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The use of stimulated quantum transitions in atoms and molecules for their resonant excitation
is reviewed. The applications of this approach in laser spectroscopy, laser isotope separation,
and laser photochemistry are briefly discussed.
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In his famous 1916 paper, "Emission and absorption of
radiation according to the quantum theory,"' Einstein intro-
duced two types of transitions of an atom or molecule
between quantum states. The first type of quantum transi-
tion is a spontaneous radiative transition of an excited parti-
cle from a state 2 to a state 1 of lower energy. The probability
for a spontaneous transition is determined by the Einstein
coefficient A2l. The probability for a quantum transition of
the second type, called "induced" or "stimulated emission,"
is proportional to the radiation intensity / (in photons per
square centimeter per second) incident in the spectral inter-
val A&> of the quantum transition, which is described by the
cross section for the radiative transition, cr21(<y):

W.21 = J <J2i (<") J (o>) dco = a217, (1)

where J(a>) is the spectral intensity of the radiation. The
transition cross section cr2\ is related to the Einstein coeffi-
cients for stimulated ( B 2 l ) and spontaneous ( A 2 l ) emission:

I \ J fl) Do21 (to) dco = — Bzl = (2)

Dirac later derived a quantum theory of radiation2 in
which a rigorous proof was offered for Einstein's conclu-
sions, and the two types of emission were described by a
common formula for the probability for the emission of a
photon by a quantum system on the 2-1 transition to the
vibrational mode (quantum state or oscillator) of the field,
in which there are n photons:

P21 = (!+«) a21, (3)

where «21 is the probability for the spontaneous emission of
the photon into one oscillation mode under consideration.
When the probability for spontaneous emission is summed
over all the vibrational modes with n = 0, we find the total
probability for spontaneous emission, which is described by
the Einstein coefficient A2l = 2a21. The probability for
spontaneous emission is thus described by the first term in
(3), while that for stimulated emission is described by the

second term. The first term in (3) is sometimes interpreted
as a manifestation of zero-point vibrations in spontaneous
emission, but this interpretation is incorrect (see the discus-
sion in Ref. 3). An important point is that the probability for
the induced emission of a photon into a definite vibrational
mode is proportional to the number of photons already
there. It might be said that here we are seeing a tendency of
photons, as Bose particles, toward bunching.

The probabilities for stimulated transitions downward
(accompanied by the emission of a photon) and upward (ac-
companied by the absorption of a photon) are

or B,, = — B,, (4)

where the degeneracy of the levels, g, andg2, has been taken
into account.

Relations (l)-(4) underlie the operation of a laser. If
some system, in particular, a resonator,4'5 keeps the photons
preferentially in one or two vibrational modes, there will be a
buildup in the number of excited particles in precisely these
vibrational modes through stimulated transitions, by virtue
of (3). In other words, a coherent light field will be estab-
lished. The same relations describe many laser applications
that are based on the resonant effect of laser light on matter,
in which the laser light stimulates quantum transitions in the
matter. This is precisely the nature of those stimulated pro-
cesses which are the essence of the new methods of laser
spectroscopy, laser isotope separation, and laser chemis-
try—the subject of the present paper.

1. LASER SPECTROSCOPY

Table I gives an idea of the progrsss which has been
achieved in optical spectroscopy by virtue of the use of new
laser techniques. This is a list of the basic problems in optical
spectroscopy from the standpoint of the attainment of its
limiting characteristics6: spectral resolution, time resolu-
tion, sensitivity, and selectivity.

We see from this table that exceptional progress has
been achieved, but there remains some very complicated
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TABLE I. Progress in the characteristics of optical spectroscopy.

Prelaser
Parameter limit Laser technique

Possibilities

Today Future

1. Spectral KTMO-3 cm-'
resolution

Nonlinear spectro-
scopy without
Doppler broadening

1 khz = 3 To 1 Hz
•ICT8 cm"1

2. Sensitivity > 10'°
particles

3. Time 1CT8 s
resolution

4. Selectivity Very poor

Resonant multi-
step photoioniza-
tion

Spectroscopy
with ultra-
short-pulse lasers

Combination of
highly sensitive
techniques with
separation techniques

1 atom or
10-102 mol-
ecules in
observation
volume

2-10- '4 s,
10 optical
periods

Moderate

1 atom or
molecule
in sample

~1 optical
period

1 rare iso-
tope or
molecule
in mixture

problems, whose solution will probably provide some ex-
tremely interesting results. Let us briefly examine the pres-
ent status of each of these problems.

1.1. Spectral resolution

The very narrow spectral width of laser light, combined
with frequency tuning, has furnished a natural solution for
the problem of measuring atomic and molecular spectra
without any sort of intrumental distortion. In practice, we
are, admittedly, still experiencing some difficulties in the use
of tunable lasers, since certain spectral ranges (UV, VUV,
and IR) still require further effort.

The point of fundamental importance is that laser light
is capable of stimulating quantum transitions in matter that
reveal the structure of spectral lines and a hidden inhomo-
geneous broadening of these lines due to a random motion,
position, or orientation of the particles. This laser "interfer-
ence" in the disorder in the system of interest is used success-
fully in both gaseous and condensed media.

