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PREFACE

This book includes the lectures given in the summer of 1989 at the IX.
International School on Coherent Optics (Uzhgorod, USSR) at the Multi-
photon Processes Section, as well as interesting papers contributed by the
participants of this section. The organization of the Multi-photon Processes

" Section at the School was stimulated by the noticeable increase in the number

of researches, laboratories, universities and institutes in various countries
engaged in investigations in this area of physics. The main reasons for the
rapid development of the researches in multiphoton laser-atom physics are:
progress in the experimental methods and technique, and the discovering and
predicting of qualitatively new physical effects.

In the experimental technique the possibility of obtaining an extremely
strong superatomic - light field is of prime importance. We must also point
out the possiblity of carrying out experiments in a broad frequency range — from
near infrared to ultraviolet, together with smooth freqency tuning. Finally, of
principal importance in a number of experiments arc supershort - pico and
femtosecond - durations of laser pulses.

A number of qualitatively new phenomena were experimentally discovered
in the last ten years. They are: multicharged ions formation in the process of
multiphoton atom ionization, observation of the effective spin-forbidden multi-
photon-transitions in akaliearth atoms, above threshold absorption of photons
in multiphoton ionization of atoms and molecules, and generation of extremely
high optical harmonics in the interaction of laser light with noble gas atoms.
The discovery of these effects opened up new areas of researches and obliged
reconsideration of a number of basic statements, views and conclusions in the
theory of multiphoton processes and atomic physics. '

Qualitatively new phenomena are predicted by the theory of multiphoton
processes as well. Of great and fundamental importance is, for example, the
prediction of the field-induced Rydberg atom stabilization, with respect to
ionization in a strong field, owing to the secondary population of nearby
states accompanied by the interference of transitions from these states to the
continuous spectrum. ‘

The lectures presented in this book reflect new results and problems well
and attracted the attention of both experimentators and theorists working in
the field of physics of multiphoton processes in atoms and molecules.
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In conclusion, further and rapid development of the researches on the
elementary processes in laser field with the development of the experimental
_technique (laser intensity increasing first of all) is necessary. In the near future
we expect an achievement of such high laser intensity, that the experiments on
discovering and investigating vacuum quantum effects become a reality.

Rector of the School,
academician

A. M. Prokhorov
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NONLINEAR IONIZATION OF ATOMS
{Short review)

N.B.Delone

General Physics Institute of the USSR.Academy of Sciences
38 Vavilov Street, 117942, Moscow, U S S R

Abstract. The results of studying of wmultiphoton laser-atom
interaction over the past ten years are reviewed briefly.
The last findings, such as multicharged ions’ formation,
high-order harmonics generation and above threshhold
ionization in the field of optical and near-infrared
frequency regions are emphasized.

INTRODUCTION

The main purpose of this lecture is to review the results of study
of the process of nonlinear ionization of atoms. It is assumed to
call nonlinear ionization of quauntum system the process of an ejection
of the bound electron under irradiation with quantum energy « less
than the energy of electron coupling & , i.e. when the following
condition is satisfied:

w< & (1)

(Herein after we use the atomic system of units).

Since a spectrum of the bound electron states in any real quantum
system (in atom, molecule and ion) is. unharmonic, the process of
nonlinear ionization under the action of monochromatic radiation is a
result of a number of virtual electron transitions rather than
transirions via real bound states. The possibility of virtual
transitions is stipulated by the energy-time uncertainty relation,
AEAT ~ 1 . Resonance detunings A€=|Kw—€nl, where En are the energies
of the bound electron states, are large as compared with the natural
width of atomic levels 7n' This gives rise to rather small values Ar,
and rather high radiation intensity (i.e. number of photons

transmitted through a single section per unit time), under which the



probability of nonlinear ionization can reach such a large value, at
which the process should be taken into account and can be revealed.
One should imply that the presence of nonlinear .ionization

qualitatively modifies the main position of linear optics, according
.to which a "“red boun@ary“ of radiation frequency w, separat§s ;he
absorption (w > wr) and the: transparency {(w < wr)‘reglons. Taking into
account the process of nonlinear ionization, the region of
transparency is absent, and the absorption occurs at any ratio between
w and ur. The transparency region occurs practlically for w < o and
small radiation intensities, when the probabillty of nonlinear
ionization is so small that this process can be ignored

The works by Einstein® , Dirack? . Geppert—uayer and Frenkel have
indicated on the possibility of the nonlinear ionization; however,
this process was studied only after lasers were constructed as they'
enabled one to produce sufficiently high quasimonochromatic radiation
intensities. - T

.

THE FUNDAMENTAL LAWS

A general pattern of the process of nonlinear ionizatlon became
clear from the work by Keldysh (1964)5. that was- devoted to the
description of the nonlinear electron ejection from a short-range
potential. As compared to the Coulomb potential, this potential ;s a
quiﬁe simple one, as at the final state electron is subjected only by
the light wave field. In his work Keldysh derived the expression for
the nonlinear ionization probability o as a function of the
adiabaticity parameter

= {2€ w/E (2)

where E is the radiation field strength.

From general ratio w(y) there follows two limiting cases corres-
ponding to parameters 7y >> 1 and 7 << 1.

