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The review is devoted to new effects discovered recently in the course of studying the process of
nonlinear ionization of atoms in the field of laser radiation—above-threshold ionization,
manifestation of multielectron structure of complex atoms, formation of multiply charged ions,
tunneling ionization, and emission of short-wavelength radiation. The main experimental data
and their theoretical interpretation are presented. A discussion is given of the criteria for the
applicability of the lowest non-vanishing order of non-steady-state perturbation theory to the
description of the interaction of an atom with the electromagnetic field.

1. INTRODUCTION

Research into the nonlinear ionization of atoms, i.e.
ionization caused by a time-varying electromagnetic field
when the energy a>'' of the radiation quantum is smaller than
the electron binding energy \^n\ (where n is the principal
quantum number of the state), began in the mid-1960's and
proceeded apace to this day—probably reaching its widest
scope at the present time. Hundreds of research papers, nu-
merous reviews, and several monographs1"12 have been de-
voted to the nonlinear ionization process. Nonetheless, there
have only been a few, rather fragmentary efforts to genera-
lize a number of new physical phenomena discovered in re-
cent years. Thus a review of the latest research advances
appears useful.

Research into nonlinear ionization of atoms can be di-
vided into three periods. Although these periods do chrono-
logically overlap to some extent, they are characterized by
quite distinct conceptual frameworks.

The first period focused both theoretically and experi-
mentally on the examination of the general features of the
nonlinear ionization process. This period saw the develop-
ment of a general theory of nonlinear ionization from a
short-range potential, which made it clear that multiphoton
ionization and the tunnel effect in a time-varying field are in
fact two limiting cases of the same ionization process. Var-
ious researchers have observed multiphoton ionization of
atoms and studied the main features of this process: the di-
rect multiphoton ionization phenomenon (without interme-
diate resonances); the power law dependence w(K) <xIK of
the direct ionization probability w ( K } on the radiation inten-
sity /, where K is the number of absorbed photons, which
follows from conservation of energy, K = (\E0 w~1 + 1)|
([£"(, | is the ionization energy, (...) indicates the integer
part); the resonance ionization process, i.e. ionization in-
volving an intermediate resonance between the energy of A"'
quanta (K' < K) and the energy of a bound electronic state in
the atomic spectrum; the dynamical Stark effect and its con-
tribution to resonances induced by an external field.

The second period was mainly concerned with the
quantitative description of the direct and resonance varieties
of multiphoton ionization of alkali atoms. Ionization was
observed in relatively weak fields (£<5-106

V-cm~ ' = 10~3£a, where £a = 5-10 9 V-cm~' is the atom-
ic field), such that the perturbation of the atomic spectrum
by the radiation field was negligible.

In studying the direct process, the main experimental
goal was to measure the multiphoton cross-sections

a(K) (a>,p) = w"0 /(I/ca)K as a function of frequency wand
polarization p of the radiation. The main theoretical prob-
lem was the calculation of these same a(K) (co,p) cross-sec-
tions. In studying the resonance process, the main problem
was the dependence of the resonance amplitude and line-
shape in the ion yield on the various parameters characteriz-
ing the radiation field and the state participating in the inter-
mediate resonance. The main conclusions obtained in the
studies of multiphoton ionization of alkali atoms were the
following: both the absolute magnitude of the direct (nonre-
sonance) multiphoton ionization cross-section and its de-
pendence on the frequency and polarization of the radiation
field are adequately described by time-dependent perturba-
tion theory in the first nonvanishing (K th) order; intermedi-
ate resonances (both single-photon and multiphoton) in-
volve those atomic states into which transitions are allowed
by the dipole approximation selection rules.

By the mid-1970's, the successful qualitative and quan-
titative description of the experimental data on multiphoton
ionization of alkali atoms created the impression that even if
some unsolved problems remained, they would be quantita-
tive rather than qualitative in character. Perhaps the only
fundamental problem unresolved by the late 1970's was the
observation of nonlinear ionization in atoms where, accord-
ing to the general theory, ionization should proceed by tun-
neling.

Precisely in that time period, however, a number of
qualitatively new phenomena were observed. Interestingly,
the discovery of these phenomena did not occur in the course
of a coherent research effort, but rather randomly. Conse-
quently, the first interpretations of some of these effects were
altogether wrong. The new phenomena of greatest funda-
mental interest were the formation of doubly charged ions in
the multiphoton ionization of alkaline-earth atoms'3 and the
so-called above-threshold ionization of atoms.14

The very possibility of creating doubly charged alka-
line-earth ions (Zapesochnyi and Suran13 observed the for-
mation of Sr2 + ions) in numbers comparable in order of
magnitude to the yield of the singly charged species (see Fig.
1), in the multiphoton limiting case (the magnitude of the
adiabaticity parameter being y~(o/E~ 102 > 1), with the ra-
diation field intensity much smaller than the atomic field
(E~ 10~3), appeared at first glance to contradict complete-
ly the existing picture of the multiphoton ionization process.
Indeed, since the first ionization energy of the strontium
atom is |<?i,n (Sr)| s5.7 eV and the second ionization ener-
gy is | ̂ ^2> (Sr) | ~ 11 eV, at the laser photon energy of s 1.2
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FIG. 1. The yield A of singly and doubly charged strontium ions as a
function of laser intensity /.''

eV used for ionization in Ref. 13 the creation of a singly
charged ion requires the absorption of five photons, whereas
the creation of a doubly charged ion requires fifteen photons.
Perturbation theory tells us that if the ionizing field is E<^ 1
we should expect u/5l>w"5), and thus the approximately
equal probability of forming Sr+ and Sr2 + , given a fixed E
and no saturation in the ion yield, appears to contradict
sharply the general understanding of multiphoton ioniza-
tion. Subsequently, multiply charged ions were observed in
addition to the doubly charged species. In all cases, the prob-
abilities of creating ions of different charge multiplicities did
not differ appreciably at a fixed radiation field intensity.

The results of experiment14 were equally surprising
from the standpoint of the existing theory. That experiment
focused on the energy spectrum of electrons emitted in the
six-photon ionization of the xenon atom, carried out with
E4 1 and y^> 1. In addition to the monoenergetic electrons
with a kinetic energy £?',."'„ = 6<y — | & „ , expected from the
conservation of energy in a six-photon ionization process,
Agostini and co-workers14 also observed monoenergetic
electrons with energy ^t,,kin = tf^ + a (Fig. 2). At the
same time, according to perturbation theory, in their experi-
mental conditions the probability of absorbing seven pho-
tons should be vanishingly small compared to the probabili-
ty of six-photon ionization. Later, electrons with energy

= ̂ ° + Sea were observed. Depending on experi-
mental conditions, the integer S would fall somewhere in the
range between a few and several tens, and the ratio of proba-
bilities of creating electrons in the main (5"= 0) and addi-
tional (5"> 1 ) peaks would also change.

Before proceeding with a discussion of these new phe-
nomena, let us briefly turn to the advances in experimental
techniques that have contributed greatly to the success of
recent experiments.

The experimental details pertaining to the first and sec-
ond periods of multiphoton ionization research have been
exhaustively described in Refs. 2, 9, 10, 11. These experi-
ments studied the ionization of ground state atoms using

FIG. 2. Energy distribution A(/, ) of electrons emitted in the 6-photor
ionization of Xe.M

radiation in the visible and near infrared (IR) frequency
ranges with laser pulses of nanosecond duration. With the
field intensity E-^ 1, ionization was observed in the limiting
multiphoton case, when y^> 1.

Advances in experimental techniques have improved
practically all parameters of the studied atoms, the ionizing
radiation, and the interaction process. Let us note some ma-
jor advances. In addition to ground state atoms, recent ex-
periments have studied the nonlinear ionization of Rydberg,
i.e. highly excited atoms. Three new frequency ranges have
become accessible: the ultraviolet (A < 100 nm, <y > 10 eV,
infrared (/I-10 /nm, «~0.1 eV), and UHF (/I-10 cm,
ea~ 10~s eV). Current experiments employ radiation fields
of intensity E < 1 and £~ 1 (at the time of writing, the high-
est attainable intensity has reached 1017 W'cm~~}. Ioniza-
tion has been observed at y<^ 1. Both picosecond (10~ l 2 s)
and femtosecond (10~ l5 s) laser pulses are currently avail-
able. Experiments now register the energy and angular dis-
tributions of electrons, as well as ions. Radiation from the
interaction region also can be detected.

New methods and improved experimental conditions
have made possible the observation of new phenomena in
nonlinear ionization of atoms. In addition to the aforemen-
tioned above-threshold ionization and the formation of dou-
bly charged alkaline-earth ions, new effects include the for-
mation of multiply charged atomic ions, the tunnel effect in a
time-varying field, ionization of Rydberg atoms by UHF ra-
diation fields, as well as a large number of phenomena asso-
ciated with the formation of singly charged ions that cannot
be interpreted in the single-electron approximation. Below
we shall briefly examine the more important new phenome-
na, with the exception of the ionization of Rydberg atoms in
UHF fields. The latter is a qualitatively different process
which is best treated by classical mechanics rather than
quantum mechanics.|ls~n

2. ABOVE-THRESHOLD IONIZATION OF ATOMS

2.1. Main features of the process

Experimentally, the studies of above-threshold ioniza-
tion focus on the energy and angular distributions of the
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emitted electrons. In interpreting the electronic spectra, one
must take into account the spatial and temporal nonuni-
formity of the ionizing laser field. This factor enters into all
experiments on laser-induced atomic ionization. The dura-
tion of the laser pulse T, typically lies in the 10~7-10~ '3 s
range, with the laser light focused onto a spot 4>~ 10-100
fim in extent. The spatial and temporal nonuniformity gives
rise to two effects. First, the observed phenomena represent
a sum of the effects of different fields on different atoms.
Second, both the energy and the angular distributions of the
electrons can generally change on the way to the detector
due to ponderomotive forces'" arising in a spatially nonuni-
form field of focused laser radiation. These ponderomotive
forces have no effect on the energy and emission angle of the
electron as long as the electron does not move appreciably
from its origin during the interaction time with the radiation
field. In the above-threshold ionization process, electron en-
ergies fall into the 1-10 eV range and hence the electron
velocities are of the order of 108 cm-s^' . Consequently, the
electron can move up to 10 /im in a time tu of the order of
10~" s. In order to suppress the effects of ponderomotive
forces one requires ultrashort laser pulses of duration r, < t(i.
Yet the vast majority of the experiments employ long (on
this time scale) laser pulses r, > t0, which makes it difficult
to discern the properties of the elementary process.

We also note that although the conditions of all experi-
ments precluded particle collisions in the focused beam spot
over the duration of the laser pulse, it is still possible that the
interaction of differently charged particles played a role in
some experiments. Charged particle interaction can broaden
the energy peaks and distort the angular distribution of elec-
trons. Estimates performed in Ref. 19 indicate that this in-
teraction can be neglected only if the density of charged par-
ticles is less than 1010 cm~3.

Let us now turn to a brief phenomenological descrip-
tion of above-threshold ionization. Later we shall try to dis-
tinguish the properties of the elementary ionization of a sin-
gle atom from the effects arising due to ponderomotive
forces.

