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Abstract. Today, research aimed at the development of low-
energy methods of molecular laser isotope separation (MLIS)
is relevant and in demand. The main goal of these studies is to
find efficient and cost-effective methods that can be used as the
basis for the technology of laser separation of uranium isotopes,
as well as other elements. To date, a number of approaches to
the implementation of low-energy methods of MLIS using
infrared (IR) lasers have been proposed. Many of these ap-
proaches are not well understood and/or are difficult to put
into practice. Some of them are considered to be promising
and require further study. These include the method of iso-
tope-selective suppression of the clustering of molecules using
IR lasers during gas-dynamic expansion at a nozzle exit and the
method of isotope-selective IR dissociation of small molecular
van der Waals clusters. A review of recent results obtained using
these two methods is presented. The experimental facilities and
research methods are briefly described, and the choice of the
objects of study is substantiated. Results obtained with model
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SFs and CF3Br molecules are analyzed with reference to study-
ing the process of isotope-selective suppression of the clustering
of molecules among themselves and with atoms of an argon
carrier gas, as well as the process of isotope-selective IR dis-
sociation of small homogeneous and mixed clusters of
(SFg),,Ar, and (CF3Br),, Ar, (wherem =1-2and 0 <n <5
are the numbers of molecules and atoms in the clusters, respec-
tively). The results presented suggest that these methods can be
used for the separation of isotopes in molecules containing
isotopes of heavy elements, which have a slight isotopic shift in
the IR absorption spectra.

Keywords: atoms, molecules, clusters, molecular and cluster beams,
laser spectroscopy, laser-induced selective processes in molecules
and clusters, laser separation of isotopes

1. Introduction

Extensive research is currently underway aimed at the
development of low-energy methods of molecular laser
isotope separation (MLIS) [1-13]. The principal objective of
these studies is the search for efficient and cost-effective
techniques to separate isotopes of uranium and other
elements. The application of the well-known method of
selective infrared (IR) multiphoton dissociation (MFD) [14—
17] that worked successfully when used to separate carbon
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isotopes [18-21] proved inefficient for separating uranium
isotopes because of high energy consumption, the lack of
effective powerful laser systems, and a number of other
factors [1]. Suffice it to say that around 40-45 quanta of IR
radiation at a wavelength of 16 um are needed to dissociate a
single UF¢ molecule, which is equivalent to the absorption of
3.1-3.5 eV of energy per molecule.

One option for the further development of MLIS
techniques is the use of low-energy physicochemical pro-
cesses with an activation energy of no higher than 0.3-0.5 ¢V
[1-13]. Such energies are inherent in the physicochemical
processes of surface adsorption and desorption of mole-
cules, including those on large cluster surfaces and in the
processes of dissociation and fragmentation of weakly bound
van der Waals molecules [1]. At present, the separation of
isotopes by laser excitation (SILEX) technology for separat-
ing uranium isotopes is being developed in the USA [22-26)].
The principles of this technology have not been disclosed, but
there is reason to believe that it makes use of low-energy
processes [27]. According to the developers of the SILEX
technology, it can be applied to separate isotopes of other
elements besides uranium, such as silicon, boron, sulfur,
carbon, and oxygen [1, 22, 24].

To date, a large number of studies have been carried out
devoted to low-energy MLIS using IR lasers [1-13], as well as
alternative variants [28-31] (see references in review [1]).
Many of these methods are not well understood and/or are
difficult to put into practice. Some of them are considered to
be promising and require further study. These include
isotope-selective suppression of molecule clustering with the
use of IR lasers during gas-dynamic expansion at a nozzle exit
and isotope-selective IR dissociation of small molecular van
der Waals clusters [1, 32—-36]. The present review reports new
results [37-44] obtained by these two techniques. The main
interest in the described experiments and their results lies in
the elucidation of the possibility of applying the methods
under consideration for separating isotopes in molecules
showing a slight isotopic shift in the IR absorption spectra
as typical of UF¢ molecules. Therefore, the review is focused
on this issue.

