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A review is given of laser isotope separation methods. Multistep and single-step seaparation methods are
discussed. An analysis is given of selective two-step photoionization and photodissociation, multistep
selective collisionless dissociation of polyatomic molecules, and formation of charged particles as a result of
a strong resonant laser interaction. Such single-step methods as optical pressure, resonant scattering of
selectively excited particles, scattering in the strong field of a light wave, deflection of excited molecules in
inhomogeneous fields, and heterogeneous separation of vibrationally excited molecules are considered.
Selective photochemical laser separation methods are analyzed and the most interesting among these is the
selective photopredissociation. The results of experimental investigations are given.
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1. INTRODUCTION

Quantum electronics is becoming increasingly con-
cerned, apart from intrinsic laser action investigations,
with studies of the interaction between laser radiation
and matter. The ability of lasers to concentrate optical
energy in space and time or in a spectral interval can
be utilized in two ways. Since the appearance of lasers,

> attention has been concentrated on nonresonant interac-
tion of high-power laser fluxes with matter under con-
tinuous or pulse conditions. Examples of such "brute"
force interactions are well known. They include ma-
chining of very hard materials, welding, thermonuclear
fusion, and many others.

However, the resonant interactions of intense laser
radiation with matter are of special interest because
they provide an opportunity for selective action on
atoms, ions, molecules, and molecular complexes.
The high spectral brightness of the radiation makes it
possible to ensure selective photodissociation, photo-
ionization, photochemical action, and other processes.
One should add that the laser method of energy input is
characterized by high localization, controlled dose,
homogeneity, and sterility.

Clearly, the resonant interaction between high-power
laser radiation and matter can be used in the separa-
tion of isotopes provided the interaction is made selec-
tive. The general idea of using the differences between
the absorption spectra of atoms, molecules, and other
particles due to the differences between their isotopic
compositions in the optical separation of isotopes, i. e.,
the idea of using the isotopic shift in the absorption
spectra for isotope separation, was suggested many
years ago and does not require justification. Although
mercury isotopes were separated by light emitted from
a monoisotopic mercury lamp many years before the

appearance of l a s e r s , c n only the application of lasers
made the optical isotope separation method sufficiently
universal and productive.

The development of laser technology has now reached
a level at which it is possible to carry out systematic
studies of the laser separation of isotopes of various
elements. The construction of tunable ultraviolet, vis-
ible, and infrared lasers emitting highly monochro-
matic powerful radiation, and the development of meth-
ods for measuring and stabilizing laser emission fre-
quency provided the base on which the laser isotope
separation can grow.

In the case of molecular systems, the discovery of
the means for establishing different vibrational and
translational temperatures and for the chemical action
of laser radiation1 2·3 1 has led to the accumulation of con-
siderable experimental material and a high degree of
understanding of the excitation of higher vibrational
states of molecules by infrared laser radiation.u

In the case of atomic systems, the subject of excita-
tion of atomic levels has reached a high degree of ad-
vancement in classical atomic spectroscopy. Thus, if
there are lasers which can excite selectively a suffi-
ciently large number of atoms, one can separate iso-
topes simply by solving the problem of separating se-
lectively excited particles from those which are not ex-
cited in this way.

Thus, the developments in laser technology and the
results of studies of resonant interaction between high-
power laser radiation and matter have established the
necessary base for solving the problem of laser

"Selective (mainly chemical) action of infrared laser radiation
is discussed in several reviews (see, for example, κ · 7 : ) .

285 Sov. Phys. Usp., Vol. 19, No. 4, April 1976 Copyright © 1976 American Institute of Physics 285



isotope separation.

The growth in energy requirements has made it es-
sential to search for new isotope separation methods,
particularly of uranium isotopes. The fission of one
U235 atom liberates about 200 MeV of energy, i. e.,
1 g of U235 gives an energy of 7.2x10" kJ (=2xl0 3 kWh).
According to the data reported by the United States En-
ergy Research and Development Administration (ERDA),
the energy lost in the separation of uranium isotopes
(per one U23S atom) by the gas-diffusion method is 3
MeV and in the centrifuge method this energy is 450
keV.t 8 : In view of the colossal scale and rate of growth
of energy consumption, the development of new poten-
tially more cost-effective methods could result in con-
siderable economies in capital and current expenditure.
According to ERDA, at the present level of develop-
ment of laser technology, the economies will amount to
70-80 billion dollars. The potentialities of the laser
separation method are such that it should be possible to
extract the required isotope from the original mixture
more thoroughly and this is desirable not only from the
purely economic point of view but because of the better
utilization of uranium ores, the reserves of which are
naturally finite.

The scale of the requirements in respect of uranium
separation can be judged on the basis of the Directives
of the Central Committee of the Communist Party of
the Soviet Union and of the State Plans of the USSR on
the Development of Atomic Power in the Soviet Union.

According to the published data,C 9 ] the total power of
the nuclear stations in the Soviet Union by 1980-1982
will be 3 χ 104 MW so that the development of the laser
method for the enrichment of uranium appears to be a
very attractive development. Moreover, the univer-
sality of laser isotope separation makes it possible to
reduce substantially the cost of preparation of isotopes
of all the elements in the Mendeleev table, whose sep-
aration by the highly developed methods for uranium is
either impossible or undesirable because of the small
requirements. Thus, the needs of spectroscopy,
chemistry, biology, medicine, agriculture, archeology,
etc. also make it essential to develop laser isotope
separation methods.

2. LASER ISOTOPE SEPARATION METHODS

A common feature of all the laser isotope separation
methods is the selective excitation of the desired iso-
topic components by laser radiation of sufficient mono-
chromaticity and intensity, followed by physical re-
moval of the excited isotopes based on some aspect of
the interaction between selectively excited atoms and
molecules with physical or chemical agents. The
unique ability of laser radiation to excite atoms or
molecules only of the required kind reduces the energy
losses in laser isotope separation compared with the
conventional methods. Clearly, the subsequent physical
or chemical processes in which excited particles par-
ticipate (and, in general, the process of excitation to a
sufficiently high energy, which is sometimes a neces-
sary preliminary to efficient interaction) should ensure
minimum possible losses of the excitation selectivity.

The differences between specific laser separation
methods lie in the process of physical, chemical, or
plasma-chemical interaction of excited particles or
their fragments.

An important point is also the difference between the
species being separated. The laser methods can be
applied to atomic or molecular systems. The line spec-
tra of atoms with a strong isotopic shift, which is usu-
ally much greater than the Doppler line width (see, for
example, the reviews1110-1), are convenient for the reso-
nant laser interaction. However, in the case of many
refractory elements, the generation of atomic vapor of
sufficient density is a difficult technological problem,
which seriously limits the general usefulness of atoms
in their pure form. Many chemical compounds of even
heavy atoms are more volatile. However, their elec-
tronic spectra are highly complicated by the rotational -
vibrational structure, which masks the isotopic shift
and hinders selective laser action. The use of vibra-
tional spectra of molecules may also be difficult be-
cause of the presence of the rotational structure, which
represents a practically continuous spectrum in the
case of heavy molecules. However, some progress
can be made by a strong cooling of a moleculear gas,
such as that which occurs in gas-dynamic processes
and this should "thin out" the rotational spectrum.

The problem of the state of the ensemble of particles
subjected to interaction with laser radiation is also im-
portant. Clearly, the selectivity of laser radiation is
preserved best when a beam of noninteracting atoms
or molecules is irradiated. However, the density of
beams is low and, therefore, the yield is low. The
need to increase the yield makes it necessary to use
the gaseous phase and, in principle, condensed phases
can also be used. In view of the considerable increase
in the intensity of the internal interactions in an ir-
radiated ensemble of particles, we may expect a de-
terioration in the selectivity of the process of laser
separation of isotopes. We must bear in mind that the
conflict between the requirements of a high separation
coefficient and a high yield (as is well known,c i n this
applies to any isotope separation method), which can
be solved only by a compromise.

Laser isotope separation methods are also charac-
terized by the fact that one can use single-step or multi-
step interaction with radiation. In single-step pro-
cesses, one laser photon excites selectively one energy
level of an atom or a molecule. Then, the required
isotope is removed, employing the interaction between
the selectively excited state and some physical or
chemical agent. This can be done using the pressure
of light, C 1 2 ' 1 3 : resonant scattering of a beam of excited
particles by similar but unexcited part ic les , c u ] scat-
tering in a strong field of a resonant standing wave,Cl5:l

deflection of a beam of vibrationally excited molecules
by an inhomogeneous electric field,C16] and heterogeneous
separation of vibrationally excited molecules.C 1 7 ] It is
well known from chemical kineticsc i 8 ] that excited atoms
and molecules are much more reactive than unexcited
species. The activation energy of chemical reactions
is usually high. Therefore, single-step excitation is
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FIG. 1. Two-step interac-
tion of laser radiation with
a particle beam.

generally acceptable for atoms but one should mention
the successful laser separation of the hydrogen isotopes
in single-step processes involving selective photobro-
mination of methanol: i 9 ] and selective photopredissocia-
tion of formaldehyde.C203

In multistep processes, the excitation of particles to
a sufficiently high energy and a subsequent drastic
change in the structure of physical properties require
several and sometimes many photons. Clearly, the
excitation should be selective in at least one of the
steps. In the case of atoms, an interesting process is
the selective two-step photoionizationC2l: applied suc-
cessfully in the first studies of the laser separation of
uranium isotopes. t 2 2 ] In the molecular case, use has
been made of two-step selective photodissociation1·23·1

employed in the separation of nitrogen molecules'24-1

(ammonia molecule NH3) and boron isotopesC25J (boron
trichloride molecules BCI3).

