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The phenomenon of nonresonance perturbation of an atomic spectrum in a light field is discussed.
Experimental methods for investigating the perturbation are described. The role of the degeneracy of
atomic levels and of the strength and elliptic polarization of the field is reviewed. The results of
experiments and of calculations are reproduced for a number of different special cases. The range of

validity of perturbation theory is considered.

PACS numbers: 31.30.Gs

CONTENTS

I Introduction . . . e e e e e e s
II. Experimental Method e e e .

B b 3 |

D & ¥4

IOI. Perturbation of Isolated Atomic States in Llnearly and Circularly

Polarized Fields . . . . e e e e e
IV. Elliptically Polarized erlds e e e e

A 410]

e e . .. .73

V. Perturbation of the Spectrum ofaHydrogen—lee Atom B & K
VI. Strong Nonresonance Perturbation of the Atomic Spectrum . . . . . . 735

VII. Conclusions . . . . .
Literature . . . . . . . ¢ . ¢« .+ . ..

1. INTRODUCTION

The different phenomena that arise during the inter-
action between light and an atom have been discussed
by physicists since the beginning of this century. Until
quite recently, most of this discussion was confined to
processes in which the interaction between light and an
atom could be reduced to absorption, scattering, or the
emission of individual photons. This reflected the spe-
cific properties of noncoherent sources of light, the
spectral density of which was restricted by the very
principle upon which their operation was based. When-
ever an external field had to be considered, this was
usually a constant electric field or a constant magnetic
field. The effects of such fields upon the atom were a
shift and a splitting of the atomic levels because of the
removal of degeneracy. Moreover, a constant electric
field gave rise to an exponentially small subbarrier ion-
ization of the atom (tunnel effect).

The advent of coherent sources, i.e., lasers, has
enabled a new class of phenomena, occurring during
the interaction between an atom and the light field, to
be investigated. Modern lasers are capable of produc-
ing, at given wavelengths, fieldsofupto 100 &, where
&, is the atomic field strength (10° V-em™). Natu-
rally, all the phenomena which we shall consider will
take place for & < &, since, for &~&,, the atom
ceases to exist as a bound system inatime of the order
of the atomic time (~ 107 sec).

In the case of variable electromagnetic fields, the
character of the interaction becomes much more com-
plicated because the field is then characterized by a
large number of parameters. Apart from the field
strength, these parameters include the frequency, po-
larization, frequency spread, and duration of interac-~
tion with the atom. When the field strength is not too
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high, we must take into account spontaneous effects
but, as the field increases, stimulated effects occur-
ring under the action of the field must also be included.
(Of course, in some cases, only some of these param-
eters are important. )

If we now consider the character of the interaction
between the light field and an atom, we can distinguish
a number of different cases. Thus, the resulting prob-
lems can be subdivided into two classes, depending on
whether we are dealing with resonance or nonresonance
perturbing fields. By a resonance field, we under-
stand the case where the energy of the original atomic
state plus the energy of one or a few quanta of the elec-
tromagnetic field is comparable with the energy of
another discrete atomic state, When a resonance field
acts on the atom, the result is a resonance behavior of
the various parameters characterizing the interaction.

A resonance field does not necessarily lead to a mix-
ing of resonating states as a result of which the per-
turbed state consists of comparable fractions of unper-
turbed resonating states. Additional conditions must
be satisfied if such mixing is to occur. Thus, firstly,
the time of operation of the field must be long enough
and, secondly, the possibility of achieving sufficiently
precise resonance must be available.

We shall use the phrase resonance perturbation of an
atom to describe the situation where there is a mixing
of the resonating states and the phrase nonresonance
perturbation when such mixing does not occur, indepen-
dently of whether the field is a resonance or a nonreso-
nance field.

The simplest illustration of these definitions is pro~
vided by the well-known example of a two-level system
in a resonance field. !’ For mixing to occur, the time
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.1 of operation of the field must satisfy the condition
VePT2 1, where V¢ is the matrix element of the in-
teraction d€ between the system and the field (assumed
to be of the dipole type), d is the dipole moment opera-
tor, and & is the field amplitude. If resonance occurs
as a result of the absorption of a number of quanta, the
matrix element Vi must be replaced by the multipho-
ton matrix element V¥ (see'®? for its explicit form).
We note that V{® (&)~ 8*. If we label the initial state
of the atom with the index 0 and the resonating state
with the index » we obtain the following condition for
the time of operation of the field in the case of multi-
photon resonance:

Ve 1. (1)

Moreover, for mixing to occur, we must also demand
(again by analogy with the two-level system) that the
detuning from resonance, A($§), must be small enough
and that the broadening produced by the field must be
greater than the spontaneous and ionization widths:

V5 (8) > A (8)y Yo Tr () 2)

where A(8) =E, - Eq - kiiw + OE,, (&) is the detuning from
resonance, AE,, (&) is the change in the transition en-
ergy E, - E, under the influence of the external field,
%, 18 the difference between the spontaneous widths of
the resonance and initial states (the reason for the ap-
pearance of this difference is explained, for example,
in)), and I', is the ionization width of the level r.

Thus, the resonance perturbation of the atom occurs
when both (1) and (2) are satisfied.

The object of the present review is to investigate the
" nonresonance perturbation of anatomby light, i.e., per-
turbations for which either the incident field is a non-
resonance field or at least one of the conditions, (1) or
(2), is not satisfied in a resonance field.

When we analyze the character of the nonresonance
interaction between light and an atom, it is interesting
to consider separately the data on the shifts and broad-
ening of atomic levels in a variable electromagnetic
field of arbitrary strength, the appearance of new states
and new quantum numbers, the energy and populations
of quasilevels, and so on. We note that the possibilities
are very much more extensive in the case of a variable
field than they are for a constant field. Thus, level
shifts are then rapidly varying functions of the fre-
quency of the incident light, they can vanish, or they

- can change sign. Level broadening may become large
because of the large ionization (including multiphoton
polarization) probability. The character of the ioniza-
tion process may be different, depending on whether:

1) the electron passes through the potential barrier
produced by the field, {51 9) the electron absorbs a num-
ber of light quanta and then passes through a smaller
barrier, and 3) the electron absorbs the number of
quanta necessary to enable it to reach the continuous
spectrum, and then passes over the barrier. The tran-
sition from the first to the third process is the transi-
tion from the tunnel to multiphoton ionization. For
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weak fields (8§ < &,,), the probability of ionization in the
first case is proportional to exp(~ C,/8) and, in the
third case, to C,€%."7 The problem for both theory
and experiment is to determine the coefficients C, and
C, as functions of frequency, polarization of light, and
the atomic spectrum, and to investigate the situation
for stronger fields. Smaller fields are sufficient to
take us outside the framework of perturbation theory in
the case of atomic multiplets. This is, clearly, due to
the fact that the energy intervals in the fine structure of
the multiplet are small, The fact that the continuous
spectrum need not be taken into account makes the so-
lution of this problem much easier. The limiting case
where the energy intervals between several levels are
zero is realized in the hydrogen atom because of degen-
eracy with respect to the orbital angular momentum,
When the field is turned on, the orbital angular momen-
tum ceases to be a good quantum number, and this leads
to a number of interesting consequences. Degeneracy
in the magnetic quantum number is of interest in the
case of elliptically polarized fields.

In this review, we shall confine our attention to the
main phenomena that arise when an isolated atom inter-
acts with a light field,

Il. EXPERIMENTAL METHOD
1. General characterization of experimental conditions

As noted in the Introduction, we shall be concerned
with changes in the spectrum of bound states of an elec-
tron in an atom, due to the incidence of high-intensity
light. It is well known that bound-electron states in the
unperturbed atomic spectrum are characterized by the
binding energy, spontaneous width, and a set of quantum
numbers (see, for example, 170, An external field mod-
ifies the spherical symmetry of the atom so that, in
some cases, some of the quantum numbers are no
longer good quantum numbers., Moreover, the external

- field may modify the binding energy and the form of the

atomic level, including its half-width. In what follows,
we shall describe particular methods of investigation.
It is important to note, however, that the problems
which we shall encounter can be divided into two groups,
namely, studies of ground and excited electronic states,
respectively. The latter, in contrast to the ground
states, have finite widths due to spontaneous relaxation
to the ground state. The light field strength producing
the observed perturbation of excited states must there-
fore be sufficiently large to ensure that the perturba-
tion is at least comparable with the spontaneous width.
In typical experiments, the measured quantities are the
transition energies and probabilities between different
states. Such measurements are characterized by a very
broad range in which the measured quantities canlie and
the necessity for relatively high experimental precision.

The problems that arise when perturbations of an
atomic spectrum are investigated impose mutually con-
tradictory requirements on the atomic target. Thus,
there are a number of fundamental restrictions on the
maximum and minimum possible number of atoms,
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i.e., their density in the target. Firstly, the atoms
must be sufficiently isolated to ensure that there are no
collisions between them, or with free electrons, during
the operation of the perturbing field. It is only when
this condition is satisfied that the observed perturbation
of the atomic spectrum is due to the light field alone.

A restriction on the total number of atoms in the target
is also imposed by the requirement that the experi-
mental conditions must be such that absorption of the
perturbing light can be neglected. It is also important
to take into account self-action effects which occur when
high-intensity light passes through an atomic medium,
These effects are particularly important in the case of
resonance between the frequency of the incident radia-
tion and the frequency of the atomic transitions. Fi-
nally, we note that atomic beams have great advantages
as targets as compared with gas or vapor targets. The
linear Doppler effect is absent when the atomic and
light beams are perpendicular, Moreover, the Doppler
broadening in a gas at room temperature may amount
to 0.1 cm™, which is several orders of magnitude
greater than the width of the single-frequency laser
line and therefore gives rise to a substantial deterio-
ration in frequency resolution. However, itis also im-
portant to remember that the limiting density of atoms
in atomic beams is 102-10'* cm™® for a beam diameter
of the order of 1 mm, which corresponds to atotal num-
ber of illuminated atoms of the order of 10!°, The cor-
responding figure in the case of a gas (vapor) is of the
order of 10! for a density of 10'® cm™ and characteris-
tic linear dimensions of 1 ecm, (We note that these fig-
ures are only very rough and depend on the particular
experimental conditions.) The lower limit for the num-
ber of atoms in the target is dictated by the sensitivity
of the measuring equipment. All the experiments in-
volve the detection of light, either re-emitted or scat-
tered by the atom, or of electrons (ions) released dur-
ing the ionization process. Modern electron multipliers
can record individual ions, i.e., the result of the in-
teraction between the light field and an individual atom.
The practical sensitivity limit exceeds this ideal limit
by a moderate factor. The sensitivity of light detectors
is much lower. Shot noise and the quantum yield of
photocathodes determine the light detection threshold.
Thus, for a quantum yield of about 1% and a signal-to-

noise ratio of about 10, about 1000 photons must be re- -

corded. The sensitivity of photographic materials is
exceptionally low even in comparison with this figure.
Thus, in the visible part of the spectrum, aphotographic
film requires an illumination of the order of 10'? pho-
tons/cm?®, These numbers determine the lower limit
for the number of atoms in the target.

Let us now consider the sources of light. It is clear
that the main requirement in the case of studies of per-
turbations of atomic spectra is that the light must be
monochromatic and of high intensity. It is well known
that, when noncoherent sources are employed, these
two requirements are mutually contradictory. The
maximum spectral brightness is produced by lamps us-
ing high-frequency discharges in atomic vapor. For a
linewidth of about 0.1 cm™, it is possible to achieve a

spectral brightness of up to 0.1 W cm3, which corre- -
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sponds to afield strengthof about 1 V- em™.» The light
field due to such sources cannot be represented by a
monochromatic wave of constant amplitude but is, in
fact, a random emission whose amplitude fluctuates in
time with frequency determined by the spectrum width
(i.e., in the above special cases, with frequency of the
order of 10~ sec™!). Since, in the case of lamps, the
time of observation is several orders of magnitude
greater (usually a few seconds), one observes the aver-
age perturbation of the atomic spectrum. Finally, we
recall that, in the case of noncoherent light sources,
the brightness cannot be increased by focusing. te1

It follows that the laser is the only source of light
capable of producing the high intensities discussed in
the Introduction. The limiting values of the parameters
characterizing the various available lasers are exceed-
ingly different from the lamp parameters. Modern
pulsed lasers can produce field strengths exceeding the
atomic field by two orders of magnitude (i.e., up to
10'! V.cm™). They can generate radiation practically
throughout the visible range with continuously tunable
frequency within a band of several hundred cm™, and
produce light within the limits of generation linewidths
down to 10" cm™. Lasers can work under different
conditions, i.e., they are capable of continuous opera-
tion or they can produce pulses with pulse lengths of
the order of 10! sec. Finally, the intensity of the
laser radiation can be sharply increased by focusing,
and the size of the focusing region can be reduced down
to a length of the order of the wavelength of the radia-
tion, 9! Unfortunately, the limiting figures mentioned
above refer to lasers of different design, and operating
under different conditions, so that the achievement of
a particular desirable parameter value may involve the
use of highly nonoptimal other parameters. However,
for experiments concerned with perturbations of the
atomic spectrum, the important point is that field
strengths up to 10° V-cm™ can currently be produced
at practically any frequency in the wavelength band be-
tween 0.3 and 1.0 p for pulse lengths of the order of
10~ sec and spectrum width of the order of 10 cm™, To
achieve the field strengths indicated above, the laser
radiation (divergence of the order of 0.001 rad) is fo-
cused down to a circle of 0.01-0.001 cm in diameter.
All such lasers use complex organic molecules (dyes)
as the working material. They are pumped by radiation
from solid-state lasers, occasionally transformed to
another frequency band by the methods of nonlinear
optics. The exceptional advantages of the laser as com-
pared with noncoherent (thermal) light sources are ob-
vious. However, the radiation generated by pulsed
lasers suffers from three important disadvantages
which produce considerable complications in the inter-
pretation of experiments in which they are used. The
first difficulty is that, as a rule, the radiation of such
lasers consists of many modes with different longitudi-

DOf course, there are many different types of lamp capable of
emitting radiation with much higher integrated brightness.
However, the width of the radiated spectrum produced by
such lamps is very large, so that the spectral brightness is
much lower.
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nal indices and randomly distributed phases.?’ The
statistical properties of this radiation are close to
those of narrow-band thermal sources. %! Single-fre-
quency generation (generation of one mode with fixed
longitudinal and transverse indices) is possible only for
individual lasers working at given wavelengths. The
second disadvantage is that the radiation has a nonuni-
form distribution in time and, finally, the third dis-
advantage is that it has a nonuniform spatial distribu-
tion. The nonuniform character of these distributions
can be taken into account, but the experimental pro-
cedure is then complex and laborious.

2, Absorption of auxiliary radiation

Let us suppose that the atom is in the ground state
and receives a perturbing field of frequency w. This
frequency and its simple harmonics are not in reso-
nance with any of the frequencies of the atomic transi-
tions between discrete levels. To observe the pertur-
bation of the atomic spectrum, the atom is illuminated
by light of frequency w; from an auxiliary source, and
the corresponding absorption spectrum is investigated
(Fig. 1). The perturbation of the atomic spectrum by
the field of the auxiliary light should be weak. The cri-
terion for this is the absence of shifts and broadening
of lines in the absence of the perturbing field. When
the absorption linewidth is determined by the Doppler
effect in the case of optical transitions with oscillator
strengths of the order of unity, this criterion is satis-~
fied when the field strength in the monochromatic aux-
iliary radiation is less than 30 V-cm™., There are two
ways in which the absorption spectrum can be observed.
The first method is based on the use of monochromatic
auxiliary light of frequency w; which is varied con-
tinuously and observations are made of the intensity of
light transmitted by the atomic target as a function of
w;. In the second method, which is.the more widely
used, the auxiliary radiation has a broad spectrum and
observations are made of clianges in this spectrum after
passage through the atomic gas under investigation. A
certain definite optical density (product of absorption
coefficient of the atomic target by the length of the ab-
sorbing layer) is necessary before the absorption of
the auxiliary radiation can be detected. Thus, in the
case of a transition with Doppler absorption-line broad-
ening and oscillator strength of the order of unity, an
optical density of saturated vapor of the order of unity
is achieved for atom density of the order of 10*° cm™
and path length of ~1 cm, This minimum necessary
density increases linearly with decreasing oscillator
strength and increasing linewidth (for example, due to
ionization broadening by the perturbing light). The
maximum density is restricted by the appearance of
self-focusing of the perturbing light in the atomic tar-
get. {111

The main advantages of the method using absorption
of auxiliary radiation is that the measurement results

2)This is called single-mode (one type of oscillation in the
transverse indices) and multifrequency (large mumber of os-
cillations with different longitudinal indices) generation.,
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FIG. 1. Principle of the method
based on absorption of auxiliary
light. w—frequency, %-perturbing
field, E((%), E,(€)—energy of

5@ ground (0) and excited () states of
the atom in the field 6; I is the ion-
ization energy of the atom in the

o field.

&8

can be interpreted relatively simply, and the perturb-
ing field can be varied in a broad range of values.