1.1.1. Doppler broadening in a gas

There are several extremely effective methods for elimi-
nating this broadening.7'8 First, a coherent directed light
wave which is tuned to resonance with a Doppler-broadened
transition excites particles with a definite velocity projection
onto the direction of the wave. As a result, at saturation of
the transition there is a change in the velocity distribution of
the particles in both levels. By scanning the frequency of an
oppositely directed probing wave, one can detect a narrow
dip which forms on the Doppler profile. When the frequen-
cies of the oppositely directed waves are equal, the absorp-
tion (or amplification) of each wave decreases in a resonant
manner exactly at the center of the Doppler profile (a Lamb
dip9). The width of the resonant dip is equal to the homogen-
eous width. Many different versions of absorption saturation

spectroscopy with Doppler broadening have been developed
and are being used successfully.7'8

Second, during the simultaneous absorption of two
photons from oppositely directed light waves, the Doppler
shifts of a moving particle cancel out, since we have
(co + Ao>D ) + (a) — A&>D) = 2(0. As a result, the two-pho-
ton absorption line in a standing wave has a narrow reso-
nance, without any Doppler broadening, exactly at the cen-
ter of the two-photon transition.10 A point of importance for
spectroscopy is that all the particles, regardless of their ve-
locity, interact with the laser field in this method in the case
of the exact two-photon resonance (2a> = <y0).

The minimum width of a narrow resonance in either of
these methods is set by the finite duration of the interaction
of a moving particle with the laser field; i.e., we have
Avmin S; vQ/a, where t>0 is the average velocity of the parti-
cles, and a is the diameter of the laser beam. At y0^s3-104

cm/s and at the comparatively large laser beam diameter
a ~ 30 cm, the width of the resonance is limited by the value
Avmjn S 103 Hz. Although this value is 105-106 times smaller
than the Doppler width, this limit has already been achieved
experimentally.11'12 Chebotayev and his colleagues have de-
veloped effective methods for overcoming this limitation in
the optical range, by modifying Ramsey's method of spaced
fields13 for the case of single-photon transitions (three
spaced fields14) and two-photon transitions (two spaced
fields15). In this method, the width of the narrow resonance
is determined by the transit time not through one beam but
through both beams, as well as the empty distance between
them b: Avmin >v0/(2a + b) (Ref. 16).

Finally, yet another approach, a fourth approach, to the
production of narrow resonances is based on the change in
the velocity distribution of atoms caused by resonant radi-
ation pressure, which cools the translational degrees of free-
dom of an atom17 or of an ion localized in a confinement
region.18 The first successful experiments on the laser cool-
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ing of atoms were carried out in 1979 at the Institute of Spec-
troscopy, Troitsk (see the review by Balykin eta!.20). There
is a need for a study of the possible production of very nar-
row resonances by means of cooled atoms in combination
with the methods listed above. A particularly attractive pos-
sibility is that of carrying out experiments with localized,
ultracold atoms. Although the idea dates back a long way,21

obstacles remain in the path of its realization. So far, it has
been found possible to carry out experiments only with
cooled ions in a confinement region.22'23 At any rate, it is not
clear that it is definitely possible to produce ultranarrow
optical resonances with a relative width -Av/v<<lCP"
through the use of laser cooling of atoms.

1.1.2. Inhomogeneous broadening in a condensed medium

The spectral lines of impurity ions and molecules in a
condensed medium are broadened inhomogeneously at low
temperatures by their random arrangement and orientation.
Laser light makes it possible to excite molecules in a low-
temperature matrix exclusively at frequencies correspond-
ing to a resonance with the laser light. If the laser frequency
is tuned to resonance with a zero-phonon "0-0" electron
transition, narrow resonances appear in the fluorescence24

with a width as low as the natural radiation width. Such
narrow zero-phonon electron lines are sometimes called an
optical analog of the Mossbauer effect.25 An important point
is that in many cases the resonantly excited molecules un-
dergo a change in frequency because of photophysical and
photochemical processes, so that a narrow hole is "burnt
out" of their absorption spectrum at the frequency of the
laser light.26'27 This circumstance significantly extends the
possibilities of high-resolution spectroscopy of complex
molecules in condensed media.

Another interesting direction in spectroscopy within an
inhomogeneously broadened line involves the excitation of a
coherent state of impurity ions in an extremely narrow spec-
tral interval determined by the homogeneous width. The ob-
servation of the coherent emission from such an ensemble of
coherently excited particles (usually on the basis of their
beats with another laser beam at a close frequency) makes it
possible to study subtle processes which are hidden by inho-
mogeneous broadening,28 but this type of spectroscopy is
based on measurements along a time scale, rather than along
the customary spectral scale. For example, for impurity
Pr3+ ions in a LaF3 crystal, resonances with the width of
only 103 Hz have been obtained; this width is 107 times
smaller than the inhomogeneous width.29

1.2. Sensitivity

The theoretical limit on the sensitivity of spectroscopy
is one particle (one atoms or molecule). In the actual experi-
ments that have been possible so far, however, it has been
possible to measure spectra only under the assumption of a
rather large number of particles in the sample (ranging from
10'° to 1020 for various methods and objects). The problem
of increasing the sensitivity of spectroscopic methods has
thus remained extremely important over the entire century

of the development of optical spectroscopy. A wide variety
of methods can be used to record the spectra of a substance:
absorption, fluorescence, Raman, etc. When ordinary light
sources are used, the sensitivity of any of these methods is
low, but even the use of laser sources for excitation does not
make these methods capable of measuring spectra with a
sensitivity at the level of individual atoms and molecules.
The only exceptional case is the fluorescence method, which
can detect single atoms in the case of the repeated reemission
of many photons by a single atom (see the review in
Ref. 30).