The paper is organized as follows. In Section 2 we consider
the principles of methods for isotope-selective suppression of
the clustering of molecules and isotope-selective IR dissocia-
tion of van der Waals clusters. The choice of the study objects
is substantiated in Section 3. Section 4 describes the experi-
mental setup and realization of the techniques for isotope-
selective control of molecule clustering and isotope-selective
dissociation of the clusters in concrete experiments. Sections 5
and 6 are devoted to the consideration and analysis of the
data obtained in studies on isotope-selective suppression of
the clustering of SF¢ and CF;Br molecules among themselves
and with argon atoms. Sections 7 and 8 present and discuss
the results of selective IR dissociation of homogeneous and
mixed van der Waals clusters (SFg),, Ar, and (CF3Br),, Ar,,
respectively. The concluding Section 9 summarizes the main
results and the conclusions arising therefrom.

2. Principles of the methods

2.1 Isotope-selective suppression

of the clustering of molecules

The method of isotope-selective suppression of molecule
clustering in jets and flows using IR lasers [1, 32-36] is
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Figure 1. Formation of a cluster beam under pulse jet conditions. Numbers
1-4 schematically indicate regions differing in the degree of beam
clustering [37, 41].

based on the preliminary (prior to clustering) vibrational
excitation of the molecules, including those of a given
type, during gas-dynamic expansion at the exit from the
nozzle. The excitation causes the stored vibrational
energy to suppress (prevent) clustering of excited mole-
cules during subsequent condensation. Moreover, the
proper choice of the place of particle irradiation at the
jet axis in the space before the skimmer (Fig. 1) makes
possible the dissociation of small clusters (dimers), which
also can be used to control the molecule clustering
process [37-44]. In this case, it is necessary to ensure
preferential formation of the dimers in the absence of
larger clusters, e.g., by the choice of suitable gas
expansion conditions.

Today, this method is regarded as one of the possible and
promising techniques for laser isotope separation [1-3, 6-8,
10, 12, 13]. The possibilities of its application to separate
uranium isotopes were analyzed in Refs [7, 8]. The main
characteristics of the method and related problems encoun-
tered in the operation of large-scale facilities for the separa-
tion of boron isotopes by the suppression of BCl; molecule
clustering are discussed in recent publications [10, 12, 13]. To
effectively realize the process on which the method of interest
is based and ensure its high selectivity, a balance should be
maintained precisely between the gas-dynamic jet cooling rate
needed for cluster formation and the selective excitation of
molecules of a given isotopic composition for the suppression
of their clustering. The conditions necessary for controlled
clustering are achieved by the choice of nozzle design and
diameter, its operation regime (pulsed or continuous), gas
composition, and temperature and pressure upstream of the
nozzle. Equally essential are the spatial localization of the
irradiation zone and parameters of IR radiation, such as
wavelength and intensity. The choice of all these conditions
depends on the individual characteristics of a concrete object
[37-44].

An important issue in this context is the achievement of
high product selectivity (or enrichment factors) necessitated
by the relatively fast vibrational energy exchange between
selectively excited and unexcited molecules due to the
relatively high pressure near the nozzle. To decrease or
prevent the rapid energy transfer between isotopomers, a
strongly diluted mixture of molecules (less than 0.5-1%) with
a carrier inert gas is usually used in experiments. The
increased degree of dilution of molecules in an inert gas and
the decreased total gas pressure upstream of the nozzle
enhance isotope selectivity of the process [38—41]. The
application of the method in question renders a cluster beam
depleted of selectively excited molecules and enriched in
unexcited ones, because free (unclustered) molecules are
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distributed within a solid angle much broader than the cluster
beam [45].