In the vast majority of experiments which observed
above-threshold ionization, the radiation intensity was in
the 10'2-1014 W-cm~2 range. As a rule the first above-
threshold peaks in the energy spectrum appear at the lower
limit of this range, 7th ~ 10'2 W-cm~2. As the radiation in-
tensity is increased above 7 t h , the number of peaks quickly
increases. The typical evolution of the electron energy spec-
trum is shown in Fig. 3 (data from Ref. 20). Clearly, begin-
ning with some critical intensity ICI, the amplitudes of some
higher order peaks begin to exceed the preceding peaks. A
significant number of lower order peaks can be suppressed in
this manner.21

The above-threshold ionization process is character-
ized by yet another radiation intensity 7sat. When / > 7sa,, the
ionization process.saturates (IDT, > 1, where w is the ioniza-
tion probability per unit time). In this case, all atoms in the
focused beam spot are ionized during the laser pulse and
hence the ion yield ceases to depend on 7.

When 7<7sa, and the pulse duration is not ultrashort,
the total number of ions and electrons created during the
laser pulse is proportional to IK, where K is the minimal
number of absorbed photons required for ionization.20 This
general dependence follows from the first nonvanishing

FIG. 3. Distribution of electrons emitted in the 11-photon ionization of
Xe as a function of electron kinetic energy /,\. km.:" A is the signal ampli-
tude at the electron detector in rel. units that are the same for distributions
a and b: (a)—radiation intensity/= 1 (rel. units); (b)—1 = 2.

(Klh) order of perturbation theory and is typical for the
limiting multiphoton case of nonlinear ionization. At first
sight, above-threshold ionization appears to contradict this
well-known result. Yet this process can be explained by as-
suming that deviations from perturbation theory in the par-
tial probabilities w(K + S ) occur at lower radiation field in-
tensities than the total probability

Calculations performed in Ref. 22 support this conclusion.
When the pulse duration is ultrashort (r, ~2- 10 ~ l4 s) the
data deviate from the w <x IK law.23 We note that 7sa, is larger
in the case of ultrashort laser pulses.

The particular values of 7,h , 7cr, and 7sat depend on the
type of atom and radiation frequency employed in the exper-
iment. There are indications that 7cr is larger for the hydro-
gen atom than for more complex atoms, all other conditions
being equal.24'25 However, in all experiments the three char-
acteristic intensities 7th , 7cr , and 7sat correspond to the limit-
ing multiphoton case, which is characterized by the adiabati-
city parameter j~(a/E^> 1. Consequently, the phenomenon
of above-threshold ionization is unrelated to the tunnel ef-
fect in a time-varying field.

A typical difference in the angular distribution of elec-
trons that are emitted in different above-threshold Speaks in
the energy distribution is shown in Fig. 4.26 Figure 5 illus-
trates a perturbation theory calculation for the hydrogen
atom,2" which is in good agreement with experimental
data.27 The general tendency is for the angular distribution
to become less isotropic as the number 5 of absorbed above-
threshold photons increases — the electrons are emitted
mainly parallel and antiparallel to the electric field vector.

The above-threshold ionization process also depends on
the polarization of the radiation. In the case of circular po-
larization, the amplitude of above-threshold peaks is much
reduced (all other experimental conditions being equal) and
these peaks are shifted towards higher values of S. Qualita-
tively this behavior is due to the higher values of orbital an-
gular momentum in the final state and the large repulsive
centrifugal potential29 that arises when the field is circularly
polarized.
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FIG. 4. Angular distributions of emitted electrons
in the 11-photon ionization of \e.~'' a—Data for
the first peak in the electron energy distr ibution,
b—Data for the peak corresponding to the above-
threshold absorption of four photons (S = 4). A is
the signal amplitude at the electron detector in rel.
units that are the same for distributions a and b.
Error bars indicate the statistical confidence in the
values of the signal A. The emission angle is mea-
sured to better than 10°.

Finally, we shall mention one other experimental fact:
when long radiation pulses (in the above sense, r, > /„) are
employed, the positions of the above-threshold peaks in the
electron energy distribution becomes independent of the ra-
diation intensity; whereas in the case of short radiation
pulses (r , <?,,) there is a shift towards lower energies pro-
portional to the radiation intensity.2"-1031

Looking ahead, we note that although a great many
researchers have studied the above-threshold ionization ef-
fect, we are far from a quantitative explanation of all the
experimental facts. Such an explanation would come in three
parts: a description of the elementary ionization process, in-
cluding the effects of nonmonochromatic radiation and of
the noninstantaneous switching on and off of the interaction;
treatment of the spatial nonuniformity of the field; and an
account of the influence of ponderomotive forces on the en-
ergy and angular distributions of detected electrons. In the
following sections we shall separate these three components
of the above-threshold ionization process and distinguish
the features which are already understood from those that
require further elaboration.

FIG. 5. Angular distribution of emitted electrons in the four-photon ioni-
zation of the hydrogen atom by radiation with A = 355 nm. Points are
experimental-7; the solid curve is theoretically calculated.-" A is the signal
ampli tude at the electron detector in rel. units .

2.2. Perturbation theory

We have already noted that the detection of electrons
with kinetic energy

in the limiting multiphoton case of nonlinear ionization
(7> 1) in fields E4,1 essentially appears to contradict per-
turbation theory estimates. A detailed treatment of this ap-
parent contradiction is evidently the key issue in the pertur-
bation theory description of the interaction between a strong
electromagnetic field and an atomic system.

The problem consists of computing correctly the A"th
and (K + 1 )st order component matrix elements. The mag-
nitude of the critical intensity 7cr can be obtained from the
condition that the ratio of these matrix elements is unity.
These matrix elements have been computed both numerical-
]y25.2h,« ancj analytically in the semiclassical approxima-
tion.33-"-3K

Regions of the discrete and continuum spectra close to
the ionization threshold (in the continuum this is the region
^ < 1) can be treated semiclassically. In these regions the
complicated expressions of the Coulomb matrix ele-
ments3"-3'1 are greatly simplified.33-34 Thus, for example, the
matrix element of the dvE,,/2 operator (where d is the dipole
moment) between two continuum states with energies //,
X ' <^ 1 can be written as37

( 1 )

where the continuum wavefunctions are normalized to a <5-
f unction of the energy difference between S> and ft' , and the
last equality is obtained by setting | t ' — /,' \ = a.

The (K + l)st order matrix element M'A ' ", which
describes the transition of the electron from the ground state
(0) to the final state of energy

(for the first above-threshold maximum 5=1) , contains K
sums and integrals over the intermediate bound and contin-
uum states. We can separate the component of M \K ' ' '
which corresponds to the multiphoton "resonance" with the
continuum states of energy ^ '„ + Ka (where •/,'„ is the
ground state energy), and write M \.K ' "in the form
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where (M(fa
+ ")„,. is the part of the matrix element that

sums over the nonresonant discrete intermediate states with
energies <? = <?„ + (AT + 1 )co. The first term on the right of
equation (2) can be rewritten as the sum of a principal value
integral and an integral over a cS-function. The <5-function
integral gives

(A/^,+ 1))M = znA/g!la oFg g_m. (3)

Following Ref. 38 we assume that the contribution to
(Af^ + 1 ) ) l o t of both the principal value integral and the
(M(,K+ 1 ) ) n r term of equation (2) is small compared to the
^-function integral (3). The approximation in which the full
matrix element is replaced by (3) is known as the factored
matrix element approximation or the pole approximation.
In this approximation we find, from equation (1), that the
amplitude ratio of the first above-threshold peak to the main
peak is of the order of magnitude

4L-. W

This result explains qualitatively why above-threshold
ionization does exist and why fields much smaller than the
atomic field can still cause sizeable deviations from pertur-
bation theory. According to (4) the reason is that the fre-
quency co is small compared to the atomic frequency
<oa ~ 10'6 s~' (in the atomic system of units a>4.1). Conse-
quently the matrix elements for transitions to the continuum
are anomalously large, which leads to sizeable deviations
from perturbation theory results and to the appearance of
pronounced above-threshold peaks at radiation intensities

7~ /c , ~to10/3< 1. (5)

Generally speaking, the underlying assumption that the
principal value integral contribution to M ̂ + u (as well as
the (Af i r* + 1 ' ) n r contribution) is small compared to the
pole term (3) is not rigorously justified. There exists no
smallness parameter that justifies the neglect of these terms.
However, there are indications that the neglected terms in
the matrix elements are small because the contribution from
the region where %" is very close to 'S (satisfying the in-
equality \%" — ̂ l-ci3372^^!) compensates for the re-
gion of %" far from % (\$"-&\> g3'2)39-™ To sum up,
currently the estimates of 7cr from expression (5) can be
taken as valid only within an order of magnitude.

Taking into account the neglected terms in (2) can
quantitatively alter these estimates, but probably would not
change the qualitative dependence of V2 (4) and 7cr (5) on
u>.

Now let us discuss the connection between the expres-
sions we derived for V2 and 7cr and the dynamical Stark
effect. We know2 that the Stark shift of the energy level & „
in a time-varying field is — (l/4)an (co)Eg, wherea,, (co) is
the dynamic polarizability which approximately equals
— co2 as long as % „ <co<^l. The shift of the higher-lying
(Rydberg) levels and of the atomic ionization threshold
equals the oscillation energy of a free electron in the time-

varying electric field 8% = E 2/4o>2. The shift in the binding
energy of the ground state is

In noble gas atoms an (co)~an (0) ~ 1 for helium and ~27
for xenon. Therefore, when co < 10~', the following relations
hold

If S & > co the first above-threshold peak can fall below
the ionization threshold and hence disappear. Consequent-
ly, the condition 8&~co determines the characteristic pa-
rameter V'2 = E^ /a>3, which limits the region of applicabili-
ty of perturbatin theory, and the corresponding critical
intensity I'n~ct>3. Since we have co < 1, the parameter V'2 is
smaller than V2, and 7 '^ is larger than 7cr ( 5 ) . Consequently,
it is the semiclassical nature of the Coulomb transitions near
the threshold, rather than the dynamical Stark effect, that
limits the region of applicability of perturbation theory and
determines the critical intensity. We emphasize that this ef-
fect essentially arises from the Coulomb interaction between
the emitted electron and the remaining ion, because the Cou-
lomb interaction determines the form of quasiclassical ma-
trix elements (1 ) .

In the case of a short-range potential, the matrix ele-
ment (1) is replaced by the expression

,'-*4-i.n. ' (7)

which is valid for the entire quasiclassical region W, %' 4,1,
regardless of the energy separation between W and $". In the
case of a Coulomb potential, formulae (1) and (7) are valid
in the regions | %' - % \ > ̂ 3/2 and | %' - % \ < ̂ 3/2 respec-
tively.39'40 When \W - &\ = co and &-a, formula (7)
yields ¥%%. ~Eu/co312 and hence V2 (see (4)) is replaced
by f/ /2and7cr (see ( 5 ) ) by 7 c'r. In the case of the short-range
potential, the parameter which characterizes the applicabili-
ty of the first nonvanishing order of perturbation theory and
the critical radiation intensity coincide with the parameters
imposed by the dynamical Stark effect. Note, that even
though 7 '„ is larger than 7cr of (5), 7 '„ is still < 1 as long as
&)<!. Consequently, even though the critical intensity is
larger in a short-range potential than in a Coulomb poten-
tial, it is still much smaller than the atomic intensity. We
know that the short-range potential model to a first approxi-
mation describes negatively charged ions. Hence, according
to the above arguments, we should expect to observe above-
threshold photoionization in negatively charged ions at in-
tensities 7>7^r >7cr. Currently no experimental data are
available in this regard.

