with a pulse duration of
~ 10~u sec), the target cannot heat up strongly. Thus we
can neglect the electrons formed by the Richardson
effect as compared by those formed by the non-linear
photoeffect. Experimental study of the surface photo-
effect has thus far permitted elucidating two important
facts.1-10-1 First, a number of metals and dielectrics ex-
hibit a nonlinear emission of electrons when irradiated
with radiation of wavelengths 0.67 and 1.06 μια. The
latter is well described by the power law J = «k,,'? °,
where <% is the cross-section of the process,
ko = ((Α/ηω) + 1), and A is the work function. The ex-
perimental data obtained for the degree of nonlinearity
over the range 2 < k0 s 5 permit one to determine the
cross-section o^ of the process and to compare it with
the results of calculations that take account of the de-
tails of the process. Second, when a gold target was ir-
radiated, a deviation from the power law with exponent
k0 = 4 was found as the intensity of radiation at
λ = 1.06 μηι was increased. Control experiments per-
formed at the same intensity, but at λ = 0.53 μηι, showed
no deviation from the power law. In line with the predic-
tions of the theory, the effect of deviation from a power
law can be caused by the tunneling nature of the photo-
emission process. To use the surface photoeffect for
studying the transition from a many-photon type of ion-
ization process to a tunneling type is perhaps currently
the only possibility of experimentally testing the gener-
ally-known theory of ionization in a light field originated
by L. V. Keldysh. We should note that development of
the theory of the nonlinear surface photoeffect as yet
lags behind the experimental progress. Yet studies of
the nonlinear surface photoeffect can give important in-
formation on the structure of the potential at the solid-
vacuum boundary, on the depth of penetration of the
strong field into the metal or dielectric, and also on the
statistics of the laser radiation.

The overwhelming majority of the papers discussed
in the section on interaction of a free electron with
intense laser radiation dealt with the theory of various
elementary effects. Individual special cases of the pro-

cess of pair creation in a vacuum by the action of a
powerful light field were broadly discussed. As we know,
studies of such processes are of great interest for quan-
tum electrodynamics. In a vacuum, the process of crea-
tion of electron pairs becomes effective when the condi-
tion (E/mc2),?/Vcr ~ 1 is fulfilled, where Ε is the en-
ergy of the electron, g is the field intensity, and S
= mV/efi. A field intensity g ~ 1015 v/cm is needed to
satisfy this condition. This is 4—5 orders of magnitude
higher than the record-breaking achievements of mod-
ern laser technology. However, in the field of a nucleus,
where the process of pair creation occurs during scat-
tering, it becomes effective at a considerably lower light
field intensity.1-11-1 For this to happen, it suffices that a
non-relativistic electron can on the average become
relativistic within the period of the wave. As was stated
above, the needed field intensity g ~ 1011 V/cm is at-
tainable at the limit of modern potentialities. This makes
it pertinent to perform detailed theoretical studies of
the process of pair creation in the field of a nucleus,
since we should expect the appearance of experimental
data in the very near future.

The nature of the Compton effect changes qualitatively
at high field intensities: the same two-photon scattering
process no longer is spontaneous in nature, but stimula-
ted. Since the efficiency of stimulated scattering in-
creases with increasing radiation intensity, the Compton
effect plays a substantial role in the interaction of laser
radiation with a gas or plasma, even at the easily attain-
able field intensity g ~ 10" v/cm. Energy can be trans-
ferred to an electron only when the frequency and angu-
lar spectra of the radiation have finite widths. Since the
number of photons is conserved in the stimulated (two-
photon) Compton effect, the heating of the electrons is
accompanied by a red shift in the radiation spectrum, as
is observed experimentally.'-12-1 The large intensity of
the monochromatic field of laser radiation also permits
one to observe the Kapitza-Dirac effect. As we know,
the latter is a special case of two-photon stimulated
Compton scattering, or elastic scattering.[ 1 3 ] Interest-
ingly, the stimulated Compton effect can be described in
the language of classical physics'-14-1 if the time of pass-
age of the electron through a distance of the order of the
wavelength is much greater than the period of the field.
The heating of electrons here can be described as re-
sulting from Brownian movement in the field of the
gradient force, while the scattering of electrons results
from motion of the electron in the rapidly varying field.