The observed shift of the center of gravity of an ab-
sorption line is determined by the shift of the two
states—initial and excited—between which transitions
involving absorption of the auxiliary radiation take
place. When these levels are shifted in the same di-
rection, the shift of the absorption line is equal to the
difference between the level shifts; when the levels are
shifted in opposite directions, the absorption-line shift
is equal to their sum. The broadening of the absorption
line corresponding to the auxiliary radiation is equal to
the half-sum of the broadening of the ground and ex-
cited states.

The lower limit of the perturbing field strength cor-
responds to the minimum reliably detectable shift of
the absorption line. In the case of the absorption lines
of atomic vapors, the linewidth is determined by the
Doppler effect and is of the order of 0.01 cm™, The
field strength can be reduced if, instead of vapor, one
uses atomic beams perpendicular to the direction of the
auxiliary light beam so that there is no linear Doppler
effect,

The perturbing field strength necessary for the real-
ization of the auxiliary-light method can at present be
achieved only by using lasers with pulse lengths of the
order of 10°® sec. For perturbations of such short du-
ration, we have the problem of producing a sufficiently
strong source of auxiliary radiation, enabling us to re-
cord the change in absorption during the time of a sin-
gle laser pulse.® When the auxiliary radiation trans-
mitted by the atomic vapor is recorded photoelectri-
cally, the signal due to the change in absorption must
exceed shot fluctuations in the photo-current within the
transmission bandwidth of the recording circuitry,
which is of the order of 10°-10-% ¢m™'. When unavoid-
able losses of auxiliary radiation associated with the
elimination of the background due to scattered laser
radiation are taken into account, the spectral density
of the visible radiation produced by the strongest ther-
mal sources is, as a rule, insufficient for reliable de-
tection of the spectrum. 2’ The most promising source
of auxiliary light is, therefore, a low-intensity laser

31t might be thought that the necessary intensity of the aux-
iliary source could be reduced by measuring the spectrum
for a large number of laser pulses, but this is restricted by
the low pulse repetition frequency (typically of the order of
1 pulse per minute).
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FIG. 2. Principle of the experiment““ on the perturbation of
the atomic spectrum of potassium, using the absorption of
radiation from an auxiliary source. Radiation from laser 1
is directed into the vessel containing potassium vapor 2 and
into the dye solution in the cell 3. The radiation from the dye
laser has a spectral width of about 50 & and is used as the
auxiliary light, the absorption of which by potassium vapor is
observed with spectrograph 4.

with spectral components covering the ai)sorption line
under investigation. An experiment of this kind on the
shift of the D lines of the principal doublet of potassium
atoms (7665 and 7699 A) in the field of ruby-laser radi-
ation is illustrated in Fig. 2.'®! To ensure maximum
spatial homogeneity in the distribution of the ruby-laser
radiation on the target, the laser had spherical mirrors
and generated a large number of nonlocked transverse
and longitudinal modes. This system has been used to
measure shifts of the center of gravity of absorption
lines of 0.02-2 cm™,

Another variant of these experiments may be more
convenient for the investigation of ionization broaden-
ing of atomic levels. In this case, the main and the
auxiliary light beams propagate in opposite directions.
When the target length is small (of the order of 1 mm),
and the diameter of the auxiliary beam is small in com-
parison with the diameter of the main beam, this ap-
proach may ensure high spatial uniformity in the dis-
tribution of the perturbing field over the target.

In conclusion of our survey of the auxiliary absorp-
tion method, we note its limitations and the associated
difficulties. Among the more obvious limitations is
the fact that this method cannot be used to investigate
perturbations of atomic levels to which single-photon
transitions from populated states (usually the ground

" state) are forbidden by the selection rules. The diffi-
culties in applying this method increase when absorp-
tion lines are investigated in the ultraviolet and vacuum
ultraviolet regions (A <300 nm) because of the difficulty
of producing sufficiently strong auxiliary light of the
necessary frequency. We note that, when very large
absorption line broadening (up to 1 cm™) is investigated,
so that the reduction in the absorption coefficient must
be compensated by a substantial increase in the density
of atoms, nonlinear phenomena such as parametrically
stimulated electronic Raman scattering from excited
levels populated by the auxiliary light become impor-
tant. It has been shown'*3? that these phenomena may
lead to much more complicated perturbations of the en-
ergy spectrum. They can be eliminated by reducing the

715 Sov. Phys. Usp., Vol. 19, No. 9, September 1976

intensity of the auxiliary light. For high target den-
sities, the criterion for small perturbation by the aux-
iliary light, given at the beginning of this section, may
turn out to be insufficient,

3. Double radio-optical resonance

The double resonance method is a development of the
absorption method described above. Let us suppose
that the atom is in one of the sublevels of the ground
state Ey (for example, a level in the hyperfine or Zee-
man structure), and that it is illuminated by a field of
frequency « (Fig. 3). The frequency w and its harmon-
ics are not in resonance with any of the atomic transi-
tion frequencies. A measurement is made of the dif-
ference Ey, — Ey; between the sublevels of the ground
state, due to the field of frequency w, by observing the
change in the frequency w,, corresponding to the tran-
sition between the two sublevels of the ground state.

To detect the resonance transition frequency w,,, the
atom is exposed to two weak fields, namely, a mono-
chromatic radiofrequency field, whose frequency w,

is varied, and an optical field with the frequency w, of
one of the optical transitions from the ground state.
The width of the spectral line of the auxiliary optical
radiation is much greater than the Doppler linewidth of
the optical transition and the frequency w,, so that a
change in w, due to the perturbing optical field does not
affect the absorption of the auxiliary optical radiation.
The magnitude of this absorption depends on the popula-
tion of the level Ey, (in the limit, one transition at fre-
quency w, of the radiofrequency field produces a change
in the auxiliary light flux by one photon). The resonance
in the absorption of the radiofrequency field can be ob-
served either through the resonance in the absorption
of the auxiliary optical field or through the resonance
in the intensity of resonance fluorescence from the level
7. The difference between the ground-state sublevel
populations exceeds by several orders of magnitude its
value under thermodynamic equilibrium. The well-
known optical orientation (or optical pumping) method is
used to produce this difference. In this method, the
atoms are excited by resonance radiation with the po-
larization or spectral composition necessary to ensure
essentially different probabilities of excitation of atoms
from the ground-state levels under investigation, {16:17)
The magnitude of the population difference due to ex-
citation and spontaneous decay depends on the ratio of
the rates of excitation and relaxation of atoms to the
equilibrium value. The necessary population difference

FIG. 3. Principle of the method of dou-

ble resonance with optical pumping.

Eu(€), Eg(6)—sublevels of the ground

state Ey(%), w—perturbing-field fre-

quency, wg—alternative-field frequency

£2) in radioband, w;—Ilight-field frequency;
the fields of frequency w, and w, are

o, { ° auxiliary and are used for the diagnos-

to tics of the atomic spectrum.
Enl®) l
Fy(8)
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¢of the order of 1%) can at present be achieved only for
a limited number of elements, the vapors of which are
used in resonance emission lamps of sufficient inten-
sity. These atoms are the alkali metals, Hg, Cd, He,
Yb, Sr, and Ba. The frequency resolution of this meth-
od is determined by the linewidth of the radiofrequency
transitions and is therefore exceptionally large in com-
parison with the standard resolution for optical fields.
It is possible to detect a shift of the ground-state com-
ponents by an amount of the order of 1 Hz (of the order
of 107" em™). The main disadvantage of the radio-opti-
cal double resonance method is that it can only be used
for measuring the difference between the shifts of the
ground-state sublevels. The shift of the center of grav-
ity of the ground state cannot be measured. Moreover,
the maximum observed shifts of the ground-state levels
are restricted by the linewidth of the optical orientation
sources (up to 10*! em™), since for large shifts the opti-
cal absorption line lies outside the limits of the orien-
tation-gource line, and orientation is not, in fact, pro-
duced.

4. Two-photon spectroscopy

This method is also a development of the absorption
method, It is based on recording the transition from
the ground to the excited state when light of frequency
w;, and w, is absorbed, The transition is observed
through the resonance increase in the number of ex-
cited atoms when the sum of the photon energies is
equal to the transition energy (¥ig. 4). The change in
the number of excited atoms is usually observed by mea-
suring the change in the intensity of fluorescence at
frequency wy which is produced as a result of the spon-
taneous decay of the excited state.

A certain definite intensity of spontaneous emission
is necessary before the two-photon resonance can be
detected, and this, in turn, is found to be proportional
to the concentration of atoms, the intensity of the ex~
citing light, and the probability of spontaneous relaxa-
tion. Since the probability of two-photon transitions is
small in comparison with, for example, the probability
of single-photon transitions, two-photon spectroscopy
requires greater perturbing-light intensities than the
methods of single-photon spectroscopy. The probabil-
ity of two-photon excitation can be increased by several
orders of magnitude by using a resonance with an inter-
mediate atomic level, 8-2° which can be achieved by
using two perturbing fields with different frequencies.
1t is well known that two-photon transitions can occur
between states with equal parities. Two-photon spec-

" troscopy can therefore be used to investigate a whole
class of transitions that are forbidden in single-photon
spectroscopy. Two different perturbing fields with both
different frequencies and different propagation and po-
larization vectors can be used in two-photon spectros-
copy. The linear Doppler effect can be compensated
for by using beams of light of equal frequency but travel-
ing in opposite directions. tzn. The condition for two-
photon resonance in this case is

E—Ey=to (14+22) 400 (1-—1:-) .
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where v, is the component of the velocity of the atom
along the direction of propagation of the light. However,
when the frequency of light in both beams is the same,
the absorption of photons from both beams will be ac-
companied by the absorption of two photons from either
beam (right or left). For atoms absorbing two photons,
the Doppler effect is not compensated. The fact that
the signal due to atoms that absorb photons traveling in
opposite directions can be separated out is due to the
quadratic dependence of the probability of two-photon
transition on the intensity (number of photons) and the
fact that the number of photons traveling in opposite
directions is twice as large as the number of photons
from the right (left)-hand beam. The narrow resonance
maximum that appears when the photons traveling in
opposite directions are absorbed is located on a broad
background due to the absorption of photons from the
right (left)-hand beam., The effect-to-background ratio
can be substantially increased by ensuring that the fre-
quencies of the two beams traveling in opposite direc-
tions are different (w, # w,) but the sum is, as before,
equal to the transition frequency (w; +w,=w,,). When
w; #w,, the compensation of the Doppler broadening will
not be complete but may still be sufficient for w; = w,.
Thus, to reduce the width of the two-photon resonance
in comparison with the Doppler broadening by a factor
of 100, the difference between these frequencies must
be such that |w; - w,|% 102w, ,. A suitable choice of
the degree of elliptical polarization can ensure that the
transition under consideration will be allowed for pho-
tons from the opposing beams but forbidden for photons
from one beam. When this is so, one can use radiation
of one frequency, and completeiy compensate for the
Doppler effect.

Finally, let us consider the difficulties and limitations
of this method. It cannot be used in practice to investi-
gate large ionization broadening of excited levels be-
cause of the reduced quantum yield of spontaneous emis-
sion, This is a characteristic feature of all methods
involving the detection of the relaxationof excited states.

" Two-photon spectroscopy also has the disadvantage that

the interpretation of the observed two-photon excitation
spectra is relatively more complicated because these
spectra depend on the interference between the prob-
ability amplitudes for two-photon transitions. 221 Thig
feature of two-photon transitions is connected both with
the fact that photon absorption sequences are indistin-
guishable, and the fact that events involving the absorp-
tion of photons through different intermediate states of
the atom can take place even for a given absorption se-

F
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gbs E‘x

mm:lﬁ:'
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FIG. 4. Principle of the method of two-
photon absorption. Photons of frequency
w, and wy are absorbed and observations
are made of the decay of the excited

state r with the emission of light of fre-

quency wy.
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quence. When several intermediate states are avail-
able, it is the probability amplitudes for the various
possible two-photon transition paths rather than the
probabilities themselves that have to be added together.
The sign of the probability amplitudes depends on the
sign of the photon energy difference and the energies

of the intermediate states, and the sum of the ampli-
tudes may tend to zero under certain conditions. This
may give rise to the appearance of sharp interference
minima in the two-photon absorption spectrum with
widths of the order of the atomic level width, {18! Fi-
nally, we note that, from the standpoint of the present
review, i.e., nonresonance perturbationof atomic spec-
tra, two-photon spectroscopy is also restricted to light
field strengths below a certain maximum value, Thus,
as the field strength increases, it is always possible to
reach a situation where the probability of stimulated
two-photon transition from the excited state to the
ground state will be greater than the probability of
spontaneous relaxation of the excited state to some other
third state. The perturbation of the ground and excited
states will then be of resonant character: they will be
mixed by the perturbing field. (The analytic form of
the conditions for resonance mixing is given in the In-
troduction.) The most promising modification of this
method is, therefore, that in which the nonresonance
field perturbing the atomic transition under investiga-
tion is large whilst the diagnostic fields with frequen-
cies w; and w, are low enough not to produce an ob-
servable perturbation of the spectrum.

5. Observation of excited state relaxation

We assume in this method that the atom is in an ex-
cited state E; and is illuminated by a field of frequency
w. The frequency w and its simple harmonics are not
in resonance with any of the atomic transition frequen-
cies. To observe a perturbation of the atomic spec-
trum, one investigates the frequency shift and the broad-
ening of the lines due to spontaneous emission from the
level E; (Fig. 5). The target is usually in the form of
perturbed atoms in the plasma of a low-pressure (of
the order of 1 Torr) discharge lamp. The spontaneous
emission linewidth is then close to the Doppler width
and is of the order of 0.01 cm™. The strength of the
perturbing field that is necessary for the observation
of a nonresonance shift of the spontaneous emission
lines is of the order of 10° V/cm. As noted above, this
figure can be reached only by using lasers producing
pulse lengths of the order of 10 sec. An example of
the application of the relaxation method is the work re-
ported in?*24) on the perturbation of the transitions

T FIG. 5. Principle of the method based
£ _-f " on the relaxation of an excited state 7.
o The atom relaxes to state f with the
ey | emission of light of frequency w;. The
- frequency of the perturbing field is w.
Er(8)
£(3)]
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FIG. 6. -Principle of the experiment on the perturbation of
the spectrum of mercary by neodymium-laser radiation, using
the relaxation of an excited state.!”! 1—laser beam, 2—
mercury vapor, excited by hf discharge, 3—Fabry-Perot in-
terferometer, 4—photomultiplier,

735,-63P, and 7°S,~6°P, inthe atomic spectrum of mer-
cury. The 5461 A and 4358 A relaxation lines corre-
sponding to these transitions were observed in the emis-
sion spectrum of a high-frequency discharge plasma in
mercury vapor. The discharge lamp was illuminated
by neodymium laser radiation having a wavelength of
1.06 p (Fig. 6). The spectral profile of the emission
lines was examined with a Fabry-Perot interferometer,
the frequency band of which was divided into four zones
of equal spectral width (0.05 A). The emission in each
zone was recorded by a separate photomultiplier. This
meant that, instead of the integrated change in the spec-
trum, it was possible to observe the dynamics of
changes in the emission lines during the development of
the laser pulse (pulse length of the order of 1072 sec).
The above lines are the strongest mercury emission
lines in the visible part of the spectrum, and this has
facilitated the elimination of effects associated with the
background due to other lines and to the laser emission.

The method based on the observation of excited-state
relaxation is attractive because of the simplicity of the
experiment and of the interpretation of the final results.
It is clear that experimental data on the perturbation of
a single line will provide information on the change in
transition energy and reduced width of the correspond-
ing pair of states., By comparing the shift for a number
of lines in the spontaneous emission spectrum associat-
ed with transitions from the same level, it is possible,
at least in some cases, to separate out the effect due to
a particular level and thus determine the magnitude of
its level shift, An important advantage of this method
is that it is possible to investigate shifts for levels from
which transitions to the ground or metastable states are
forbidden by selection rules and which cannot, there-
fore, be investigated by examining the absorption of
auxiliary radiation,

The main difficulty in observing the relaxation of ex-
cited states is the production of a sufficiently large flux
of recorded photons per laser pulse. Shot noise is al-
ways large, especially when the perturbing radiation is
focused within a small volume in order to achieve high
field strengths. When the laser pulse lengths are of the .
order of 10-® sec, the relaxation method can be used to
investigate the shift of only the strongest atomic lines.
Moreover, the method isbasically unsuitable for studies
of the perturbation of highly excited states when the
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single-photon ionization channel is open and stimulated
transitions to the continuum compete with relaxation.