Let us also consider the numerical calculations for the
hydrogen atom25 carried out within perturbation theory.
The results of these calculations indicate that the true fre-
quency dependences of it/*' (co) andu/* + l > (co)/w(K> (co)
are considerably more complex than the qualitative semi-
classical results. The probability w(K+n (a>) has resonances
at discrete levels (Fig. 6). The ratio w(K+ " (co)/w(K) (co)
also has minima and maxima (Fig. 7): the minima corre-
spond to resonance peaks in the frequency dependence
w(K+ " (co), whereas the maxima correspond to the valleys
between resonances. The peak to valley ratios in the
w(K+r> (co)/w(K) (co) function are numerically estimated
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FIG. 6. lonization probability of the five-photon above-threshold ioniza-
tion of the hydrogen atom (rel. units) as a function of radiation wave-
length A at K = 4. The numbers label the principal quantum numbers of
the discrete levels which contribute intermediate resonances. The curve
was calculated using perturbation theory.:5

as ~2. Table I cites the value of w(K+ 'Vu/*' at four arbi-
trary points. There is a clear general tendency for this ratio
to increase as /I increases (or a> decreases). We note that the
calculated values of w(K+ " /u/*° in Ref. 25 are in good
agreement with experimental data24 obtained at A = 3076 A.

Table I indicates that the calculated values are
/cr~1014 W-cm^ 2 at ^-500 nm and -10° W-cm~ 2 at
A —10' nm. These values are significantly larger than the
experimentally measured 7cr in noble gas atoms41 ( ~ 1012

W-cm~ 2 and —10" W-cm~ 2 ) . Accordingly, /cr must de-
pend strongly on the type of atomic species under study, and
particularly on the magnitude of the ionization potential (at
a given a>). Yet this behavior is not reflected in expression
(5) and, to our knowledge, no simple qualitative theoretical
explanation exists to date.

In Fig. 7 the ratio w ( K + l > / w ( K > is plotted against
, which simplifies comparison with the semi-

line. At first glance it would appear that the numerical calcu-
lations do not fit the semiclassical result. Yet recall that the
peak to valley ratio of the w(K + " /w(K} curve is small and
the semiclassical formulae yield the values of F2 (see (4 ) )
and 7cr (see (5)) up to a factor of two. Thus the numerical
calculations do coincide with semiclassical results within
their actual accuracy.

To sum up, the main success of the semiclassical results
lies in their explanation of the apparent contradiction be-
tween the observation of above-threshold ionization and
perturbation theory arguments. They indicate why devia-
tions from perturbation theory occur even when the external
field is much weaker than the atomic field, the reason being
that the matrix elements for transitions to the continuum are
large at a> < 1.

2.3. Models of strong interaction in the continuum

These models treat the multiple electronic transitions
between continuum states (in the continuous spectral
range) under the influence of an external time-varying field.
In essence, this class of models comprises the classic papers
of 1960's—1970's on nonlinear ionization of atoms, to-
gether with qualitatively similar recent studies.47"48 How-
ever, one should be cautious in applying these results to the
above-threshold ionization process. The point is that, first,
all the above studies assumed the atomic potential to be
short-range, i.e. they neglected the effect of the real atomic
Coulomb potential on the continuum electron wavefunc-
tions. Second, the final results in Refs. 42-44, 47, 48 are
obtained by way of various simplifying assumptions which
are not rigorously justified. To wit, the results of different
studies yield different symbolic parameters which determine
the required ratio of ionization probabilities calculated in
the K + 1st and Kih orders of perturbation theory. Thus,
according to Refs. 42, 44, when y> 1 this ratio is

1 E*

classical approximation, where the result would be a straight whereas Refs. 43, 45-47 find a different ratio

E* £2

0)

0,8

0.6
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- /V=4

400 500 BOO 700 A, nm

FIG. 7. Probability ratios ofK + 1 and A^-photon ionizations of the hydro-
gen atom as functions of A. "'". The curve was numerically calculated
using perturbation theory.25

Moreover, both these parameters are quite different
from the semiclassical estimate for the short-range potential

tt,<K+') £2

~^K) a*~-

Accordingly, the semiclassical critical radiation intensity
7^.r for above-threshold ionization is much smaller than the
results of Refs. 42-47. We believe this semiclassical estimate
to be more reliable, since it was obtained within the frame-
work of perturbation theory without any additional assump-
tions.

The last few years have witnessed much research on the
strong interaction models. We shall discuss the more com-
plete model of Deng and Eberly.49 Generally, the Schro-
dinger equation is used to derive and solve the system of
coupled equations for the probability amplitudes of finding
the atom in the ground state and the various continuum
states, where the equations include the Coulomb interaction
between the electron and the atom.

The particular version of this approach, realized by
Deng and Eberly49 made use of the "significant state meth-
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TABLE I. Calculated ratios of the probability u)1A ' " of creating an electron in the first above-
threshold peak to the probability w ( K ] of creating one in the threshold peak as a function of wave-
length /I in the ionization of a hydrogen atom.25
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od." One of the main approximations of Ref. 49 is the so-
called "pole approximation" which is essentially similar to
the factorization of matrix elements (3) described in the
previous section. Keeping in mind the arguments made ear-
lier about the validity of expression (3) , we can assume by
analogy that the model of Ref. 49 yields only a qualitatively
correct explanation of the elementary above-threshold ioni-
zation process. Going beyond the pole approximation can
quantitatively alter the results of Ref. 49, whose main con-
clusions can be summarized as follows:

1) a saturation parameter Z is introduced, which is es-
sentially identical to the quantity V2 determined by expres-
sion (4); the condition Z~ 1 fixes the value of 7cr and the
estimates for this critical intensity coincide with the semi-
classical result (5);

2) the first few peaks in the energy distribution will
become partially saturated in the 7cr </</sa t intensity
range; the height of each peak is proportional to IK ( l / 2 ) ,
i.e. increases more slowly with /in this range than if 7<7cr;
the width of the peaks is of the order of r, ' (the field is
assumed to be monochromatic); the number of the peaks is
S~V-

3) in the />/sa, intensity range the first few peaks are
strongly broadened and suppressed; the number of the peaks
remains S~ V, their height is proportional to IK ~ < 1 / 2 ) and
their width to IK;

4) when /</sat the probabilities u)<K + i) of above-
threshold ionization increase linearly with pulse duration r,;
when 7> 7sat the probabilities w(K + S) are independent of r,.

Thus the new results which go beyond perturbation the-
ory apply to the 7> 7sa, intensity range.

Note the fourth conclusion of Ref. 49. The described
dependence wIK+S) -r, clearly indicates that above-
threshold ionization is neither a cascade nor a diffusive pro-
cess. By a cascade process we mean the sequential overpopu-
lation of the continuum states: £f()-» £?0 + Ka>-> &n

+ (K + \)(o—&(l+ (K+2)co and so forth. A diffusive
process refers to the case when the state &Q + (K + S)ca
undergoes transitions to "higher" and "lower" states (i.e. to
&0 + (K + S + 1 )<o and &n+(K + S—l )a>, respective-
ly) with approximately equal probability, leading to diffu-
sive broadening of the probability envelope.50 Both these
possibilities are excluded because the require different de-
pendences u/K + S) X (r ,) that would disagree with the re-
sults of Ref. 49. Movsesyan and Fedorov5' discovered the
reason for the saturation of w(K + S) ( r , ) at sufficiently large
T { . They pointed out that the ionization process coherently
populates the continuum states (creating wavepackets).
Subsequent transitions between these states interfere with
one another. As a consequence one obtains w(K + S}

(r , ) = const as soon as r, becomes greater than the inverse

width of the wavepacket (A '<?) ' .4y In the case of above-
threshold ionization, this width Af? coincides with the ioni-
zation broadening of the main level and the condition
-T, > ( A £ ? ) ~ ' is the saturation criterion (full ionization of
the atoms).

The authors of Ref. 49 considered a one-dimensional
model of the atom, ignoring the orbital angular momentum
degeneracy of the continuum states. This factor was treated
properly in Ref. 52. It follows from these studies that taking
into account orbital angular momentum degeneracy does
not alter the qualitative predictions of Ref. 49 about the na-
ture of the above-threshold ionization. On the other hand,
the totality of states with different orbital angular momenta
must be considered in order to treat the angular distribution
of photoelectrons. The theoretical predictions in Ref. 52 are
in qualitative agreement with experimental data26'27'53: the
lower-lying above-threshold peaks are created by a superpo-
sition of states with not-too-large orbital angular momen-
tum L; as the photoelectron energies (and the numbers of
the above-threshold peak S) increase, so does the contribu-
tion of spherical harmonics and intermediate values of L to
the excited states.

We note that a number of studies54"56 examined alterna-
tive models of strong interaction in the continuum, which in
some sense contradict the model of Ref. 49. The difference
between these models is easily demonstrated in the weak
field limit. The alternative models54"56 proposed that the
main contribution to the M /A * " ' ' matrix element arises
from the principal value of the integral, rather than the 8-
function. The principal value of the integral is largely deter-
mined by the region of %' close to %. Mathematically the
formal result is to replace V,.,.. by 5(%' — W) (with
V = pA, where A is the vector potential of the field). How-
ever, as we have discussed above, a careful analysis of the
V,,, matrix element shows that the contribution of the re-
gion where £?' is fairly close to % is small and hence the
principal value of the integral is also small. Consequently we
belive these alternative models54"56 to have little physical
content. In choosing between the approaches of Ref. 49 and
Refs. 54-56 we believe Ref. 49 to be more reliable, once the
above factors are taken into account.

A serious flaw of all strong interaction models41*'52'54"56

is the assumption that the interaction is switched on instan-
ly, together with their neglect of the shifts in the energy lev-
els and the ionization threshold due to the dynamical Stark
effect. Consequently the results of Ref. 49 apply only to a
limited range of intensities / < / ^ r ~ < w 3 (see above, section
2.2). Since the intensity range from 7cr (determined by
expression ( 5 ) ) to 7^r is rather narrow, it is not clear
whether it is possible to compare in detail those predictions
of the strong interaction models4''' ~ which differ from per-
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turbation theory results with any experimental data.
In view of these limitations, the strong interaction mod-

e]s4'),«.54-56 cannot describe the suppression of lower-lying
above-threshold peaks by the increasing ionization thresh-
old when 7>/J.,. ~<y'. In this regard, let us mention an ab
initio numerical solution of the one-dimensional Schro-
dinger equation with the — (1 + X) l / : potential in the
field of an electromagnetic wave." This approach to the
/> / ' c r intensity range does predict the "closing" of above-
threshold ionization channels due to the increase in the ioni-
zation threshold by the quantity E^/4a>~.

Before proceeding to the available experimental data on
the elementary ionization process and to the comparison of
this data with the theory, let us discuss the ponderomotive
potential and its effect on the energy and angular distribu-
tions of electrons traveling from the ionization region to the
detector. Only after elucidating the role of the ponderomo-
tive potential can one discern the effects characteristic of the
elementary process.