In the excitation of vibrational levels of molecules,
a promising method is the use of many photons of the
same laser radiation, which results in multistep in-
stantaneous (coUisionless) dissociation of moleculest 2 6 ]

and formation of ionsC273 in the resonant interaction of
infrared laser radiation. This instantaneous dissocia-
tion effect was used in the isotopically selective reac-
tion of the BCI3 gas molecules with oxygen1·281 and of
the SF6 gas molecules with hydrogen and the walls of a
glass cell.C 2 9 1 In the formation of ions, the electrical
removal of isotopes seems to be more attractive than
the chemical binding of selectively generated molec-
ular fragments.

Although the multistep laser processes are very
promising, particularly in the case of molecules with
a strong isotopic shift, we must bear in mind that laser
radiation is utilized most effectively in one-step pro-
cesses.

Finally, in considering the possibility of industrial
applications of any specific laser separation method,
we must take into account whether the process is con-
tinuous or pulsed and whether, in the pulsed case, a
high repetition frequency can be achieved.

We shall conclude this section by pointing out the self-
evident urgent need for tunable lasers at all the fre-
quencies employed in quantum electronics. This im-
portant problem is dealt with in several reviews. C30-33:I

One of the first reviews on tunable optical parametric
oscillators1·31: has mentioned the important application
of these oscillators in selective excitation of certain
bonds in molecules.

We shall now consider the most interesting (in our
opinion) methods and give the results of laser isotope
separation experiments.

3. SELECTIVE PHOTOIONIZATION OF ATOMS

Up to now, the potential applications of infrared la-
sers have been largely limited by the absence of suf-
ficiently powerful continuously tunable lasers in many
parts of the infrared spectrum. Such lasers are avail-
able in the visible, near infrared, and ultraviolet range.
These are the dye lasers employed at the fundamental
emission frequency or as harmonics of this frequency.
Therefore, the two-step photoionization of atoms be-
comes particularly important. In this case, one of the
resonant absorption lines of an atom is excited by suf-
ficiently monochromatic tunable laser radiation and the
excited atoms are ionized by the radiation of a second
laser or noncoherent source. This method was used
successfully in the separation of the uranium isotopes122·1

and of the calcium isotopes. a i i

In an analysis of the selective photoionization of atoms
atoms, one should distinguish between the need to
achieve a high degree of separation and removal of all
the required atoms from the original mixture, without
paying much attention to the quantum efficiency of the
separation process and its yield, and the case when the
yield of the method and its quantum efficiency are im-
portant because of the expense involved in generating
laser radiation.C351 An analysis can be made in the
latter case, allowing for the processes which result in
the loss of selectivity, particularly resonant charge ex-
change and resonant transfer of excitation.

The first case corresponds to two-step laser inter-
action with a beam of atoms that do not interact with
one another.

We shall now consider the efficiency of two-step se-
lective excitation in a beam of atoms. : 3 β ] Letus assume
that, in a beam of atoms entering at a velocity ν a re-
gion of interaction with radiation, the flux density of the
atoms of interest to us is S^ The two-step interaction
alters the properties of these atoms significantly and
irreversibly: they become ionized and can be sorted
out very easily. If, at the exit from the interaction
region, the density of the ion flux is S3, the measure of
the efficiency of the interaction is the ratio S3/S!. Let
the length of the interaction region be L. Assume that
this region is illuminated homogeneously and that light
is incident on the atomic beam at right-angles to the
direction of travel of the atoms and that this beam is
an optically thin layer. The problem then becomes one-
dimensional. We introduce an axis χ which is directed
along the beam (Fig. 1) and consider a three-level sys-
tem (Fig. 2). Let n^x) be the density of atoms at the
lower level and nz(x) the density at the excited meta-
stable level; w3U) is the density of ions. The volume

PIG. 2. Energy levels involved in two-step interaction with a
particle beam. A formal representation is used to denote the
absence of action on a lower isotope (iVj) which goes off reso-
nance as a result of the transition 1 — 2.

287 Sov. Phys. Usp., Vol. 19, No. 4, April 1976 N. V. Karlov and A. M. Prokhorov 287



densities are related by η =S/v to the flux densities.

Allowance for the gradient of the density of atoms
downstream yields the rate equations of the following
kind:

- nt (x) =-- (n2 - «,) Wt + ^ — „ °lL,

-L n2 (χ) == (η, (1)

here, Wt is the probability of laser-induced selective
transitions from the ground to the excited metastable
level (first step); τ is the lifetime of the metastable
level; Wz is the probability of ionization in transitions
from the excited metastable level to the continuous
spectrum under the action of the radiation field of suit-
able frequency (second step). It is assumed that the
degrees of degeneracy of the first and second levels are
the same and that no recombination takes place.

Under steady-state conditions (continuous action of
laser radiation), the efficiency of the interaction can
approach unity if the transit time across the interac-
tion region TO=L/V exceeds considerably a certain ef-
fective lifetime of the excited metastable state re f f .

If the interaction with radiation is weak, i. e., if it is
far from saturation so that Wlr« 1 and Wz τ « 1, the
value of re i f increases strongly compared with τ be-
cause of the repeated pumping of atoms by the 1 — 2
transition:

(2)

To within terms of the second order of smallness, we
find that

(3)

If the transit time is short το« \/Ψζψχτ, the efficiency
is low and /

Even if the ionization probability is low, the situation
improves considerably in the case of strong saturation
of the first transition, which ensures the selectivity of
the interaction. If Ψλτ» 1» WZT, we find that S3/S! is
described by Eq. (3) with

(4)

If the transit time is short τ0 « 2/Wz, we have Si/S,^
= WZTQ/2.

We shall consider in greater detail the case of strong
interaction in the first (selective) step. The condition
ΨχΤ» 1 corresponds to the radiation flux density /x

= ΑΐΊ/σχτ, where hv1 is the energy of the resonant tran-
sition quantum and σι is the cross section of the tran-
sition. At the wavelength 0.6 μ, for at = 10"13 cm2 and
τ = 10"* sec, the radiation flux density should exceed
2W/cm2. The efficiency of the use of saturating radia-

tion in a specific experimental geometry can be in-
creased by the use of a mirror system.

A laser radiation source is usually described not by
the flux density but by the radiation power. For a given
power, the flux density is governed by the length of the
interaction region L if we ignore the divergence of the
radiation and the formation of a light spot in the inter-
action region. The selection of L is governed by the
value of re f I and, in the case under discussion, it is
2/Wz. The probability is Wz = lzaz/hvz, where hvz is the
quantum energy of the photoionization from the excited
level, σ2 is the cross section of this process, and Iz is
the flux density of the ionizing radiation. If the velocity
of atoms in abeam is 104 cm/sec, the value L = 2-3 cm
[T0 = (2-3X10"* sec] is sufficient for attaining S,/S!«l
when Ttff ~ 10"4 sec. If σ2 = 10"17 cm2 and hvz = 6 x 10"19 J,
this can be ensured if the flux density of the ionizing
radiation is Iz = 103 W/cm2. In the case of an atomic
beam of transverse dimensions amounting to a fraction
of a centimeter, the estimates obtained above indicate
that it should be possible to extract completely the re-
quired isotope from the irradiated mixture provided
the power is a fraction of a watt for the first step and
a fraction of a kilowatt for the second.

We shall now consider the more general kinetic
scheme of two-step laser photoionization of atoms
which can be used to determine such important param-
eters as the total number of selected ions, quantum ef-
ficiency, and separation coefficient; allowance will be
made for the principal processes resulting in the loss
of selectivity.C37] The most important of these pro-
cesses are the resonant charge exchange and the reso-
nant transfer of excitation. It is knownCse] that the
cross sections of these processes are considerably
higher than the gaskinetic cross section and they amount
to 10"13-10-u cm2.

Since the Doppler width of the resonant absorption
lines of atoms can be of the same order of magnitude
as the isotopic shift, allowance has to be made for the
loss of selectivity due to the excitation by undesired
absorption in the wings of spectral lines.