Lasers have made it possible to develop some funda-
mentally new, highly sensitive methods of laser spectrosco-
py which have no analog in ordinary spectroscopy. The
method of coherent anti-Stokes Raman scattering (CARS)
has been developed for vibrational spectroscopy of mole-
cules. This method makes use of the coherence of laser
light.3' In a two-frequency laser field with a frequency differ-
ence co, — co 2 = fl equal to the frequency of molecular vibra-
tions, a polarizability at the frequency fl is produced in the
sample, and this polarizability is coherent over volume.
When a probing beam interacts with such a medium, it un-
dergoes a Raman scattering by coherent molecule vibrations
into the anti-Stokes region, &>as = g, + ft. A huge improve-
ment in sensitivity is achieved because the coherent-scatter-
ing signal is proportional to the square ( N 2 ) of the number of
scattering molecules in the volume and also by virtue of the
directional nature of the coherent scattering. This method
has improved the sensitivity of molecular spectroscopy by
many orders of magnitude and has converted Raman scat-
tering into a method that combines high sensitivity with a
good spectral resolution.31

Another new and versatile spectroscopic method is
based on the ability of laser light to cause a rapid resonant
excitation of an atom or molecule through stimulated transi-
tons, as several laser pulses with appropriate frequencie are
applied to high-lying states. The atoms or molecules are ion-
ized from these states whether by the laser light or by some
other effective method (an electric field or collisions). The
atomic or molecular ions which result can be detected reli-
ably by the methods available. This ionization method is
quite versatile, since it does not require a spatial level dia-
gram, special types of levels, or special level decay rates. It
can be used for any atoms or molecules.

The method of resonant photoionization spectroscopy
was proposed in the course of the development of new meth-
ods for selectively acting on atoms and molecules with laser
beams; these methods are discussed below. The two-step res-
onant ionization of an atom was proposed for separation of
isotopic atoms and for detecting trace elements.32 The first
experiments on resonant two-step photoionization were car-
ried out in the Institute of Spectroscopy as early as 1971 for
the rubidium atom.33 At the same time, it was suggested that
the selective stepwise photoionization of molecules might be
used in the beam of a mass spectrometer to improve the sen-
sitivity and selectivity of mass spectrometry of molecules.34

It was clear from the outset that stepwise resonant photoion-
ization of atoms and molecules would make it possible to
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FIG. 1. General view of the laser-nuclear complex at the Lenin-
grad Institue of Nuclear Physics and the Institute of Spectrosco-
py, Troitsk, installed at the proton accelerator at Gatchina. The
proton beam bombards a target in which short-lived isotopes are
produced in nuclear reactions. These isotopes are evaporated
from the hot target, ionized, and separated in a mass separator.
In "off-line" operation, the isotopic atoms of interest are accu-
mulated in the sample and then transferred to a chamber in
which, during heating, they pass into vacuum in the form of
neutral atoms with a radioactive nucleus. The atoms are bom-
barded by the laser pulses in this chamber. For a study of short-
lived isotopes and of nuclear isomers with a lifetime ranging
from a few hours to a few seconds, "on-line" operation is used.
In this case a stream of radioactive nuclei is continuously accu-
mulated in the sample and evaporated from it in the form of
neutral atoms. In this case, because of the low concentration of
atoms with a short-lived nucleus that are formed, it is necessary
to maximize the sensitivity of the detection while also providing
a high spectral resolution. The resonant photoionization of the
atoms occurs in a three-step scheme during the simultaneous
application of three laser pulses from three independent tunable
dye lasers.

develop a laser detector of single atoms and molecules.35'36

The first successful experiments on the detection of single
atoms were carried out in 1977 at Oak Ridge National Labo-
ratory (Cs atoms in a buffer gas37) and at the Institute of
Spectroscopy, Troitsk (Na atoms in a beam38; see the review
inRef. 30).

At the same time, there has been a successful develop-
ment of methods of multistep and multiphonon resonant
ionization of molecules, especially in combination with mass
spectrometry of the resulting ions. In this direction there has
been a successful experiment on the photoionization detec-
tion of single molecules in the chamber of a mass spectrom-
eter.39 Laser photoionization spectroscopy of molecules is
presently a rapidly developing field of research (see the re-
view by Antonov et a/.40).

Photoionization spectroscopy, based on a multistep res-
onant excitation and subsequent ionization of excited atoms
and molecules, is a unique method, in which all of the limit-
ing characteristics can be achieved: 1) a sensitivity at the
level of individual atoms and molecules; 2) a spectral resolu-
tion determined in the limit by the homogeneous width
Avhomo; 3) a time resolution limited by the inverse spectra
width of the transition and lying in the range 10~6-10~13;
and 4) a selectivity determined by the product of the selecti-
vities in each step of the excitation S = St...Sn, which can in
principle reach values of 1015-1020.

The unique characteristics of photoionization spectros-
copy open up a broad field of applications, ranging from
nuclear physics to medical diagnostics. We shall discuss one
of these applications here in nuclear physics.