2.2 Isotope-selective IR dissociation

of van der Waals clusters

The method of isotope-selective dissociation of weakly bound
van der Waals molecules, in particular, dimers, for isotope
separation is based on IR vibrational pre-dissociation of
molecular clusters. At the early stages of the development of
laser-assisted isotope separation techniques, the method was
patented by Y T Lee [46], Nobel Laureate in Chemistry 1986,
as a novel approach to separating isotopes of different
elements. It was later studied by many authors [47-51]. Van
der Waals molecules have one intramolecular bond weaker
than the remaining ones, the difference between the binding
energies being so great that vibrational quanta energies stored
in the chemical bonds of their constituent monomer mole-
cules exceeds the energy of dissociation of the weak van der
Waals bond. As a result, such a molecule becomes metastable
under vibrational excitation of a monomer and undergoes
dissociation.

This property of van der Waals molecules is of great
interest for the development of low-energy MLIS methods.
For example, the bonding (dissociation) energy of polyatomic
van der Waals molecules falls into the 0.1 < E, < 0.5 eV
range, while the dissociation energy of van der Waals
molecules composed of a polyatomic molecule and a noble
gas atom Ey, < 0.1 eV [52-56]. In other words, absorption of
one or several quanta of IR radiation with a wavelength of
about 10 um, e.g., that of a CO, laser, leads to dissociation of
their weak bond.

Spectroscopic studies of small molecular van der Waals
complexes demonstrated [50, 52-55] that the absorption
spectra of dimers and small clusters (either homogeneous or
heterogeneous) are much narrower than those of free
(unclustered) molecules; they have the form of narrow bands
localized near vibrational frequencies of monomer molecules
forming the clusters, making possible selective excitation and
dissociation of the clusters (most frequently dimers) contain-
ing selected isotopomers and thereby facilitating isotope
separation. In this method, cluster dissociation is accompa-
nied by fragment (monomer) ‘escape’ from the beam. Thus, in
a laboratory coordinate system target molecules (dissociation
products) propagate within a relatively large solid angle
determined by molecule mass and velocity, whereas non-
target molecules stay in the near-axial part of the cluster
beam. Experiments with the detection of molecular cluster
beams by a mass-spectrometer reveal its depletion of excited
(target) molecules.

3. Choice of the study objects

The authors of Refs [38—43] chose SF¢ [41, 42] and CF3Br[38-
40, 43] molecules as the study objects for the following
reasons.

Both the structure and spectroscopic properties of the SFg
molecule allow it to be regarded as a prototype of UF. It has
been rather well explored both spectroscopically [57-61] and
in terms of excitation and dissociation by IR laser radiation
[14-17, 28-31]. Moreover, studies of IR absorption by small
(SFs),, (m < 6) clusters were undertaken near the absorption
band of the laser-excited vibration v; (948 cm™!) of the
molecule [62-64]. The low-resolution absorption spectra of
small mixed complexes of (SFs), Ar, were obtained by the

measurement of IR dissociations [34]. Also, the choice of this
molecule was motivated by the necessity to estimate the
possibility of improving selectivity in the processes of interest
compared with those in earlier experiments [32-36].

The CF;Br molecule was chosen for several reasons. First,
it is characterized by a very small isotopic shift (= 0.248 cm™!
[65]) for CF37°Br and CF33!Brisotopomers in the spectrum of
laser-excited vibration v; (= 1085 cm™~" [65]). This gives rise to
special interest in the study of the CF;Br molecule in the
context of applying the methods being considered for isotope
separation in molecules with a slight isotopic shift in excited
vibrations characteristic of molecules containing isotopes of
heavy elements. For example, the isotopic shift for 2>UFg
and ?¥UFg isotopomers in the vibrational spectrum v;
(=~ 627 cm™! [66]) is equally small (0.6 cm™") [66].

Second, many physical and chemical properties, as well as
the type of symmetry of the CF;Br molecule, are similar to
those of CF3I and its (CF3l),, clusters, well studied in regard
to IR multiphoton excitation of molecules [67, 68] and cluster
fragmentation by IR and UV laser radiation [44, 69-74].
(CFsl),, clusters are readily detectable due to the presence in
their mass-spectrum of molecular and atomic ions (I,;% and
1") formed during multiphoton cluster excitation by UV laser
radiation [37, 69—71]. Similarly, CF3;Br molecules are equally
well excited by CO; laser radiation [75, 76] and readily form
clusters [38]. (CF3Br),, clusters can also be detected by
determining molecular ions Br," and atomic ions Br " (decay
products of molecular ions) [38]. Reference [39] shows that
(CF;Br),, clusters can be detected by other ions of cluster
fragments.