2.4. The role of the ponderomotive potential

As we have mentioned earlier, the distribution of the
laser radiation over the ionization region is markedly nonun-
iform. The nonuniformity of the spatial distribution leads to
the appearance of ponderomotive forces,15 which arise from
the gradient of the ponderomotive potential. The notion of
the ponderomotive potential in a spatially nonuniform field
is conveniently introduced by averaging the Hamiltonian of
a nonrelativistic electron in a time-varying field E
= E(l(r) sin cot over the rapid oscillations with frequencies <y

and 2«-ss:

" = 4-(/>+^-*i". (8)

The second term on the right hand side of expression (8)
describes the potential energy arising from the ponderomo-
tive potential. The corresponding ponderomotive force
— VE~, (r)/4(i)2 is known in the literature as the gradient

force (or, occasionally, the Gaponov-Miller force5'').
The influence of the ponderomotive potential on the

electron energy consists of the following: if an atom is ion-
ized at point /•„ then the potential energy of the emitted elec-
tron decreases by E2,(rt,)/4co2 as it leaves the focal beam
spot and the kinetic energy increases by the same quantity.

Obviously the effect of the ponderomotive potential in-
creases at low radiation field frequencies. This is experimen-
tally observed by electron spectroscopy in the ionization of
noble gas atoms by the infrared field of a CO: laser.60

At the typical frequency co~\ eV employed to investi-
gate the above-threshold ionization of atoms, an electron
leaving the focal beam spot gains from 0.1 eV kinetic energy
at /~101 2 W-cm 2to 10 eV at /- 1014 W-cm 2. In order
for the electron to leave the focal spot during the laser pulse,
the pulse duration must be sufficiently long. The appropriate
estimates were performed in section 2.1. They show that
only picosecond and femtosecond laser pulses are short
enough to keep the electron from escaping the focal beam
spot. Thence it follows, at first glance, that in the vast major-
ity of the experiments performed with long laser pulses, the
ponderomotive acceleration of electrons should significant-
ly distort the positions of the above-threshold peaks on the
energy scale of the elementary ionization process. In fact no

such distortion occurs because of the dynamical Stark effect.
As noted above, the shift in the ionization threshold in

noble gas atoms due to the dynamical Stark effect is practi-
cally equivalent to the mean electron oscillation energy in
the electromagnetic field, that is E2

}/4a>2. Hence, the shift in
the ionization threshold due to the dynamical Stark effect
reduces the kinetic energy of the continuum electron to com-
pensate almost precisely the kinetic energy gained by the
electron as it is accelerated by the ponderomotive potential.
For this reason, the electron spectra obtained in the above-
threshold ionization of noble gases are not distorted by the
ponderomotive acceleration and should reflect the elemen-
tary ionization process. Note that this compensation is only
valid for noble gas atoms and for wavelengths that are not
too short (near ultraviolet, visible, and infrared), such that
the dynamic polarizability of the ground state can be ne-
glected in comparison with the vibrational energy of a free
electron in the time-varying field. For most other atoms this
is not the case, as is already evident from well-known mea-
surements of static polarizability.'11

In the general case, the kinetic energy of electrons out-
side the focal spot is described by the equation

/ „ -- (A -~S (9)

where the approximate equality is obtained by assuming
aH(co) <^ci>~2.

Many authors have reported that the electron energy
does not depend on the radiation intensity in experiments
measuring the above-threshold ionization of noble gases, for
example in Refs. 21, 53, 62. An explanation of this effect
similar to the one cited above was first furnished in Refs. 63,
64.

The ponderomotive acceleration can also broaden the
above-threshold peaks. This broadening is caused by the
nonstatic nature of the electromagnetic field, i.e. its time
dependence EQ = E0(r,t). If the ponderomotive potential
changes during the time it takes for the electron to leave the
focal spot, the Stark shift compensation will be insufficient
(or excessive) and the electron energy will differ from <?[.sk\n

given by expression (9). It is a simple matter to estimate the
corresponding change in £?',*./„:

(10)

Since the photoelectrons are created at different mo-
ments in tirre, dE(t/dl can have arbitrary magnitude and
sign, and the energy shifts will be different for different elec-
trons. This contributes to peak broadening, the scale of
which is set by expression (10). The broadening of above-
threshold peaks caused by the time-dependence of the pon-
deromotive potential explains the experimental data53

shown in Fig. 8.
The ponderomotive potential can also markedly alter

the angular distribution of the electrons. In a uniform field
the photoelectrons mostly propagate parallel or antiparallel
to the field polarization vector. Ponderomotive acceleration
acts in the opposite direction to the potential gradient. If the
focal spot is more or less symmetric in all directions, the
ponderomotive acceleration of emitted electrons will
smooth out their angular distribution, making it more iso-
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FIG. 8. Experimental data illustrating the broadening of peaks in the
energy spectrum as the intensity increases'11: 1 — 1=5. 6- 10"; 2 —
/= 10.2-10"; 3— /= 14.1-10" W-cm :.
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FIG. 9. Experimental data illustrating the role of the dynamical Stark
effect in above-threshold ionization": <5£ is the energy shift of a given
above-threshold peak, / is the field intensity.

tropic. Furthermore, this smoothing effect will be strongest
in the lower above-threshold peaks. As for the higher-lying
above-threshold peaks, there the initial kinetic energy of the
electrons is large and both the kinetic energy gain and trajec-
tory bending are relatively small—hence the weaker
smoothing effect. These qualitative arguments agree well
with the data of Ref. 53.

We emphasize that this explanation is an alternative to
the analyses211'52 which explain the angular distribution of
above-threshold electrons by the properties of the elemen-
tary ionization process. Both these approaches lead to qual-
itatively similar conclusions which agree with experi-
ment. 2(>-27-" At this time it is difficult to establish which
effect determines the directionality of the emitted above-
threshold electrons—their acceleration by the ponderomo-
tive potential or the specifics of the ionization process.

2.5. Above-threshold ionization caused by short laser pulses

If the pulse duration is smaller than the time of flight of
the electron escaping from the focal spot, the electron cannot
be accelerated by the ponderomotive potential. After the
pulse is switched off, the electron ionized at point /•„ in the
focal spot remains with the kinetic energy

f e
S) = / n - - - ( A - 5 ) c o — -

4(o2

--- a0(u>))

(ID

This kinetic energy depends on the intensity of the radi-
ation at the point where ionization takes place. As the inten-
sity increases, the electron kinetic energy decreases, which is
corroborated by experiment.3"-"'65

Muller and co-workers31 measured the shift in the
above-threshold peaks of xenon atoms ionized by 100 fs
pulses at A — 670 nm. They found these shifts to be linear in
intensity, with the maximum shift energy reaching 5.6 eV.
By that point the first two above-threshold peaks fell below
the ionization threshold and the corresponding photoelec-
trons were not detected. This brings up one of the previously
discussed mechanisms for the experimentally observed sup-
pression of the first few above-threshold peaks: if the Stark
shift of the ionization threshold exceeds a> (or, equivalently,
£'()>ftj3 :), the electrons cannot reach the continuum and
these peaks can no longer be observed.

This explanation applies to both short and long pulses,
since the Stark shift of the ionization threshold is ,indepen-
dent of the influence of the ponderomotive potential on the

electrons traveling from the atom to the detector. However,
this interpretation presupposes the absence of saturation,
which is significant. The saturation intensity for this experi-
ment was 7sal = 1.7-10'4 W-cm~ 2 . 3 1 Only in the absence of
saturation (7max <7sa l) does most of the ionization occur at
the center of the focal spot where / = 7niax, leading to a sig-
nificant Stark shift of the ionization threshold (7 j ( l >&> 3 / 2 ) .

The experimental conditions of Ref. 30—rt = 500 fs,
A. = 616 nm—appear very similar to those of Ref. 31. And
yet the results of these two experiments are different in many
respects. The authors of Ref. 30 observed a saturation inten-
sity Aat = 3.1 • 1013 W-cm^2. Possibly this pronounced dif-
ference from the result of Ref. 31 is explained by the five-fold
increase in the pulse duration. Unlike Ref. 31, the experi-
ment30 exhibited several clear instances of resonance ioniza-
tion (see below), which possibly enhanced the ionization
efficiency and decreased 7S111.

The resulting spectrum of above-threshold electrons is
markedly affected by the ratio between the peak laser pulse
intensity 7max and the saturation intensity 7sal. The shift of
the above-threshold peaks was observed both at 7max < 7sal

 3'
and 7max > 7sal ,

3" but as saturation is reached and
7m.lx >7V11

30 the shift of the peaks also saturates (Fig. 10).
The last two curves in Fig. 10, corresponding to different
pulse durations and intensities 7, almost coincide. This satu-
ration and the high degree of nonlinearity make it possible to
construct a model of nearly step-like ionization. If the maxi-
mum intensity in the focal spot is 7max > 7sac, the ionization
occurs mostly at those points in the focal spot and at those
moments in time when I ( r , t ) s;7sal. The following interpola-
tion formula for the probability of A"-photon ionization per
unit time at the point r was employed for numerical model-
ing30:

r,(r. / ) e x p ( - jj P, (r. (12)

where P, (r,t) a (7(r,/)/7S!11 )
K is the ionization broadening

of the main level; I(r,t) is the laser field intensity at the point
r at time /. The total probability is calculated by integrating
w(r, t) over its arguments. This calculation yielded the
curves in Fig. 10 which were in good agreement with experi-
mental results.30 Evidently, when saturation occurs at
7max > 7S.,,, the previously discussed mechanism of the sup-
pression of the first few above-threshold peaks by the large
Stark shift of the ionization threshold may no longer apply.
That mechanism applies only if the Stark shift is larger than
K> at 7 = 7sal. Otherwise the peaks shift by less than <y, remain
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FIG. 10. Exper imenta l data "' i l lustrat ing the saturation of the energy shift
of the above-threshold peaks that follows the saturation of the ionization
process. A is the signal ampl i tude at the electron detector in rel. uni ts that
are the same for all curves.

above the ionization threshold, and cannot be suppressed in
this way. The evolution of the above-threshold peaks as a
function of 7m. i x , /s;il, and 7, at /m,,x > 7S11, has not been stud-
ied in detail .

In addition to the aforesaid shift of the above-threshold
peaks, an important advance achieved by going to short laser
pulses was the discovery of fine structure in the above-
threshold ionization spectrum. Figure 9 shows the fine
structure of the first above-threshold peak in the 7-photon
ionization of Xe by A = 616 nm radiation with intensity
/= 3.9-1014 W-cm : and pulse duration r, =0.4 ps. The
physical interpretation of the observed fine structure runs as
follows. In a strong field all the highly-excited atomic levels
gain a Stark shift energy of £(

:,/4&r, which is equal to the
vibrational energy of a free electron in a time-varying field.
Furthermore, if the ionization process is nonresonant in a
low field, at high fields the large Stark shift can move rela-
tively low-lying atomic levels up to energies near resonance
(for example, up to '/, „ + (K — l )<y) . This enhances the
ionization probability. The condition for the Stark shift to
move some level of energy ^ , <<y into resonance with
(A' — 1)-photon absorption can be written as

j (r, t)

4to2 (13)

Equation ( 1 3 ) will determine the values of rand r that
would satisfy the appropriate resonance conditions for a giv-
en energy level /, , . Since the pulse duration r, is assumed to
be short, the kinetic energy of electrons in some above-
threshold peak S is determined by equation (11) . Taking
( 1 3 ) into account for the (A" — 1)-photon resonance via the
Stark-shifted level we obtain

• (14)

Thus, each resonance level />, should produce a reso-
nance peak in the fine structure of above-threshold ioniza-
tion. In Fig. 11 these peaks are identified by comparison with
reference data on the Xe atom. The good agreement with
experimental data for a large number of peaks led Freeman
and co-workers'" to conclude that up to the 7p and 4f atomic
levels in Xe the Stark energy shift agrees with the vibrational
energy of a free electron to fairly high precision.