The high resolution of the photoionization method,
combined with the limiting possible sensitivity, is particular-
ly useful for studying the hyperfine and isotropic structure of
the spectral lines of atoms with short-lived nuclei, which are
accessible to measurements in very small numbers (103-1010

atoms). This method is being used successfully to measure
the radii of the nuclei of short-lived isotopes which are pro-
duced on the proton accelerator at the B. P. Konstantinov
Leningrad Institute of Nuclear Physics, Academy of Sci-
ences of the USSR. In work carried out there, in collabora-

tion with the Institute of Spectroscopy, Troitsk, a laser-nu-
clear measurement complex has been developed in which a
method of three-step photoionization of atoms is used to
detect radioactive nuclei in an "off-line" approach and an
"on-line" approach.41 A distinctive feature of the apparatus,
shown in Fig. 1, is the use of specially developed tunable dye
lasers with a high pulse repetition frequency (10 kHz) to
cause the photoionization. These lasers are pumped by the
beams from periodic-pulse cesium vapor lasers. Such high
repetition frequencies of the laser pulses are required to
maximize the "interseption" of the rare atoms, which are
moving rapidly through the region of laser illumination. At a
resolution of about 100 MHz, determined by the width of the
spectral line of the atomic beam, the sensitivity of the pho-
toionization method is at a record high level, since it is possi-
ble to measure the spectra of isotopes that are produced in
the target at a rate of 3-103 nuclei per second. At a nuclear
lifetime of 10 s, this production rate corresponds to an equi-
librium number of 3-104 nuclei in the target. The results of
measurements of the isotopic shifts can be used to calculate

o -

as as no iw

FIG. 2. Variations in the rms charge radii of europium nuclei with various
neutron numbers according to measurements in the laser-nuclear com-
plex of the Leningrad Institute of Nuclear Physics and the Institute of
Spectroscopy, Troitsk.42 The nuclear lifetimes and the deformation pa-
rameters & of the nuclei are shown.
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an extremely important characterise of a nucleus—its rms
charge radius—and the variation of this radius upon a
change in neutron number. Figure 2 shows the results of
such measurements for a chain of Eu isotopes.42

This method is used with equal success to analyze traces
of rare elements, e.g., for an analysis of the ruthenium con-
tent in oceanic objects.43 This content has remained un-
known because of the low abundance of this element and the
absence of methods sensitive enough to determine it. Analyt-
ic spectroscopy has been enriched by this powerful new
method for analyzing traces of atoms at concentrations out
of reach by conventional analysis methods.

1.3. Time resolution

Before the appearance of ultrashort-pulse lasers, time
resolution in spectroscopy had reached a few nanoseconds
thanks to the use of the Kerr cell and fast flashlamps. This
approach was used sucessfully in the effective method of
flash photolysis, which made it possible to study the spectra
of short-lived molecules and radicals.44 Since 1965, five
years after the invention of the laser, we have been observing
the rapid development of methods for measuring subnanose-
cond intervals, thanks to the development of lasers which
generate ultrashort light pulses.

Three effects underlie the operation of picosecond-
pulse lasers. First, the rate of induced transitions is propor-
tional to the light intensity, according to (1). If the intensity
is sufficiently high, the rate at which the quantum system is
excited from the ground state (or the rate at which it decays)
can lie in the picosecond region. For example, the cross sec-
tion for an allowed electron transition of a dye molecule in
solutions is al2zzlO~t6 cm2, so that at a light intensity
/ = 109 W/cm2 the rate of excitation of absorbing molecules
(or the rate of decay of amplifying molecules) would be
Wl2~10>2s-1.

Second, electronically excited molecules in solution can
revert spontaneously to their initial electronic state through
a rapid radiationless relaxation at a rate up to WrA ;= 10"-
1012 s~]. This rate is three or four orders of magnitude high-
er than the rate of radiative relaxation.

Third, the nonmonochromatic light, with a spectral
width Avem, contains random fluctuations of the intensity
with a duration rfl ~ l/Avem. For example, at a spectral
width ~30 cm"1 the fluctuation pulses have a length
rfl~10-12s.

A multimode laser with a nonlinearly absorbing dye
solution in its resonator emits ultrashort pulses,45 since the
most intense fluctuational ultrashort pulses can cause a pre-
dominant increase in the transmission of the absorber, be
amplified, and ultimately stimulate emission in the active
medium.46 This phenomenon is called "mode self-locking,"
since the development of a single ultrashort pulse which is
circulating in the resonator corresponds in spectral terms to
a mutual phasing of many axial modes of the laser. The at-
tainment of mode self-locking in a cw dye laser, with a gain
band occupying a very broad interval, made it possible to
generate subpicosecond pulses with a tunable frequency.47

The optimization of this laser through the use of the method

of oppositely directed subpicosecond pulses in the dye has
made it possible to sharpen greatly the output pulses and to
cross the 100-fs boundary.48

Especially short pulses can be achieved by expanding
the spectrum in a nonlinear, transparent, dispersive medium
and then compressing the pulse through a compensation for
the dispersive spreading.49 This method has not been used to
produce the very shortest laser pulses, with a length of only50

16-fs, which amounts to only about 10 periods of the optical
oscillation.

Ultrashort-pulse lasers are the essence of a variety of
spectroscopic methods with a picosecond and, recently, fem-
tosecond time resolution.51'52 While information on subnan-
osecond processes had been obtained previously in an indi-
rect way, e.g., from the broadening of spectral lines, now an
extremely wide variety of primary photophysical and photo-
chemical processes have become accessible to direct mea-
surement. We can illustrate the situation by listing briefly
some processes that have been studied5': intraband relaxa-
tion of excitation in semiconductors and molecules, dephas-
ing and relaxation of excitons in semiconductors, the dy-
namics of the solvation of an electron in a solution of
molecules, the relaxation of phase and the population of vi-
brational levels of molecules in solutions, measurement of
the rate of conformational conversions of a molecule, pri-
mary photoprocesses in visual pigments, bacteriorhodospin,
chlorophyll, and many, many others.