6. Polarization methods

Polarization methods of investigating perturbations
of the atomic spectrum involve measurements of the
polarization of auxiliary light after passage through an
atomic target exposed to a perturbing light. Methods
of this kind are based on the appearance of the bire-
fringence of the atomic medium near the absorption
lines, which accompanies the splitting of levels partic-
ipating in the atomic transitions by the light field, 5!
The principle of the method can be understood by con-
sidering the splitting of one of the excited levels (Fig. 7).
Suppose that a doubly degenerate level E, splits into two
sublevels E,,(8) and E,,() under the action of linearly
polarized light, so that the absorption of auxiliary lin-
early polarized light of frequency w involving the tran-
smon of the atom to the state E,;(8) is possible only
for § (wy) 0 S(w) whereas absorption involving transitions
to E,;(8) is possible only for f(wl)l € (w). When the fre-
quency w, of the auxiliary radiation is arbitrary, the
absorptmn coefficients for auxmary-hght components
& (@) 1 (@)] and o[E (w,) LT (w)] will be different and,
consequently, the refractive indices will also be differ-
ent., The atomic medium will then become birefringent.
When the electric~field vector in the auxiliary radiation
is at an angle to the electric-field vector in the per-
turbing radiation, the change in the phases of the 7 and
o components of the auxiliary light will be different, and
radiation which is linearly polarized at entry into the
atomic target will be elliptically polarized when it
leaves it. The degree of elliptical polarization will de-
pend on the degree of splitting of the level E,. By mea-

- suring the elliptical polarization and its dependence on
w,, it is possible to investigate the perturbatlon of the
level E,.

We shall consider separately the cases of small split-
ting Aw, of an absorption line, when Aw, is much less
than the linewidth I',, and large splitting, when Aw, is
much greater than I',.

a) Small splitting: Aw,<T,. In this case, the differ-
ence n,(w;) - n,(w;) between the refractive indices is
practically given by the derivative of the dispersion

640
Eq(3) ]

WY 2 »I
£ !

FIG. 7. The polarization method. The excited state E (%)
splits into E, (%), E,,(§); w—frequency of perturbing field,
wy—frequency of auxiliary light, w§, and wj,—frequencies at
maximum absorption of auxiliary light (r and o—plane of po-
larization of auxiliary light respectively parallel and perpen-
dicular to the plane of polarization of perturbing light).
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FIG. 8. Diépersion curves for a split line. #,, n,—refrac-
tive indices; a—small splitting, b—large splitting.

curve for the refractive index, and is proportional to
the level splitting (Fig. 8a). By investigating the ellip-
tic polarization, it is possible, at least in principle, to
detect extremely small splitting, much less than the
linewidth T, because the degree of elliptical polariza-
tion necessary for detection can be increased by in-
creasing the concentration of atoms. At the same time,
the use of this method for quantitative studies is diffi-
cult because it demands a knowledge of the concentra-
tion of atoms and the availability of a source with emis-
sion linewidth smaller than the absorption linewidth,
Unless this condition is satisfied, measurements of the
mean change in the elliptical polarization may give rise
to considerable uncertainties in the amount of splitting
when w, is close to the absorption-line frequency.

The above version of the polarization method has
been used to observe the splitting of the D, and D, lines
of the principal doublet of potassium atoms in the field
of ruby-laser radiation, "*%%" The auxiliary radiation
was produced by a resonance potassium lamp working
in conjunction with a monochromator which defined
spectral bands of width 0.03 cm™ near the potassium
Crossed polaroids were
placed in the path of the auxiliary beam before and after
the cell containing the potassium vapor. Under the ac-
tion of the linearly polarized radiation from the ruby
laser, the auxiliary beam became elliptically polarized
and was transmitted by the crossed polaroids. Signals
representing the change in polarization could be reliably
recorded when the potassium level splitting was of the
order of 10 cm™ for a linewidth of the order of 0,01
cmt,

The main disadvantage of this variant of the polariza-
tion method is the difficulty (and, frequently, the im-
possibility) of reliable separation of contributions due
to splitting and broadening of levels to the resultant ef-
fect associated with the change in the polarization of the
auxiliary light. This basic difficulty can be removed
in the case of large splitting (Aw,>T,) by measuring
the change in the polarization of the auxiliary light as
a function of frequency.

b) Large splitting of atomic levels: Aw,>T,. In this
case, the dispersion profiles n(w,) are resolved (Fig.
8b); the line splitting can be obtained directly by mea-
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suring the difference between the frequencies w, corre-
sponding to the n(w;) =1 points between the extrema of
thedispersionprofiles, and by measuring thedistance be-
‘tween the extrema one can deduce the width of the com-
ponents of the split line, The concentration of atoms
need not be known, and the source of probing radiation
can have a broad spectral line, overlapping the spec-
tral region under investigation. The possibilities and
restrictions of this variant are analogous to the situa-
tion in the case of the method involving the absorption
of auxiliary light (Sec. 2). It is clear thatstudiesbased
on the spectral dependence of the change in polariza-
tion in the case of two-photon excitation of atoms by
elliptically polarized beams traveiing in opposite di-
rections are very promising. The presence of a sharp
resonance, compensated for the Doppler width (see
Sec. 4), leads to a corresponding sharp resonance in
the rotation of the plane of polarization of the radia-
tion, 28

It is interesting to consider the possibilities of in-
traresonance methods for the analysis of the rotation
of the plane of polarization (the cell containing the
atomic vapor is placed inside the laser cavity) by which
it is possible to measure rotations of the plane of po-
larization down to 10°-10-7 seconds of arc.

We end our survey of polarization methods by con-
cluding that these methods can be used in qualitative
studies of small amounts of splitting or broadening of

levels, much smaller, in fact, thanthe linewidth. When

the splitting is large, the possibilities of this method
approach those of absorption methods.

7. Resonance multiphoton ionization

All the methods discussed above were based on the
absorption or emission of photons from the atomic ex-
cited state under investigation. As already noted, ion-
ization from the excited state restricts the applicability
of these methods. The ionization process is a compet-
ing phenomenon in a large number of cases (when the
strength of the perturbing field is large, or highly ex-
cited states are investigated), and this practically ex-
cludes methods based on the observation of the emis-
sion or absorption of light. However, the ionization
process can itself be used for investigating the per-
turbation of an atomic spectrum, The point is that this
can be done by multiphoton ionization of atoms. %! 1t
involves the detection of ions formed as a result of the
multiphoton ionization of atoms, the change in the fre-
quency and strength of the light field, and the resonance
increase in the yield of ions connected with the inter-
mediate resonance between the combined energy of a
number of photons and the transition energy inthe spec
trum of the atom (Fig. 9). The condition for the real-
ization of the resonance ionization process is

Aoy () = | E, (6) — Eq () — koo | < Ty, (6), (3)

where I'y (&) are the widths of the ground and resonance
states in the field, and k,, is the nonlinearly of the Or
transition. If the transition 0r is allowed by the selec-
tion rules for multiphoton transitions, the ionization
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FIG. 9. Principle of the experiment on multiphonon ionization
of an atom.

probability W,, when (3) is satisfied, is much greater
than when the inequality sign in (3) is reversed and
there is no resonance. By varying the frequency and
strength of the field and observing the resonance in-
crease in the ionization probability for different values
of these parameters, it is possible to obtain informa-
tion on the perturbation of the atomic spectrum.

Since, in this method, the probing resonance field is
also the perturbing field, the frequency, polarization,
and strength of this field determine the nature of the
perturbation of the resonance state 0 or 7.

The nonresonance perturbation in which we are in-
terested here is achieved when the ionization broaden-
ing of the resonance state » predominates over the field
splitting due to the mixing of the states 0 and », 1]
This situation occurs when 2k, z <k, where k,p is the
nonlinearity of the transition »E, and k,, is the non-
linearity of the Or transition. For single-photon ion-
ization from excited states, which is the most interest-
ing situation from the practical point of view, the de-
gree of nonlinearity of the resonance transition should
be ko, 3. When the above relationship between kg, and
k. is satisfied, the resonance ionization process as-
sumes a cascade character and can be described as
multiphoton excitation to the state » followed by ioniza~
tion from this state,

For the cascade fransition 0~-7—- E, the dependence
of ionization probability on frequency and field strength
is given by the Keldysh resonance formula®’

v gy 2
Or ( )| Wko—h (4)

ko) T N T T
Woe' (& 0 = e i, O e

where the detuning from resonance is A, (§)=E, (&)
‘—Ey(8) —krw| and T,(8)=WH™ (£). Inaccordance with
the conditions for the realization of this case, we ne-

" glect the field broadening of the ground state in com-

parison with the broadening of the resonance state in
(4) (the field shift of the ground state cannot be ne-
glected because the dynamic polarizability is a rapidly
varying function of the frequency of light). The struc-
ture of (4) is analogous to the structure of the Weiss-
kopf formula for resonance fluorescence, ¥’ The rea-
son for this analogy is clear: in both cases, the tran-
sition proceeds through a quasidiscrete resonance
level.!-32) Moreover, (4) contains elements that are
typical for multiphoton processes (matrix element of
order k, where E is the photon resonance denominator)
and for strong fields (field dependence of the energy of
transition to the resonance state).
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FIG. 10. Resonance increase in the probability of multiphonon
ionization during the appearance of an intermediate resonance
with an electronic bound state. Three-photon ionization of the
metastable He 2!S state by linearly polarized red light; the
two-photon intermediate resonance with the 6'S state is ob-
served for two intensities with F,>F;. In the absence of the
field (6 =0), the resonance frequency for the 2!5—6!S transition
is less than the resonance frequency in the field.

Measurements of the dependence of the 0y transition
energy on the field strength can be performed by two
different methods, i.e., by measuring the dependence
of ionization probability on the frequency of light for a
number of fixed values of the field strength, or by mea-
suring the dependence of ionization probability on the
field strength for several fixed values of frequency. It
is important to note that, in many cases, useful infor-
mation can be obtained by measuring the degree of non-
linearity k= 8logW/08 log 8 as a function of frequency.
However, the quantity k itself is a dynamic character-
istic of the ionization process and can be measured only
for a varying light intensity. This method is therefore
applicable only when the detuning from resonance under-
goes a small change with field strength by the amount
necessary for a sufficiently accurate determinationof %.

We shall now consider the characteristic features of the
method based on the dependence of ionization probability
on frequency for fixed values of the field strength. Firstly,
this method becomes much simpler when it is reduced
to the measurement of the amplitude of the ion signal
as a function of frequency, i.e., 4;(w), instead of W(w),
and of the energy @ transmitted by the target instead
of the radiation intensity F. The necessary condition
for this is that the laser should generate one simple
transverse mode. To achieve optimum resolution and
frequency, the measurements wust be performed so
that the Doppler effect is unimportant (atomic-beam
axis perpendicular to the light beam) and the width of
the laser-beam spectrum is at a minimum (single fre-
quency generation), The only instrumental factor
which, in principle, cannot be eliminated is the nonuni-
form spatial and temporal distribution of radiation over
the target. This nonuniformity has a complicated ef-
fect because the perturbation of atomic levels and the
ion formation process are nonlinear in character, and
the integrated ion yield is, in fact, measured. The
presence of inhomogeneous broadening leads to two ef-
fects. Firstly, the integrated ion yield must be asso-
ciated with some effective field strength which depends
on the form of the spatial distribution of radiation over
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the target, the degree of nonlinearity of the transitions
Or and vE, and the presence or absence of saturation
with respect to the transition »E, i.e., on the condi-
tion [W,zdt $1, where 7 is the laser pulse length.
Secondly, the presence of inhomogeneous broadening
leads to a broadening of A,(w) as compared with the
function W(w) inwhichwe are interested. Effects asso-
ciated with inhomogeneous broadening can be taken into
account quantitatively with sufficient accuracy. %! Fig-

‘ure 10 shows the results of a typical experiment’’ on

three-photon ionization of helium in the presence of an
intermediate two-photon resonance with the energy of
the 2!S-6!S transition. We note that absolute measure-
ments of perturbation require absolute measurements
of radiation intensity. Such measurements can be car-
ried out at present with an uncertainty of 30-40% by in-
dependent determinations of the spatial distribution of
illuminance (using a photometric method) and the time
distribution of intensity integrated over the beam cross
section, 2%

The method of resonance multiphoton ionization suf-
fers from two disadvantages. The first is typical for
highly nonlinear processes. Thus, the method is ap-
plicable only in a very narrow range of variation of the
field strength. The upper limit corresponds to the ap-
pearance of saturation in the multiphoton transition of
the electron from the ground state to the continuum
(JoWog dt~1). A change in the laser pulse length cannot
substantially alter this limit because the dependence on
pulse length is linear whereas that on the field strength
is strongly nonlinear. The second disadvantage is the
small width of the perturbing-field spectrum for which
experimental information can be obtained, since this
requires resonance with the transition frequency. This
is typical for all methods involving the absorption of
light.

111. PERTURBATION OF ISOLATED ATOMIC STATES
IN LINEARLY AND CIRCULARLY POLARIZED

. FIELDS

8. Perturbation theory

According to the fundamental principles of quantum
mechanics, atoms located in variable external fields
have no stationary states. Nevertheless, when the ex-
ternal field is not too strong, it is possible to construct
long-lived quasistationary states that are not very dif-
ferent from the stationary states of the atom in zero ex-
ternal field.

In the case of light, the wavelength is much greater
than the size of the atom. One can then use the dipole
approximation and take into account the effect of only
the electric field

Z(1)=Re[£, (1) e=io1], (5)

which is constant throughout the volume of the atom at
each instant of time, Suppose that the amplitude &, is
a slowly-varying function of time, i.e., d8,/dt < w§,.
We shall suppose that §,~0 as t =+,

The solution of the time-dependent Schr8dinger equa-
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tion for an atom in the field will be sought in the form
of an expansion in terms of the eigenfunctions of the
Hamiltonian 5¢, for the free atom:

$(8) =Sa, () e~ En n), &b, |ny=En|n), (6)

where S represents summation over the discrete spec-
trum and integration over the continuous spectrum of
the atom. The coefficients a, satisfy the following set
of equations

En—Em )

i = SV (£) €51y, (1), @pm =—2—
m

Vom (1) = —(n| € (8) | m),

where d is the dipole moment operator for the atom,

If the atom is in the state |0) before the field is
turned on, the largest coefficient in (6) is @, More-~
over, in the coefficient g, itself, the low-frequency
harmonic will have the largest weight (in comparison
with w and w,,+ w), since ay—1 when the field is turned
off. Let us take into account the admixture of states
in)#0 to the wave function (6) in accordance with per-
turbation theory. In first-order perturbation theory,

iy = Voo () €n0ta, (1), n=£0.

Integrating this equation with respect to time and re-
calling that, since g, and §, are slowly-varying func-
tions of time [see (9)], they can be taken out from under
the integral sign, we have finally

-
dnoﬁn‘
wpgtw—ir

) ( dnoo

(8 =3 Opg— 00— il

(W, —w)t
%o
20 +

¢ @ngt et ) , (8)

where x— +0 corresponds to an adiabatically slow in-
troduction of the field. Substituting (8) in (7), and re-
taining only the slowly-varying terms, we obtain

ay(@)=exp[ g an | &) &)t ], )
where
1 (dpon (dgdng | {dglon (dpng
apq(m)=7" [(u,,o—m—i?. Opg+ @— ik (10)

is the dynamic polarization tenser of the state |0) at
the frequency w [the summation is carried out over the
repeated subscripts p and ¢ in (10)].

Thus, in an external field, the wave function for the
atom contains an additional phase gain which can be in-
terpreted as a change inthe level energy by the amount'”?

_%awﬁp (1) &aq (1). (11)

This energy change is sometimes referred to as the
quadratic Stark effect in a variable field. This choice
of terminology is not entirely successful because the
phenomenon may be much more complicated in a vary-
ing field than in a constant field (this was mentioned in
the Introduction). - Moreover, there is no other analogy
apart from the similarity in the analytic form of the
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dependence on the field strength.

Dynamic polarizability may turn out to be a complex
quantity. In fact, when single-photon ionization from
the state 0 is possible, the continuum spectrum will
also include states for which w,,=w. It is possible to
separate the real and imaginary parts of the polariz-
ability where

Im apg (@) = 7S (d)en (ddnd | Ep—Ej—o|.

The states n satisfy the conservation of energy E, =E,
+Hiw,

The wave function is thus exponentially attenuated in
time, and the attenuation constant is given by

T (1) = 7 Im g Tpog = Wop (1) 12)

i.e., as canbe seen, it is determined by the total prob-
ability of photoionization of the atom from the state 0
under the action of the external field. We note that I'(¢)
may be zero in first-order perturbation theory, in
which we are interested here, if the ionization of the
atom from the particular state by a single photon is
impossible. The ionization width is then determined by
the probability of multiphoton ionization from the given
state.'®® The real part of the polarizability determines
the change in the energy of the quasistationary state:

AFE (t) ==—2— Re Cpg (0)) gapfoqv (13)

where Rea,, can be found from (10).

The change in the energy of atomic levels is mani-
fested spectroscopically by a change in the frequency of
the absorption and emission lines of the atom, and pos-
sible decay of the levels is reflected in the broadening
of these lines,

Let us consider the validity of (12) and (13).