The appearance of fine structure in above-threshold
peaks caused by resonances with discrete levels shifted by
Eu/4ar was theoretically predicted in Ref. 66, whose au-
thors solved the Schrodinger equation with the — I/
(1 -x-)l/2 potential.

2.6. Conclusion

The current understanding of above-threshold ioniza-
tion can be summarized in the following fashion. There is
much interesting experimental data available. Qualitative
explanations exist for most of these experimental results.
Also, a number of models have been developed to describe
the elementary process of above-threshold ionization, but
the quantitative predictions of these models are not entirely
satisfactory because of the insufficiently justified approxi-
mations involved.

Several key features of above-threshold ionization re-
main unexplained. Not even a qualitative explanation exists
for the fact that in the /cr < / < 7,1111X intensity range the total
flux is a/* and yet the probability w( is not propor-
tional to /*' * s. The semiclassical results (4) and (5) await
sufficiently detailed experimental corroboration. We still
cannot predict the characteristic values of /sul . Some uncer-
tainties remain in our understanding of the evolution of
above-threshold peaks produced by short pulses of intensity
*m;l\ *̂ ^s;ll •

The extension of semiclassical arguments to the energy
range near the ionization threshold has been an important
theoretical advance. The semiclassical results explain the
anomalously large values of continuum-continuum transi-

0.5

FIG. 11. Experimental data "'illustrating how the intermediate multipho-
ton resonances in the atomic spectrum (resonance states are indicated)
manifest themselves in the electron energy spectrum in above-threshold
ionization. A is the signal amplitude at the electron detector in rel. units.
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tion matrix elements (1) and the correspondingly low criti-
cal intensity /L.r (5) above which the energy structure of the
above-threshold photoelectron spectrum becomes discern-
ible. The second important theoretical contribution has been
the numerical solution of the hydrogen atom problem and
the detailed examination of various calculated quantities.2S

The third and final important advance has been the detailed
development and application of the concept of the pondero-
motive potential.24-3"-63-64

As for the above-threshold ionization phenomena, we
believe the observation of fine structure in the above-thresh-
old ionization spectra1" to hold much interest and promise in
the field of nonlinear laser spectroscopy. Another very re-
cent discovery that should bolster the importance of above-
threshold ionization has been the experimentally established
connection between this process and the multiple ionization
of atoms. This series of questions, including the role of
above-threshold ionization, will be discussed in section 4 of
this review.

3. MANIFESTATIONS OF THE MULTIELECTRON STRUCTURE
OF COMPLEX ATOMS IN SINGLE-ELECTRON MULTIPHOTON
IONIZATION

It is well known that the electronic state spectrum
differs markedly among different types of atoms—the hy-
drogen atom, atoms with one electron in the outer shell (al-
kali elements), and atoms with many equivalent outer shell
electrons. In addition to singlet states, the latter also possess
triplets, coupled multielectron states, and autoionizing
states with energies near the first ionization potential. Un-
doubtedly the very existence of these states can influence the
multiphoton ionization process. Manifestations of multie-
lectron structure can appear in the absolute magnitude of
multiphoton cross-sections, in the angular distributions of
emitted electrons, and in the spectrum of intermediate reso-
nance frequencies. From the theoretical point of view, the
presence of multielectron states requires one to abandon the
single-electron approximation in describing the multipho-
ton ionization of complex atoms. A detailed theoretical de-
scription of the multiphoton ionization of atoms in the sin-
gle-electron approximation already exists2-3-7-"1 and
furnishes good agreement with experimental data on alkali
atoms. The question arises as to whether the single-electron
approximation remains valid for the ionization of atoms
with many electrons in the outer shell.

Let us consider the various aspects of single-electron
multiphoton ionization of atoms with many electrons in the
outer shell that may shed light on those effects that are not
explained by the single-electron approximation.

3.1. Absolute magnitudes of multiphoton cross-sections for
the direct (nonresonance) ionization process

There have been numerous measurements of the abso-
lute magnitudes of multiphoton cross sections for the direct
ionization of atoms with many electrons in the outer shell—
alkaline-earth atoms (see, for example, Ref. 67) and noble
gas atoms.68 The main conclusion of these experiments was
that these cross sections coincide within experimental accu-
racy with their alkali atom counterparts.10-" Consequently,
in such integral characteristics of the ionization process as
the multiphoton cross sections, the presence of many elec-
trons does not significantly alter the quantities whose order

of magnitude can be estimated in the single-electron approx-
imation.

3.2. Probability of the direct single-electron multiphoton
ionization process as a function of radiation polarization

In the case of direct (nonresonance) multiphoton ioni-
zation of alkali atoms, circular polarization is more effective
than linear polarization when the process is only slightly
nonlinear.2-3-'"-'' At a fixed frequency, the ratio of ionization
probabilities is

u(K2 (2A.--1)!!
A'! (15)

where K is the nonlinearity order of the ionization process.
Strictly speaking this ratio is not valid for all frequencies.
The exceptions include the narrow frequency ranges in each
nonresonance interval where w^irc — 0 and those resonance
frequencies where the selection rules allow resonance with
linearly polarized light but not with circularly polarized
light. The ratio (15) is theoretically justified if the transition
channel from the ground state to the continuum in the lin-
early polarized field satisfies Bethe's rule (the largest matrix
elements correspond to transitions with w - » n + l ,
L-*L + 1, where n and L are the principal and orbital quan-
tum numbers respectively )hy and also K is not too large. The
upper bound on K follows from the approximation that only
transition channels where L increases are taken into account
in a linearly polarized field, while the other channels are
neglected. Krainov and Melikishvili70 demonstrated that in
this approximation the ratio (15) is valid for transitions
from the ground state with an arbitrary L and does not de-
pend on the type of binding prevalent in the complex atom.
Consequently, as long as the single-electron approximation
holds, this ratio should apply to the ionization of alkaline-
earth atoms.

The dependence of the single-electron multiphoton ion-
ization probability on polarization, as well as the validity of
ratio (15), were experimentally investigated in the alkaline-
earth atoms by many researchers. It was established that in
nearly all studied systems the ratio (15) does not hold. In
some cases the ratio was even reversed and the ionization
probability in a linearly polarized field dominated. This
problem was exhaustively investigated in Ref. 71. The au-
thors measured the three-photon ionization of Ba, Sr, and
Ca atoms by laser radiation in the 19700-23100 cm~ ' fre-
quency range. The working frequencies were selected such
that the component matrix elements corresponding to direct
multiphoton ionization were dominated by the transition
chanpel satisfying Bethe's rule. They measured the ratios of
ionization probabilities in linearly and circularly polarized
fields in wide frequency bands near 12 intermediate two-
photon resonances with singlet states: from 4s5d to 4s7d;
from 5s6d to 5sl Id; and from 6s9d to 6sl2d. In all cases the
experimental ratio wc{K /w,,,, was much smaller than the val-
ue of 2.5 obtained from (15); in some cases this ratio was less
than unity, i.e. ionization in a linearly polarized field was
more effective. Thus the results reported in Ref. 71 demon-
strate that the ratio (15) fails to describe the multiphoton
ionization of alkaline-earth atoms in the visible frequency
range. This suggests that the most probable cause for the
observed deviations from (15) lies with the multielectron
effects, which are important in atoms with many electrons in
the outer shell.
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3.3. Excitation of two-electron states

Let us consider two-electron bound states. Several stud-
ies have reported resonances involving such states. For ex-
ample, the three-photon ionization spectrum of barium72 ex-
hibits several resonance peaks which, by comparison with
the atomic spectrum of Ba, cannot be attributed to anything
else but three-photon resonances with two-electron bound
states. The validity of this result is supported by the low
nonlinearity order of the ionization process and the corre-
spondingly low radiation field intensity of 106 V • cm ' suffi-
cient to create Ba2 ' ions. At such low field intensities the
perturbation of the atomic spectrum is small and does not
exceed the linewidth of the observed resonances, which is of
the order of several cm ~ ' . We should note, however, that in
these experiments.72 by no means all known two-electron
bound states in the atomic spectrum of Ba appeared to par-
ticipate in intermediate resonances. In a number of other
alkaline-earth atoms no such resonances were observed.72

Thus we can state that the currently available experimental
data on the excitation of two-electron bound states are rath-
er sketchy: beyond the fact that these states have been ob-
served no additional physical conclusions can be drawn.

Now let us turn to the role of autoionizing states in the
multiphoton ionization of atoms. Lasers have long been used
in the spectroscopy of autoionizing states. However, in a
typical spectroscopic experiment these states are excited in a
multistep cascade by several laser frequencies, where each
cascade step consists of a single-photon resonance transi-
tion. Consequently, the entire process can take place at fairly
low field intensities £<104 V-cm '. At the same time, the
observation of a direct (nonresonance) multiphoton process
(even in the limiting case of small nonlinearity order: K = 2,
3) requires field intensities that are higher by several orders
of magnitude 106 V-cm ' ) than those sufficient for
single-photon resonance excitation. Consequently, multi-
photon ionization involves resonances with autoionizing
states in much stronger radiation fields. Also, multiphoton
resonances with autoionizing states can appear in the spectra
of both singly and doubly charged ions. The key process is
the decay of the autoionizing state. When this decay follows
the classical channel (one electron moves to a lower energy
state while another transfers to the cont inuum), the reso-
nance should appear in the singly charged ion spectrum.
When the decay involves the stimulated transition of two
electrons into higher energy states and, eventually, into the
continuum (by absorption of external field photons), the
resonance should appear in the doubly charged ion spec-
trum.

A great number of studies have focused on the multi-
photon ionization of atoms involving autoionizing states
(see, for example, Refs. 70-77). The general case was treat-
ed by Andryushin and co-workers, 74 77who also considered
the stimulated transitions from autoionizing states to higher
energy states.

Multiphoton resonances involving autoionizing states
have been observed in singly charged ion spectra. 7'-x:~s4

Chin and co-workers7' studied the three-photon ioniza-
tion of strontium atoms and observed resonances in the Sr +

ion yield corresponding to the three-photon excitation of
4d4f autoionizing states. Of greatest interest are the data
obtained in this paper on the dependence of the shape of the
resonances on the intensity of the exciting field which was

varied from 3.106 to 1.5-107 V-cm '. At a low intensity of
the field narrow resonances were observed at frequencies
corresponding to known values of the energies of autoioniz-
ing states of the 4d4f series. At higher field intensities, these
resonances became broader but their positions did not
change (see Fig. 12), although in some cases neighboring
resonances would merge into a broad resonance profile. As
the field intensity reached~107 V-cm ' resonance broad-
ening ceased to increase. A theoretical description of these
experimental results within the framework of Andryushin's
general model74 was carried out by Kotochigova.ss This
analysis proposed the existence of two single-photon quasir-
esonances in the Sr spectrum at the working laser frequen-
cy—the quasiresonance between the 5p2 bound state and the
autoionizing 4d4f states, and the quasiresonance between
these 4d4f states and the autoionizing 6s7d states (see Fig.
12). The resonance mixing of these states then produced the
observed broadening and saturation of the three-photon res-
onance with the 4d4f states at increasing field intensities.