1.4. Selectivity

This characteristic of spectroscopy is the least definite
and the most difficult to attain. Optical spectroscopy is es-
sentially based on resonant transitions in a substance, and in
a sense it has a definite selectivity. In particular, any mixture
of atoms can be identified precisely on the basis of the atomic
spectral lines. This is a comparatively simple case, however,
since the number of different atoms is no more than a
hundred, and their spectral lines are narrow and overlap
only rarely. If we attempt to observe rare atomic isotopes
against the background of the most abundant isotope, this
situation becomes more complicated, since the isotopic opti-
cal shifts are small.

When we turn to the problem of observing and identify-
ing traces of molecules in a real molecular mixture, we run
into real complications, since there are very many mole-
cules, and their spectral lines are broad and overlap fre-
quently. Laser spectroscopy thus has the task of detecting
traces of isotopes and molecules and characterizing possible
methods on the basis of their ability to solve this problem,
i.e., on the basis of their selectivity.

An active effort is being made to develop methods for
laser detection of rare isotopes.53 The most promising meth-
od here is multistep laser photoionization, in which case
there can be a multiplication of selectivities in each step of
the excitation. Laser-spectral detectors of rare radioactive
isotopes which do not make use of the radioactive decay to
detect the isotopes will probably be developed in the near
future.

Other approaches which have been suggested for
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FIG. 3. Overall scheme for laser detection of traces of molecules through
the accumulation of molecules on a cooled adsorbing substrate, pulsed
laser desorption of these molecules, and a subsequent resonant photoioni-
zation and measurement of mass spectra.

achieving laser detection of traces of molecules combine dif-
ferent methods. Figure 3 is a simplifed diagram of a laser
detector of molecules, which might be called a "laser nose."
The traces of molecules are adsorbed (a selective adsorption
is possible in principle) and accumulate on a surface cooler
than the surrounding medium. The adsorbent is then irra-
diated in a vacuum chamber, where the laser pulse causes a
pulsed desorption of the molecules and then a multistep se-
lective photoionization by laser pulses, with measurements
of the mass spectrum of the resulting ions. This method has
already achieved a detection sensitivity of only 104-106 mol-
ecules on a surface.54 We are about to see the development of
two-dimensional laser optical-mass spectrometers which
use tunable IR and UV lasers and also methods of selective
adsorption and desorption. Along this path it will probably
be found possible to solve an interesting and difficult prob-
lem posed by Kapitsa55: "Use physical instruments to
achieve the sense of smell of a dog" (see also the review by
Antonove/a/.40).

Finally, the development of highly selective methods of
laser spectroscopy will be of major interest for the detection
and identification of biological molecules, where the capa-
bilities of the methods of optical spectroscopy are so far ex-
tremely limited.

2. LASER ISOTOPE SEPARATION

The basic ideas and suggestions in the field of the selec-
tive effects of laser light on atoms and molecules56'57 have
been directed to a large extent toward the solution of a prob-
lem of practical importance: the separation of isotopes with
laser light (see the reviews in Refs. 58 and 59). Although a
wide variety of elementary processes for isotopically selec-
tive action of laser light on matter in various states of aggre-

FIG. 4. Diagrams of those methods for applying laser light in an isotopi-
cally selective way to matter that are most effective for isotope separation
and that have been brought to the stage of prototype apparatus, a—Three-
step photoionization of an atom by visible laser light; b—two-step IR-UV
photodissociation of molecules through excited vibrational states by the
combined action of IR and UV laser light: c—multiphoton IR photodisso-
ciation of polyatomic molecules by an intense IR laser pulse.

gation (atomic and molecular gases and beams, condensed
media, and heterogeneous media) were examined in the first
few years of the effort, only a few processes have actually
been developed so far. These processes are represented by
the few diagrams in Fig. 4. All of these processes are essen-
tially an isotopically selective multistep photoionization of
atoms32 and photodissociation of molecules.60

All of these schemes are based on the rapid selective
transfer to an atom or molecule of radiant energy through
stimulated transitions at a rate ffexc, which exceeds the re-
laxation rate rr~,' and also the rate of transfer of excitation
between isotopic atoms or molecules, Qlr:

W >—1—" cxc ~ ' (5)

Since the rate of stimulated transitions is proportional to the
intensity (I) of the resonant light, with given transition
cross sections it is always possible to select an intensity / or
an energy flux density 4> = Irp, of laser pulses with length
TP < TK\ > Q tr '> t° satisfy condition (5). In this case the laser
light completely controls the photoionization for the atom
or the photodissociation of the molecule. This approach is
fundamentally different from the photochemical methods of
isotope separation, where the relaxation rate is proportional
to the rate of collisions of the reacting particles, and the
collisions unavoidably result in not only the useful, selective,
reaction but also a loss of excitation and selectivity.

The isotopically selective multistep photoionization of
atoms, which is being used successfully for the spectroscopy
of single atoms, as described above, underlies a practically
feasible process for separating uranium and plutonium iso-
topes which has been implemented at the Lawrence Liver-
more Laboratory in the USA.61 This process is based on a
three-step ionization of 235U atoms by means of three pulses
from dye lasers (the dye is rhodamine 6G) in the visible
range (Fig. 4a), which are pumped by copper-vapor lasers
with a high pulse repetition frequency. This program has
become practically feasible thanks to the development of ex-
tremely sophisticated dye lasers with a high average power.
The total average power of the laser light, with a spectral
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width of 103 MHz and a stability of about 30 MHz, is 30 kW
for the industrial facility which is to be constructed at Oak
Ridge in the late 1980s. This facility will have a productivity
of 10 000 metric tons of uranium per year enriched to 3%
235U. The laser ionization process for separating uranium
isotopes is distinguished from the gaseous diffusion and cen-
trifuge processes currently being used by a low capital ex-
penditure (which is ten times lower per unit of separation
work per year), a low energy demand (24 times less than for
gaseous diffusion or the centrifuge process), and low operat-
ing expenses.61