An important factor in the choice of CF3Br molecules as a
study object is the possibility of significantly simplifying the
experimental conditions by taking advantage of the ratios of
naturally occurring CF;Br isotopomers. The comparable
percentage content of CF3;Br and CF3®!'Br molecules in
nature (50.56% and 49.44%, respectively) markedly facil-
itates mass-spectrometric detection of the isotopic ratio for
bromine atoms as dissociation products of CF;Br molecules
and (CF;Br),, and (CF;Br),, Ar, clusters due to the presence
of roughly equally strong Br* and Br;" signals in the spectra
of both isotopomers. The same is true of other signals of ions
containing bromine atoms.

4. Experiment and implementation
of the methods

4.1 Experimental facility

The experimental setup (Fig. 2) consists of a high-vacuum
chamber with a pulsed source of a molecular cluster beam
and a KMS-01/250 quadrupole mass-spectrometer (QMYS).
The upper bound of the range of detected mass numbers of
the spectrometer m/z =300 amu (z is the degree of
ionization). The chambers of the molecular beam source
and the mass-spectrometer were evacuated by turbo-
molecular pumps to a pressure of <107 and =~ 1077
Torr, respectively. The mass spectrometer was operated
by a personal computer. A continuously frequency-tunable
CO, laser was used in most cases to excite molecules and
clusters in the jet. A pulsed CO; laser was used only in
experiments on isotope-selective dissociation of mixed
(CF3Br),,Ar, clusters (see Section 8 below). The facility
included in addition a pulse synchronizing system and a
data collection/processing system.
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Figure 2. Layout of the experimental setup: /—vacuum chamber, 2—
pulsed nozzle, 3—skimmer, 4—quadrupole mass spectrometer, 5—
continuous-wave CO; laser, 6— beam splitter, 7— attenuators, § —flat
mirror, 9— lens, /0 — mechanical modulator, /7 — optoacoustic receiver,
12— radiation detector, /13— monochromator, /4 — radiation detector,
15— power meter (movable) [39, 41].

The molecular cluster beam was generated in the source
chamber by gas-dynamic cooling of the mixture of a gas of
studied molecules with the carrier gas (mainly argon) as a
result of supersonic expansion through a modified (see [37])
General Valve pulsed nozzle with an orifice diameter of
0.22 mm. Nozzles with orifice diameters of 0.16 or 0.25 mm
were used in some experiments. The pulse repetition rate was
1 Hz. The half-height duration of the nozzle opening pulse
varied from 0.3 to 1.6 ms, depending on the gas pressure and
composition. Gas pressure upstream of the nozzle changed
within a range of 1.3-5.0 atm. A skimmer (Beam Dynamics,
Model 1) with an orifice diameter of 0.49 mm placed 35 mm
from the nozzle cut out a molecular cluster beam from the
central part of the supersonic flow created by the nozzle. The
beam thus formed entered the ionization chamber of the
quadrupole mass-spectrometer. The distance between the
nozzle and the spectrometer chamber was 570 or 250 mm.

The continuous-wave CO, laser used in the experiments
had a semi-confocal resonator. The laser power amounted to
13 W. Its IR radiation was introduced into the molecular
cluster beam chamber through a window by means of copper
mirrors and a spherical lens with the focal length f'= 200 mm
(see Fig. 2). The diameter of the IR radiation spot in the lens
focus was ~ 0.5 mm. The laser beam crossed the molecular-
cluster beam at an angle of 90° and could be moved along its
axis with the help of a movable table. The laser radiation
power was altered with the use of attenuators. IR radiation
that passed through the chamber was measured by a power
meter. CO; laser tuning to the selected generation lines was
monitored using an optoacoustic receiver filled with ammo-
nia. The ammonia IR absorption lines served as the bench-
marks for laser frequency tuning.