Firstly, these expressions are not valid if the state
0 resonates at frequencies w or kw with the level » and,
in particular, when |AE +iT'(2 |h(w,gtkw)l, k=1, 2,
... . The level r is then supposed to belong to the dis-
crete spectrum,

Secondly, (13) is not valid if a level s lies near the
level 0 in such a way that |AE|R |/iwygl. Transitions
between the levels s and 0 are then possible. This
means that, in addition to the coefficient g, in the wave
function given by (6), there is another significant co-
efficient, namely, a,, so that if the atom is initially in
the state 0, it will subsequently occupy the state s for
a considerable proportion of the time. We note that
mixing occurs in relatively weak light fields in the hy-
drogen atom for n > 3 states, when the energy shift be-
gins to exceed the fine splitting. Atomic levels with
nonzero angular momentum J consist of a group of de-
generate magnetic sublevels which can be mixed by the
field. However, it is readily seen that, in linearly po-
larized light, the direction of polarization is a special
direction, so that the component of J along this direc-
tion is conserved and the mixing of magnetic sublevels
does not occur. In precisely the same way, in the case
of circularly polarized fields, the special direction is
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FIG. 11. Dynamic polarizability e, of the potassium atom
in the first excited state 4?P,,, (r, is the Bohr radius).

the direction of propagation of the radiation, and the
magnetic sublevels again are not mixed. We must now
consider some of the features of dynamic polarizability
as a function of field frequency w, taking as an illus-
tration the dynamic polarizability of the 4P state of
potassium, **! shown in Fig. 11.

The quantity a,,(0) is the static polarizability because
it determines the reaction of the atom to a constant
electric field. As the frequency increases, the polar-
jzability changes from its static value and, as w ap-
proaches the resonance transition frequency correspond-
ing to the nearest discrete level , we have @, —= for
w= w,, from the left (to be specific, we are assuming
that w,,>0, i.e., the level » lies above the level 0), In
Fig. 11, this frequency is approximately 8000 cm! and
corresponds to resonance between the 4P and 5S levels.
The region w~ w,, in which polarization undergoes a
rapid change with frequency is called the region of
anomalous dispersion because it is precisely in this re-
gion that the dispersive properties of the medium are
very well defined. After passing through resonance,
we have @, ~ - as w-w, from the right. Regions in
which polarizability decreases with increasing frequency
are commonly referred to as regions of negative dis-
persion.

Further increase in frequency is accompanied by an
increase in polarizability, and the subsequent behavior
is determined by the position of the next resonance,
Two cases may arise:

.a) The next resonance r' is also above the level 0. In
the above example, this is the 3D state. Under these
conditions, as w- w,., from the left, the polarizability
assumes very large values, as before. However, for
certain intermediate field frequencies, the polarizability
should vanish at one or several points (in the case of
nonmonotonic variation), At these frequencies (w~ 8360
cm™ in Fig. 11), the atomic level is not shifted in the
first nonvanishing order of perturbation theory. Since
the dynamic polarizability tensor (10) is identical with
the coherent scattering tensor for light of frequency w
from the state 0, 327 these points correspond to zero
light scattering cross sections in the first nonvanishing
approximation of perturbation theory. Such frequencies
correspond to a kind of “transparency” of the medium,
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b) The next resonance r' lies below the level 0. Here,
as w- wg,, from the left, we again have a, ~ ~=, just
as for w—w,, from the right, Thus, in this particular
frequency band, the polarizability passes through a
maximum (or several maxima), and there are broad
frequency bands in which dispersion is negative. In
Fig. 11, this region corresponds to 11500 cm™ < w
<13000 cm™, Its appearance is connected with a res-
onance between the 4P level and the 4s ground state of
the potassium atom,

After passing through the region of resonances with
higher-lying levels (this region is determined by the
ionization potential of the state 0) and the region of
resonances with lower-lying levels, the polarizability
becomes a smooth functionof frequency. Its asymptotic
behavior at frequencies much greater than the char-
acteristic atomic parameters is givenby the well-known
formulafs?}

Ze2
Qpe = —‘,ﬁéwv (14)

where Z is the number of optical electrons. The asym-
ptotic behavior is reached almost immediately after the
single-photon ionization channel becomes open., The
frequency w should then be much smaller than the char-
acteristic frequencies for the excitation of the atomic
core, so that its polarizability can be neglected.

As already noted, the formulas for the dynamic po-
larizability given in this section are valid for linearly
and circularly polarized radiation when the mixing of
magnetic sublevels by the field need not be taken into
account. In this case, one can obtain the polarizability
as a function of the magnetic quantum numbers, and
thus determine the relative shifts and splitting of the
magnetic sublevels in the field.

Consider, to begin with, a linearly polarized field
defined by 8,,= 8% = &,, 8, =£5,=0. Inthis case,

o () =us+7 (7 + 1) ws—2M2%;, (15)
where
by =+ Py Py U= ooy oy =2ty P Bat )
Py=—4 (D ()+Ds(—a)- J

The parameters D;(x w) can be expressed in terms of
the reduced matrix element of the dipole moment opera-
tor for the atom, as follows:

1 awJlld ]l vi) (Vi il ]l vod)
D’(i"’)”"h_;s; : Ungr, v, E OET = amn

It is clear from (15) that degeneracy with respect to
the magnetic quantum number is not wholly removed in
linearly polarized fields. States differing by the sign
of M have the same polarizability. This is connected
with the fact that the atom-plus-field system is invari-
ant under time reversal. Since the component of the
angular momentum is T-invariant, and, in the linearly
polarized field, there are no other T-invariant, quan-
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tities, the spectrum can depend only on M2,

Let us now consider a cizcularly polarized field, For
right-handed polarization, &, = &y(e, - ie,)/y2. The en-
ergy shift is given by

AE—ir=—-‘f}[a,,+a,,,,+i(ax,,—ayx)l- (18)

Simple calculations then yield

%2
AE.\I"“TJ{="Z_("'J‘_VJIH’:_WJMZ)v (19)

where

2J+3 \ qs
vy = gt <
T+1 WM T IS

Pl (20)

The quantities g, differ from the P, by the different
sign in front of the parameters D,(~ w). In a circularly
polarized field, degeneracy with respect to the sign of
M is removed because all the photons now have definite
helicity.

9. Calculations of dynamic polarizability

As shown in the preceding section, the perturbation
of an isolated atomic level in linearly and circularly
polarized fields is determined by the dynamic polariz-
ability tensor (10). Evaluation of the polarizability is
therefore the fundamental problem for the theory. It
is clear that, before the polarization can be calculated,
we must know the matrix elements of the dipole-moment
operator for the atom between the state 0 and all other
states, including the continuous spectrum. These ma-
trix elements must be summed over the discrete spec-
trum and integrated over the continuum, which is also
not a simple problem by far. We note that the second
difficulty is specific only for the real part of the polar-
izability, which determines the level shift, since cal-
culation of the imaginary part which determines the
broadening can, in view of (12), be reduced to the eval-
uation of the photoionization probability, i.e., only one
matrix element. The summation problem remains even
when one of the terms in (10) is much greater than all
the others. This is possible when one of the energy
denominators in (10) becomes small, i.e., when the
frequency of the field becomes close to the atomic
resonance frequency, but the detuning from resonance
substantially exceeds the natural level widths, The sum
of a large number of small terms may be of the same
order of magnitude as one large term.

Thus, calculations of polarizability cannot, génerally
speaking, be confined to a finite number of intermediate
states. Many theoretical methods for calculating atomic
polarizabilities, which are not confined to the inclusion
of a few intermediate states, have been put forward. It
is important to note, however, that most theoretical
papers have been devoted to the evaluation of static po-
larizabilities, and the dynamic case has been the con-
cern of a much smaller number of publications. A re-
view of theoretical work and experimental data on static
polarizabilities is given inf%!,

The dynamic polarizability can be calculated by car-
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rying out an expansion in powers of w near the point w
=0. The coefficients of this series are the static char-
acteristics of the given atomic state and can be calcu-
lated by the same methods that are used for calculating
static polarizability. It is clear that the static polar-
izability itself is the zero-order term, and the subse-
quent terms of the series contain the higher powers of
the frequency differences in the denominators of the
sums, This method of calculating the dynamic polar-
izability is called the method of moments in the litera-
ture. The precision of the method of moments is, of
course, determined by the precision of the calculated
static parameters of the atom, and both the upper and
lower bounds for the remainder of the series can be
estimated. A review of all the published work on the
method of moments and the results of various calcula-
tions of the moments for the ground states of noble gas
atoms is given in"', The method of moments has not
been applied to excited atomic states.

Various variational methods for the calculation of
dynamic polarizabilities have been put forward in the
literature. In these methods, the sum (10) over an in-
finite set of eigenstates is replaced by a sum over a
finite set of certain fictitious states for which the spec-
trum and the dipole matrix elements are obtained from
a linear variational principle. This approach has been
used to calculate the dynamic polarizabilities of cer-
tain atomic systems with a small number of electrons,
including the ground™®%! and excited®!? states of hy-

drogen, helium, “2=#*! peryllium, and the ions Li* and
H. {431

An important simplification of the many-electron
problem is the replacement of the exact many-particle
problem, with complete inclusion of the interelectron
interaction, by the single-particle Hartree-Fock ap-
proximation in which each atomic electron is assumed
to move in the self-consistent potential due to all the
other electrons. There is a large number of published
papers on the self-consistent potential and simple ana-
lytic approximations to it that are convenient for ap-
plications. In the simplest variant, it is assumed that
the self-consistent potential is not modified by the pres-
ence of the variable electric field (this is the so-called
uncoupled Hartree-Fock approximation). This approach
has been used to calculate the dynamic polarizabilities
of helium, “5 beryllium, “8? and the ions Li* and Ne*, 1"
More accurate calculations allow for the change in the
self-consistent potential in the presence of the variable
field (this is the so-called coupled Hartree-Fock ap-
proximation). This method has been used to calculate
the polarizabilities of helium, lithjum, beryllium, and
neon. 148-%) The results obtained by calculations based
on various modifications of the Hartree-Fock approxi-
mation are compared in™?’. As already noted, inter-
electron correlations, the inclusion of which provides
an improvement on the Hartree-Fock approximation,
do result in an appreciable contribution to the dynamic
polarizability of atoms containing two or more elec-
trons in the outer shell, Partial inclusion of correla-
tion effects in the case of the oxygen atom is reported
in'®! and, in the case of noble-gas atoms, in'%®],
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FIG. 12, Dynamic polarizability of neon in the ground state.
Solid curve-—pseudopotential method,!®! dashed curve—meth-
od of moments,”” dot-dash curve—Hartree-Fock approxima-
tion with partial inclusion of correlation effects,!*®! points—
experimental data.!*"!

All the calculations involving the above atoms except
for hydrogen have been confined to the ground states.

Semiphenomenological methods have also been de-
veloped in recent years, i.e., the quantum defect and
pseudopotential methods. Here, the spectrum of the
atom is assumed to be known in advance (and this is the
phenomenological essence of these methods), butknowl-
edge of the real, experimentally established, spectrum
enables some of the correlation effects to be taken into
account, The quantum defect method has long been
widely used in atomic physics for calculating the prob-
abilities of ordinary electromagnetic transitions. It is
based on the fact that the main contribution to the ma-
trix elements of the electromagnetic interaction opera-
tor is due to regions located well away from the atomic
core, where the effective, i.e., single-particle, poten-
tial in which the motion of the optical electron takes
place can be looked upon as a purely Coulomb potential.
This assumption turns out to be very satisfactory for
the ground state of atoms with a single electron in the
valence shell, and for the excited states of all other
atoms, The dynamic polarizabilities of both the ground
and the first excited states of alkali metal atoms were
calculated in this approximation in'*’), In the pseudo-
potential method, the radial part of the potential for
the optical electron is also assumed to be of the Cou-
lomb type, and the constant in the centrifugal part is
chosen by fitting the theoretical spectrum to experi-
mental data. Calculations of the dynamic polarizabil-
ities of noble-gas atoms based on this approach are re-
ported in'*®?, An undoubted advantage of semiphenom-
enological methods, which makes themuseful in different
applications, is that they can yield the polarizabilities
of excited atoms, It is particularly important to em-
phasize that, computationally, these methods are also
much simpler.

Figure 12 shows the dynamic polarizability of the
neon atom calculated by the semiphenomenological pseu-
dopotential method®®’ (solid curve), the method of mo-
ments®? (dashes), and the Hartree-Fock approximation,
partially corrected for correlation effects'®®’ (dot-dash
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line). The vertical lines indicate the position of the
resonance frequencies corresponding to the excited
states (25)°3S and (2p)°4S of the atom, respectively,

10. Effect of a nonmonochromatic perturbing field

The light fields used in studies of the perturbation of
atomic spectra are never strictly monochromatic and
always have a finite spectrum width. Even the radia-
tion of a single-frequency cw laser has a width in ex-
cess of 1000 Hz, due to fluctuations in the cavity length.
In the case of pulsed single-frequency lasers, the spec-
tral linewidth is determined by the regular temporal
variation in laser intensity, and is of the order of the
reciprocal of the pulse length, In the absence of mode
locking, the radiation generated by multimode lasers is
a set of harmonics in a narrow spectral interval with a
random phase distribution. When the number of modes
is large, the statistical properties of this multimode
radiation are close to the properties of narrow:zband
Gaussian noise. {1 The emission of resonance high-
frequency discharge lamps, which provide the highest
spectral brightness among nonlaser sources, has a
spectral linewidth of the order of 0.01 cm™, The elec-
tric field strength associated with this radiation is sub-
ject to irregular temporal fluctuations with a character-
istic period (correlation time) of the order of the recip-
rocal of the spectral linewidth, i.e,, of the order of
10° sec.

Since the instantaneous values of the atomic-level
shifts depend on the amplitude of the perturbing field,
it follows that, when these amplitudes are functions of
time, the level positions will also be functions of time.
When perturbations of the atomic spectrum by non-
monochromatic fields are investigated, the time of ob-
servation becomes an important factor. In the case of
multimode lasers, the time of observation is greater
than, or of the order of, the reciprocal of the spectral
linewidth of the perturbing radiation, so that the ob-
served picture of the perturbed atomic spectrum is, in

. fact, the time average.

It is clear that the dynamics of the perturbed spec-
trum should be determined by the dynamics of the per-
turbing field. There are no general methods at present
for calculating the nonresonance perturbation of an
atomic spectrum for any arbitrary statistics of the per-
turbing field. Let us therefore consider a number of
special cases.

The simplest calculation is that for a regular pulsed
perturbation, for example, pulses from single-fre-
quency lasers with lengths of the order of 10-® sec.
When the average change in the frequency of the atomic
transition under consideration is much greater than the
reciprocal of the pulse length of the perturbing radia-
tion, the instantaneous change in the atomic-level en-
ergies involved in this transition can be looked upon as
adiabatically slow, and can be calculated from (13):

AE (1) =% opq | €0 (0

Theoretical analysis of the dynamics of the spectrum of
two- and three-level systems for different shapes of
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the perturbing pulse is given in®%807,

Analysis of the perturbation of an atomic spectrum by
irregular optical radiation is much more complicated.
A rigorous analysis is available only in the two-level
approximation either for a field which is a random
Markov process'+® or for a field with complex Gauss-
ian statistics, 6% The perturbing field with Markov-
type phase and frequency modulation is realized in the
case of monochromatic perturbation of the spectrum of
an atom undergoing a collision which instantaneously
changes its direction of motion. For the interpretation
of existing experiments, the most important is the ana-
lysis of the perturbation of the atomic spectrum by
fields with complex Gaussian statistics (which is char-
acteristic for the field of thermal and gas-discharge
sources). The statistical properties of multimode (or
multifrequency) laser radiation in the absence of mode
locking are also close to this situation,

Since the state amplitudes cannot be averaged, the
rigorous procedure for calculating the perturbed atomic
spectrum is very complicated and involves the averag-
ing of measured quantities over an ensemble of perturb-
ing-field realizations, There is a great variety of
methods for investigating perturbations of the atomic
spectrum, but we shall confine our attention to the
method involving the absorption of auxiliary radiation,
which is particularly simple to interpret. A rigorous
analysis of this problem is given in'®’ in the two-level
approximation.