Another competitive isotope-separation process makes
use of the isotopically selective vibrational excitation of a
molecule by an IR laser beam, followed by a photodissocia-
tion of the excited molecules by an UV laser pulse60 (Fig.
4b). This approach was first demonstrated experimentally
at the Institute of Spectroscopy, Troitsk, in 1972 for the par-
ticular case of the NH3 molecule and the 14N and 15N iso-
topes.62 The practical realization of this method becomes
possible after the invention of excimer lasers (see the paper
by N. G. Basov et al. in This Issue), which generate intense
UV light with a high efficiency. Extensive work has been
carried out at the Los Alamos National Laboratory in the
USA on the use of this method to separate uranium isotopes
through the use of the UF6 molecule.63 Significant progress
has been made in methods of high-resolution laser IR spec-
troscopy of polyatomic molecules and in interpreting these
spectra in the course of this research.63

A method of gasdynamic cooling of molecules during
expansion into vacuum at a supersonic velocity has been in-
troduced in this research. This method greatly simplifies the
IR absorption spectrum, making possible an isotopically se-
lective vibrational excitation of 235UF6 molecules by light in
the 16-/nn region, despite the small isotope shift involved
here (less than 1 cm ~') . The method of IR-UF isotopically
selective photodissociation of UF6 molecules is real competi-

tion for the method of isotopically selective photoionization
of uranium vapor.64

Yet another efficient method for isotopically selective
photodissociation of molecules, through the absorption of a
large number of IR photons by a polyatomic molecule on
stimulated transitions along a ladder of vibrational levels up
to the dissociation boundary, within the electronic ground
state (Fig. 4c), was demonstrated65 in 1974 at the Institute
of Spectroscopy, Troitsk, for the particular case of the BC13

molecule and the isotopes WB and ' 1B. Those experiments
used high-power IR pulses from a CO2 laser in the 10-//m
region. This method quickly won wide popularity because of
its simplicity and efficiency, and it is now the subject of many
hundreds of papers (see the reviews66'67 and mono-
graphs68"70). The many studies led to an early understand-
ing of the physics of the multiphoton isotopically selective
excitation of molecular vibrations. The best schemes for
multiphoton IR photodissociation were identified. The scal-
ing of the separation process has been studied in prototype
apparatus with a CO2 laser of high average power.69

The possibilites of the method of multiphoton excita-
tion of vibrations and dissocation of molecules go far beyond
the field of isotope separation. In the first place, this method
makes it a comparatively simple matter to prepare molecules
in highly excited vibrational states. It is essentially only as a
result of research on the excitation of molecules in strong IR
fields that information became available on the characteris-
tics of polyatomic molecules in highly excited vibrational
states (thesecharacteristics pertain to intramode and inter-
mode anharmononicity, the randomization of vibrational
energy as a result of an interaction between modes, the
boundary of the vibrational quasicontinuum, the absorption
cross section, the intramolecular and intermolecular relaxa-
tion, etc.). Figure 5 illustrates, in a simplified way, the char-
acteristics of a vibrationally excited polyatomic molecule
which have come under study by the method of excitation in

Homogeneously broadened
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vibrational quasicontinuum

Potential
energy
U

Dissertation continuum
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.boundary

Monomolecular
decay

IR absorption
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Vibrational quasicontinuum
Randomization of

/ vibrational energy
/ Boundary of vibrational
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Discrete vibrational-
rotational levels
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FIG. 5. Multiphoton excitation of a polyatomic in
an intense IR laser field whose frequency is tuned to
resonance with a vibrational absorption band. The
vibrational levels can be grouped in a qualitative
sense into three types on the basis of increasing en-
ergy. The lowest group consists of discrete vibra-
tional levels of a certain type of vibration. Above a
certain boundary, there is a relatively broad ab-
sorption band, which progressively shifts in the
long-wave direction because of an anharmonicity
which results from the interaction with many types
of vibrations. Above the dissociation boundary,
there are wide vibrational levels of a reexcited mol-
ecule. These vibrational levels rapidly decay into
the real continuum.
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FIG. 6. General view of an apparatus for laser isotope
separation which has been used to study the scaling of the
method of IR isotopically selective photodissociation of
molecules (CF3I, CF2HCI, etc.) by the beam from a high-
power periodic-pulse CO2 laser. The laser is at the left; the
laser separation cell (LSC) is at the right. This cell is 5 m
long. There is a transverse flow of the molecular mixture
through the cell at a rate of 500 liter/s.

a strong IR field. Second, a photochemistry in the electronic
ground state has become possible, along with the well-
known photochemistry of molecules in excited electronic
states. In particular, it has become possible to carry out a
photochemical synthesis using radicals produced in the pho-
todissociation of molecules in the electronic ground state,
without a thermal heating of the gas mixture (more on this
in Section 3 below).