4.2 Implementation of the methods

The process of gas clustering during gas-dynamic expansion
at the exit from the nozzle can be divided into the following
several stages (see Fig. 1) that occur in different regions of the
jet [37-42]: 1—the region of rapid cooling of translational
and internal degrees of freedom of molecules with an energy
transfer to the kinetic energy of the directed flow movement
and medium transition to the oversaturated state with the
formation of seed clusters; 2— the collision region where gas-
dynamic cooling of molecules continues in parallel with the
growth of clusters in the jet and some heating of the system
due to the condensation energy; 3— the region beyond the
‘freezing’ boundary, i.e., transition to the collisionless move-
ment of the particles and cluster system stabilization; 4 — the
region between the skimmer and the mass spectrometer where
the free flight of beam particles takes place.

To study the influence of resonant IR excitation of jet
molecules on cluster beam formation at different clustering
stages, it is necessary to irradiate particles in the respective jet
regions at the trajectory of the flow forming the cluster beam
and register changes in beam parameters in the detection
zone. Weakening of the signal from the cluster constituent of
the beam may be due to several factors [37-42].

If a jet is irradiated in region I, IR excitation of the
molecules leads to a local rise in temperature, which hampers
nucleation. Ideally, this can prevent further molecule cluster-
ing. If molecules are strongly diluted with an inert gas, the
probability of their collision is low, and selective suppression
of the clustering of excited molecules is possible.

IR laser irradiation of particles in region 2 causes
vibrational heating of the molecules and clusters formed in
the jet at this point. Simultaneously, some of the clusters are
likely to undergo fragmentation. Heating of the particles
occurs against the background of their competing gas-
dynamic cooling (especially in the presence of a carrier gas)
and some further change in the jet cluster composition
(growth of clusters, evolution of their size distribution).

If particles are irradiated in region 3 (in the absence of
collisions), the action of IR radiation reduces largely to
cluster heating and fragmentation manifested as a weakening
of the signal from the cluster constituent of the beam.

It can be concluded that excitation of jet particles in
regions /-3 by resonant IR laser radiation can either
suppress molecule clustering or cause dissociation of the
newly formed clusters, depending on the location of the
concrete irradiated area [37-44].

To recall, the physical nature of the observed processes in
such experiments changes significantly as a function of the
position of the irradiated site with respect to the nozzle exit
section. Excitation of molecules near the nozzle exit section
eventually suppresses molecule clustering and reduces the
strength of the observed clustering signal. If the molecules are
excited rather far from the nozzle, cluster dissociation
predominates (see Sections 7 and 8) and weakening of the
cluster signal is caused by IR vibrational pre-dissociation of
the clusters. Transition from one process to the other
determines the behavior of the cluster signal measured in the
experiment [37-44] (see Sections 5-8).

It should be noted that both the strength and the character
of ion signals from molecules and clusters depend on the
electron energy in the mass-spectrometer ionizer, as well as on
the internal energy of the particles undergoing ionization. The
electron energy in different experiments ranged from 40 to
70 eV. However, it remained constant in each concrete
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experiment. We did not observe in our experiments any
appreciable change in signal ratios for different isotopic
components attributable to electron energy variation within
the aforementioned range [38—43]. A change in electron
energy affected only the strength of ion signals. Nor could
we document a marked (around 1-2%) alteration in the ion
signal ratio for vibrationally excited and unexcited molecules
and clusters. This probably accounts for the rather small
internal energy of the particles excited by low-intensity laser
radiation in experiments [38—43].

5. Isotope-selective suppression
of the clustering of SF¢ molecules

5.1 Selective suppression of the clustering

of SF¢ molecules among themselves

5.1.1 Details of the experiment and relevant remarks. Selective
suppression of the clustering of SFg molecules among
themselves was the subject of a thorough investigation in
Ref. [41]. Its main objective was to elucidate the conditions
under which resonant vibrational excitation of molecules
markedly affects (SFg),, cluster nucleation and growth in a
gas-dynamic jet and to determine the dependences of the
efficiency and selectivity of the suppression of molecule
clustering on gas composition and pressure upstream of the
nozzle and on laser radiation parameters. In addition, the
experiments reported in Ref. [41] included the search for the
optimal conditions under which isotope-selective suppression
of molecule clustering is maximally efficient.