We shall assume that the atom is inthe nondegenerate
ground state E, and that, from the time ¢ =0 onward, it
is illuminated by a strong, nonresonance, linearly po-
‘larized, field of mean frequency w and spectral line-
width Aw, We shall investigate the absorption of a
weak field of frequency w, when the atom undergoes a
transition to a nondegenerate excited state E, which, in
the absence of the strong perturbing field, will relax
spontaneously to the ground state with probability 2y

(Fig. 1). The shape of the absorption line for the aux-
iliary light is, in this case, given by
X Lrg— 01 Wy > Orgs
Bl « (2 th{e‘p . (1)
b (©4) ( 5 + arctg 7 ) 1, o< o

The most important factor which determines the line-
width is the constant A, which is proportional to the
radiation intensity. When 4> Aw, the atom is, in
effect, in a quasimonochromatic field with amplitude
that varies slowly in comparison with the reciprocal of
the mean line shift 4,. The field amplitude will con-
tinuously pass through all the possible values during an
interval of time much greater than the correlation time
7,=Aw™ of the strong perturbing field, and the line
shift will also assume all the corresponding possible
values. This will show up as the inhomogeneous line
broadening. At each instant of time, the line shift is
proportional to the square of the field amplitude. For
a complex Gaussian field, the distribution of the square
of the amplitude is®s’

7

W,('8|2)=W | 812 )

exp(— I
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The other limiting case corresponds to perturbation
by a field with a broad spectrum, so that A, << Aw,
Physically, this corresponds to mean square perturbing
fields for which the mean absorption line shift is much
smaller than the width Aw of the spectral line of the
perturbing field. In this case, the line shift is propor-
tional to the mean square of the perturbing field, and
is equal to the shift of the absorption line in a mono-
chromatic perturbing field with the same power density.
The line broadening due to the perturbing field is

v=[am@a~ A

from which it follows that, for broad perturbing-field
spectral lines (Aw>> 4;), the absorption linewidth is
less than the line shift by a factor of Aw/4, and is pro-
portional to the fourth power of the root mean square
perturbing field. In the limiting case of small absorp-
tion line shifts, the field amplitude varies rapidly in
comparison with the mean line shift, and we have an
averaging of the instantaneous line positions relative to
the mean shift A;, which manifests itself as a small
broadening. The effective averaging time is the period
of the mean line shift 4,, i.e., the time necessary to
ensure a frequency measurement to within 4,. It is
clear that the degree of averaging of the instantaneous
line shifts is determined by the ratio of the mean time
for a change in the field amplitude 7, = Aw™ to the time
for averaging Ajl, i.e., by the ratio Aw/A,.

Thus, the results obtained for the two limiting cases
of perturbation of the atomic spectrum by radiation with
broad and narrow spectral lines lead to the conclusion
that the most important changes in the shape of lines in
the atomic spectrum, i.e., saturation of the line shift
and its broadening, become important when the center
of gravity of the line is shifted by an amount that is of
the order of, or greater than, the linewidth of the per-
turbing field. The change in the shape of atomic lines
in the intermediate region, i.e., for shifts of the cen-
ter of gravity of the order of the linewidth of the per-
turbing radiation, gives rise to the greatest difficulties
for theoretical analysis although it is clear that the one
limiting case must continuously go over to the other,

It should be noted particularly that the apparently ob-
vious continuous transition from the nonmonochromatic
to the monochromatic perturbation as the perturbation
linewidth Aw is reduced does not, in fact, occur. On
the contrary, the perturbed spectrum for broad perturb-
ing spectral lines is the closest in appearance to the
spectrum for monochromatic perturbation. As the per-
turbation linewidth decreases at constant intensity, there
is an increase in the difference between the spectra per-
turbed by nonmonochromatic and monochromatic radia-
tion. The absence of a limiting transition from the
Gaussian to the monochromatic field with reducing line-
width is due to the difference between their statistics.

In the case of a Gaussian field, the amplitude is vari-
able and runs through all the realizations during the -
time of detection of the perturbed spectrum A¢> Aw™,
As the linewidth Aw decreases, there is an increase in
only the time necessary for the realization of all the
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FIG. 13, Measurement of the change in the Zeeman absorp-
tion line for auxiliary radiation (w) of cadmium in the pres-
ence of narrow-band noise field of frequency ALY

values of the field amplitude. In the case of a mono-
chromatic field, the amplitude remains constant
throughout the time of recording of the spectrum.

Let us now consider experiments on the perturbation
of the atomic spectrum, using Gaussian noise radiation
in the radiofrequency band and designed to verify the
theory in terms of the two-level model. %! The method
of double radio-optical resonance’®’ was used in these
experiments to investigate the change in the shape of
the Zeeman line seen in absorption when weak auxiliary
radiation of frequency w, illuminated Cd''® atoms ex-
posed to a narrow-band Gaussian noise field formed
from white noise by linear rectangular filters (Fig. 13).

Figure 14 shows the measured absorption line shift
A as a function of the square of the perturbing field
strength, For small noise fields, the shift A is the
same as for a monochromatic perturbing field. It was
established that, under these conditions, the absorption
line shape was not very different from the Lorentz pro-
file (Fig. 15), and its broadening was proportional to
the fourth power of the perturbing field strength, in ac-
cordance with the theoretical predictions [formula (21)}.
However, the absorption-line shift saturates in high
noise fields. Saturation becomes important for line
shifts AE of the order of the spectral linewidth Aw of
the perturbing radiation. It was established that, when
the shift AE reached saturation, the line shape became
. highly asymmetric (Fig. 16): it was exponential in the
direction of the line shift, and the linewidth was propor-

4 Monochromatic
1 field
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FIG. 14. Shift A of the maximum of the Zeeman absorption
line as a function of the square of the perturbing field. The
shift is in units of the half-width of the original line, and the
square of the field is in units of 2v%/ rz'yﬁ where 7, is the pa-
ramagnetic ratio and Aw the linewidth.
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tional to the square of the perturbing field, The line
profile is in agreement with (21) to within experimental
error.

The conclusion that we may draw from our review of
experimental data is that they are in agreement with
the theoretical predictions. The most important of
these is that the line shift in the atomic spectrum satu-
rates, and that the lines are broadened by a Gaussian
field when the shift of the center of gravity of the lines
is of the order of, or greater than, the linewidth of the
perturbing radiation. Another interesting experimental
result was the discovery of substantial fluctuations in
the absorption coefficient for the auxiliary radiation,
which are absent when a monochromatic perturbing
field is used, '7-%%

11. Experimental results and comparison with theoretical
calculations

The character of the weak perturbation of bound elec-
tronic states by linearly and circularly polarized light
is qualitatively quite clear. Therefore, the main prob-

- lem for experimental and theoretical calculations is to

obtain quantitative data on dynamic polarizability, The
differences between the spectra of particular atoms,
the sharp dependence of polarizability on light frequen-
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cy, and the large relative frequency changes, all dem-
onstrate the difference between the resulting situation
and the usual situation in a constant field. It is desir-
able to carry out calculations on dynamic polarizability
as a function of frequency for different typical atomic
configurations (one optical electron, closed shell, and
50 on) and to obtain experimental data at individual
characteristic points (near the midresonance zero per-
turbation, near resonances, and so on), which could
then be used in comparisons between measured and com-
puted data. This should lead to optimum computational
methods which can then be applied to other cases that
can be regarded as analogous.

A useful procedure is to divide all the experimental
data into three groups corresponding, respectively, to
the perturbation of the ground, low excited, and high
excited states. In contrast to the low excited states,
the high excited states will be defined as those from
which single-photon ionization can take place for a fixed
frequency of the perturbing field.

a) Perturbations of ground states. The ground
states of atoms have the smallest width and their shift
can be detected for perturbing field strengths of the
order of 1 V/em. Such fields can be produced by con-
tinuous sources of radiation, so that it is much easier
to ensure spatial uniformity of radiation over the tar-
get and a constant intensity.

The first group consists of experiments concerned
with transitions between the sublevels of the ground
state (Zeeman or hyperfine structure components). All
that can be measured in these experiments is the dif-
ference between the shifts of two sublevels, but the
shift of the center of gravity of the ground state can not
be determined. The first experiments, performed by
the method of double radio-optical resonance, showed
qualitatively that shifts of the order of 1 Hz could be
determined in the case of the magnetic sublevels of the
ground state of the mercury atom. '’ ™! The dependence
of the Zeeman splitting frequency on the presence of a
perturbing optical radiation with two circular polariza-
tions was investigated. The sign of the Zeeman fre-
quency is different for different polarizations since, in
the case of ¢* polarization, the m =~1/2 sublevel is
largely perturbed whereas, in the case of ¢~, this oc-
curs for the m =+1/2 sublevel. The broadening of res-
onances was not observed, and this is in good agree-
ment with calculations [see Sec. 10, Eq. (21)].

Quantitative data on the shift of atomic ground states
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FIG. 17. Level scheme of Rb® (a) and shift of the hyperfine
transition frequency wgy., as a function of perturbing-light in-
tensity (b).

727 Sov. Phys. Usp., Vol. 19, No. 9, September 1976

Ao, kHz
a5k
/\ FIG. 18. Frequency
/ \‘\a shift Aw of the 0—-0 tran-
'~ sition in cesium as a
4 function of the frequency

1\\ / difference A £ between
,\J the laser and the absorp-
. tion line,[73

T T T T T

PN VY ST SR TR SO T S B

-1 7 1 59,GHz

by a light field were obtained in'™), These experi-

ments were also performed by the double radio-optical
resonance method and were concerned with the shift of
the 0-0 hyperfine transition frequency for the ground
state of Rb® atoms (Fig. 17). The frequency of the
hyperfine transition was perturbed by radiation from a
high-frequency rubidium lamp with spectral linewidth
of the order of 0.01 cm™ and mean frequency close to
the frequencies of the resonance D; and D, absorption
lines of the principal doublet of rubidium (frequency dif-
ference of the order of 0,01 cm™). The sublevels of
the hyperfine states with n=0 are not shifted in a con-
stant magnetic field (terrestrial and laboratory fields)
and, therefore, the 0-0 transition line has the smallest
width, amounting to about 100 Hz for concentrations of
the order of 10'° ¢m=, Figure 17b shows the measured
and calculated frequency shifts for the 0-0 hyperfine
transition as functions of the intensity of the unpolarized
perturbing radiation. In this calculation, the different
magnitude of the departure from resonance of the fre-
quencies of the perturbing radiation and the atomic D
lines (the corresponding virtual transitions provide the
main contribution to the shift of the ground-state levels)
was taken into account by assuming that each of the har-
monics shifted the ground state independently and the
contributions of the different harmonics were summed
with weights depending on the closeness to resonance
and intensity. It is clear from Fig. 17b that the cal-
culations satisfactorily reproduce the experimental
dependence. This agreement demonstrates that a suf-
ficiently precise calculation of the hyperfine transition
shifts can be carried out on the basis of second-order
perturbation theory by summing the contributions of
the different harmonics to the level shift.

In a recent paper, '™’ Arditi and Picoque investigated
the shift of the 0-0 hyperfine transition frequency for
the cesium atom (w=9192.63 MHz) in the radiation field
of a continuous GaAr laser with wavelength close to the
D, absorption line of cesium (8521 A). They found that,
for small line shifts, the shape of the line was unaf-
fected, whereas the sign and the dependence of the fre-
quency shift Aw on the frequency difference Af = w; - wy
between the laser and the cesium absorption line were
in good agreement with theoretical predictions (Fig.18).

The above group of experiments is characterized by
the fact that they were concerned with the difference
between the shifts of two ground state levels. The
method of two-photon spectroscopy, using beams travel-
ing in opposite directions, has been used to investigate
the shift of the ground state in the case of the sodium
atom, ™! Two-photon excitation of the 3S,,,~4D;,,
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FIG. 19. Level scheme of sodium (a) and shift of the 3S
ground-state level of sodium as a function of perturbing-light
intensity (b).

transition was carried out in these experiments in the
case of sodium vapor using opposing beams generated
by two cw dye lasers with wavelength A =589 and 569
nm. The occurrence of two-photon transitions was
monitored by recording the 4P-3S (330 nm) fluores-
cence produced as a result of the spontaneous relaxa-
tion of the 4D state (Fig. 19). The shift of the 35, ,,
ground state was induced mainly by the 589-nm radia-
tion which was close to the wavelength of the 3S-4P
transition. The shift of the ground state could there-
fore be investigated by ensuring that the intensity of the
589-nm exciting field was much greater than the inten-
sity of the second field, and by measuring the change
in the frequency of the two-photon excitation (Fig. 19).
The observed shift of the 3S,,, level was much smaller
than the Doppler broadening; it could not be measured
witheat using light beams traveling in opposite direc-
tions, The measured level shift was found to be satis-
factorily described in terms of the two-level approxi-
mation.

In conclusion of our review of studies of the pertur-
bation of the ground states of atoms, we note that all
the experiments which we have discussed were per-
formed under conditions where the main contribution to
the perturbation of the ground state was due to a single
virtual transition with well-known oscillator strength.
It is too early to draw any general conclusions with re-
gard to the validity of the calculations from the satis-
factory agreement between the calculations and the ex-
perimental data because the volume of experimental re-
sults is still quite small.

b) Perturbations of low excited states . The char-
acteristic feature of experiments on low excited states
is the absence of one-photon ionization from the excited
state. The relatively substantial natural width of the

. excited states (due to the spontaneous relaxation of these
states) means that strong fields have to be used to pro-
duce perturbations exceeding this width. Thus, fields
in excess of 10* V- cm™ have to be used and can be pro-
duced only with the aid of laser radiation.

A polarization method was used in?¥! to investigate

the splitting of the D, and D, lines of the principal dou-
blet of K (4S,,,~4P,,, and 4S,,,—4P;,, transitions, re-
spectively) in linearly and circularly polarized ruby
laser radiation. The laser used in these experiments
was operated under multimode generation conditions
_without mode locking. The total spectral linewidth was
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about 0,01 A. The ruby-laser radiation had a wave-
length close to the wavelength corresponding to the
4P,;,-8P,;; (A=6939 A) transition, so that only the D,
line was subject to splitting in the case of linear polar-
ization of the laser radiation because of the shift of the
+1/2 sublevels of the 4P;,, state (Fig. 20) whereas, in
the case of circular polarization, both D, and D, were
split. The latter splitting was expected to be much
smaller, and this was, in fact, confirmed experimen-
tally,

Quantitative studies of the D, and D, line shifts in the
case of the potassium atom were investigated inf13? yg-
ing absorption of auxiliary light. Linearly polarized
radiation from a ruby laser (A =9642.5 A) with a line-
width of about 0.01 A was used as the perturbing field.
The laser was operated under multimode conditions with-
out phase locking inorder to achieve maximum spatialuni-
formity in the intensity distribution, It was found thatthe
shift of the center of gravity of these absorption lines
was a quadratic function of the laser field up to & =5
x10° V/em™, and the shift constants were found to be
@(D;)=(0.2+0.1)x10™ em?/V? em™ and a(D,)=1.0
+0.5x10" em/V2 ecm®. These constants are de-
scribed by the calculations reported in'"? to within ex-
perimental error. These experiments have revealed a
considerable broadening of the D lines as compared with
their shift. At the same time, estimates based on the
relationships given in Sec. 8 in the case of monochro-
matic fields indicate that the broadening should be
smaller than the shift by at least two orders of mag-
nitude. It is suggested in'™3 that this broadening is due
to the amplitude modulation of the perturbing field.
This proposal was confirmed in™’ for the change in the
shape of the D, line in the absorption spectrum of the
rubidium atom (7800 A) in the field of a multimode dye
laser with a spectrum width of the order of 1 A and
wavelength close to the D; wavelength (7947 A). It was
found that the perturbing field produced a broadening of
the D, line up to about 10 A, and a similar shift of its
center of gravity. We note that this large broadening
cannot be due to the spatial and temporal nonuniformity
in the distribution of the radiation,

Relaxation of excited states has been used to deter-
mine the shift of the resonance lines A =5461 A (73S, -
6°P,) and 1=4358 A (7°S,~6°P,) of mercury in neodymium
laser radiation (A=1.06 p).%*2*! Multimode laser

.
550, £ by ———11
L3574 "/
4Py 147 By +%‘
I/Pw 2774 opw X7
. =< ¢
g g 5] sl SE
5 S o
450 48y, *92 452 -}/z :
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FIG. 20. Splitting of potassium levels in ruby-laser radiation.
a—unperturbed level scheme, b—level scheme in linearly
polarized laser field, c—in circularly polarized laser field.
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TABLE I. Measured and calculated shifts of the 733, state of
mercury by 1. 06-p,‘radiatiox;.

: AFexp, AFEtheors  |Fied, V em™ AEexp, AEheqrs
Fied, V cm™ | em™[23) cem™? s8] em™1822) em” 1]
1.5.10% 0.085 0.098 4.3-105 0.44 0.65
3.5-10% 0.3% 0.48 6.0-10% 0.88 1.3

radiation without mode locking was used with a spectral
linewidth of about 10 A and linear polarization. These
lines correspond to transitions from the same state
(7°S,; Fig. 21). It was established that the lines were
shifted toward the short-wave region in proportion to
the square of the light field strength, and the absolute
magnitude of the shift was the same for both lines to
within experimental error (approximately 15%). It was
therefore concluded that the shift was connected mainly
with the shift of the 7°S; level. Calculations of the shift
of the 5461-A resonance line by the 1.06-p radiation
showed that the line shift was, in fact, determined by
the shift of the upper 7°S, level of mercury, the polar-
izability of which was higher by an order of magnitude
than the polarizability of the lower 63P, level. ™’ Com-
parison of observed and calculated shifts of the 5461-A
line (Table I) showed that the measured shifts were
satisfactorily described by the calculations but were
systematically somewhat lower than the theoretical val-
ues and this difference increased with increasing inten-
sity of the perturbing laser radiation. A possible rea-
son for this discrepancy may be line saturation due to
the fact that the perturbing laser radiation was not
monochromatic.