For 7 »>> 1 (Multiphoton case) the probability of nonlinear
jonization is related with the field strength by degree relation:
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w o = @ EZKo = a(‘e)FKo (3)

where K°= <E/w + 1> 1is the number of qua‘hta whose absorption is
required for the fulfillment of the energy conservation law, a“o) is
the multiphoton (Ko-photon) cross-section of the ionization process.

For y << 1 (tunneling case) the probability of nonlinear ioni-
zation is related with the field strength by exponential -relation with
the index analogous to that for tunnel ionization in the constant
field:

372

w = C1exp(-C28 /E) (4)

Many works were carried out after the Keldysh’s work, which were.
devoted to the ionozation from short-range potential. As for the
ionization from a Coulomb potential we have no yet general analytical
description of this process because one should take into account a
simultaneous influence of two strong fields upon the electron  in
finite state -~ long-range Coulomb fiéld and radiation field. However,
both the numerical calculations and analytical solutlons derived by
Perelomov et al. for a very strong field, imply that the before
mentioned general relations are also valid for the Coulomb potential
ionization, i.e. for atoms, molecules and positive léns.

From eq.(2) it is a simple matter to estimate that the ionization
of atoms, molecules and positive ions from the ground state in the
visible frequency radiation field with the strength E, which is less
than the atomic strength E‘, is multiphoton (7 >> 1). Tunnel ioniza-
tion takes place at E < E}l for infrared rcdiation. Thus, a general
relationship w (y) has the form represented by Fig.1.

. Let us turn now to the experiment. Delone et al. in 19657 were
first to observe nonlinear lonization of atoms and molecules in a
multiphoton limiting case. Till now, many experiments were made on
multiphoton atom ionization. Atom ionization in the tunneling limiting
case was observed by Chin et al.a' in 1985. All /set of these

experiments confirms the general laws which were already said.
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As for the short-rangev potential, the previous plans to employ
negative atomic ions as an object for the experiments seems to be.
ungrounded now as a number of secondary effects (e.g. dynamic
polarizability of ionsg) are essential.

By resuming now we can confirm that the fundamental laws of the
process of nonlinear ionization seemed to be undoubtful and may form
the basis for a detailed analysis of the special laws of this process
and different evaluations of its role in interaction of laser

radiation with matter.

DIRECT PROCESS OF MULTIPHOTON ATOM IONIZATION

The process of multiphoton ionizatlon in the lack of intermediate
resonances is usially called direct. The probability of di.rect process
is described by the degree relation (3). The problem of interest are
multiphoton cross-section oc(xo)(w,p), their absoiute values and their
dependences on frequency w and r’adiation. polarization p. The typical

dependence for the hydrogen atom is 111ustfated in Fig.2.
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Fig.2. Dependence of two-photon fonization cross-section 1(2) of

hydrogen atom 1In linearly polarized field (in photons per c--‘uc'i)

on 'ro'd!auon frequency & (eV); In> are the w®ain quantum numbers of
intermediate resonances. Solid line corresponds to calculations,
dashed line - to approximated quasiclassical ca]culatlonl‘

Fig.3. Dependence of three~photon tonlzation cross-section a(:”of
hydrogen atom {in arbltrary units) on radiation frequency (in
arbltrary units); soltid line corresponds to .calculations for linearly
polarized radiation, dashed line - fér circularly polarized radiation;

arrow indicates the "“transparency window®™.

A direct process of multiphoton hydrogen atom ionization is still
studied only theoretically.

Many experimental and theoretical data were obtained for alakali
10,1t 2 in the

framework of nonstationary perturbation theory in the Ko- order and in

atoms The calculations were made by Rapoport et a1.!
one-electrone approximation. The wav. functions of an electron in a
complex atom were constructed approximately by the methods of quantum
defect and model potential. The calculatuions agree well with the
experimeﬁtal data.

A special attention should be made to a theoretical prediction that
each interresonance interval at circular radiation polarization has
“transparency window" - frequencies for which w = 0 (Fig.3). The
presence of such frequencie§ means that the stétenent on the absence

"of transparency at nonlinear 1ionization is not general, strictly



speaking, it 1s valid only for the linear polarized radiation. The
transparency yindows are not still revealed experimentally because of
the difficulties connectegi with clearing of vthe alkali atom f.arget
from molecular dimers. o

The great number of experimental data is obtained also for
different atoms having a few equivalent electrons in the external
shell, first of all for alkali-earth atomsm.,. A relatively not high
accuracy of experimental measurement of multiphoton cross-sections
does not enable one to make the differefice between multiphoton cross-
sections for alkali atoms and, thereby, to obtain the data on the
applicability of one-electron approximation.

In general, all set of experimental data within the experimental
accuracy is well described by Berson’s quasiclassical formula“ which
has a simplified form:

7K +2
- o
(K°)= B(Ko)w 3 A (5)
where B“e) is tabulated in the Table:
13 2 3 4 5 6
0
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The orientation on eq. (5) is rather useful since the calculations by
the methods of perturbation theory requires complicated methods and
special programs. ’ :

While such an integral characteristic as the absolute value of
multiphoton cross-section is independent of a sort of an at;m within
the experimental accurécy, investigation of the particular
characteristics displayé a qualitative difference. Such a difference
is observed, for exarhple, in radiation polarization dependence of the
cross-section of direct ioniz.ation process. Thus, for alkali atoms at
Ko < 4 the following factorial relatior\“s ,

wi®o! (2K - 11 “
w'®e! Ko!! _ . ’
L