Pulsed nozzles with an orifice diameter of 0.16 or 0.25 mm
were used in Ref. [41]. The length of the nozzle opening pulse
varied from 1 to 1.2 ms, depending on the gas pressure and
composition upstream of the nozzle. The gas pressure
upstream of the nozzle changed within a range of 1.3—
3.0 atm. The distance between the nozzle and the spectro-
meter chamber was 570 mm. A lens with focal distance
f= 110 mm was used to focus laser radiation onto the area
of intersection with the jet axis; the laser beam diameter at the
1/e level was 0.58 mm and the half-height diameter 0.49 mm.
The experiment was designed to measure and compare ion
signals from cluster and molecule constituents of the beam
without particle excitation and after the excitation of beam
molecules and clusters by laser radiation.

The method for estimating selectivity o of the laser control
over molecule clustering was as follows. Selectivity was
determined from the results of the measurement of ion
signals from SFsAr", SF,SF. cluster fragments and the
SFZ ion signal, to which an appreciable contribution comes
from cluster fragmentation. Also measured in the experiment
was the fractional contribution ¢ = (¢, ¢2, ¢3) to the regis-
tered ion signal from each of the three sulfur isotopes, *2S, 3S,
and *S, relative to its initial natural content. The measured
mass spectra were fitted by a Gaussian function; thereafter, ¢
values were found. Selectivity in the case of excitation of the
ith isotopomer of SF¢ molecules with respect to the jth
isotopomer was defined as «(i/j) = (1 — ¢;)/(1 — ¢;). Such a
definition suggests the statistically determined formation of
various isotopic modifications of the clusters, e.g., dimers.
Since the concentration of 33S was relatively low (0.75%), all
calculations were made for 32S and 3*S isotopes.

Figure 3 illustrates the dependence of the relative strength
of the Sir /Sy cluster signal (laser on/laser off) on the distance
between the particle irradiation zone (the laser spot) and the

#2SF¢2SF5

o

SIr /S0, arb. units

IR laser

- _B_.spot

Figure 3. Relative value of cluster signal Sir /Sy versus laser beam position
(nozzle exit section and laser spot size are depicted to scale). The jet was
irradiated by the 10P(14) CO, laser line (frequency 949.48 cm™'). Radia-
tion power in the chamber was 9 W. An SF¢/Ar gas mixture with the
pressure ratio of 1/100 and total pressure 1.33 atm was used upstream of
the nozzle. Nozzle opening pulse length: 1 ms (at half-height) [41, 42].

nozzle exit. Also shown are the nozzle head position and the
size of the laser spot. The 273-amu ion peak corresponding to
the **SF**SF." ion fragment of the (SF), dimer is taken as
the cluster signal.

The dependence shows a clearly apparent dip in the case
of jet irradiation near the nozzle exit section. The minimal
value of the signal at this line is ~ 40% of the initial one
(without excitation). It partly recovers up to ~ 80% as the
distance from the nozzle increases but remains unaltered
thereafter. The dip is roughly 1.4 mm wide (an equivalent to
5-6 nozzle calibers). The signal in the negative displacement
region corresponds to laser beam contact with the nozzle
edge, while the dip corresponds to the area in which
clustering of SF¢ molecules is suppressed as a result of their
vibrational excitation. An increase in the distance between
the nozzle and the particle irradiation zone leads to a
transition into the area of advanced and ‘frozen’ condensa-
tion; therefore, the decrease in the signal in this region is
largely due to cluster dissociation by IR laser radiation [36,
37, 44, 77] (see Sections 7, 8).