In conclusion of our review of studies of the lower ex-
cited states, we note the exceptionally small amount of
available experimental data. Nevertheless, the results
discussed above have broadly confirmed the validity of
the methods employed and the high precision of the ex-
perimental data.

c) Pevturbations of the upper excited states. In ac-
cordance with the above classification, the upper ex-
cited states are the electronic states for which the sin-
gle-photon ionization channel is open for a given per-
turbing-field frequency. The high field strength neces-
sary for the observation of perturbations of highly ex-
cited states is due to the short lifetime of these states
for the ionization process. Hence, independently of the
process responsible for the atom being in the excited
state, the observation of this state through the absorp-
tion or emission of light is, in practice, quite difficult.

eV
879
W/

FIG. 21. Transitions in
the mercury atom,
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However, it is possible to use resonance multiphoton
ionization in this case.

Three measurements performed by this method have
been reported in the literature!™="1 (Table II), The
four-photon resonance in the case of five-photon ioniza-
tion from the metastable 23S state of the helium atom
has been observed by measuring the function W(g)
for a number of fixed radiation frequencies. The func-
tion W(w) was measured in other cases for a number of
fixed values of the field strength. Allthese experiments
were performed with linearly polarized radiation.

Let us consider some of the properties of these tran-
sitions. A single-frequency laser was used in the ex-
periment with the cesium atoms. The resonance 6F
state of the cesium atom is the doublet 6F;,,, 6F,,,
which, in the absence of the external field, is known to
have a splitting of about 0.1 ¢m™. In the case of the
three-photon resonance in a field of 10® V. cm™, the
interaction with the field is much greater than the spin-
orbit coupling, so that the 6 F doublet can be looked
upon as a single level, the total angular momentum of
which is equal to the orbital angular momentum. Ina
linearly polarized field, the 6F state should split into
four components with magnetic quantum numbers m =0,
1, 2, 3, respectively. The three-photon transition
from the initial 6S (m =0) state is allowed only to the
resonance 6F (m =0) state, i.e., a single resonance

~maximum should be observed, and this is confirmed by

experimental data. We also note that calculations!®’

yield the following values for the real part of the dy-
namic polarizability: «(6S)=-350 and a(6F)=625 a,u.,
i.e., the main contribution to the resultant polarizabil-
ity of the 6S—6F transition is the polarizability of the
ground state, The measured dependence of the 6S-6F
transition energy onthe light intensity is shown in Fig. 22.

The data on the 2%§-143D transition in the helium
atom, shown in Table II, are the most reliable example
among a large volume of data on four-photon transitions
from the 23§ state to the higher S and D states, reported
in a series of experiments on the resonance five-photon
ionization of metastable helium, %7 A multimode laser
with spectrum width of the order of 3 cm™ was em-
ployed.

TABLE II. Polarizability ag, in linearly polarized field
(experiment),

Atom -7 hw, eV ~ €N cm™® ‘ G, rs at. units) Reference )

i

He* | 215 —61S 1.78 5106 5600 o

He* | 235 —143§ 1.47 108 ~40 000 7

Cs 65 —6F 1.17 108 580 8
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FIG. 23. 2!$—6!S transition en-
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The experiment on three-photon ionization from the
metastable singlet state of the helium atom by radia-
tion from a multimode ruby laser (Aw=0.1 cm™) in
which intermediate photon resonance was produced””
is the most difficult to interpret. As already noted, in
this special case, the fieild dependence of resonance and
nonresonance perturbations is the same (~§2), so that
one cannot say a priori which effect will predominate.
The change in the 2'5-6'S transition energy is propor-
tional to the square of the field strength (Fig. 23), but
the constant « is lower by an order of magnitude than
predicted by perturbation-theory calculations, 55

Only one experiment on the same 6S—6F transition in
the cesium atom has been reported®’ in circularly po-
larized light. Resonance was observed for linearly and
circularly polarized light with a fixed field strength of
10° V- cm™ (Fig. 24). The observed change in transi-
tion energy was found to depend on the polarization..
Experimental data for circularly polarized light (as-
suming that the perturbation is a quadratic function of
the field) yield the following value for the dynamic po-
larizability: @(6S ~6F)=(9.4x3.2)x10? a.u. The 6F
level splits into seven sublevels in a circularly polar-
ized field (the spin-orbit interaction can be neglected in
comparison with the interaction with the field), corre-
sponding to the possible discrete values of the compo-
nent of the total angular momentum along the direction
of propagation of the wave (m =0, +1, £2, +3). The
three-photon resonance transition (Am =x1) occurs
from the ground state 6S (m =0) to the 6F state (m =+3)
where the sign is determined by the sign (left or right)
of the circular polarization of the field. Since the per-
turbation of the ground (6S) state is independent of the
polarization of the field, the polarization dependence of
the change in the 6S—6F transition energy is due to the
difference between the polarizabilities of the 6F (m =0)
(linear field) and 6F (m =+ 3) (circular field) sublevels.

We now return to Table I which summarizes all the
quantitative results. Firstly, it is seen that the per-
turbation is proportional to the square of the field.
Secondly, in the last two cases, where it is known a
priori that the perturbation has a nonresonance char-
acter, the change in the transition energy is in satis-
factory agreement with calculations.

d. Conclusions. We must now attempt to summarize
* all the data on perturbations of isolated atomic levels by
a light field. The conclusions are as follows.

The first point that must be noted is that there is good
qualitative and quantitative agreement between esti-

" mates and calculations, on the one hand, and practically
all the available experimental data, on the other. It
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would, however, be an error to overestimate this opti-
mistic situation because the second and undoubted point
to note is that there is exceptionally little experimental
material (only two or three examples in each case). It
is very desirable to extend the experimental data, es-
pecially quantitative data on shifts, and data on broaden-
ing, which are totally absent. The third point concerns
the importance of further studies of the effect of a non-
monochromatic perturbing field. Finally, we have so
far totally ignored the limits of the perturbation ampli-
tude, i.e., the field-strength range within which the
perturbation of an isolated level can be described by the
first (quadratic in the field) term of the expansion of the
dynamic polarizability, This question is discussed in

Chap. VL.
IV. ELLIPTICALLY POLARIZED FIELDS

12. Nonconservation of the z-component of orbital
angular momentum. Kramers theorem for a variable
field

When an atom is placed in an external field, the
spherical symmetry of the atomic Hamiltonian is vio-
lated and the total angular momentum is not conserved.
It is well known, for example, that, for a spin-orbit
multiplet, an increasing magnetic field will break the
LS coupling, and the Zeeman effect will go over to the
Paschen-Back effect. This corresponds to the fact that
the total angular momentum of an atom in a weak field
can be approximately regarded as a good quantum num-
ber, and this approximation improves as the field be-
comes weaker. In a strong field, the total angular mo-
mentum of the atom is no longer conserved and the qua-
sistationary states are superpositions of states with
different angular momenta. The analogous transition
from a weak constant electric field, for which the inter-
action energy is much smaller than the fine splitting en-
ergy, to a strong field, in which the opposite situation
prevails, is seen in the Stark effect in the hydrogen
atom as a transition from the quadratic to the linear
effect. '’ However, in the case of constant fields—
both electric and magnetic—the Hamiltonian exhibits a
cylindrical symmetry associated with the direction of
the external field. The component of the angular mo-
mentum along the axis of symmetry continues, there-
fore, to be conserved and the levels can be classified in
terms of the magnetic quantum number for any field
strength., This is well known in the theory of the Stark
and Zeeman effects, 1831
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FIG. 24. Resonance increase
in ion yield N; in four-photon
ionization of cesium during the
appearance of an intermediate

i three-photon resonance between
't the 6S ground state and the 6F
state in the field of linearly (1)
and circularly (2) polarized radi-
ation of fixed intensity. 6F—
transition frequency in zero
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The essentially new point, specificfor variable fields,
is that it is possible to produce fields that do not have
axial symmetry, namely, elliptically polarized fields.
The quasistationary states of an atom in such fields are
superpositions of states with different magnetic quan-
tum numbers. Since, in the absence of the field, the
magnetic sublevels are degenerate, it is, in principle,
possible to observe the nonconservation of the z-com-
ponent of angular momentum in fields as low as con-
venient. The only restrictions are those due to the ca-
pabilities of the experimental arrangement.

Let us begin by considering the nature of the split-
ting of levels in an elliptically polarized variable field.
We recall that, in a constant electric field of arbitrary
configuration, the well-known Kramers theorem tells
us that all the quantum states of the system with an odd
number of electrons are at least doubly degenerate, !
When the variable field is linearly polarized, we still
have doubly degenerate levels with respect to the z-
component of the angular momentum except for the .

M =0 state which can occur in an atom with an even
number of electrons whereas, in a circularly polarized
field, the degeneracy is removed completely. We may
generalize these results by saying that degeneracy is
totally removed from an elliptically polarized field pro-
vided only the ellipse does not degenerate to a straight
line because, when it does, the degree of circular po-
larization (a pseudoscalar) is notzero, ®’ The Kramers
theorem can thus be generalized to the case of a vari-
able electromagnetic field as follows: “the quasista-
tionary states of a quantum-mechanical system with an
odd number of electrons are at least doubly degenerate
in a variable electromagnetic field in the absence of
circular polarization.” This also follows immediately
from the explicit form of the equations describing the
behavior of atoms'®’ and molecules'®’ in elliptically
polarized fields.

Despite the fact that a level with angular momentum
J splits into 2J +1 sublevels in both the elliptically po-
larized variable field and the constant magnetic field,
there is an essential difference between these two fields
insofar as the nature of the splitting is concerned.
Thus, in a constant magnetic field, we have an equidis-
tant separation between the sublevels which is deter-
mined by the g factor of the state'®’ whereas, in the
field due to a wave, the separationbetweenthe sublevels
is not constant and the relative separation is a function
of the degree of elliptic polarization. Unfortunately,
the situation is similar to that prevailing in the case of
a Zeeman multiplet in that the relative intensities of
the components of a spontaneous emission line, or an
absorption line for weak radiation, split by a strong
wave field, cannot be predicted theoretically in a suf-
ficiently general form. The calculations must be per-
formed for each individual state of each atom, and the
precision of such calculations is determined by the ac-
curacy with which the corresponding dynamic polariz-
abilities can be calculated.

13. Quasistationary states

We now consider an atom in an elliptically polarized
field. Let us take out from (7) the equations corre-
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sponding to a particular level with angular momentum
J (the remaining quantum numbers of this level will, as
before, be denoted by v,):

et NG
ihavom = A Vierat, vorate (2) Gugyme
i
i@y 13
S Vo, vim (£) €' OvoTvi Avjm,y

vjmsvoJ M

. o o 1
ygm = 2 Viim, voinr (t) € ¥ vol @oIM
m

r ye5 yrjet
+ S , i vim, vj'm’€ NV Qyrjrm,y

o 22)
where v, j, and m are the quantum numbers of the vir-
tual states. It is clear from physical considerations
that, if the atom is initially in the yJ state, whichdoes
not resonate at the frequencies w and 2w with other
levels, all the remaining states other than vy can be
regarded as virtual and their contribution to the yyJ
state can be taken into account by perturbation theory.
We therefore omit the second term on the right-hand
side of the second equation in (22), and integrate the
resulting equation with respect to time. The coeffi-
cients a, s, are slowly-varying functions of time [in
comparison with exp(iw,,, vt w)t], and they can there-
fore be taken outside the integral. Substituting the re-
sults into the first equation in (22), and retaining only
the slowly-varying functions of time in this equation,
we obtain
‘ (vod M 1dFE Vvim) (vim | 8%o | vgJ M)

0 —ik

* i
Qv iM = 75~ S

L ovjm, ML “)\'j, Vo

L vgJ M d‘_éo | vim) {(vim |d¥3 |vgI M)

- — i

dyoin’.
Oyj, vod J 0

(23)

As can be seen, states with different components of
the angular momentum of the atom are mixed in (22).
If the usual polarizability (10) is given by the coherent
part of the unshifted scattering tensor (22), which cor-
responds to the scattering of light without a change in
the state of the atom (M =M’), the equations given by
(22) will also contain the noncoherent part of the scat-
tering tensor corresponding to the reorientation of the
magnetic moment of the atom in space (M —-M'+M).
This is the physical significance of the additional terms:
scattering processes accompanied by a change in the
direction of the magnetic moment of the atom partici-
pate in the formation of the quasistationary states of
the atom in the field.

If we separate out the angular parts in (22), we can
rewrite the equations in the matrix form as follows'®’

.t i ~ N
a =?E()(")a. a=(a.y, -.., a5}

Q40 = s — v AM L, M2,

O 2= Oz o — s VIPSOI= I U - I @ 2= 10,

where E = £,¢¥ is the intensity of the radiation, the pa-
rameters u, w, v are defined in Sec. 8, and I and A are
the degrees of linear and circular polarization of the
wave, respectively; since the wave is assumed to be
fully polarized, 12+A%=1. Right (left) circular polar-
ization corresponds to A =1 (1), 1=0; linear polariza-
tion corresponds to I=1, A=0,

The solution of (23) can be written in terms of the
eigenvectors of the matrix @
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fr=arfn,  r=1,2,...,20 41, (24)
in the following form:
2741 14,
io= 3 et 0, (25)

r=i

where C, are constants determined by the initial condi-
tions,

Substituting this in (23), we obtain the following ex-
pression for the atomic wave function:

R PR LY LI LB 1Y)
“’("—;cr‘ T el (26)
> = AZ‘ £ eI M),

The functions ") are thus the wave functions for the
required quasistationary states of the atom in the field,
and the eigenvalues a, of the matrix é are the polar-
izabilities of these states. Thus, the determination of
the spectrum of the atom in the field is reduced to the
determination of the spectrum of the matrix §.

Let us consider some of the properties of this matrix.
We note, first of all, that § splits into a direct sum of
two three-diagonal matrices, each of which mixes the
states with |AM| =2, 4, ... . It is clear that this fact
follows from the choice of the quantization axis which
is taken to lie along the direction of propagation of the
wave. The perturbation of the spectrum is determined
by the virtual two-photon processes of the absorption-
emission and emission-absorption type, where, after
each such process, the quantum number M of the atom
is either unchanged or changes by + 2 since the wave
contains only photons with angular momentum compo-
nents of +1 along the axis. We note also that this prop-
erty of the matrix can be associated with the remaining
symmetry of the elliptically polarized field: rotation
through 180° about the wave vector does not change the
symmetry of the field. The effective Hamiltonian for
the atom in the field, i.e., the matrix §, cannot there-
fore have nonzero matrix elements between states with
laM| =1, 3, ... since rotation through 180° results in
a change of sign of the matrix elements whereas the
Hamiltonian should not change. The matrix § is sym-
metric and, therefore, its eigenvectors are orthogonal:
YufiPr$’) =S,,.. In certain special cases, therefore,
the constants C, can be found: if at the initial time the
atom is in the state M,, then C,=f7,. When the pa-
rameters u, v, w are real, the symmetry of the ma-
trix § ensures that it is self-adjoint, and the quasista-
tionary states ' are mutually orthogonal. On the
other hand, we already know that these parameters are
real when single-photon ionization of the atom from the
states v,dJ is impossible, i.e., when the quantity i1 in
the denominators in (23) can be omitted. If, on the
other hand, the single-photon ionization channel is open,
the parameters u, v, w become complex, the matrix @
ceases to be self-adjoint, and the quasistationary states
of the atom in the field are no longer mutually orthog-
onal. This means that if, at the initial time ¢, the atom
is in the state 7;, then for times ¢,>¢,; it can be found in
a state r,#7;.
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In linearly or circularly polarized fields, both the
bound state of the atom and the state in the continuum
have been characterized by the quantum numbers M. A
given quasistationary state with angular momentum
component M could split after the absorption of a strong-
field photon only into “its own” channel in which the
states have angular momentum component M in the case
of linear polarization and M =+1 in the case right-
handed (left-handed) polarization. The quasistationary
states and states in the continuum were thus found to
be in one-to-one correspondence. In an elliptically po-
larized field, where there are no selection rules for M,
there is no one-to-one correspondence between the
quasistationary states and the states in the continuum:
different quasistationary states can decay into a given
channel. If, on the other hand, two states »; and », are
not orthogonal to the same state in the continuum, they
will not usually be orthogonal to one another. Nonor-
thogonal overlapping states have a number of interest-
ing properties which can be seen in their decay and ex-
citation, and in the resonance scattering by them, "

In particular, the resonance scattering cross section
can no longer be written as the sum of the resonance
cross sections for each individual level. The resulting
interference terms may even lead to zero cross section
at a certain particular energy.