Various schemes for the IR photodissociation of mole-
cules have been developed on the basis of what has been
learned about the behaivor of the vibrational spectrum of
polyatomic molecules with increasing excitation level.
These schemes make it possible to achieve the highest degree
of isotopic selectivity and the highest dissociation yield.
Among these schemes we might mention the dissociation in
a two-frequency IR field with separation of the functions of
selective excitation and dissociation of the excited mole-
cules71 and the recently implemented photodissociation in a
multifrequncy field of comparatively simple polyatomic
molecules with a high boundary for the vibrational quasi-
continuum.72

The photodissociation of molecules by intense pulses
from a CO2 laser is being used successfully for isotope sepa-
ration. In many laboratories in several countries, this pro-
cess is being developed specifically for this purpose, in parti-
cular, for the separation of isotopes of light elements. Figure
6 shows the overall layout of a laser installation for separa-
tion of the isotopes 12C and I3C by this method which has
been constructed in a collaboration among the I. V. Kurcha-
tov Institute of Atomic Energy, Moscow, the Scientific-Re-
search Institute of Stable Isotopes of the State Committee on
the Use of Atomic Energy of the USSR, and the Institute of
Spectroscopy, Troitsk. This apparatus consists of a periodic-
pulse CO2 laser with an average power up to 5 kW, with a
wavelength tunable by means of a diffraction grating, and
with a fast-flow laser separation cell. In this cell, polyatomic
molecules containing the carbon (12'13CF3I or 12-I3CF2HC1,
etc.) are irradiated. Another part of the apparatus is a
chemical separation column, where the products of the dis-
sociation of the inertial molecules and the molecules con-
taining 13C are separated. The productivity of the laser sepa-
ration module is about 100 kgf/yr of elemental 13C enriched
to 80% (the initial abundance is 1%), for a 10-kW beam
from the CO2 laser.

IR multiphoton dissociation is of major interest for the

development of a process of practical importance: isolating
the tritium that is generated in heavy-water reactors. Since
tritium is produced in a liquid, rather than in the gas phase,
the method of isotope exchange of a carrier gas with heavy
water can be used in the photodissociation method. Success-
ful experiments have been carried out on selective IR photo-
dissociation of molecules containing tritium73 (CTF3). The
development of an industrial process based on this method
seems entirely realistic.

The three approaches to laser isotope separation de-
scribed here (Fig. 4) use lasers of three completely different
types, with a high pulse repetition frequency. These lasers
may be called the basic lasers for each of the processes: dye
lasers, UV excimer lasers, and IR CO2 lasers, combined with
various frequency-conversion methods. As these types of la-
sers are developed into highly reliable systems with average
power levels above 1 kW, we shall approach the state of the
industrial use of these methods for laser isotope separation.

3. LASER CHEMISTRY

The high intensity and short length of laser pulses result
in the excitation of internal degrees of freedom of molecules
that are at resonance with the field, up to a significant energy
and at a high rate, e.g., up to 4-10 eV in 10~8-10~ '2 s. These
results can be achieved with molecules in the gas phase, at or
near a surface, or in solution. Some interesting and varied
chemical processes that can be induced by laser light are
based on this circumstance.74

The excitation time rexc (or the excitation rate
J^exc = rexc) should be compared with other molecular
scale times: rstoch, the scale time for intramolecular redis-
tribution of the absorbed energy among all the internal de-
grees of freedom of the molecule; r[r, the scale time for the
transfer of excitation between different molecules; and rrel,
the scale time for the relaxation of the excitation, e.g., into
heat. These scale times typically conform to the hierarchy
rstoch <^rtr <rre,. The numerical values of these times vary
over broad ranges, depending on the gas pressure, the tem-
perature of the condensed medium, etc. For example, rea-
sonable estimates of rstoch are 10~"-10~13 s, while rre, can
reach values of 10~3 s. Consequently, depending on the val-
ue of rexc, it would be possible in principle to arrange the
following qualitatively different versions of laser chemistry:

77 Sov. Phys. Usp. 29 (1), January 1986 V. S. Letokhov 77



<rlr<

Mode-selective
chemistry

Intermolecular-
selective chemistry

Nonequilibrium
chemistry

Thermal
chemistry (6)

The most fundamental questions here are the rate at
which energy is distributed in an isolated molecule, Ts70J.h,
and the possibilities of chemical processes that are selective
in terms of the particular bond or the particular vibrational
mode which is excited. This type of nonstatistical photo-
chemistry, in which the photochemical conversion occurs
not in accordance with the weakest bond, will probably be
achieved through the excitation of vibrations by picosecond
pulses in the case of rather large molecules.68'75 The situation
is more favorable in the excitation of electronic states of mol-
ecules at low temperatures, for which photochemical con-
versions which are selective in terms of position have already
been induced by laser light.26'27

Laser chemistry with an intermolecular selectivity is of
the greatest practical interest. In particular, it is this type of
selective photochemistry that is realized in isotope separa-
tion by the methods of resonant laser photodissociation
(Fig. 4, b and c). This approach is also being developed
successfully for laser chemical synthesis. For example, mole-
cules of a definite species can be dissociated in a molecular
mixture by applying an intense IR pulse, a high concentra-
tion of radicals of interest can be produced without causing
any heating of a mixture, and complex molecules can there-
fore be synthesized with a high yield.76'77 As an example we
might cite the laser radical chemical synthesis of the
(CF3)3CI molecule through the selective IR photodissocia-
tion of the (CF3)3CBr molecule near I2 molecules.78 The IR
photodissociation produces (CF3)3C radicals; these react
in an unheated molecular mixture with I2 molecules, form-
ing the compound (CF3)3CI, which is difficult to synthesize
under the conditions prevailing in ordinary thermal chemis-

try. Under thermal-equilibrium conditions, a (CF3)3CI
molecule once formed should decompose rapidly, since its
dissociation energy is lower than the dissociation energy of
the original (CF3)3CBr molecule. Laser light essentially
makes is possible to achieve an efficient synthesis of com-
pounds that are less stable than the compounds which are
the starting point (energy-consuming chemical synthesis).