Most measurements in experiments with a mixture of SFg
molecular gas and argon were made for an SF¢/Ar mixture at
a pressure ratio of 1/200. It was shown in [41] that selective
suppression of the clustering of SF¢ molecules among
themselves and with argon atoms took place under these
conditions. Selectivity worsened significantly at a low dilu-
tion, whereas a higher dilution was associated with a decrease
in the signal-to-noise ratio, which hampered measurements.

5.1.2 Dependence of molecular clustering suppression on laser
frequency. Changes in the intensity of the beam cluster
constituent induced by IR excitation of the respective
isotopic component of the SF¢ molecule were determined by
monitoring the behavior of (decrease in) the signals from
SF(SFS", ArSFJ", SFS" ion products and their isotopic
composition. Figure 4a presents the dependence of the
strength of the **SF**SF." dimer ion signal on the distance
between the particle irradiation zone and the nozzle exit (the
size of the laser beam cross section in the focus is shown
below). Measurements were made with the use of two CO,
laser generation lines, 10P(16) (frequency 947.74 cm™!) and
10P(34) (frequency 931.00 cm™'), to excite jet particles. The
former line is in resonance with *>SF¢ molecules [60], the latter
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Figure 4. (a) Dependences of normalized 32SF 63ZSF S ion signal on the
distance between the nozzle exit and the particle irradiation zone with
excitation at different laser lines (frequencies). Curve I: the 10P(16) line
(947.74 cm™"), laser power is 4.1 W. Curve 2: 10P(34) line (931.00 cm™"),
laser power is 5.8 W. (b) Dependences of normalized *SF*?SF" and
32SF¢*SFS ion signals on the distance between the nozzle exit and the
particle irradiation zone with excitation at the 10P(34) line; laser power is
5.8 W. SF¢/Ar gas mixture with pressure ratio 1/200 and total pressure
2 atm was used upstream of the nozzle. Nozzle opening pulse length was
1.2 ms [41].

with 3*SFg [61]. The behavior of the measured curves is
significantly different. In the first case, with the laser beam
being close to the nozzle exit (where the impact of laser
radiation on free molecules is still possible), the 32SF(32SF.
dimer signal is almost fully suppressed.

As the laser beam moves away from the nozzle exit, the
signal is restored practically up to the initial level (experi-
mental points are two series of independent measurements).
The most pronounced decrease in the cluster signal is
associated with the resonant excitation of molecules near the
nozzle exit section where they are still free and clusters do not
form. Molecule condensation begins at a distance from the
nozzle where the spectrum of the newly formed particles goes
off resonance with laser radiation and the dimer signal
recovers. (SF¢), dimers practically do not absorb IR laser
radiation at the 10P(16) line. A similar dependence of the ion
signal on the distance between the nozzle and the absorption
zone in the case of excitation at the 10P(16) line is documented
for other ion products, e.g., ArSF and SF," [41].

A different picture is observed when particles are excited
at line 10P(34) and laser radiation is in resonance with 3*SFj
molecules [61]. However, the excitation of this isotopic
component near the nozzle exit in the experiments being
considered hardly affects the 3SF*>SF." signal due to the
selectivity of the process. At the same time, line 10P(34) falls
into the 32SF43?SF absorption band [63]. Therefore, the
decrease in the respective ion signal should be attributed to

dissociation of the dimers that form in increasing numbers as
distance between the particle excitation region and the nozzle
increases. The onset of saturation of the 3?SF(32SF ' signal is
probably due to the insufficient laser radiation power and the
contribution from larger clusters.

The dependence on the distance between the nozzle and
the irradiation zone for an ion signal with a different isotopic
modification, such as **SF3?SF., excited at line 10P(34),
essentially differs from the dependence for 3> SF32SF'. It is
clearly demonstrated in Fig. 4b (cf. the upper and lower
curves). In this case, laser radiation excites **SF¢ molecules,
and particle irradiation near the nozzle exit suppresses
formation of 3*SF¢32SF¢ dimers.

Importantly, the characteristic spatial size of the ‘dip’
(Fig. 4a) for all products amounts to 0.4-0.5 mm, i.e., it is
roughly equal to the laser beam diameter. This means that the
length of the region in which molecule clustering is most
effectively suppressed does not exceed 2—3 nozzle calibers.