14. Results of calculations and experiments

For atomic levels with angular momenta J =0, 1/2,
there are no nondiagonal matrix elements of § and,
therefore, the eigenvalues of this matrix are equal to
its diagonal elements., For levels with angular mo-
menta 1 and 3/2, the determination of the spectrum re-
duces to the solution of simple quadratic equations. The
corresponding formulas expressing the spectral and
quasistationary states in terms of the parameters u, v,
w are given in'®?, In the case of levels with large angu-
lar momenta, the spectrum and the quasistationary
states can be found numerically. Figure 25 shows the
behavior of the real parts of the polarizabilities of qua-
sistationary sublevels of the 4f level of the potassium
atom in the field of a neodymium-laser heam. The pa-
rameters u, v, w were calculated on the basis of the
quantum defect model. The values §=0, 7/2 corre-
spond to right-handed (left-handed) circular polariza-
tion, The component of the angular momentum in the
direction of propagation of the wave is then conserved,
and the corresponding values of M are given in the fig-
ure on the left and on the right. The value 6=1/4 cor-

Rex -
P I :
{ | FIG. 25. Polarizability of the
AN A quasistationary sublevels of the
ﬁ{,” 7 4f state of potassium in an el-
0 liptically polarized field. Lin-
: ear and circular polarizations
are expressed in terms of the

angle @ as follows: ! =sinf A4
=cos26.
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responds to linear polarization. In this case, the com-
ponent of the angular momentum in the direction of po-
larization is conserved (broken line in the figure) and,
moreover, all levels other than M =0 are doubly degen-
erate in the sign of /. One of the two submatrices into
which the matrix § divides mixes the three states
M=+2, 0, and the other the four states M =+1, +3. In
the case of linear polarization, the eigenvalues of dif-
ferent submatrices turn out to be equal.

The perturbation of an atomic spectrum in an ellipti-
cally polarized field was observed experimentally int®’
by the method of resonance multiphoton ionization. The
four-photon ionization of the cesium atom by tunable
neodymium-laser radiation was investigated. The de-
gree of elliptical polarization was defined by the angle
6=32°. Three-photon absorption by the cesium atom
can be followed by resonances with the magnetic sub-
levels of the 6f level. Figure 26 shows the dispersion
relation for the probability of four-photon ionization as
a function of laser frequency. In general, the 6f state
splits into 2J +1 =7 sublevels but, in accordance with
general theory, only the four sublevels due to the mix-
ing of the states M =+1, +3 by the field are populated
during the three-photon absorption. The M =+2, 0 sub-
levels are mixed independently and are not populated
in this process. This prediction is confirmed by the
presence of the four resonances on the experimental
dispersion curve.

If we know the electric field strength in the laser
radiation field (in this particular experiment, it was
10® V-cm™), we can use the measured positions of the
resonances to determine both the values of », v, w for
the 6f level and the polarization of the 6f ground state
of the cesium atom. To do this, the eigenvalues of the
matrix § can be regarded as given, and the equations
for these numbers are solved for u, v, and w which are
present in the matrix elements. The observed positions
of the resonances are also found to depend on the shift
of the ground state of the atom, the polarization of
which is thus also found to be mixed in the equations.
The result of all this is that we have four equations
(corresponding to the number of resonances) for the
four unknown quantities. Table III shows the results of
a numerical solution of these equations, and the theo-
retical predictions obtained by the quantum defect meth-
od. The agreement between theory and experiment may
be regarded as satisfactory for all the quantities with
the exception of w, for which the theoretical and experi-
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mental values differ by an order of magnitude. The re-
sults reported infee! suggest that polarization experi-
ments are promising because they can be used to obtain
the maximum possible information on the matrix ele-
ments of the atoms, and to determine separately the
polarizabilities of states between which the transition
takes place. '

V. PERTURBATION OF THE SPECTRUM OF A
HYDROGEN-LIKE ATOM

15. Character of spectrum perturbation as a function of
the field frequency and strength

The spectrum of the hydrogen atom in an alternating
field has certain definite properties, the originof which,
i.e., degeneracy with respect to the orbital quantum
number, is the same as that of the linear Stark effect
in a constant field (in distinction to the quadratic effect
in other atoms). However, the transition from the
variable to the constant field is not trivial in this case.

Let us suppose that the interaction between the atom
and the wave field is much greater than the spin-orbit
splitting, so that the latter can be neglected. For the
n =2 shell, the corresponding electric field amounts to
about 10° V-cm™ and falls rapidly with increasing n
(approximately as »3). The field then mixes all the
states belonging to the shell with principal quantum
number n, The only states not mixed are those with
different values of the magnetic quantum number, pro-
vided the field is neither linearly nor circularly polar-
ized. Since the orbital angular momentum in the field
is not conserved, the states of the hydrogen atom will,
in general, have nonzero dipole moments, similarly to
the states with definite parabolic quantum numbers in
a constant field. The interaction of the atom with the
field is thus characterized not only by the polarizability
(as in the case of other atoms) but also by the dipole
moment,

However, the part of the interaction Hamiltonian that
corresponds to the constant dipole moment, i.e.,
d;-6(t), varies rapidly in time with the field frequency
w, in contrast to the component of the Hamiltonian that
is determined by the polarizability of the atom and is a
quadratic function of the field strength, so that it con-
tains terms that are slowly-varying functions of time.
For this reason, the permanent dipole moment begins
to have an effect only when the field frequency is not too
high or, more specifically, when

Idug | > hao. : (27)
In the opposite case, when

|4 | < Fio, (28)
TABLE III. Polarizability agg of the

ground state and values of », v, and w

characterizing the perturbation of the

6f state of cesium in an elliptically

polarized field. a

%68, u ? w
at. un.

Experiment'™! | 1240 | 933 | —540 | 100
Theory[®*1 1500 | 674 |—883 19
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the permanent dipole moment can be neglected in com-
parison with the induced moment despite the fact that
the latter is proportional to the external field strength
which is always much smaller than the atomic field.
Classically, this corresponds to the situation where the
permanent dipole moment does not succeed in following
the rapidly-varying external field, so that it provides
no contribution to the energy after averaging with re-
spect to time. A very strong field is necessary before
dipole-moment corrections to the energy become im-
portant, Of course, these corrections become qua-
dratic functions of thefield as a resultof this averaging.

In the optical band, where the field frequency is of the
order of the frequencies of the Balmer lines, condition
(27) can be satisfied only for field strengths of the order
of the fields in the interior of atoms, and there is no
point in considering quasistationary states of atoms in
this case. The condition given by (27) can, in fact, be
satisfied only in the infrared: fw & 0.1 eV for n=2, As
n increases, the upper frequency limit decreases as
n2, ’

If, on the other hand, condition (27) is satisfied, the
effect of the variable field on the atom leads not only to
a level energy shift, but also to the appearance of ad-
mixtures in the wave functions which depend on time
through the factors exp(+ inwt), i.e., the so-called qua-
sienergy harmonics. -] The appearance of the har-
monics is accompanied by the appearance of satellites
in the emission and absorption spectra of the atom,
which are separated from one another by the frequency
w,. The number N, of the harmonic with maximum
weight in the wave function is then found to depend on

the field strength., For very low frequencies, when (27)-

assumes the form
|48 | > ho, (29)

the number N, is a linear function of the field ampli-
tude. It is clear that all these spectral manifestations
of such states of the atom are as if the energy of the
atomic state were a linear function of the field strength,

However, (29) is not a sufficient condition for the ap-
pearance of the linear effect. The further condition is
that the corrections that are quadratic functions of the
field should be small, i.e.,

148 1> ag (30)

where a is the dynamic polarizability of the atom at the
particular frequency. We note parenthetically that con-
dition (30) is analogous to the same condition for a con-
stant magnetic field when it indicates that the quadratic
Stark shift is small in comparison with the linear shift.
However, in the case of a variable field, the fact that
(30) is not satisfied, but (29) is, ensures that many

(~ ®¢%/fw) barmonics are present in the wave function
with large weights and are separated from one another
by Zw. The shift of the center of gravity of an atomic
line is then a linear function of the field but, at the
same time, the total width increases in proportion to
the square of the field. ‘1!
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Using the numerical values of the parameters for the
hydrogen atom, {"®! it can readily be shown that condi-
tion (30) is satisfied when & <3x10%* V.ecm™?, It
follows that the simultaneous application of (29) and (30),
which will ensure an effect that is a linear function of
the field, imposes relatively stringent restrictions on
the field parameters. In the case of the CO, laser fre-
quencies (fiw=0,1 eV), the inequalities given by (29)-
(30) are satisfied only for states in the n =2 shell for
8~5%x10" V-cm,

16. Properties of quasistationary states

Even when (28) is satisfied, so that the permanent
dipole moment can be neglected, the difference between
hydrogen and other atoms is still quite substantial.
Thus, in the case of the hydrogen atom, we cannot use
the isolated-level approximation because the field pro-
duces strong mixing of states with different orbital an-
gular momenta, which aredegenerate in the absence of
the field. The consequence of the violation of the spher-
ical symmetry of the original Hamiltonian is that cer-
tain superpositions of states with different orbital an-
gular momenta are quasistationary. The situation is
simplified somewhat when the field is either linearly or
circularly polarized. Axial symmetry then remains
and ensures that the z-component of the angular momen-
tum is conserved. We shall confine our attention here
to the case of linearly polarized fields, but this will,
nevertheless, enable us to exhibit some of the features
that are characteristic for hydrogen-like states.

A method completely analogous to that used in Sec,
13 can be employed to obtain the following set of differ-
ential equations for the coefficients a, which define the
admixture of the |nlm) state to the quasistationary wave
function®®®’;

a =% & }_1, Queay,
m

- 1 20N n
Que= [ ;vs;_ (ONn— A2 —u?

(lm|d,| NLmy (NLm|d,|nl'm), (31)

where 8, is the amplitude of the electric field of the
wave which is parallel to the z axis. These equations
contain terms that are not diagonal in I, I' and corre-
spond to the contribution of scattering with a change in
the orbital angular momentum of the atom to the forma-
tion of quasistationary states. The solution of (31) can
be expressed in terms of the eigenvectors of the matrix
Q through (23)-(25). Let us consider some of the prop-
erties of this matrix and the ensuing properties of the
quasistationary states of the atom,

In accordance with the selection rules for electric
dipole transitions, which are well known in spectros-
copy, the operator 4, has nonzero matrix elements
only between states with different parity. In the case
of the hydrogen atom, the parity of a state is deter-
mined by the parity of the orbital angular momentum of
the electron, so that the quantity L in (31) has the op-
posite parity to that of [ and, therefore, [ and I’ have
the same parity. The matrix § therefore splits into
the direct sum of two submatrices, each of which mixes
states with only even or only odd orbital angular mo-
menta. The state of the hydrogen atom in a variable
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field will, therefore, also be characterized by definite
parity just as in the case of the free atom which has a
fixed orbital angular momentum. We recall that the
states of the free atom, characterized by parabolic
quantum numbers, do not have definite parities. Of
course, this property is a consequence of condition (28),
which we have assumed. In particular, in the n=2
shell, the 2s and 2p states are not mixed by the vari-
able field whereas, in the n=3 shell, the 3p state is not
mixed with other states.

As already noted, in the case of mixing, the quasi-
stationary states are superpositions of states with dif-
ferent orbital angular momenta, It follows that, if the
lifetime for the radiative decay of a state with a given
angular momentum is large, then when the strong field
forces it into a state with a short lifetime, the atom
will decay mainly from this state. Conversely, an atom
occupying a state with a short lifetime, prior to the in-
troduction of the field, will decay more slowly after the
imposition of the field because of its transfer by the
field to a relatively long-lived state. It is, however,
clear from these considerations that the imposition of
the field cannot lead to the formation of new metastable
states of the atom. In particular, the width of the qua-
sistationary state of the atom in the field cannot be less
than the smallest of the widths of the free-atom states.
Similarly, the lifetime of an atom for decay cannot be
very sharply reduced: the width of the quasistationary
state of an atom in a field cannot be greater than the
largest of the free-atom widths.

Mixing does not change the individual mean width or
the mean energy shift of levels of even or odd parity,
as compared with values found without taking mixing
into account, This follows from the invariance of the
trace of the matrix under a diagonalizing transformation,

When the single-photon ionization channel for states
in the shell » is open, the matrix @ is no longer self--
adjoint and the quasistationary states of the hydrogen
atom in the field become mutually nonorthogonal, just
like the magnetic sublevels of any other atom in an el-
liptically polarized field.

Finally, we note an asymptotic property of the ma-
trix §. When w~—w, the nondiagonal elements of the
matrix tend to zero more rapidly than the diagonal ele-
ments. In the limit of high frequencies, therefore, the
orbital angular momentum again becomes a good quan-
tum number.

17. Numerical and experimental results

The evaluation of the matrix elements and the deter-
mination of the spectrum of eigenvalues of the matrix
(31) were performed in™?? for ruby (Fw =14400 cm™)
and neodymium (%w =9440 cm™) laser radiation of linear
and circular polarization and states belonging to the
n=1-6 shells., The general result of these calculations
is that the polarizabilities have the high-frequency
asymptotic behavior predicted by (14) (this corresponds
to the addition of the energy of a free electron in the
wave field to the energy of the atomic level) almost im-
mediately after the single-photon ionization channel for
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states in the given shell becomes open. This has a
simple physical interpretation and indicates that the po-
larizability of states in the given shell is due to inter-
action with states in the nearest neighboring shells. It
is clear, however, that the ionization potential of the
given shell may be very different from the ground-state
ionization potential, and the asymptotic behavior pre-
dicted by (14) is, strictly speaking, valid only when the
energy of the field quantum exceeds the ground-state
ionization potential,

The modification of the spectrum of the hydrogen atom
by a variable field was investigated experimentally in™®,
The CO, laser (A=10.6 u) was operated under contin-
uous generation conditions, and the laser beam was
focused on a target consisting of excited hydrogen
atoms. The spontaneous emission of these atoms cor-
responding to the H, line (n =6 —n =2) was investigated.
The laser produced 3—4 mW - cm™2 radiation power.

. The observed emission spectrum is shown in Fig. 27.

The large peak on the right corresponds to the undis-
turbed H, line and is due to the emission of atoms out-
side the laser focus. The peak on the left is emitted
from the focal region and, therefore, the correspond-
ing wavelength is shifted.

Theoretical estimates of the shift of the H, line re-
ported in‘® %! indicate a qualitative agreement with ex-
periment.

Unfortunately, the experimental data available at
present are clearly insufficient for a systematic com~
parison with theory. In particular, it would be very in-
teresting to have observations of the field splitting of
the hydrogen atom lines and of the appearance of for-

bidden lines which are predicted theoretically int®?,

VI. STRONG NONRESONANCE PERTURBATION OF
THE ATOMIC SPECTRUM

18. Limits of validity of perturbation theory.
Hyperpolarizability - .

Because of the large number of parameters that have
to be included, there is no single criterion defining the
limits of applicability of perturbation theory in the de-
scription of the perturbation of an atomic spectrum by
a light field. In the case of single-photon ionization of
a nondegenerate low-lying excited state, perturbation
theory ceases to be valid for fields of the order of the
atomic field; however, when this is so, the problem it-
self ceases to exist. In other cases, the number of ab-
sorbed quanta, or the quantum numbers of states, are
the large parameters determining the range of values
for the fields which are small in comparison with the
atomic field but, at the same time, sufficiently large
for perturbation theory to break down. The simplest
example is provided by the two-level system in a low-

A
FIG. 27. The Hy line of hy-

drogen in the absence of the
perturbing field and in a field
of 10 V- em™. The shaded
area is produced by the

: (931
a5 a4 0 v A4 fleld
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frequency field. It is shown in'® that perturbation
theory is violated for fields of the order of § ~ JwAE, 18ats
where AE;, is the level separation.

The role of quantum numbers and numerical param-
eters can also be estimated for a low-frequency field.
This can be done on the basis of well-known results for
the hydrogen atom in a constant field, which canbe used
approximately for a low-frequency field. It is readily
seen that perturbation theory is valid when n'§ « 1,
where n is the principal quantum number of the partic-
ular state. It is clear that, even for small values of
n, perturbation theory breaks down for field strengths
much smaller than the atomic field.

The energy shift §F, of the ground state of the hydro-
gen atom in a constant field is given by the following ap-
proximate formula: 0E,~ -g23 7, C,(108)*", where the
coefficients C, are of the order of unity (in particular,
Cp=2.25, C=0,55, C,~0.49, C;=0.79, and C,
=1,94).%"1 Thus, perturbation theory breaks down for
fields that are lower by an order of magnitude than the
atomic field. There are no symbolic parameters in
this problem, but there is a numerical parameter which
can be explained as follows. The expression for 6E
could have been obtained from the quasiclassical ap-
proximation, followed by an expansion in powers of 82,
Of course, since the state which we are considering is
the ground state, the well-known Bohr quantization rule
is insufficient and must be augmented by first-order
corrections with respect to the quasiclassical param-
eter. ® The inclusion of these corrections results in
a reasonably satisfactory expression. The quantiza-
tion rule for OE contains the quantity mz and not », so
that the above criterion for the validity of perturbation

. theory is in fact (mn) *8 <1, and this shows why the
criterion takes the form g < (m)™8,, ~ 102§, even for
n~1,

The next term in the expansion of the dynamic polar-
izability of a given state in powers of the field strength
can be used to describe moderate departures from low-
est-order perturbation theory. This term is calledthe
hyperpolarizability.