At first sight, the experimental data of Refs. 83, 84 ap-
pear contradictory. Both experiments examined the fre-
quency dependence of Xe + ion production in the three-pho-
ton ionization of xenon. The authors of Ref. 83 did not
observe any resonances in the production of Xe ' ions, but
only some features in the electron angular distribution at the
frequency corresponding to the calculated resonance with
the autoionizing state of total angular momentum J = 3. In
Ref. 84, on the other hand, sharp peaks in the formation of
Xe^ ions were indeed observed at points corresponding to
three-photon resonances with a number of autoionizing
states, in addition to features in the electron angular distri-
butions. That experiment also found the resonance excita-
tion efficiency to depend on the polarization. Currently, no
explanation exists for the discrepancy between these two ex-
periments. *''K4 We note that the results of the latter experi-
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FIG. 12. a—Photoelectron yield in the thrce-pholon resonance w i t h the
4d4f autoionizing states as a function of radiation intensi ty: 1 —
/=3.6-10"; 2—/= 4.8-10' '; 3—7 = 9.4- 10'' W - c m V' h—Schematic
transit ion diagram.
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merit8"1 are in qualitative agreement with earlier theoretical
calculations.7'1

Theoretical research into the effect of electromagnetic
radiation on autoionizing states has paid much attention to
the interference of various ionization channels. 74~7*

For instance, the transition to the continuum directly
from the bound states interferes with the transition to the
same continuum states via intermediate autoionizing states.
These interfering channels coexist with other channels that
do not contribute to interference effects—for example, the
photoionization of autoionizing states. The role of various
channels has been elaborated in several theoretical stud-
ies, 74M which concluded that the presence of noninterfering
channels significantly modifies the final result. For example,
the widely discussed phenomenon of the field-induced nar-
rowing of autoionizing states75'7* generally does not occur
because of noninterfering channels.74 An exception to this
tendency is the mechanism treated in Ref. 79, where the non-
interfering channels should not prevent the field-induced
narrowing of autoionizing states, although they would still
affect this process.74

There has been some discussion of another mechanism
for the narrowing of autoionizing states: the resonance mix-
ing of broad autoionizing state multiplets with narrow dis-
crete levels.xl According to this mechanism*' the width of
the resulting quasienergetic states could be quite narrow be-
cause of the large contribution of the wavefunctions corre-
sponding to narrow discrete levels.

The above discussion indicates that general theoretical
models dominate this interesting research topic, while con-
certed experimental efforts are lagging behind.

3.4. Excitation of forbidden states

A number of experiments investigating the multipho-
ton ionization of alkaline-earth atoms have observed, in ad-
dition to the allowed intermediate multiphoton resonances
involving the singlet states, a number of forbidden reson-
ances between the ground state singlet and the excited triplet
states. Moreover, the amplitude of the forbidden resonances
was of the same order as the amplitude of the allowed reson-
ances. An analogous effect was observed in the Rydberg
states ( n > 12) of alkaline-earth atoms, where it was ex-
plained by configurational mixing in the Rydberg state spec-
trum/6

Obviously, the mechanism by which the forbidden tran-
sitions between states with low principal quantum numbers
give rise to resonances is of great interest. Indeed, these are
the states that usually dominate the various multiphoton
processes. Alimov and co-workers*7 studied the three-pho-
ton ionization of three alkaline-earth atoms—strontium,
barium, and calcium—in a wide range of tunable laser fre-
quencies. They observed both allowed and forbidden inter-
mediate two-photon resonances with states of different prin-
cipal quantum numbers. This experiment demonstrated that
the excitation efficiency of forbidden resonances depends on
the principal quantum number of the excited state (Fig. 13).
Furthermore, the observed behavior correlates with the
known dependences for the quantum defect (see Fig. 13).
This correlation lends further credence to the importance of
configurational mixing. We should note that while the con-
figurational mixing in the Rydberg states is well described by
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FIG. 13. a—Ratio A ,/A^ of ion yields in the three-photon ionization of
Ba for intermediate two-photon resonances with the triplet (T) and sing-
let (S) states as a function of the principal quantum number n of these
states." b—Dependence of the quantum defect /( on n.

the theory of the multichannel quantum defect, there exists
no consistent theoretical description of configurational mix-
ing in the lower excited levels.

Let us also mention an experiment*" which recorded
two-photon resonances forbidden by the orbital angular mo-
mentum selection rules, and another experiment*'' which ob-
served the single-photon excitation of the quadrupole transi-
tion.

In sum, we can state that many-electron effects have
been observed both in the multiphoton resonance ionization
of alkaline-earth atoms and in their direct ionization.

3.5. Angular distributions of photoelectrons

We know that the angular distributions of electrons
emitted during multiphoton ionization contain valuable in-
dependent information on both the direct and the resonance
ionization processes.2'3 In the direct process, the atomic
properties manifest themselves in the coefficients of the even
cosine powers of the electron exit angles. In the resonance
processes, the electron angular distribution is determined by
the intermediate resonance states.

The very first experiments studying the angular distri-
butions of electrons emitted during multiphoton ionization
of alkaline-earth atoms'"' demonstrated that the single-elec-
tron classification of bound states fails to describe adequate-
ly their complex nature, which is actually determined by
configurational mixing. Subsequently, the barium atomic
system was subjected to the greatest scrutiny.'" In these ex-
periments, after exciting the barium atoms into various pre-
selected states with a laser, the researchers would monitor
the photoionization of these states, recording the angular
distribution of emitted electrons. The main achievement of
these experiments was the observation of configurational
mixing among the bound states. In some cases it was possible
not only to identify the states participating in the configura-
tional mixing, but also to estimate their relative contribu-
tions. For example, the angular distributions of electrons
emitted during the photoionization of several neighboring
barium states were compared with theoretical calculations
to determine that photoionization can leave the barium ion
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TABLE II. Probabilities of finding the Ba ' ion in the
various final states (6s, 5d,6p,, : . 6p,,, ) in the cascade
ionization of Ba via the intermediate 6p: 'P, and 6p~
'P, excited states. These results are obtained from an
analysis of experimentally measured angular distr ibu-
tions of emitted electrons.

in any one of four states: 6s, 5d, 6p| / 2 ,and6pv, .The relative
probabilities of transitions into these states are cited in Table
II. Clearly, all these bound states consist of superpositions of
different states with different angular momenta and hence
the standard single-electron classification of these states em-
ployed in the first column of Table II does not reflect their
true complexity.

3.6. Conclusion

The above analysis of the various effects observed in the
multiphoton ionization of alkaline-earth atoms leads to two
conclusions. First, all the differential characteristics of the
multiphoton ionization process (frequency resonances, po-
larization dependences, electron angular distributions) re-
flect the many-electron structure of the bound state spec-
trum (configurational mixing, two-electron states). Second,
the integral characteristics of multiphoton ionization (mul-
tiphoton cross sections of the direct ionization process) are
generally similar to their counterparts in systems with a sin-
gle optical electron.

Unfortunately, no experimental data analogous to the
alkaline-earth data are available for other atomic groups in
the periodic table. We can hypothesize, however, that the
ionization of atoms with several equivalent electrons in the
outer shell also would exhibit many-electron effects.

Finally, if we consider multiphoton ionization as a
means of investigating atomic structure, it appears that the
combination of resonance ionization with electron spectros-
copy provides us with a uniquely flexible tool in the study of
the complex electronic state structure of atoms with many
optical electrons. The theoretical description of many-elec-
tron effects requires a complex mathematical treatment. The
most promising approach appears to employ the density
functional and the random phase approximation with ex-
change. For an example of a successful application of these
methods to the problem of multiphoton transitions in the
many-electron approximation, we can point to Refs. 92-96.

4. FORMATION OF MULTIPLY CHARGED IONS

After the publication of Ref. 12, where the formation of
doubly charged ions was first reported, many experiments
have focused on the formation of multiply charged ions. The
main conclusion arising from the totality of these experi-
ments is that multiply charged ions are produced in multie-
lectron atoms by all types of nonlinear ionization processes,

regardless of the radiation frequency (from infrared to ultra-
violet ) , the atomic species, or the limiting case of the process
(whether multiphoton y> 1 or tunneling y^ 1 )• Beginning
with the first experiments, the main unknown in this process
was whether the formation of multiply charged ions oc-
curred by a direct or a cascade process. Currently, the cas-
cade process'"'ys is generally accepted as the actual mecha-
nism responsible for the creation of multiply charged ions.
In the simplest reaction, leading to the production of a dou-
bly charged ion, the cascade process appears as

A -f Kl(a + e, A

whereas the direct process follows

A -f K3(a -+A-+ -j- e + e.

In the case when the produced ions have a charge q+ , the
cascade process consists of q steps qualitatively analogous to
the single cascade step described above.

In fact, the identification of the observed formation of
multiply charged ions with either a direct or a cascade pro-
cess is far from a simple matter. The cascade reaction cited
above is a simplification. First, as an electron is emitted, the
remaining ion need not remain in the ground state. Conse-
quently, the next step in the cascade could involve electron
emission from an excited ion. Second, intermediate reson-
ances may enter into both direct or cascade processes. Third,
the ionization process could saturate at some of the transi-
tions (when wr, ~ 1, where w is the probability of ionization
per unit time and r, is the duration of the laser pulse). For
these reasons the description of multiply charged ion forma-
tion in terms of such integral characteristics as the nonlin-
earity order of the A" + ion formation (dlgA11 * /dig/), the
total probability of A* + ion formation per laser pulse, etc., is
fraught with difficulties and usually yields no definitive con-
clusions. The most reliable information on the formation
mechanism is obtained from the resonances in the ion yield,
which can be compared with resonances in the atomic and
ionic spectra, and from the analysis of the energy spectrum
of emitted electrons which can establish the final state of the
end-product ions. As we shall see, this type of experimental
information has made it possible to develop a fairly reliable
description of the formation of multiply charged ions.

The central problem in the theoretical analysis of the
cascade process consists of calculating the multiphoton
cross-sections for electron emission and their dependence on
the radiation frequency. Here, traditional methods devel-
oped for the description of the multiphoton ionization of
atoms2'3 can be brought to bear. By calculating the multi-
photon cross-sections in the ionic spectrum, as well as satu-
ration effects, it becomes possible, in principle, to describe
quantitatively the ratios between the formation of differently
charged ions. However, as we have already seen, actual mul-
tiphoton cross-sections can be calculated only in the single-
electron approximation, whose validity in this case is ques-
tionable.

In a relatively weak field, perturbation theory tells us
that the probability of the direct A"-photon process is largely
determined by the component matrix element of order K. If
K^q, all the single-photon matrix elements can be calculated
in the single-electron approximation. When correlation ef-
fects are ignored these matrix elements turn out to be non-
zero, so in this sense the existence of the direct AT-photon
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channel for ^-electron ionization (K^q) elicits no doubts.
Yet the calculation of these matrix elements is difficult, as it
involves summation over intermediate states which could
include multielectron excited states as well as autoionizing
states. A number of models1'1'"lox have been developed to
overcome these difficulties and compute the absorption of
field energy by the atom as a whole and the emission of many
electrons. We shall omit a detailed analysis of these models
for two reasons: first, they all contain some a priori assump-
tions without the required justifications; second, they all in-
troduce several fitting parameters which formally assure
agreement with experimental results. A brief review of these
models is available in Ref. 97.

Now let us turn to the experimental data and their anal-
ysis. Many studies devoted to the formation of multiply
charged ions have been published since the pioneering work
of Crance.l2 In keeping with the style of this review, we shall
neither cite nor comment on all these studies, but rather
discuss those which we believe to have uncovered significant
new results.