The Doppler width can be reduced and the influence
of collisions can be minimized by the use of well-colli-
mated atomic beams but this limits the usefulness of
the two-step selective photoionization method to the
range of low densities. This restricts the yield of the
method if the laser radiation power is sufficiently high.
Optimization of the whole separation process makes it
necessary to determine the degree to which it is pos-
sible to increase the density of atoms from the point
of view of efficiency and selectivity of the process.

We shall consider the kinetics of the populations of
the energy levels in a mixture of A and Β isotopes
which are in the gaseous phase (Fig. 3). The moment
t =0 corresponds to the beginning of illumination with
radiation which is in resonance with the spectral line
of atoms A and whose spectral width is sufficient for
the excitation of all the atoms within the Doppler pro-
file. This radiation may extend to the wing of the
spectral line of atoms B. In addition to the resonant
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FIG. 3. Energy level scheme
of two-step selective photo-
ionization of a gas of A and Β
atoms.

(5)

radiation, atoms are also subjected to radiation whose
absorption causes ionization of excited A and Β atoms.
These excited A and Β atoms can give up their excita-
tion energy to unexcited A and Β atoms in a resonant
process whose rate constant is fet. Similarly, ionized
atoms of each kind may exchange electrons with atoms
of another kind in the process of resonant charge ex-
change characterized by a rate constant kz. Let us as-
sume that the concentration of A atoms is less than that
of Β atoms, n0« No, which corresponds to the most im-
portant case of the separation of rare isotopes. The
relative concentrations of the excited (N-L/NQ) and ion-
ized (Nz/N0) Β atoms can be regarded as low and the
charge exchange experienced by the Β atoms as well as
the resonant transfer of the excitation energy from Β
to A can be ignored, which simplifies the analysis con-
siderably. It should be noted that these processes play
a positive role. The radiative lifetime Tt of the excited
atoms, which is the same for A and B, is assumed to
be equal to the total lifetime of these atoms. The aver-
age time for the removal of ions from the interaction
region of atoms with radiation is T2. An analysis shows
that all the characteristics of the separation process
deteriorate with increasing number of charge-exchange
events during the separation time. The separation time
is usually fairly long, TgSlOi"!. Therefore, the most
undesirable process is the charge exchange and the in-
fluence of the transfer of excitation can be ignored. It
should be noted that even a relatively weak excitation
of Β the atoms in the wings of their absorption lines
may considerably reduce the separation coefficient.

The quantum efficiency a = 1 can be achieved if the
rate of photoionization WZT1>1 is high. Since the photo-
ionization cross section is small, σ2 = 10'17-10"18 cm2,
this means that the ionizing radiation power has to be
high and the energy of this radiation is hardly absorbed
by atoms. The position can be improved somewhat by
resonant ionization through autoionization states. t 3 8 1

The ionization cross section may then be σ2 = 10"15-
10'16 cm2 but the optical thickness of the gas for the
ionizing radiation is still 4-5 orders of magnitude less
than for the resonant radiation (σ1 = 10"11-10"13 cm2).
Nevertheless, in view of the stringent requirements
that the resonant radiation must satisfy, it is desirable
to determine the quantum efficiency of ionizing radia-
tion.

In the case of high values of W2T1 and on the assump-
tion that the excitation of Β atoms in the wing of their
resonant absorption line can be ignored, we find that
the total number of extracted ions n, quantum efficiency
a, and separation coefficient η are described by the
relationship

Then, at low densities, when kzNoz«l, the separation
coefficient is high, the quantum efficiency tends to
100%, and practically all the type A atoms are trans-
formed into separable ions, as shown above for a col-
lisionless atomic beam. However, the mass yield is
low.

When ions are removed by an external electric field
in the case of low gas densities, the average transit
times of ions to the cathode is independent of the den-
sity. When the density is increased, the yield of ions
increases proportionally to n0 and the separation co-
efficient falls proportionally to l/n0. If kzN0Tz>i, the
collisionless motion of ions changes to a drift, in which
case we have TZCCN0 and the yield of ions decreases
with increasing density. The optimal density from the
point of view of yield is that for which kzN0Tz~\. Then,
w=no/2, α = 1/2, and η = Ν0/η0 and ions of the A and Β
atoms are present in the separation products in approxi-
mately the same amounts, naN, whereas the original
mixture obeys the inequality n 0 « No. If fe2 = 5x 10"10-
10"9 cm3/sec, T2 = 10"5 sec, the condition kz Νοτζ = 1 cor-
responds to an atomic vapor density No ~ 1014 cm"3,
which is several orders of magnitude higher than in a
collisionless beam.

In the removal of ions by plasma-chemical reactions,
it is necessary to introduce into a gas atoms and mole-
cules which react chemically with ions and the cross
section of this reaction should be considerably greater
than the gaskinetic cross section (the reaction rate con-
stant should be k3» (vV)ek). The quantity kzNorz is then
independent of the density but, for a given density,
there is an optimal (from the point of view of yield)
density of the atoms being separated and of the "im-
purity" (N() particles introduced for the purpose of the
reaction {N0/Ni)ovt=fy3/kz. In this case, the yield of
ions of the required kind is maximal and amounts to
wo/(l +Jkz/k3). The total density of the particles is
then limited by the need to retain the excitation selec-
tivity because an increase in the density increases the
collisional line width and the isotopic shift should be
greater than this width. If it is necessary to ensure a
high content of the isotope being separated in the re-
action products, the condition k3N{» k?Na should be
satisfied. This reduces the yield. Clearly, the plasma-
chemical method of the removal of ions obtained as a
result of selective two-step photoionization is quite
promising.

The considerations put forward above, based on dif-
ferent approaches, both allowing and ignoring the pro-
cesses which result in the selectivity of the interaction,
demonstrate the possibility of effective separation of
isotopes by selective two-step photoionization in an
atomic beam and in the gaseous phase, and they also
yield formulas suitable for calculations. These con-
siderations also show that the weakest link in the two-
step method (from the energy point of view) is the sec-
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ond one, involving the photoionization of excited atoms
and this is due to the smallness of the ionization cross
section of the excited states.

For example, in the case of uranium, the results" 3

averaged over the wavelength range 2100-3100 A (sec-
ond step) show that the value of σ2 is 10"17 cm2, where-
as, in the case of resonant absorption (first step) at the
wavelengths of 6056.8 A, 5915.4 A, and 5758.1 A, the
values of σχ are 5.9xl0' 1 5 cm2, l . lx lO" 1 3 cm2, and
1.6xlO"14 cm2. The autoionization levels, which arise
(according to the results of a preliminary analysis) due
to the interaction of the metastable configurations f3dpz,
f3dsp, f*szp, a n d / V of the neutral atom with the con-
figuration of the ion/3ds, are located 500 cm"1 higher
than the ionization limit of the atom. (The ionization
potential is 6.11 ± 0.02 eV. ϋ 9 ] ) The cross sections of
the autoionization transitions are 10 times higher. A
better theoretical estimate gives σ2 = 5χ10'1 β cm2.

Although values such as σ8 = 5 x 10"le cm2 make it pos-
sible to consider seriously the competitiveness of the
method of selective two-step photoionization for the en-
richment of uranium with the U235 isotope,ce3 it is pref-
erable to search for methods which avoid the obstacle
mentioned above.

A direct generalization of the two-step photoioniza-
tion method is the Ai-step procedure in which succes-
sive resonant excitation of the uranium atom is per-
formed by four lasers with emission wavelengths of
about 0.6 μ and this is done until the energy reaches a
value close to the continuum. The ionization is then
performed by an infrared laser whose photons are
relatively "cheap" compared with the ultraviolet pho-
tons. C8] Thus, infrared radiation may be provided by
a CO2 laser (y-1000 cm'1) whose efficiency may reach
30%.

A promising procedure is the chemical ionization of
selectively excited atoms, in accordance with the
scheme

U* +M = UM+ +e-,

where Μ is a metal (cesium, barium, thallium, or
aluminum), or in accordance with

.— U' + SF;,

(6)

(7)

It is proposed to use the method of intersecting beams
in a study and utilization of these reactions.C e l Par-
ticularly interesting is the intermetallic chemical ion-
ization in the Cs + U* reaction (excited at the wave-
length 4352 A) since the probability of the reaction of
cesium with unexcited uranium is relatively low.

In view of the known fact that the rates of many en-
dothermal bimolecular reactions increase strongly
when either the vibrational or the electronic energy of
the system is increased, it would be interesting to
consider such fairly common reactions as

(8)

It is likelyt8] that reactions of the (8) type will be pref-
erable to reactions (6) and (7) because, in the former
case, the isotopic exchange is less likely and the prod-
ucts are removed more easily.