The laser opens up new possibilities for arranging
chemical reactions on surfaces. One of the first studies in this
direction was carried out by Khokhlov et a/.79 When laser
light is applied to a surface and to molecules near it, it is a
simple matter to arrange such processes of practical impor-
tance in technology (particularly in microelectronics) as the
deposition of metals, etching, and the doping of surface lay-
ers.80'81 As a rule, such processes go by both photochemical
and thermal reactions, but the elementary processes and
their mechanisms have remained completely puzzling. Re-
search on these processes is an interesting and important
problem for the near future, which will probably be solved
through the use of the powerful methods of laser selective
excitation and laser spectroscopy, especially with the help of
picosecond laser pulses.

There is the attractive possibility of arranging selective
photochemical, especially photobiological, reactions with
molecules in solutions.82 In a condensed medium, especially
in solvents of molecules, the vibrational-excitation energy
relaxes into heat in an unacceptably short time (rrd < 10~12

s), so that the most suitable states for photochemical reac-
tions are electronic states, which usually have a lifetime
rrel ~10~8-10~" s. Ultrashort laser pulses can be used to
excite these states efficiently.

FIG. 7. Various pathways for a photochemical reaction of an electronical-
ly excited molecule, a—Well-known reactions in a long-lived triplet state;
b—reaction from highly excited triplet states; c—reaction from highly
excited singlet states.

n > Chemical
r6~1 ,us reactions

FIG. 8. Two-step excitation of high-lying singlet states (SN ) of molecules
in aqueous solution.86 The following primary processes are observed: ioni-
zation and geminal recombination of electron-cation pairs which are
formed, the transfer of electronic energy to the solvent (water), and relax-
ation of the excitation. Chemical reactions with water radicals dominate
the formation of the final products of the photodecomposition of the dis-
solved molecules.
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By varying the parameters of the laser light, one can
adjust the degree of electronic excitation of molecules in so-
lutions and switch to different pathways for the photochemi-
cal reactions. Possible approaches here are shown in a sim-
plified way in Fig. 7 for the typical case in which the lifetime
(TT ) of a molecule in a triplet state is longer than the lifetime
(rs) in a singlet state, and the cross sections (crs and crT ) for
the electronic transitions are comparable in magnitude. We
then have two characteristic parameters: 1) The intensity
7T = 1vo/a3T-f<p ISC, at which molecules accumulate in the
triplet state, and the absorption of the second photon on a
triplet-triplet transition at TP % rT becomes probable (cp ISC

is the intercombinational conversion yield); 2) the intensity
Is = fua/a-g TS , at which molecules build up in the singlet
excited state, and the absorption of a second photon on a
second singlet-singlet transition becomes probable at a pulse
length satisfying the condition rs <rp <rT.

In all cases, the energy flux density (4>) of the laser
pulse which is tuned to resonance with an electronic absorp-
tion band, must satisfy the condition <I> Z 4>sat = fia)/crs in
order to put a significant fraction of the molecules in the
excited state. It is thus possible to use the length of a pulse
with a given energy flux density <J>s;<l>sat to switch between
different pathways for the photochemical reaction:

Photochemistry through
low-lying triplet

states

Photochemistry through
high-lying triplet

states

Photochemistry through
high-lying singlet

states
(7)

At a high light intensity, i.e., during the excitation of
molecules by ultrashort laser pulses, the absorption of two
UV photons and a transition of the molecule to a highly
excited electronic state become possible. The total energy of
the two UV Photons in 2/j&>uv £ 8-10 eV; i.e., it corresponds
to the energy of excitation by vacuum-U V radiation, which
does not penetrate into the solvent.83 This method of nonlin-
ear excitation of molecules thus provides the experimentalist
some new capabilities, which have already been reflected in
several studies. First, photochemical conversions from high-
ly excited electronic states become possible. These conver-
sions have been observed for molecules of nucleic acids in
water.84'85 This action on biological objects results in a pho-
todamage of a new type. It is not observed during illumina-
tion with ordinary UV light, which excites only low-lying,
primarily triplet, states. The basic elementary mechanism
for photochemical conversions for nucleic acids was recently
identified: the generation of OH radical in water as a result of
the transfer of molecular excitation energy to the solvent
(Fig. 8). The mechanism opens up the possibility of develop-
ing methods of laser phototherapy (to supplement the exist-
ing methods of radiotherapy which use ionizing radiations)
through the excitation of electronic states of biological mole-
cules which lie above the ionization boundary of water mole-
cules.86

Control of the pathways for photochemical reactions by
varying the intensity of laser light has been observed in ex-
periments on the photochemical synthesis of amino acids
and hydroxy acids through the application of intense pulses
of UV laser light of picosecond and nanosecond length.87'88

In concluding this brief review of one of the most inter-
esting applications of lasers, we can say that we have already
seen demonstrations in very different fields (spectroscopy,

chemistry, and isotope separation) of new possibilites that
have been opened up by the use of stimulated transitions
during the absorption of several photons (from two to tens)
in atoms, molecules, and biological molecules. In other
words, the ideas regarding the use of light to stimulate tran-
sitions in matter expressed by Einstein back in 1916 have
borne fruit not only in the laser itself but also in its applica-
tions.

I would like to express my deep gratitude to my col-
leagues and friends at the Institute of Spectroscpy with
whom it has been my good fortune to develop the ideas dis-
cussed here over the past fifteen years.
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