On the basis of the parameters characteristic of the
studied atoms and ions, and the frequency and intensity of
the radiation field, we can group all the available experimen-
tal results into the following categories:

4.1. Formation of doubly charged alkaline-earth ions by
visible or near IR radiation

The results of numerous experiments devoted to this
process clearly indicate that in the visible spectral range the
process has a cascade character. In order to prove this asser-
tion we shall call on the results of the three most convincing
experiments.

The formation of singly or doubly charged ions of Ca,
Sr, and Ba atoms by radiation in a wide 15000-18700 cm~ '
frequency range (with linewidths of 2-3 cm"') was ob-
served in Ref. 109. In that frequency range the single-elec-
tron ionization of all atoms required three or four photons.
The formation of doubly charged ions was observed in a ra-
diation field of 10S-106 V - c m ~ ' intensity, i.e. the shifts in
the bound state energy levels due to the dynamical Stark
effect were fairly slight and did not exceed the laser
linewidth.

Many resonances have been observed in the radiation
frequency dependence of doubly charged ion formation.
These resonance frequencies (numbering several tens) have
been compared with reference data on the single-electron
states of singly charged ions, as well as with the spectra of
two-electron states of the studied atoms. In the overwhelm-
ing majority of the cases, the ion formation resonances
would agree within the laser linewidth with the transitions in
the singly charged ion spectra allowed by the multiphoton
transition selection rules. These multiphoton transitions ori-
ginated both from the ground and first excited states of sin-
gly charged ions. Resonances which could be identified with
two-electron bound states of the atoms under discussion
were also observed, but in much smaller numbers.

Thus the main conclusion arising from these experi-
ments has been that the cascade process is the dominant
mechanism in the formation of doubly charged ions. We
should note that this conclusion appears quite general, as it
applies to experimental results in all three atomic systems—
barium, strontium, and calcium.

The data of Ref. 110 have furnished additional impor-
tant information on the formation mechanism of doubly
charged ions. In that experiment the authors monitored the
energy spectrum of emitted electrons in the three-photon
ionization of strontium by radiation tunable in the 17400-
17900cm" ' frequency range. The field intensity was E~ 107

V-CITT '. The frequency dependence of electron emission,
which contained sharp resonances, was combined with the
electron energy spectrum to identify the various channels
leading to the formation of doubly charged ions by cascade
ionization. A schematic diagram of the alternative channels
is illustrated in Fig. 14.

With the electron spectroscopy data in hand, we can
now look back at the experimental data monitoring ion for-
mation only (for example, Ref. 109) and observe that the
formation of doubly charged ions at some fixed frequency
comprises the contribution of several ionization channels.
This implies, in particular, that the functional dependence of
ion formation on radiation intensity (dA 2+/dI) between the
resonances should not conform to a power law (as it does in a
direct multiphoton process). This explains why many ear-
lier experiments found that the intensity dependence dA ~* /
dl cannot be approximated by a power law.

The experiment of Eichmann and co-workers'" em-
ployed the radiation of three dye lasers, which made it possi-
ble to ionize barium atoms by a cascade process in such a way
that the Ba+ ion could be selectively produced in either the
ground or the excited state. In this experiment intense laser
radiation in the 560-610 nm wavelength range would pro-
duce doubly charged barium ions both with and without pre-
liminary irradiation of the atomic Ba species. It was discov-
ered that the amplitude of the resonance peaks in the
production of Ba+ ions is affected by preliminary irradia-
tion. The experimental data demonstrated directly that the
formation of Ba+ ions proceeds by a cascade process: more
precisely, the Ba+ ions are created in the 6Sl/2, 5D,/2 and
5D,/7 states; then, in a separate cascade step, the electrons
are removed from the Ba+ ions to create the doubly charged
species.

Consequently the more successful experiments have es-
tablished clearly that the production of doubly charged ions
proceeds by a cascade process.

We should note that currently there is no indication as
to which concrete mechanism creates ions in the excited
state. The only definite statement one can make is that this
mechanism is many-electron in character.

Sr2+ r

Sr+-

Sr

5p'
*-

' Sr lit
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FIG. 14. Transition diagram il lustrat ing the formation of singly charged
Sr ' ions in the ground and excited states. These data were obtained by
electron spectroscopy.'"'
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Finally, let us return to the question of the relative for-
mation efficiencies of the singly and doubly charged alka-
line-earth ions. Evidently, in the case of a cascade process,
saturation effects should make the production of ions with
charge q only slightly less efficient than the production of
ions with charge q - 1, and typically this is confirmed by the
experimental data.

Experiments in the near IR range (co~ 1 eV) are less
complete and generally less reliable. On the one hand, the
data of Ref. 112 do point to a cascade process. On the other
hand, from the very mst experiments"3 onward, the mea-
sured amplitudes of singly and doubly charged ion forma-
tion have been difficult to reconcile with the available infor-
mation on multiphoton cross sections. (This problem does
not occur in ionization by radiation in the visible range,
where the difference in the nonlinearity orders between ioni-
zation of the atom and electron removal from a singly
charged ion is smaller). Additional experiments, including
electron spectroscopy measurements, are required.

In conclusion, we note that the formation of triply
charged calcium ions have been observed in similar (a), E}
experimental conditions.114 Consequently, electrons can be
removed from the inner atomic shells, as well as the outer.

4.2. Formation of multiply charged noble gas ions by visible
and near IR radiation

The main achievement of the experiments investigating
the formation of multiply charged noble gas ions by near
infrared"5 and visible116 radiation has been the observation
of ions with large charge multiplicities, up to six in uranium
( U h + ions). In these experiments the radiation field intensi-
ty was in the 10X-10'' V-cm~ ' range, higher than the intensi-
ty necessary to ionize alkaline-earth atoms (although even
these high fields are considerably weaker than the atomic
field). The ionization was accomplished at the fundamental
frequency of the neodymium glass laser (<y~1 .2eV) and its
second harmonic (<y =; 2.4 eV). Since the laser frequency was
fixed, in addition to the existence of multiply charged ions,
L'Huller and co-workers " s- ' l 6 were only able to measure the
intensity dependence of the ion production. From this inten-
sity dependence the authors of Refs. 115, 116 drew several
conclusions about the mechanism of doubly charged ion for-
mation (the presence of both direct and cascade ionization
processes, and their relative contributions). However, by
analogy with the information on second ionization in the
alkaline-earth atoms furnished by electron spectroscopy, we
can expect that many ionization channels also contribute to
the ionization of noble gas atoms and hence the interpreta-
tion of dA" ' /dl is far from unambiguous. This became
clear in the course of continuing electron spectroscopy mea-
surements by the same research group."7 As in other experi-
ments on different systems, measurements of the energy
spectrum of emitted electrons reported in Ref. 117 contained
peaks due to above-threshold absorption. The fixed frequen-
cy and high intensity of the radiation field used in these mea-
surements hinder the comparison with atomic and ionic
spectra, however, and no definite conclusions about the
mechanism of multiply charged ion formation can be drawn.

To sum up this series of experiments, the authors have
observed multiply charged ions produced by near IR radi-
ation at field intensities smaller than the atomic field. No

definitive statements about the physical mechanism behind
this process can be extracted from the experimental data.
However, the intensity dependence of the multiply charged
ion yield measured in these experiments is characteristic of
cascade ionization and hence we believe that this mechanism
is dominant in these atomic systems.

Perry and co-workers''s studied the multiple ionization
of noble gas atoms in the field of a dye laser working in the
lO 'M- lO 1 4 W-cm 2 intensity range at A = 586 nm. An in-
teresting result of this research was the observed dependence
of the threshold intensity for the creation of various multiply
charged ions (defined as the intensity at which the appropri-
ate ionization probability reaches 10 4 ) on the atomic and
ionic ionization potentials. All the experimental data for dif-
ferent atoms and ions can be described by a single smooth
curve (Fig. 15). According to the authors of Ref. 118 this
single dependence indicates that the ionization probability is
largely determined by such macroscopic characteristics of
atoms and ions as the ionization potential and is only weakly
related to their internal structure. At first sight it appears
that these experimental results (see Fig. 15) and their inter-
pretation contradict our models wherein intermediate re-
sonances enhance the ionization probability. Indeed, given
such a large number of systems as several atoms and their
variously charged ions, intermediate resonances should ap-
pear in at least some systems. The possible reasons for the
absence of such resonances are two: strong broadening of
resonances and their large field-induced shift. In the experi-
mental conditions of Ref. 118 both the dynamical Stark shift
of the atomic levels and the single-photon ionization broad-
ening reach the magnitude of several eV. Hence a distinction
between direct and resonance ionization processes is no
longer possible.

4.3. Formation of multiply charged Ions by UV radiation

Ionizing UV radiation at several frequencies and quan-
tum energies in the 4.0-6.5 eV range has been used to ionize
various atoms. The field intensity employed in these experi-
ments ranged from lower than the atomic field, to being of
the same order or even an order of magnitude greater. These
experiments have observed the removal of the largest num-
ber of electrons from an atom (eight electrons from uran-
ium) which required the absorption of up to 600 eV, i.e. up
to 100 photons. By ionizing atoms with various outer shell
structures, from alkali atoms to noble gas species, multiply
charged ions were produced.111)-1:| The main result of these
experiments has been the determination that mul t ip ly
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FIG. 15. Threshold intensity / , , , for the formation of mul t ip ly charged
ions as a function of electron binding energy f,,,,,,, to the ion.1 '" I—Xe; 2—
Kr; 3—Ar ions.
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charged ions with relatively low charge multiplicities can be
created by cascade processes in fields of lower intensity than
the atomic field.

Johann and co-workers120 have studied the creation of
multiply charged noble gas ions by UV radiation with 6.4 eV
quantum energy and field intensity in the 3 • 1 08- 1 09 V • cm ~ '
range. They reported data on the electron yield as a function
of electron energy in the 0.3-100 eV interval. These electron
spectra exhibit sharp peaks whose relative amplitude de-
pends on the field intensity (Fig. 16). By comparing the
energies corresponding to peaks in the electron spectra with
the spectra of ionized atoms and their charged ions we can
arrive at three conclusions: above-threshold ionization is ob-
served both in atoms and atomic ions; the relative amplitude
of processes involving the absorption of diiferent numbers of
photons changes as a function of field intensity; both the
ground and the excited ionic states can be ionized.

For a concrete example consider the reaction in which
the Xe3 + ion is created by removing an electron from Xe2 + :

Xe2+ + (6w; 7co; 8<o) e; (Xe3 +* e.

The experimentally observed peaks in the electron distribu-
tions corresponding to these three reactions are, respective-
ly:

&.„,„ =£e?'kin =6,3 eV, J«»kl eV,

= 19.2 eV.

As we have mentioned already, the actual mechanism that
creates ions in the excited state is at present not known.

As a whole, these experimental results indicate that the
formation of ions with charge multiplicities up to three pro-
ceeds via a cascade process. There are grounds for conjectur-
ing that ions with higher charge multiplicities are created by
cascade ionization as well. The temporal evolution of the
creation of multiply charged Xe'?+ ions by a 0.5 ps laser
pulse with A — 248 nm and peak intensity 7max = 1016

W-cm"2 (Fig. 17) was reported in Ref. 121. It follows from
this figure that the formation of Xe* + ions is nearly always
preceded by the saturation of Xe(* ~ ' ' + ion formation, as
would be expected if many-electron ionization occurs by a
cascade process.