Another interesting possibility is the use of ionization
of selectively excited atoms in a strong electrostatic
field which deforms considerably the electronic terms
of atoms.C 4 0 ]

In this case, the essential point is that the selective
ionization of atoms is possible as a result of selective
excitation to a state close to but lower than the ioniza-
tion limit followed by subsequent ionization of highly
excited atoms by an electric field. Laser radiation
makes it possible to populate readily and quite effi-
ciently the states of atoms with large values of the prin-
cipal quantum number n. The applied electric field
modifies the electronic terms in such a way that some
of the terms in the discrete spectrum adjoining the
ionization limit reach the continuum and the other levels
become of the autoionization type. The probability of
autoionization decay rises rapidly with the principal
quantum number n. Since an effective filling of the
states with high values of η requires three or four tun-
able lasers emitting sufficiently monochromatic radia-
tion, the method is basically similar to the N-step
photoionization mentioned above. An important differ-
ence is the use of an electric field for ionization rather
than infrared laser radiation. According to the esti-
mates given in"0 3, the field required for rubidium
atoms need not exceed 30 kV/cm.

The autoionization of high atomic states in an elec-
tric field was achieved experimentally in the case of
sodium atoms.C 4 0 b ] The two-step excitation was pro-
vided by two dye lasers (rhodamine 6G and POPOP),
excited by a pulse nitrogen laser. The emission wave-
lengths of these lasers were 5895.9 A (first step) and
4210-4140 A (second step). In the first step, the laser
radiation saturated the 3 2 S 1 / 2 -3 2 .P 1 / 2 transition. The
second step involved the excitation of high S and D
states of Na with a quantum number η varying from 13
to 18. The electric field was within the range 10-20
kV/cm. It was found that the photocurrent increased
strongly and the effect was resonant. Although the
monoisotopic nature of sodium was unsuitable for test-
ing the suitability of this isotope separation method,
this experiment demonstrated the possibility of a con-
siderable extension of the range of applications of the
method of selective photoionization of atoms.

Essentially, the methods described in the preceding
paragraphs are intended to avoid the principal difficulty
in two-step photoionization, which is the smallness of
the value of σ2, and to make this a single-step process.
However, up to now, the only experimentally realized
laser method of enriching uraniumC22] has been the
selective-step photoionization. In the early part of
1975, this separation was achieved not only at the mi-
croscopic level but also at a level at which consider-
able amounts of uranium were produced. A fourfold
enrichment of natural uranium with the U235 isotope was
achieved and the yield was 1 mg/h.C413 (An atomic
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FIG. 4. Schematic diagram of the experimental arrangement
used in selective two-step photoionization of uranium in an
atomic beam: 1) furnace; 2) interaction chamber; 3) ioa lens;
4) quadrupole mass filter; 5) ion collector; 6) laser beam; 7)
ultraviolet radiation.

power station with an output of 3xlO1 0 W consumes1-93

U235 at a rate of 4 g/sec.) This experiment was carried
out using two lasers, one krypton (KrIII, λ = 3507 A)
and the other xenon (Xe II, λ =4606 A), producing a total
photon energy of 6.25 eV, which was 0.14±0.02 eV
higher than the ionization potential of uranium atoms
and, consequently, it should be possible to use the auto-
ionization transition in the second step.

The first reported experiment22 was carried out using
a cw tunable rhodamine 6G laser (first step) and a con-
tinuously operating mercury lamp. The laser and ultra-
violet radiation were oriented at right-angles to one
another and to a collimated beam of uranium atoms.
The experimental arrangement was as shown in Fig. 4.
The laser separation of uranium atoms was successful
because of the development of a uranium alloy which
acted as a source of uranium vapor of sufficiently high
pressure. (Liquid uranium is very active and, at tem-
peratures exceeding 2100 °K, there are practically no
technological materials which would not be "eaten away"
by uranium at a high rate.) It was found that uranium-
rhenium alloy with the stoichiometric formula URe2,
kept in contact with tungsten up to temperatures ex-
ceeding 3100 °K, formed a dense protective film which
prevented the attack of uranium on tungsten. The ura-
nium vapor pressure was close to what one would expect
at the temperatures involved.

This experiment was carried out at 2400 °K and the
heating was ohmic. The density of the uranium atomic
flux was 1012 cm"2 · sec"1. The cross section of the
atomic beam after passing through several apertures
was 3x7 mm and the density of the atoms in the inter-
action region was 5xl0 1 0 cm"3. Bias voltages were ap-
plied to the crucible, thermal screens, and apertures
so as to free the beam from charged particles of ther-
mal origin before it entered the interaction region.

The wavelength of the laser radiation was 5915.4 A.
The isotopic shift at this wavelength was 8 GHz. The
Doppler width of the absorption line was 1 MHz. The
width of the laser radiation spectrum was less than 50
MHz. The rhodamine 6G laser was pumped by a cw
argon laser and the output power of the dye laser was
40 MW. The dye laser resonator included a Fabry-
Perot interferometer controlled by piezoelectric means.
A small proportion (~ 1%) of the laser power was de-
flected for frequency monitoring and stabilization with
the aid of an absorption cell containing enriched uranium
iodide in which a microwave discharge was established.

The arc mercury lamp with an output power of 2500 W
performed the ionization of the excited uranium. A
quartz filter removed radiation of wavelengths shorter
than 2100 A so as to avoid ionization of the unexcited
uranium. The intensity of the ultraviolet radiation in
the 2100-3100 A range was 8 W/cm2.

An ion beam produced by this selective ionization
method was slightly focused by an ion lens before it
entered a quadrupole mass filter mounted in the same
vacuum chamber. The ions which were transmitted by
the filter were removed from the beam by a collector
cone to which a bias voltage of 3100 V was applied.

When the dye laser was tuned to the U23e absorption
line, the mass spectrum of the ion current consisted
only of U238 photoions. When the laser was tuned to a
U235 line, only ions of mass 235 were obtained. When
uranium with a natural mixture of isotopes was em-
ployed, the ion current for tuning to U235 was 1000 times
smaller than for tuning to U238. This was due to the
relative abundances of U235 and U238 (0.071%) and the
presence of eight hyperfine structure components in the
spectrum of U235.

An additional confirmation of the attainment of sep-
aration was provided by an experiment in which the
mass filter was tuned to the 235 mass and the absorp-
tion spectrum of uranium was scanned with the laser.
All eight hyperfine structure components of the absorp-
tion spectrum of U235 appeared in the photocurrent of
ions of mass 235; the shape of the peaks, their posi-
tions, and intensities agreed exactly with the known
optical spectrum (Fig. 5).

These experiments demonstrated that, in principle,
it should be possible to perform laser isotope separa-
tion even on such a heavy element as uranium. More-
over, these experiments provided valuable spectral in-
formation and made it possible to formulate the require-
ments which lasers should satisfy for an industrial unit
performing laser separation of uranium isotopes by the
selective photoionization method.

It should be pointed out first that the number of ura-
nium atoms in the ground state depended strongly on
temperature. At 2600 °K, 44. 5% of all the atoms were
in the ground state and 27% at the 620 cm"1 metastable
level. Many lasers would be required to interact with
all the atoms but, clearly, two lasers differing in fre-
quency by 620 cm"1 would be needed for the first step.
At 2800 °K, the use of the two lasers almost doubled

-Η Η- GHz

Frequency

FIG. 5. Hyperfine structure of
the spectra of the U235 isotope in
the 5915 λ range: a) emission
spectrum in a hollow-cathode
lamp; b) spectrum of photons
emitted by U235 as a result of
scanning of a dye laser frequency.

Frequency
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the output parameters of the separation system.

Rough estimates'81 based on the experimental results
indicated that one unit for the separation of uranium
isotopes with a yield of 2. 5-10 tonnes per year of
uranium enriched with U235 to 3.2% would require lasers
with an output power of 10-40 W in the visible range
(100-400 W/cm2 intensity) and ionizing radiation
sources of 20-40 kW power (104 W/cm2 intensity). The
monochromaticity of the lasers should be at least 100
MHz (0.03 cm"1), the frequency stability should be at
least 1 GHz (cm'1), and the divergence should be 10"4

rad. For an overall laser efficiency of 0.1%, the total
power consumption of such a unit would be 250-1000 kW
and, clearly, the laser efficiency would have to be in-
creased considerably.

The above results were obtained for the laser sep-
aration of isotopes of an important element such as
uranium. However, it is clear that the method de-
scribed here and its analysis are of general application
and can be used in every case in which an atomic beam
can be formed.