The Schwarz-Hora effect was discussed1-19·1 anew at
the conference. As we know, this effect consists in emis-
sion from a screen acted on by an electron beam modu-
lated by laser radiation. The modulation was performed
by illuminating a thin film through which the beam was
passing. Emission from the screen was observed at a
frequency that corresponded to the modulation fre-
quency. The interpretation of these first'-15-' and as yet
only results has led to development of two new lines of
research: the quantum theory of modulation of an elec-
tron beam by lightC l 6 ] and the theory of coherent tran-
sition radiation. C16'17^ From the standpoint of quantum
theory, after an electron has passed through a medium
lying in a light field, it does not have a definite energy
and momentum, and its wave function is a superposition
of states that arise from stimulated absorption and
emission of η quanta of light. The interference of these
states modulates the density of the beam in space. When
the modulated flux of electrons interacts with the sur-
face of the screen, coherent transition luminescence
arises in addition to the continuous emission spectrum
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(transition radiation, bremsstrahlung, luminescence).Cl7]

The intensity of the coherent radiation, which has the
frequency of the modulation of the electron beam, is
proportional to the square of the current.

Thus, on the one hand, it has been possible to treat
theoretically the physical phenomena that lead to modu-
lation of the electron beam and to appearance of the co-
herent transition radiation. On the other hand, a detailed
quantitative analysis performed by B. Ya. Zel'dovich has
shown that under the experimental conditions of t15·1 the
maximum possible intensity of coherent radiation is 104

times smaller than the amount reported in t i s : i , while the
radiation having a continuous spectrum has an intensity,
105 times greater than the coherent radiation. Evidently,
the experiment1115·1 must be repeated, and a series of ex-
periments must be performed with variation of the
fundamental parameters, as well as a careful quantita-
tive analysis of the experimental data, so as to permit
the first conclusions on the modulation of an electron
beam by light and on coherent transition radiation.

Besides the above-mentioned lack of attention to
processes occurring in molecules, a substantial defect
of the conference was that just as little attention was
paid to processes of many-photon light scattering by
atoms. The paper by S. Kilich (Poland) gave only a gen-
eral picture of the entire variety of different nonlinear
effects in light scattering.C 2 0 ]

A number of the participants gave a general estimate
of the conference in the closing session. A. M. Bonch-
Bruevich (USSR), S. Kilich (Poland), and H. R. Reiss
(USA) noted the great importance of the conference for
development of studies in the field of elementary non-
linear optical phenomena, the good preparation of the
conference (chairman of the Organizing Committee
J. Bakos, Hungary), and the excellent organization of
the conference (the Division of Physical Optics of the
Central Institute of Physical Studies of the Academy of
Sciences of Hungary). The opinion was universal that
conferences must be held periodically on this topic. On
the one hand, it would be desirable here to expand the
discussion of a number of problems (interaction of in-
tense light with molecules, many-photon Raman phenom-
ena, the stimulated Compton effect, and the stimulated
inverse bremsstrahlung effect), and on the other hand, to
restrict the topic more strictly to elementary processes
proper, without treating cumulative or averaged effects
that arise when intense light interacts with macroscopic
objects.

It was decided at the closing session of the Organizing

Committee to publish the review papers. The Central
Institute of Physical Studies of Hungary assumed this
responsibility (editor J. Bakos). The collected volume
of papers has now been published. It was decided to hold
the next conference in 1975 in Hungary. The chairman
of the Organizing Committee continues to be J. Bakos
(Central Institute of Physical Studies of the Academy of
Sciences of the Hungarian People's Republic, POB-49,
Budapest 114, Hungary).
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On some results of statistical physics
(from the materials of the 4th Conference on Statistical Physics,
L'vov,Sept. 4-10, 1972)

V. K. Fedyanin
Usp. Fiz. Nauk 111, 383-386 (October 1973)

At present the following problems occupy the center
of attention of many researchers in the field of statisti-
cal mechanics: 1) The statistical theory of equilibrium
systems of interacting particles. 2) Non-equilibrium
statistical thermodynamics. 3) General problems of
solid-state theory. Phase transitions.

This is precisely the set of problems that was the
topic of the 4th yearly Conference on Statistical Physics
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that was held in the L'vov Institute of Theoretical Phys-
ics of the Academy of Sciences of the Ukrainian SSR.

It is germane to decipher somewhat the notice adver-
tising the conference. The fundamental core of the con-
ference, as was reflected in most of the papers, was the
application and development of the ideas, concepts, and
methods of N. N. Bogolyubov in the field of statistical
mechanics. Remarkably, as we see it, all of Ν. Ν.
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