Finally, let us mention the many theoretical studies (for
example, Refs. 104-106) devoted to the interpretation of the
experimental data on the ion yield as a function of charge
multiplicity reported in Ref. 120, as well as in earlier studies
of the same research group. In particular, there have been

Vo {I, Vy-crrr2)
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FIG. 17. Dynamics of the cascade ionization of XE in a single laser
pulse.' ~' The numbers q on the pulse envelope mark the threshold intensi-
ties for the formation of ions with charge multiplicity q. The curves below
illustrate the formation of g+ ions as a function of time.

suggestions that these experimental data support the exis-
tence of many-electron processes in the absorption of radi-
ation by the atom and (or) emission of an electron by an
excited atom. We believe these suggestions to be unfounded,
for the following reasons. First, the results of the aforesaid
experiment'2() furnish clear evidence that the creation of ions
with charge multiplicity up to three proceeds by a cascade
process. Second, the distribution of ions as a function of their
charge multiplicity was experimentally measured at radi-
ation intensities in the 1015-1017 W-cm~2 range, that is at
field intensities from 109 to 10'" V-cm~' , i.e. at EZ 1. At
such high external fields, treating the atom or, more precise-
ly, the entire electron shell of the atom as a single system
requires separate justification.

Thus, in summing up all the available experimental
data on the formation of multiply charged ions by U V radi-
ation, the only reliable conclusion is that at field intensities
E < 1 the formation of ions with charge multiplicities up to
three proceeds by a cascade process.

Xe2+,33.3eV

0.5 s 10 # t, k i n , eV

FIG. 16. Energy spectrum of electrons created in the course of Xe+ and
Xe2 + ion formation in a UV radiation field.12" The numbers 2-5 label
some of the reaction channels and the corresponding spectral peaks.

4.4. Conclusion

In all, what are the general and reliable conclusions that
can be drawn about the formation of multiply charged ions
using laser irradiation?

First, a laser field of any frequency, from IR to UV, will
create multiply charged ions of any complex atom once suffi-
cient field intensities are attained.

Second, cascade processes dominate the formation of
multiply charged ions at all frequencies. Each step of the
cascade consists of a direct or resonant multiphoton ioniza-
tion process. When individual cascade steps become satu-
rated, the yield of ions with charge multiplicity q reaches the
same order of magnitude as the yield of ions with multiplic-
ity q- 1.
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Third, the final state of the ion created by cascade ioni-
zation need not be the ground state—ions can be created in
an excited state as well.

5. THE TUNNEL EFFECT IN A TIME-VARYING FIELD

We have already mentioned that research into the non-
linear ionization of atoms has been going on for over 20
years. Until recently, however, all experimental studies con-
centrated on the multiphoton limiting case (y^> 1), not by
virtue of a deliberate experimental strategy, but rather be-
cause of technical difficulties that hindered the generation of
sufficiently intense fields in the infrared. Yet only in the in-
frared frequency range was it possible to reach the tunneling
limiting case (7<^1) for the ionization of atoms from the
ground state in fields of intensity E<t, 1. With the advent of
powerful pulsed CO2 lasers, operating in the infrared (A 2; 10
Hm, co = 0.1 eV), as well as the materials required for focus-
ing infrared radiation, researchers seized the opportunity to
study the ionization process in the tunneling limiting
case.122'123

In these experiments radiation froma CO, laser was fo-
cused on Xe atoms in a gaseous phase, maintained at ~ 10~6

torr. Ionization was observed in the 10'3-1014 W-cm~ 2 in-
tensity range, producing singly and multiply charged Xe
ions (up to Xe6 + ). A comparison of the field intensity, radi-
ation frequency, and the binding energies of the electron to
the atom and the various ions demonstrated that in all cases
the adiabaticity parameter was 7~10~2<^1. Consequently
these experiments have observed tunneling ionization in a
time-varying field. This conclusion was corroborated by the
results of a control experiment122 in which two different
wavelengths, A = 9.55 /im and A = 10.55 /j,m, were em-
ployed for ionization. At these wavelengths, the yields of
Xe+ and Xe2 ions as a function of radiation intensity turned
out to be identical, confirming the original hypothesis that
ionization proceeds by tunneling in these conditions. Final-
ly, it is worth noting that the ion yields of different charge
multiplicities as a function of radiation intensity followed
the well-known dependence characteristic of cascade ioniza-
tion.

Consequently, these experiments '"''"demonstrated
that ionization does take place in the tunneling limiting case
(y< 1) and that the formation of multiply charged ions oc-
curs by a cascade process.

The experimental data agree with theoretical calcula-
tions. Clearly the results of these experiments cannot be de-
scribed by the well-known formula2 for the probability of
tunnel ionization in a time-varying field, which is only valid
for the hydrogen atom. More sophisticated formulae are re-
quired, incorporating the ionization potential of complex
atoms, changes in the ionization potential due to the dynam-
ical Stark effect, the ionic charge, and the nonmonochroma-
tic nature of a real laser beam. A comparison of calculations
performed in Ref. 124, which took into account the real ioni-
zation potential and ionic charge, with the experimental
data122'123 on the ionization of Xe atoms and ions with
charge multiplicities of one through three, demonstrates
adequate agreement of theory and experiment.

We emphasize that the results reported in Refs. 122 and
123 constitute a major advance in nonlinear ionization re-
search, because they confirm the validity of the fundamental
hypothesis on the existence of a single ionization process

with two limiting cases—the multiphoton and the tunneling
cases. However, these results are only preliminary and
further experimental and theoretical studies of the ioniza-
tion of atoms with the adiabaticity parameter 7 <^ 1 are neces-
sary.

6. GENERATION OF RADIATION AT SHORTER
WAVELENGTHS

The above-discussed experimental data pertaining to
the formation of multiply charged ions indicate that these
ions are created in excited states, as well as the ground state.
This implies the possibility of fluorescence according to the
following scheme, which is an extension of the previously
discussed reaction (14):

If the charge multiplicity q of the ion is high, the fluores-
cence radiation v can lie in the short wavelength region.

Radiation at vacuum UV frequencies was observed
from noble gas atoms irradiated with a pulsed UV laser (at
intensities of 10'3-1014 W-cm~ 2 ) . This experiment differed
from nearly all other studies in that the gas flow was pulsed.
The density of the irradiated gas in the focus spot of the laser
beam reached up to 10'8 per cm3. The extremely short dura-
tion of the laser pulse (~ 10~ '2 s) meant that the particles in
the irradiated volume did not have time to collide. The ob-
served radiation frequencies corresponded to various transi-
tions in the ionic spectra, including transitions between dif-
ferent shells. The shortest recorded fluorescence wavelength
was 12 nm (co~ 102 eV). The effective cross sections for flu-
orescence at A. ~ 18 nm from Xe7+ and Kr1+ was estimated
from the experimental data to be of the order of 10~24 cm2.

In addition to short wavelength lines identified with flu-
orescence, this experiment yielded the observation of higher
odd optical harmonics of the excitation beam. The highest
degree of nonlinearity in the transformation of laser radi-
ation was recorded in neon, where the 17th harmonic was
observed (A~14 nm, energy quantum ~ 102 eV, effective
cross section~ 10~29 cm2). The harmonic generation effi-
ciency at first dropped quickly with higher harmonic order
and then more slowly as higher order harmonics were
reached.

Subsequently the excitation of higher harmonics was
observed when noble gas atoms were irradiated in the near
IR (co^l eV) with intensities of about 10'3 W-cm~2. ' 2 6

This experiment also employed a pulsed gas flow. The high-
est degree of nonlinearity was recorded in argon, where the
33rd harmonic was observed (A~32 nm, energy quan-
tum ~ 40 eV). The harmonic generation efficiency as a func-
tion of harmonic order in Ar is shown in Fig. 18. Qualitative-
ly identical dependences were observed in other atoms.

A theoretical treatment of the excitation of higher opti-
cal harmonics in circumstances where the harmonic energy
quantum far exceeds the atomic ionization potential was at-
tempted in Refs. 127 and 128, whose authors proposed that
this process is related to the above-threshold ionization ef-
fect. An alternative interpretation could involve the excita-
tion of higher harmonics in the spectra of multiply charged
ions, where the harmonic energy quantum is smaller than
the electron binding energy.

Clearly these recently discovered phenomena are of
great scientific and practical interest.
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FIG. 18. Relative intensity /of higher harmonics generated in gaseous Ar
excited by an infrared laser beam («=; 1.2 eV) as a function of harmonic
order A' of the harmonic).' ̂

7. GENERAL CONCLUSION

In summing up the new effects in the nonlinear ioniza-
tion of atoms by a time-varying electromagnetic field discov-
ered and investigated in recent years, we believe the most
important advance has been the discovery of above-thresh-
old ionization. Another important advance has been the con-
clusion that in the multiphoton limiting case (7< 1) the ap-
plicability region of time-dependent perturbation theory is
bounded not by the condition that the field intensity E be
smaller than the atomic field (e.g. E < 1), but rather by more
stringent conditions E<^1. The experimental data cited
above indicate that this fundamental result applies not only
to atoms, but also to atomic ions and molecules.

Another important new effect is the formation of multi-
ply charged ions. All the currently available information on
the formation mechanism of multiply charged ions appears
to support a cascade process. Currently there is no unam-
biguous evidence in favor of the direct many-electron pro-
cess, which would be of fundamental physical interest.

Finally, an important conclusion that follows from any
of the experiments devoted to the multiphoton ionization of
alkaline-earth ions is that both of the outer shell electrons
play an important role in this process. The same conclusion
also follows from the analysis of the formation mechanism of
doubly charged alkaline-earth ions.

We should also say a few words about ultra-high field
intensities. Earlier we mentioned that field intensities of
E > 1 are available today and that ionization processes have
already been observed in such fields. More importantly, we
are currently on the brink of a new era of ultra-high field
intensities, which are becoming attainable not by virtue of
hypertrophied laser designs, but rather by pulse compres-
sion available at the expense of line broadening. Even now,
one can obtain field intensities significantly higher than the
atomic field by compressing picosecond pulses into the fem-
tosecond range. Not only will the advent of ultra-high inten-
sity fields open the door to new effects, such as the light-
induced creation of electron pairs in the field of the nucleus
and in vacuum, but also to new opportunities in the nonlin-
ear ionization of atoms. Recall that the ionization process at
£"> 1 is fully understood only in a static field, where ioniza-

tion becomes time-independent. A time-varying field with
E> 1 presents a number of unsolved problems.2'4

Progress in experimental techniques has created an-
other new research field: the investigation and description of
nonlinear ionization by ultrashort laser pulses.IM The avail-
ability of femtosecond laser pulses has created a qualitative-
ly new situation, when the interaction period with the exter-
nal field becomes comparable to the time of revolution of an
electron about the nucleus, and the pulse train becomes com-
parable to the radiation wavelength.

Finally, turning to practical applications, several ad-
vances have been achieved in recent years. For example,
Zhang and co-workers130 have reported stimulated emission
in Mg vapor due to multiphoton processes in atoms and mo-
lecular dimers; Boyer and co-workers131 have reported the
generation of short wavelength stimulated emission in Kr
based on an inter-shell transition; we have already discussed
optical harmonic generation at extremely high harmonic or-
ders, as well as fluorescence in ionic spectra which can be
employed in generating vacuum UV radiation. These first
results underscore the promise of multiphoton processes in
complex atoms and at very high field intensities.
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