4. SELECTIVE DISSOCIATION OF MOLECULES

The most general method for the selective dissocia-
tion of molecules is the two-step photodissociation.
This method is fully analogous to the two-step photoion-
ization of atoms and it has the same advantages and
shortcomings as the former. An undoubted advantage
is, in principle, the universality of the method. It
arises from the fact that the molecules absorbing re-
sonantly infrared laser radiation are subjected at the
same time to this radiation and visible or ultraviolet
light of photon energy sufficient for photodissociation
from an excited vibrational state of the ground elec-
tronic state but too small for dissociation from the
ground vibrational state. On this basis, the photodis-
sociation is best performed by lasers with a suitable
wavelength. However, one can also use wide-band light
sources and filters for establishing a suitable violet
edge to the radiation spectrum. However, in the latter
case, the efficiency is lower. If thermal population of
the selected vibrational level can be avoided,

(9)

and if the red edge of the molecular continuous absorp-
tion spectrum corresponding to the photodissociation is
sufficiently steep,

(10)

this method can utilize the high selectivity of the vi-
brational excitation to even higher energies.

As in the case of photoionization of atoms, the short-
comings of the method are related to the differences be-
tween the resonant absorption and dissociation cross
sections, which makes it difficult to utilize fully pho-
tons of very different wavelengths. Moreover, the
smallness of the infrared photon energy results in dif-
ficulties in the spectral filtration of the dissociating
light with a sufficiently high degree of contrast.

Nevertheless, this method has been applied success-
fully in the separation of nitrogen1843 and boront25]

isotopes as a result of CO2 laser irradiation of NH3

and BCla molecules, respectively. In both cases, the
photodissociation was performed by ultraviolet radia-
tion with a continuous spectrum passed through an ab-
sorption filter formed from vibrationally unexcited
NH3 and BC^ gases, respectively.

Selective photodissociation of molecules, in which
the elementary event produces a large number of iden-
tical infrared quanta in resonance with the 0«-»l vibra-
tional transition in a molecule, has attracted consider-
able interest. In this case, the selectivity of the dis-
sociation is observed when the intensity of the laser
radiation is high and the energy is supplied rapidly.

The basis of this method is the nonthermal action of
high-power infrared laser radiation on a molecular gas,
first reported inC2]. Continuous illumination of a gas
whose molecules have a vibrational spectrum in the
frequency range of the laser radiation results in an
increase of the vibrational temperature above the trans-
lational temperatureC2] and causes dissociation of the af-
fected molecules. Collisions play an important role in
this process and they can result in the loss of the selec-
tivity of the molecular excitation. However, the "in-
stantaneous" dissociation of molecules resulting from
pulse resonant excitation of gases in a time short com-
pared with the interval between gaskinetic collisions—
which is, consequently, a purely radiative process—
was discovered later.126·1 This collisional(instantaneous)
dissociation is characterized by an intensity threshold
(108-109 W/cm2) and by a total energy threshold.

The instantaneous dissociation effect has been used
in isotopically selective reactions of gas molecules
BCLj with oxygenKe: and of SF6 with hydrogen. lm

The boron isotopes were separated experimentally
using a pulse COE laser (energy per pulse 0. 5 J, pulse
duration 100 nsec). The experiment was carried out
on a natural mixture of Bl0CL, and BUC13. When air
was added to BCI3, the instantaneous luminescence
spectrum exhibited an intense system of bands of the
BO radical. When the laser frequency was tuned to the
vibrational band v3 of the BnCl3 molecule (938. 7 cm"1)
or to the absorption band of the B 1 0 ^ molecule (978. 5
cm"1), the instantaneous luminescence spectrum had
evidence of the appearance of the BUO or B10O radicals.
The experiment was carried out at a pressure of 4 Torr
BC13 and 20 Torr air in a small cell.

The separation of sulfur isotopes by the interaction of
pulse CO2 laser radiation with SF6 molecules, char-
acterized by a high enrichment coefficient, was a con-
siderable step forward. The experimental arrange-
ment was similar to that used for BCI3. The collision-
less dissociation of the SF6 molecule was achieved when
the laser radiation intensity was ( l -2)xl0 e W/cm2 at
pressures of 0.1-0. 5 Torr. At low pressures, the en-
richment coefficient reached 103. Irradiation for 1 min
(100 pulses with an energy of 2 J) resulted in macroscopic
separation of the isotopes with a yield of 10"* g SFe with
a twelvefold enrichment compared with S34F6/S

32Fe.
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Clearly, in these two experiments, the irreversibility
of the instantaneous dissociation of the SF6 molecules
was due to the uncontrolled reactions of the molecular
fragments with the cell walls. The addition of hydrogen
did not alter significantly the results obtained.

Significant amounts of enriched BClj (a few milli-
grams) were obtainedC41bl when a chemical reaction was
initiated between strongly excited boron trichloride and
hydrogen sulfide. The enrichment disappeared when
the duration of the laser pulses was increased from 300
nsec to 1

The collisionless dissociation effect was also used in
the separation of osmium isotopes by interaction of CO2

laser radiation with the OsO4 molecule.C41c:l Although
104 pulses produced only a small enrichment of 15%,
this experiment was interesting because heavy mole-
cules with a small isotopic shift were separated.

Clearly, the selectivity of the reactions is due to the
collisionless nature of the acquisition of energy by
molecules. The dissociation energy is reached selec-
tively if an individual molecule subjected to the field of
strong infrared laser radiation absorbs 30-50 photons
in a time shorter than the vibrational-vibrational (W)
time and if it accumulates the absorbed energy as the
number of absorption events increases. The anhar-
monicity of the vibrations makes the radiation which is
resonant with the first vibrational level, nonresonant
with higher vibrational levels. Therefore, without al-
lowance for the VV exchange, the process of acquisition
of the vibrational energy in a strong radiation field res-
onant with the first vibrational level should, apparently,
terminate. Thus, the instantaneous dissociation mech-
anism is obviously a nontrivial effect and its under-
standing will be extremely important for the future de-
velopment of this multistep method for isotope separa-
tion.

It is knownC42] that, because of the dynamic Stark ef-
fect, a strong radiation field broadens the energy levels.
This makes possible nonresonant absorption in a strong
field when the Stark broadening exceeds the shift due to
anharmonicity. This mechanism is considered inC43:l for
the case of chemical activity of laser-excited diatomic
molecules. However, the anharmonicity can be over-
come throughout the process of accumulation of energy
in higher vibrational levels, right up to the dissociation
limit of molecules such as BCI3, SFe, N2F4 ) etc., by
the use of infrared radiation fields several orders of
magnitude higher than those found sufficient experimen-
tally and these high fields would correspond to a non-
resonant infrared breakdown. Thus, this mechanism
cannot account entirely for the instantaneous dissocia-
tion of molecules.

On the other hand, one may take into account the pro-
cesses of fast migration of excitation energy within an
individual molecule, similar to those observed in long
one-dimensional molecules of organic "superconduc-
tors, " [ 4 4 ] in large organic dye molecules,C32] or in large
coordination compound complexes.C45] However, these
processes are unlikely in the case of the relatively sim-
ple molecules of the type considered. Moreover, they

are not of threshold nature.

The multiphoton nature of the processes can explain
the threshold nature of the dissociation,C4e: but, in the
present case, the number of photons involved is so high
(30-50) that, for reasonable values of the radiation in-
tensity, the probability of simultaneous participation of
this number of photons is low.

It is useful to mention here that the interaction of gas
molecules with an external electromagnetic field, whose
frequency varies adiabatically with time, may result in
the selective excitation of a given high vibrational level
of a molecule. U11 When the adiabatic condition is ful-
filled and if, during the time needed for field inversion
of the populations of two neighboring vibrational levels,
the change in the field frequency is much less than the
separation between neighboring rotational sublevels and
detuning due to anharmonicity, then consecutive com-
plete transitions of a molecule from a lower to the next
higher level may take place in field pulses of duration
much shorter than the relaxation time. At the end of
this process practically all the molecules should be
concentrated in a given level N. If the dipole moment
of the vibrational transition is 0.3 D, anharmonic and
rotational detuning is ~ 5 cm'1, and JV = 10, the estimates
obtained inC473 give ~ 3 χ 105 W/cm2 when the frequency
varies at a rate of ~ 1. 5x 108 cm"1 · sec"1. During a
pulse of 0. 3X10"8 sec duration, a combined anharmo-
nicity of ~ 50 cm"1 may be compensated. This excitation
mechanism is undoubtedly of intrinsic interest but its
realization requires construction of lasers in which fre-
quency can be varied rapidly over a wide range.

At present, the most thoroughly investigated is the
two-step collisionless (instantaneous) mechanism of
the dissociation of gas molecules as a result of reso-
nant interaction with high-power laser pulses.C 4 8 1 It is
assumed that the excitation of the lower vibrational
levels is due to allowed transitions and the detuning due
to the anharmonicity of the vibrations is compensated
by level broadening in the strong laser field (first step).
The subsequent excitation of molecules right up to the
dissociation limit occurs due to, generally speaking,
forbidden transitions in a quasicontinuous sequence of
levels (second step). This situation is shown schemati-
cally in Fig. 6.