The difference between the hyperpolarizabilities of
states 0 and r determines the correction to the change
in the transition energy AE,.(&) due to the inclusion of
the next order following the lowest order of perturba-
tion theory. As noted above, the introduction of hyper-
polarizability is useful whenever the usual polarizabil-
ity lies between the resonances in the frequency w and

- becomes anomalously low. In the opposite case, we
find that either the hyperpolarizability is small in com-
parison with polarizability, and need not be taken into
account, or the two are of the same order, in which
case the entire series in & must be taken into account.

The ground-state hyperpolarizability was calculated
in'®? for hydrogen, the alkali elements, and the noble
gases as a function of frequency and polarization of
light. The results for the alkali atoms show that terms
of the order of &* are comparable with terms of the or-
der of &2 even in fields of 10° V-cm™. Since, in this

case, terms of the order of §2 are not anomalously low _
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(i. e., they do not lie in the gap between resonances),
this range of values of the field does, in fact, define the
limits of validity of perturbation theory. One would ex-
pect that, in such fields, all the terms in the expansion
in & would be of the same order of magnitude. The
reason why the limiting field is so low is, clearly, due
to the large quantum numbers of the ground states of
the alkali atoms and the numerical factor 1/74, men-
tioned above,

Finally, we note that, when perturbation theory is
substantially violated for a real atom, the very expan-
sion of the solution into a series in & may be incorrect,
This is so because perturbation theory series do not
allow for tunneling transitions. From the mathemati-
cal point of view, tunneling means that the dynamic po-
larizability has an essential singularity at § <0. The
tunneling transition channel predominates over the
multiphoton transition channel (described by the per-
turbation theory series) whenever E.,;§ E,. When this
condition is satisfied before the above condition for the
breakdown of perturbation theory in an increasing field,
the introduction of higher-order corrections to the
multiphoton transition probabilities will, in general,
be quite pointless. If we consider only the transition
frequency w, we readily see that, as ¢ increases, the
condition E,, < E, is first violated and then the condi-
tion § <Jw/E,8,, breaks down (in other words, tunnel-
ing begins to occur before higher-order corrections to
the multiphoton transition probability become impor-
tant), This is why, as a rule, there is little point in
introducing these corrections. Nevertheless, this
question must be investigated in each specific problem
because the quantum numbers, the dipole matrix ele-
ments, and the numerical factors may turn out to be
additional large parameters operating in either direction.

For a fixed value of the field strength, tunneling has
a much smaller effect on the real part of hyperpolar-
izability than on the imaginary part, because the prob-
ability of the tunnel effect is exponentially small in §
and the hypeérpolarizability is proportional to #*,

19. Theoretical methods outside the framework of
perturbation theory

The absence of sufficiently general criteria for the
applicability of perturbation theory naturally draws at-
tention to other methods of studying perturbations of an
atomic spectrum by a light field. Among the various
approaches to this problem, we shall select two,
namely, the exact solution and the quasiclassical ap-
proximation, This choice is dictated by the importance
and uniqueness of the results obtained by these meth-
ods. Other methods will be briefly mentioned in the
Conclusion,

The main difficulty that arises in any attempt to ob-
tain an exact general solution is connected with the fact
that the spatial and temporal variables inthe Schrddinger
equation cannot be separated.

A very considerable simplification occurs when the
external field is circularly polarized. The time-depen-
dent Schrddinger equation can then be reduced to a
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time-independent form by a suitable transformation of
the wave functions. ™ This approach has been
used™%101 to treat the behavior of a negative ion (in
general, a particle in a short-range potential) in a cir-
cular field of arbitrary strength, including values com-
parable with the atomic field. Although the solution of
this problem demands the use of a computer, it is in-
comparably simpler than the general case in which the
temporal and spatial coordinates cannot be separated.
The eigenvalues of the problem were obtained inf00,101]
where it was found that the real part determined the en-
ergy shift in an arbitrary field, and the imaginary part
determined the probability of nonresonance ionization.
The results are valid for fields of arbitrary strength
and frequency. In the case of weak low-frequency
fields, the results obtained for the imaginary part of
the dynamic polarizability (i.e., the imaginary part of
the eigenvalues) become identical with the well-known
results reported in"! {or, more precisely, the results
given in1%27 where the case of circularly polarized
fields was investigated). Even in the case of weak
fields, the results reported in“*%! are preferable to
those in™%! because the level shift and the transition
probabilities given int1%%10! are obtained as a result of
a general solution of the problem, and the method used
does not demand that the multiphoton condition % = (I/
7w +1)> 1 should be satisfied. For example, for non-
degenerate states in the limiting tunneling case (v
=w/E,/€> 1), the energy in the external field is, as
expected, ‘1011

E (€)= E,+C&-+iC'e~C8,

where C=-1/32E2, C'=-1/4/ZE}/%, C" =(4/2/3)E}/?
are constants that depend on the unperturbed energy E;.
The real part of E(g) thus determines the usual level
shift, which is quadratic in the field, and the imaginary
part determines the tunneling probability from the given
state through the potential barrier. In the multiphoton
case, when y> 1, we have :

B=rote (=B [(1+ )"+ (-5 -2

The imaginary part of this expression determines (for
w/Ey>1) the probability of single-photon ionizationfrom
the particular level,

Figure 28 shows the results of exact calculations of
the level shift and width, It is clear from these graphs
where the departure from perturbation theory first sets
in. The slower increase in the level width as the adia-
batic parameter approaches unity can be qualitatively
understood in terms of the results reported in'®’: for
fixed I and w, the increase in the probability for y~1
occurs more slowly than the power-type increase for
¥>1, - The fact that the condition 2> 1 is not used in
these exact calculations enables us to compare them
with experiments in which a transition from the excited
state to the continuum occurs for k=1.

The other method which takes us outside the frame-
work of perturbation theory is the quasiclassical ap-
proximation, It can be applied to the present problem
provided %w/(E, - E,) <1, i.e., it is based on the multi-
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photon character of the transitions which we are con-
sidering. When the frequency of the external field is
small in comparison with the atomic level separation,
the external field is adiabatic and it is well known!!?
that the adiabatic theory is mathematically equivalent
to the quasiclassical approximation for the over-barrier
reflection problem. All that is required is to replace
the momentum by the energy, and the position coordi-
nate by the time. To determine the perturbation of
atomic states, we must first determine the adiabatic
energies E(t) of the levels as functions of . When the
atom is illuminated by a monochromatic field, the time
t enters only through the electric field strength gsinwit.
The main difficulty is therefore to determine the term
energy in a static field of arbitrary amplitude. Per-
turbation theory is totally invalid in this case because
the main interest is in the “turning points, ” i.e., fields
for which these terms are found to cross. Perturbation
of the term difference 6E,(§) by the field is determined
by the root of the equation Ey(8*)=E,(&*) that is the
closest to the ¢ axis. In accordance with™®’, we find
that the perturbation of the levels 0 and » in the field &
consists of the real part

RedEor (8) = ¢ (E7 (0)— E; (0) €,

which is equal to half the quadratic static Stark effect
(primes indicate derivatives of E, , with respect to &
for £ =0), and the imaginary part I,

The general expression for the broadening I' is dif-
ferent, depending on the magnitude of the adiabatic pa-
rameter, When y > 1, ionization occurs by tunneling,
and the probability of ionization is determined by the
transmission of the barrier (apart from a pre-exponen-
tial factor): I'~exp(-2[2 Ipldr), where r, and , are
the classical turning points, When y> 1, we have multi-
photon ionization and I'~ (@8 )®*, where k is the number
of photons absorbed during the ionization process and
the quantity @ is determined only by the properties of
the atomic spectrum. In this case, the expression for
T is, in fact, the result of perturbation theory. The
advantage of the semiclassical approach is that it yields
a closed expression for a which does not contain sums

@) r
W
w?
P/
=02
ﬂ"ﬁ -
1 L —_ 1
nt 7 s w? 2°y
a b
FIG. 28, Exact calculations of AE +iI in a circularly polar-
ized field.'1%) %, AE(%) are given in atomic units. Depai-

tures from perturbation theory (broken lines) set in for
£ << g, and y>>1.
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.over the continuous spectrum., Within the framework
of the quasiclassical approximation, departures from
perturbation theory set in for fields § JAE/wR 1, in
which case y>1, i.e., transition to tunneling occurs
before the first nonvanishing approximation of perturba-
tion theory ceases to be valid. However, in real sys-
tems, the situation may be different for numerical rea-
sons, In general the quantity I" is given by

T~ (a8)**%% gyhere g, like a, is determined only by
the properties of the system. For example, for the
ground state of the hydrogen atom, the quantity p is of
the order of 100,"%7 so that perturbation theory breaks
down very early on for numerical reasons. Tunneling
can, therefore, predominate in the region where the de-
parture from the first nonvanishing approximation takes
place.

Let us consider in greater detail the criterion for the
applicability of the adiabatic approximation w << AE,,.
If we compare the perturbation of the term difference
0E,4(8) (in the limiting case of weak fields, for simplic-
ity) with the well-known expression given by the time-
dependent perturbation theory, we find that, when the
number of absorbed quanta is 1, 3, 5,..., the ratio of
transition probabilities differs from unity by 25, 11,
and 5%, respectively.®’ The reason for this small
difference is that the quasiclassical approximation is
valid even for small quantum numbers for numencal
reasons, as noted above.

Finally, we note one further widely discussed ap-
proach which takes us outside the framework of pertur-
bation theory, namely, the so-called momentum trans-
lation approximation.®®’ There has been much pub-
lished work in recent years on calculations based on
this method, including calculations concerned with bound

" electronic states. In this approach, the atomic wave
function in an external field §sinwi iswritteninthe form

= e~ iErioros ot

where g, is the unperturbed wave function. This expres-
sion is exact when the electron is free. The basic as-
sumption in this method is, therefore, that the above
expression is a good approximation for a bound electron
provided w< AE,. However, it is shown in"%-19") that
this method is fundamentally incorrect. It is, in fact,
incorrect both in the region in which perturbationtheory
is valid, where it yields an incorrect value for the nu~
merical coefficients in the multiphoton transition prob-
ability, and in strong fields, where it results in an in-
correct functional dependence on the field strength.

It may therefore be concluded that, in the case of
strong perturbations of the atomic spectrum, the ma-
jority of the problems remain unsolved, as before.

Vil. CONCLUSIONS

In concluding our review of perturbations of atomic
spectra by light fields, we must consider two questions,
namely, whether this is an opportune time for review-
ing the subject and whether the review itself is com-
plete enough.

It seems to us that there are two factors that are the
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most important in relation to the timing of this review.
The most immediate impression that one gains by com-
paring the above material with the last review in this
field'®®! is that we now know much more than we did ten
years ago when the last review was published, This is
indicated both by the appearance of new techniques (pho-
ton spectroscopy and resonance ionization) and new
fields of study (hydrogen atom, elliptical field, strong
perturbation, and the effects of nonmonochromatic
fields)., It is also indicated by the Bibliography, which
contains mainly papers published during the last ten
years., However, the great lack of experimental data,
which is in contrast to the volume of theoretical results,
suggests that the answer to the second of the above two
questions is negative. Our only justification is the hope
that the present review will draw the attention of experi-
menters to the urgent necessity for an extensive pro-
gram of measurements.

The question of the extent towhich our review is com-
plete is connected both with our frames of reference,
defined in the Introduction (nonresonance perturbation
of an isolated atom in a light field), and the depth and
range of the review within this framework. The fact
that we have been confined to this framework has meant
that we have had to ignore many of the classical papers
(for example, "1°7), but, as a rule, there are good ob-
jective reasons for this.

The question of the depth and range of our discussion
is more difficult, Insofar as experimental methods are
concerned, we have not discussed the role of the statis-
tical properties of multimode laser radiation, the dura-
tion of the perturbing field, or the saturation of individ-
ual transitions (f; Wdt~1). Insofar as the essence of the
phenomena is concerned, we have not discussed the pos-
sibility of observing the degree of coherence of mixed
atomic states through the relaxation of a number of ex-
cited states, [1% the effects associated with the re-emis-
sion of photons (resonance with the continuum), and
studies of the phase coherence of atomic states, Fi-
nally, we have not treated at all the effect of the dynamic
polarizability of the atomic core on transition probabil-
ity. It is clear that the external field produces forced
oscillations of the electron core; these oscillations in
turn produce a time-dependent atomic field which, to-
gether with the external field, may eject a particular
electron. It is possible that the role of the electron
core in the variable field is small because the frequen-
cies of the forced oscillations (w <« AE,,) are small in
comparison with the frequencies of natural oscillations
of the core (w ., ~ ZAE,). This question will require
careful investigation, especially since core polarization
has an essential effect on the oscillator strength of non-
resonance transitions in the discrete spectrum, at any
rate in atoms with one external electron, ¢!

We could continue listing many such questions. Most
of them are of obvious interest but are characterized by
the absence of experimental data. At the same time, it
is the physics of the phenomena, i.e., the theoretically
conceivable experimental material that is, in our view,
of basic interest.

Fundamental problems in “pure” theory are, of
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course, of equal interest. Thus, for example, modern
readers may be surprised by the absence of any men-
tion of the method of quasienergy. %7 (It is well
known that, according to the Floquet theorem, there are
solutions of the Schrddinger equation for an atom in a
periodic external field which can be expanded in terms
of a set of stationary states with energies E; +kfiw,
where k is an integer.) The formalism of quasienergy
states predicts the absorption, emission, and scattering
spectra for light interacting with a quantum-mechanical
system located in a strong field. There is no doubt that
the method of quasienergy is very promising in those
cases where the probability of finding a system in a
state with nonzero harmonic (K #0) is comparable with
the probability of finding it in the zero harmonic (K =0).
Even the very early estimates'®’ showed that, during
the nonresonance perturbation of an isolated atomic
level by a light field, the probabilities become of the
same order of magnitude probably for field strengths
comparable with the internal atomic field. The situa-
tion is quite different for infrared radiation‘!1!? or for
resonance perturbation, 2!

It is also important to note that our statement that the
problem is incorrectly posed for & ~&,, is somewhat
dogmatic. In actual fact, whereas this statement is ob-
vious in the case of a constant field, the situation in
which we are interested, i.e., tunneling through a rap-
idly-varying barrier, has not been adequately investi-
gated. There are published papers dealing with an atom
in a variable field of strength § 2&,,. The interaction
of an atom with a field has been investigatedt12-113] for
£>>¢,, &/w> €,/AE,;, where AE,; is a typical atomic
level separation and w is the frequency of the external
field. When the external field €sinwt is present, the
electron executes forced oscillations about the nucleus
with frequency w. When the field is removed, the elec-
tron may turn out to be in one of the bound states, and
it is required to determine the probability of this pro-
cess. When the above conditions are satisfied, the
atomic potential can be taken into account by perturba-
tion theory. Since the wave function in the zero-order
approximation which corresponds to a free electron in
a periodic field has awell-known simple analytic form, %2
the inclusion of the atomic potential in the lowest-order
perturbation theory is not a complicated problem. It
has been found that the transition probability between
states #j is, in this case, givenby W,;;=C;;0?/g <1. It
turns out that there is a finite probability for any ex-
ternal-field frequency w, i.e., the external field is a
nonresonance field. There is clear interest in further
work in this field.

In quoting the various original papers, reviews, and
monographs, we have not been concerned with questions
of scientific priority, and it has not been our intention
to list all the references known to us. Our aim was to
extract the minimum amount of information necessary
to deepen our knowledge of the subject under review.
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frequency excitation conditions

E. F. Makarov and A. V. Mitin
Institute of Chemical Physics, USSR Academy of Sciences,

and Kazan® Physico-technical Institute, USSR Academy of Sciences

Usp. Fiz. Nauk 120, 55-84 (September 1976)

Experimental and theoretical studies of high-frequency excitations in solids by y-resonance spectroscopy

INTRODUCTION

are reviewed. Both the resonance-type and non-resonance-type alterations in Mdssbauer spectra that are
produced by high-frequency ac fields are elucidated. A considerable part of the review is devoted to
problems of modulation of y radiation by ultrasonic vibrations. Various mechanisms of exciting sound by a
radiofrequency field are studied, in particular, magnetostriction in ferromagnets. A new effect found by y-
resonance spectroscopy is discussed: collapse of the hyperfine structure upon fast remagnetization of a
ferromagnet. A number of new nonlinear resonance phenomena are discussed that amount to combining
the Mossbauer effect with the methods of radiospectroscopy (NMR, EPR, etc.). The possibility is discussed
of applying these phenomena for studying the properties of solids.
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have become an effective way of studying solids. Meth-
ods have become widespread of studying the structures

Application of the M8ssbauer effect in various fields
of solid-state physics and chemistry has facilitated the
rapid growth of y-resonance spectroscopy (GRS). It has
become most fruitful to use GRS to study the hyperfine
interaction of M8ssbauer nuclei in crystals. Owing to
the high energy resolution of GRS, these investigations
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and properties of solids by applying static external per-
turbations, as well as of studying the relaxation pro-
cesses that arise from the motion of nuclei, spins, or
fast chemical reactions. :

It has recently become possible to control dynamic
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