The point is that, in the case of polyatomic molecules,
the deviation from resonance in the excitation of higher
vibrational levels may be compensated by the greater

FIG. 6. Schematic representation of two-
stage excitation of higher vibrational levels
of diatomic molecules.
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complexity of the energy levels. In molecules such as
BCI3, SFe, etc., the total number of vibrational levels,
including combination levels corresponding to the ex-
citation of s vibrational quanta for I vibrational modes,
is given by the binomial coefficient C*w+1 and is fairly
large when the degree of excitation is high. Allowance
for the rotational structure reduces, at the rate of ex-
citation corresponding to (3-4)hv, the average separa-
tion between the levels to a value comparable with the
homogeneous width of a rotational level so that the
levels merge into a single quasicontinuous background.
It should then be possible to excite radiatively these
levels in steps equal to the energy of the laser photons
hv, which is in resonance with the transition from the
ground to the first excited vibrational state. In view of
the anharmbnicity of the molecules, the next two-three
levels are no longer in resonance but it is possible to
excite them with sufficiently strong laser radiation be-
cause of the field broadening of the levels.

In the first stage of this process involving the excita-
tion of a vibrational level whose energy is equal to the
energy of η laser photons, the excitation efficiency is
proportional to /„, the effect should have a threshold,
and the threshold excitation intensity of the first two or
three vibrational levels should be approximately

(U)

where Δω is the detuning due to anharmonicity and d is
the dipole moment of the vibrational transition. In the
specific case of the BCI3 molecules, characterized by
d«3xlO"1 9 cgs esut 4 9 ] and Δω«3 cm"1, the threshold in-
tensity is 108 W/cm2, in agreement with the published
experimental results. C2e.28.s°3

In the second stage of the process, the detuning in the
quasicontinuous sequence of levels is small and the ex-
citation of increasingly higher levels occurs in a man-
ner similar to that in coherent effects of the photon
echo type.C49: | The main difference lies in the fast,
compared with the relaxation rate, excitation of mole-
cules under the action of radiation. In this case, the
important quantity is the threshold of the integral of the
pulse envelope and not the intensity threshold

dforb '
(12)

where κ (f) is the envelope of the laser radiation pulse
field and diorb is the dipole moment of the generally for-
bidden transitions between combination levels forming
a quasicontinuous sequence. When the intensity is
given by Eq. (11), the above condition imposes a mini-
mum of the exciting pulse duration. If 1= 108 W/cm2

and df o r b = 10"2 D, the minimum pulse duration is 10"8-
10"9 sec, which agrees with the experimentally deter-
mined durations of luminescence emitted from disso-
ciated molecules.

This radiative dissociation mechanism has a number
of characteristic features. Firstly, the specific nature
of the molecular coupling is lost in the excitation of

higher vibrational levels: all the levels are "identical"
and form one quasicontinuous background. A molecule
becomes overexcited and behaves like an atomic nucleus
in the drop model.C 5 1 ] Secondly, the bottleneck now
lies in the lower vibrational levels, where the gap be-
tween the rotational sublevels is large so that there is
still selectivity in respect of molecules of different
isotopic compositions. Thirdly, the dissociation may
be controlled by varying not only the power but also the
duration of the exciting radiation pulses. The dissocia-
tion may occur at low pressures when the level broaden-
ing needed for the effective achievement of the second
stage is ensured not by collisions but by a strong field
present because of the first stage. Clearly, the dis-
sociation selectivity is highest at low pressures. At
high pressures, the radiative-collisional cascade pro-
cesses of the excitation of higher vibrational levels may
play an important role. An analysis of these processes
deserves special attention.

The existence of a quasicontinuous sequence of levels
in highly excited polyatomic molecules leads to the con-
clusion^73 of the possibility of "instantaneous" forma-
tion of ions as a result of the action of strong infrared
laser radiation on molecules. Clearly, this effect can
be utilized in isotope separation.

Above the dissociation limit, there lies a range of
electronic-vibrational-rotational (rovibronic) levels
characterized by a high density of states. The number
of electronic terms in polyatomic molecules such as
BCI3, SFe, etc. exceeds 100. These terms can be
divided into bonding and dissociating. The dissociating
terms are very likely to have a structure in which a
higher potential well overlaps a lower well, as is found
in several diatomic molecules.C 3 8 ] This gives rise to
a quasicontinuous sequence of vibrational-rotational
levels right up to the ionization limit. Then, if allow-
ance is made only for bonding terms, radiative excita-
tion becomes possible as a result of resonant transi-
tions in a quasicontinuous sequence of levels similar
to that which occurs in a sequence of levels of the
ground electronic state. Thus, radiation corresponding
to the vibrational quanta of a molecule populates the vi-
brational levels of excited electronic states. This gives
rise to "instantaneous" ionization.

When a molecule reaches one of the dissociating
terms (lifetime = 10"15 sec), it splits up and leaves the
radiative excitation channel. This and the nonadiabatic
processes involving the bonding terms give rise to un-
usual products typical of the "instantaneous" dissocia-
tion, which can be explained by a strong over excitation
of the molecule, compared with the excitation within
the ground electronic state (the analog is again the drop
model of the nucleus). The fragments obtained as a
result of dissociation of a strongly overexcited mole-
cule ionize readily and both channels then contribute to
the "instantaneous" collisionless formation of ions.

Since the process under consideration begins from
resonant excitation of the first vibrational level, the
selectivity is retained right up to the ionization limit.
This can be used in the separation of isotopes by an
electric field.
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FIG. 7. Pressure dependence of the
photoionization threshold of BC13.
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The "instantaneous" formation of ions and its analog
in the form of "instantaneous" dissociation both have
intensity thresholds as well as thresholds of the integral
of the pulse envelope. When these thresholds are ex-
ceeded, the populations are, on the average, distributed
approximately uniformly over all the energy levels
which are multiples of hv. If there is a discontinuity
in the quasicontinuous sequence of levels, the crossing
of the gap may result in an intensity threshold char-
acteristic of multiphoton processes.

The formation of ions was observed experimentally
in a strong infrared laser radiation field applied to a
BCl̂  gas under conditions excluding gaskinetic colli-
sions. [ 5 2 ] Use was made of a CO2 laser (λ = 10.6 μ,
pulse duration 1 μ sec, and energy up to 1.5 J). This
phenomenon had a definite threshold of the laser radia-
tion intensity. Figure 7 shows the dependence of this
threshold intensity on the pressure. The efficiency of
ion formation was considerable. Figure 8 gives the de-
pendence of the total relative density of charged par-
ticles in the irradiated gas on the radiation intensity.
Preliminary results indicated that the formation of ions
was isotopically selective.

At pressures below 10"3 Torr, a gas became conduct-
ing under conditions which eliminated the influence of
collisions during a pulse and during the propagation of
the charges obtained, which indicated that the charge
formation mechanism was purely radiative. The high
relative density of ions indicated that the collisionless
resonant infrared photoionization of polyatomic mole-
cules was highly efficient. This process was charac-
terized by a low threshold (~ 10 MW/cm2) and it was
efficient at intensities (~ 50 MW/cm2) considerably
lower than in the multiphoton photoionization case.

Undoubtedly, the experiment reported inC52J was an
important step in the solution of the problems encoun-
tered in laser isotope separation. A particularly at-
tractive feature was the possibility of electric removal
of the separation products avoiding chemical binding.

The selective multistep interaction methods utilizing
the vibrational spectra of molecules are sufficiently
promising and interesting. They can be used in the
selective interaction not only with one of the fundamen-
tal vibrations of a molecule but also with combination
vibrations or harmonics (overtones). : 2 e ' 4 1 c ] A short-
coming of these methods is the pulse nature of the inter-
action and the low quantum efficiency. On the basis of
present knowledge, these methods are unlikely to be
useful for highly selective laser isotope separation in

the case of molecules whose isotope shift is less than
or equal to detuning resulting from anharmonicity.

5. SINGLE-STEP SELECTIVE PROCESSES

The attractiveness of single-step selective processes
in laser isotope separation is self-evident. In Sec. 3,
we discussed two-step selective photoionization and
briefly mentioned the possibility of nonradiative ioniza-
tion of uranium atoms and of chemical binding of ex-
cited atoms. In principle, these are methods of general
application but there have been no reports of their real-
ization. Methods based on the pressure of light, scat-
tering of excited particles, and their deflection in elec-
tric and magnetic fields are also of single-step nature.

We shall first consider the application of laser chem-
istry methods in one-step laser isotope separation pro-
cesses. There is no common approach and one has to
seek specific reactions which can be catalyzed suffi-
ciently effectively by laser radiation. Nevertheless,
the published information1119'20] gives grounds for con-
tinuing the search in this direction.

Mayer et al.C191 used a cw HF laser to separate iso-
topes in the gaseous phase by a selective chemical re-
action whose first stage was selective vibrational ex-
citation of the reacting molecule. The separation pro-
cess was applied to hydrogen and deuterium atoms pro-
duced as a result of interaction of 2.7 μ laser radiation
with a mixture of methanol CH3OH and the deutero-
methanol CD3OD, present in a cell at a pressure of
~ 100 Torr at a temperature of ~ 300 °K. The vibration-
ally excited methanol reacted with Br2 vapor and was
precipitated from the gaseous phase which was thus en-
riched with the deuteromethanol. As a result of laser
irradiation for 60 sec (90 W power), the CD3OD content
increased from 50% to 95%. Illumination with a source
characterized by a continuous spectrum gave rise to
nonselective photobromination. Since the energy of the
HF laser quanta exceeded the activation energy of the
bromination reaction, the excitation of the first vibra-
tional level of the O-H bond in methanol accelerated
the reaction strongly.

The reaction kinetics was complex and could not be
analyzed clearly. It would seem that a large number of
collisions which a vibrationally excited molecule should
experience before reacting would have prevented high
selectivity of the reaction. The results obtained could
possibly be explained by a considerable difference be-

FIG. 8. Relative concentra-
tions of charged particles pro-
duced by photoionization of
boron trichloride plotted as a
function of the intensity of
10.6 μ laser radiation at dif-
ferent gas pressures.
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FIG. 9. Schematic representation of the
selective photopredissociation method.

tween the chemical properties and vibrational frequen-
cies of the CH3OH and CD3OD molecules.

The experiments of Mayer et al.Cl9] were interesting
primarily because they represented the first successful
attempt to separate isotopes by laser radiation. The
aim of the experiments was also interesting: it was the
separation of hydrogen isotopes needed in power re-
actors (laser generation of heavy water).

However, the selective photopredissociation meth-
od, C 2 0 ] first applied to the separation of hydrogen iso-
topes, is more promising. This method is also more
generally applicable.

In those cases when electronic excitation raises a
molecule to a bonding term intersecting a dissociating
term, a nonadiabatic transition can take place from one
term to the other and this results in what is known as
predissociation.C53] The probability of predissociation
may be 10'7-10'1 0 sec and it may be greater than the
rate of relaxation or transfer of the excitation energy
to other molecules. The absorption lines correspond-
ing to weak predissociation are fairly narrow153 ] and
can ensure isotopic selectivity of the process. As a
rule, in the case of polyatomic molecules, one can en-
sure that the reaction is molecular and not radical pre-
dissociation by exciting the lowest possible vibrational
level of an excited electronic state.

The advantage of selective photopredissociation is
its high quantum efficiency, which approaches unity,
and its shortcoming is the need to add other chemical
substances for the inhibition of undesirable reactions
and for chemical binding of the separation products.
The range of applicability of the method is limited by
the existence of molecules with suitable spectra. The
essence of the method is illustrated in Fig. 9.

The first successful application of selective predis-
sociationC20: was the separation of deuterium from an
H2CO-D2CO 1:1 mixture kept at a pressure of 3 Torr
and subjected to 25 laser pulses of 3472 A radiation
(second harmonic of ruby laser). The duration of each
pulse was 15 nsec and the peak power was 8 MW. The
spectral width of the radiation employed was 3 cm"1,
which accounted for the relatively weak enrichment.
The ratio of the concentration of deuterium and hydrogen
in the dissociation products was 6 : 1 .

One should also mention another advantage of the pre-
dissociation method. In principle, predissociation can
be carried out by lasers. The most suitable are tun-
able frequency-stabilized dye lasers emitting the fun-
damental or doubled frequency at a high repetition rate.

The method, tested experimentally in the separation
of hydrogen isotopes, was applied successfully to for-

maldehyde in the separation of carbon isotopes and in
the separation of bromine (Br2 molecule) and chlorine
( c y isotopes. A chemical acceptor had to be selected
carefully for each of these molecules. In spite of that,
one should regard the method of selective photopre-
dissociation as promising for the attainment of a high
mass yield in those cases when suitable spectra are
available. The method is promising for the prepara-
tion of isotopes of extreme purity and for enrichment
with very rare isotopes. Unfortunately, there is only
a very small number of molecules which dissociate, on
the one hand, sufficiently slowly to have a narrow line
in the absorption spectrum and, on the other, sufficiently
rapidly to exclude the possibility of the transfer of ex-
citation energy in collisions with unexcited molecules.

In one-step laser action on chemical processes, it is
usually very difficult to establish conditions which would
eliminate the thermal action of the radiation. The se-
lective photopredissociation method is a successful and
promising exception to this rule.

In laser photochemistry, one should seek reactions
faster than VV relaxation, resonant transfer of energy
in collisions with unexcited molecules of undesired iso-
topic composition, etc. A direct approach is the use
of reactions in intersecting molecular beams when all
collisions, except those with molecules of the desired
reagent, are excluded. An example is known152-1 of the
reaction Κ + HC1-KC1 + Η in which the excitation of the
first vibrational level of the HC1 molecule by HC1 laser
radiation increased by a factor of 50 the cross section
of the reaction which occurred in intersecting beams.

The shortcomings of methods utilizing atomic or
molecular beams, compared with those occurring in
gases, are self-evident. Therefore, a particularly in-
teresting case is the dissociation of tetrafluorohydra-
zine N2F4 —2NF2, which is 5-10 times faster compared
with the equilibrium thermal dissociation when the vi-
brational spectrum of this molecule is pumped with CO2

laser radiation.C 5 5 ] Since the energy of one CO2 laser
photon is equivalent to the energy input of 2. 8 kcal/
mole and the activation energy of the reaction is 15
kcal/mole, it is likely that the laser-radiation-induced
dissociation includes some mechanism for the accumu-
lation of the vibrational energy. The question of the
isotopic selectivity of this reaction has not yet been
settled.

On the whole, it is not yet quite clear whether it will
be practical to use the laser photochemistry of mole-
cules in one-step isotope separation. Investigations of
this possibility should clearly be continued.

Among the physical one-step separation methods,
there is considerable interest in selective heterogeneous
separation of vibrationally excited molecules117-1 by
utilizing selective adsorption. The main advantage of
this method is that the critical adsorption energy is
small compared with the activation energy of homo-
geneous chemical reactions. This makes the adsorp-
tion method highly sensitive to small changes in the ex-
citation energy of molecules and thus the separation of
excited molecules can be highly selective. Moreover,

296 Sov. Phys. Usp., Vol. 19, No. 4, April 1976 N. V. Karlov and A. M. Prokhorov 296



a distinguishing feature of the method is the possibility
of operating in a wide range of gas pressures and the
fact that there is no need for subsequent chemical puri-
fication.

Since in heterogeneous separation it is sufficient to
excite only the first vibration level of a molecule, the
excitation conditions become much easier. Firstly,
there is no need to overcome the anharmonicity of the
molecule and, secondly, isotope separation becomes
possible in the presence of gaskinetic collisions and,
thirdly, it is possible to operate continuously.

Collisions equalize the relative populations of the vi-
brational molecules of different isotopic composition
when the isotopic shift is small. However, a strong in-
fluence of even a small difference between the vibra-
tional energies on the rates of adsorption processes
makes the heterogeneous separation highly selective.
Clearly, in contrast to the collisionless case, the sep-
aration coefficient is lower and the yield is higher.
Heterogeneous separation of excited from unexcited
molecules can have a high separation coefficient even
at high pressures, when the role of the VV resonant ex-
change processes is weakened by the addition of a ther-
malizing monatomic gas (gallium).

This method is based on the observation that the rate
of adsorption of molecules of a gas in thermodynamic
equilibrium on a cooled wall (cryogenic pumping) is
given by the sticking coefficient

(13)

where Ec is the critical energy of adsorption which de-
pends on the temperature of the surface and Ε is the
energy of the translational motion of the gas mole-
cules. C 5 e l The results obtained for several polyatomic
molecules at different gas temperaturesC 5 7 ] demonstrate
that the change in c with the gas temperature can be
explained if Ε is understood to be the total energy of a
molecule including its vibrational and rotational com-
ponents. The question of the dependence of the sticking
coefficient c on the degree of vibrational excitation of
molecules under nonequilibrium conditions, when the
vibrational temperature differs from the translational
value, requires special analysis.

It was suggested in1·17·1 that, in the nonequilibrium
case, the sticking coefficient c is governed by a formula
similar to Eq. (13) in which the value of Ec remains
constant and Ε includes the energy of the vibrational
excitation Ev. In subsequent analysis, use was made
of the formula for the sticking coefficient of vibration-
ally excited molecules in the form

(14)

where £ T is the translational energy of a molecule.

Recent experiments158·1 demonstrate the validity of
the above assumptions at least for the BCI3 molecules
when the wall temperature is 160 °K. Separation was
achieved under conditions of strong W exchange be-
tween the B10Cl3 and B11C13 molecules. In this case,

the ratio of the densities of the excited molecules of
different composition is equal to the ratio of their par-
tial pressures in the original mixture. Then, hetero-
geneous separation is due to the difference between the
vibrational energies of the excited molecules of differ-
ent isotopic compositions. In accordance with Eq. (14),
the gas mixture is enriched with molecules whose vi-
brational level lies higher, i. e., with the lighter mole-
cules. The parameters of the separation process are
then clearly governed by the magnitude of the isotopic
shift.

In the experiments, a BClg gas with a natural isotopic
composition flowed through a stainless-steel tube cooled
to 160 °K. The tube was illuminated with cwCO2 laser
radiation of 30 W power. At the exit of the 30-cm long
tube, the enrichment of boron trichloride with B10Cl3
was characterized by the enrichment coefficient η = 1·. 57
±0.2. The amount of enriched BC13 accumulated in 2h
was 2.2 mg.

In control experiments carried out in the absence of
laser illumination, there was no change in the isotopic
composition of the gas, which was in agreement with
the experimental results,C 5 9 ] according to which the
separation coefficient of boron isotopes in the case of
equilibrium evaporation of BC^ at Τ = 160 °K was 1.0035.

A theoretical analysis of the operation of this "laser
chromatographic column" was carried out by solving the
the steady-state transport equation under standard
boundary conditionst60] using Eq. (14). Under Poiseuille
flow conditions in the case of saturation by a laser radi-
ation field, the concentration of molecules with differ-
ent values of the vibrational energy decreases exponen-
tially downstream but the rate of decrease varies con-
siderably from one molecule to another. An estimate
of the separation coefficient for the reported experi-
mental conditions gives η = 1.65-1.45, in good agree-
ment with the experimental value.

The separation coefficient η can be increased con-
siderably by adding a thermalizing gas such as helium.
Although it is easy to separate helium from the enriched
mixture, we must bear in mind that a strong dilution
with helium requires a considerable increase in the
laser power needed to saturate the resonant transition.

These results are of considerable interest. They
show that it should be possible to carry out one-step
laser separation of isotopes in continuously flowing
streams. In this connection, there are very interest-
ing realizations of heterogeneous processes such as
chemisorption, dissolution of gases in liquids, diffusion
in porous adsorbents, relaxation of gases on aerosols, t e l ]

etc. Heterogeneous selective processes may be ap-
plied also to selectively excited atoms. Investigations
of the interaction between excited particles and sur-
faces are of great interest from the physical point of
view.

The method of pressure exerted by light, £ΐ2.
in which the elementary event reduces to the acquisition
by an atom (or molecule) of a momentum hv/c in the
direction of propagation of light after the absorption of
a photon, can be regarded as a one-step laser isotope
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separation method. In spontaneous emission of light,
the direction of the recoil momentum is accidental,
whereas in a laser radiation field the repeated absorp-
tion and emission of photons imparts a resultant direc-
tional motion to resonant atoms. Unfortunately, the
deflection of the selected atoms (even through a small
angle) out of an atomic beam interacting with laser
radiation would require the absorption of a large num-
ber of photons which would make this method essen-
tially of multistep type and inefficient from the energy
point of view. The use of stimulated radiation of ex-
cited atoms passing through a system of mirrors be-
tween which a laser pulse with a "swept" emission fre-
quency is traveling162·1 may improve somewhat the sep-
aration efficiency but will complicate greatly the sys-
tem. Sweeping of the radiation frequency in this meth-
od should be very accurate so that the Doppler effect
is avoided for photons in the forward and reverse direc-
tions of propagation, which interact with an atom (or
molecule) simultaneously.

It is possible that, in practical applications of selec-
tive optical pressure, the most convenient laser isotope
separation technique will be an optical pumpt843 in which
use is made of the difference between the rates of dif-
fusion of atoms along a laser beam parallel and anti-
parallel to the direction of propagation of light.

The optical pressure method was used experimentally
in the separation of barium isotopes.C l 3 ] The selected
atoms were deflected out of an atomic beam by utilizing
the absorption of radiation of a tunable dye laser emit-
ting highly monochromatic radiation. The 6s2'So
— 6s6/> ' P t resonant transition (wavelength 5535 A) was
selected for this purpose. The lifetime of the excited
state, amounting to 8.4xlO"9 sec, governed the rate of
dissipation of the laser energy by a beam of particles
when the transition was saturated. Isotope separation
was observed both visually and mass-spectroscopically.
Tuning to the required resonance peak resulted in a
deflection of the beam in the direction of propagation of
the laser radiation. The deflected part of the beam
reached a suitably located slit of a mass spectrometer.
The peak due to the selected isotope was twice as high
as all the other peaks.

As mentioned earlier, the smallness of the photon
momentum makes the optical pressure method insuf-
ficiently effective in the separation of selectively ex-
cited particles from a molecular (atomic) beam. In
this connection, it is interesting to consider the prob-
ability of selection of vibrationally excited molecules in
a strong inhomogeneous electrostatic field.11βΊ

The sorting of molecules in accordance with their in-
verted energy states in an inhomogeneous electric field
was used in the first ammonia beam maser. c e 5 : In this
case, the separation mechanism was essentially the
quadratic Stark effect.C42] In the case of vibrational
spectra of molecules, the quadratic Stark effect does
not ensure a sufficient degree of separation for reason-
able values of the electric field.

Symmetric molecules such as XY4 of the Td sym-
metry, which do not have a dipole moment in the ground

vibrational state, require a permanent dipole moment
when the vibrations are excited and this moment is of
the same order as the dipole moment of the second-
harmonic vibrational transition. Vibrationally excited
molecules are then deflected by an inhomogeneous elec-
tric field due to the linear Stark effect.

The appearance of a permanent dipole moment in vi-
brationally excited molecules is due to mechanical and
electro-optic anharmonicity of the molecules. The ef-
fective permanent dipole moment i s c i e ]

(15)

where a is the dimensionless cubic anharmonicity con-
stant; μ01 and μ^ are the matrix elements of the 0— 1
and 0 - 2 vibrational transitions, respectively. The
order of magnitude is a«V^w/w, where Δω is the fre-
quency shift due to the mechanical anharmonicity. In
the case of XY4-type molecules, the 0—2 transition is
allowed sufficiently and we can assume that μ^-Ο.Ιμ^.
Hence, it follows that, in the case of molecules of this
class, the value of d may reach a few tenths of a debye.

In accordance with these estimates, which were con-
firmed experimentally"83 for CF3, CC14, SiF4, SiCCl4,
GeCl4, TiF4, TiCl4, and VF4, the angle of deflection
may reach 10° for reasonable values of the electric
field gradient (y Ε »104 cgs esu)t e 7 ] acting over a dis-
tance of 10-20 cm.

The method of deflection of vibrationally excited
molecules in an inhomogeneous electric field is of
fairly general validity. It is not related to multiple ab-
sorption of laser photons by molecules and its quantum
efficiency is fairly high. However, the mass yield of
this method is clearly limited by the need to use a well-
collimated essentially collisionless molecular beam.

One-step laser isotope separation methods, i .e. ,
processes in which the elementary event involving se-
lective separation of the required isotope is the absorp-
tion of one laser photon, are characterized by the high-
est energy efficiency. Their realization requires a
search for interactions with low critical energies. The
most promising are selective heterogeneous processes
and selective photopredissociation, which have the
widest range of applicability and the highest yield.

6. CONCLUSIONS

There is now no doubt that the unique ability of laser
radiation to interact only with selected isotopes in a
natural mixture rather than with the mixture as a whole,
which is true of all the other isotope separation meth-
ods, is a very important advantage of laser isotope
separation methods. These methods are still in their
infancy. The first promising results have been obtained.
A major step has been the separation of isotopes of
such an important (from the power generation point of
view) element as uranium. Laser isotope separation,
which is one of the successes of quantum electronics,
is becoming a major area laser application comparable
in its importance with laser fusion.
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In principle, laser isotope separation can be applied

to any element in the Mendeleev table.

We have considered here some of the laser isotope
separation methods of the widest applicability. One
may expect suggestions and developments of new meth-
ods which are particularly effective in the case of a
specific element.

Investigations of laser isotope separation are not
only of intrinsic interest but of great importance in the
scientific sense because they give valuable information
on the physical and chemical kinetics of basically non-
equilibrium systems and on the wide spectrum of inter-
action mechanisms of excited atoms and molecules.
Laser isotope separation studies will further stimulate
quantum electronics by presenting fairly stringent de-
mands in respect of new laser systems. These de-
mands include, particularly, high efficiency, tunability,
monochromaticity, stability, and high average output
power.

The advantages of laser isotope separation methods
are so great and they are now so reliably grounded both
theoretically and experimentally aspects that we can ex-
pect these methods to play an important role in physics,
chemistry, and power engineering in the near future.
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