5.1.3 Dependence of molecular clustering suppression on laser
power. The dependence of the efficacy of SFg molecule
suppression on laser radiation power was evaluated based
on measurements of ion signals from ArSFJ, SFJ, and
SF(SFS fragments. The results obtained for ArSF; and
SF. cluster ions are presented in Fig. 5a.

SFS ion signals were measured when particles were
irradiated at three different distances from the nozzle. The
practically exponential decrease in the SF; signal was
observed with its subsequent saturation. The solid lines in
Fig. 5a are the result of approximation of experimental data
by the function f(W) = C, + (1 — Cy) exp (—W/W,), where
W is the laser power, and C; and W, are the fitting
parameters. The most considerable reduction in the signal
occurs at the smallest distance of the laser beam from the
nozzle. ArSF." ions display a similar behavior, but the fall of
their signals is even more pronounced. Notably, the ion
signals tend to be saturated. It is difficult to unambiguously
explain such behavior of the curves for the ArSF; signal,
because the primary source of these ions remains unknown. It
can be speculated that the signal receives a contribution from
the ionization of mixed clusters of a different size.

A more consistent explanation is offered for a similar
dependence for SF(SF." ions, illustrated by Fig. 5b. The main
contribution to this signal in the SF¢ gas strongly diluted in
argon comes from (SFs), dimer dissociation due to the low
probability of large cluster formation under these conditions
[78]. Fig. 5b presents separately the dependences of
32SF*SF" and *SF *SF." ion signals on the laser power.
Clearly, a high enough radiation power makes possible
practically complete suppression of the *?SF(3SF," signal
and a somewhat slighter suppression of the 3*SF 3SFJ
signal.

The observed difference in the behavior of the depen-
dences of the signals from various ion clusters on the laser
radiation power clearly demonstrates isotopic selectivity of
molecule clustering suppression. In particular, it follows from
the data on relative isotope concentrations in dimers that
selectivity at a laser power of 4 W can be estimated as
a(S/348) ~ 3.5.

5.1.4 Suppression of the clustering of SF¢ molecules among
themselves. An important characteristic of the process under
study is the dependence of selectivity of SF¢ clustering
suppression on the power of laser radiation exciting the
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Figure 5. (a) Dependences of normalized SFJ" (curves /-3) and ArSF{
(curve 4) ion signals on laser power for particle excitation at line 10P(16)
(947.74 cm™!). Circles indicate experimental points, smooth curves are
approximations (see the text). SF;™ ion signal was measured at different
distances from the nozzle: 0 mm (curve /), with laser beam touching the
nozzle, 0.25 mm (curve 2), and 0.5 mm (curve 3). (b) Dependences of
normalized SFSF;" ion signal and relative concentrations of 32S and S
isotopes on laser power. Curve /—32SF32SFJ ion signal, curve 2—
34SF¢¥SF4 ion signal. Curves 3 and 4—relative concentrations of 328
and **S isotopes, respectively. Laser generation line is 10P(16). A mixture
of SF¢/Ar gases with pressure ratio of 1/200 and total pressure 2 atm was
used upstream of the nozzle. Nozzle pulse duration is 1.2 ms [41].

particles. Characteristic dependences of parameter o on the
power of a CO; laser determined from SF,SF." and SF." ion
signals during particle excitation at the 10P(16) line with
preferential suppression of 3>SFg clustering are presented in
Fig. 6a. Despite the relatively small number of experimental
points, Fig. 6a clearly demonstrates that selectivity progres-
sively decreases with increasing laser radiation power. It is
worthy of note that rather high selectivity o ~ 20 was
achieved at a relatively low laser power of ~ 2 W [41].

Reference [41] reports the measurement of the dependence
of SF¢ clustering suppression selectivity on the distance
between the particle irradiation zone and the nozzle at
different laser power values. Results of the measurement for
SF ions are presented in Fig. 6b. Evidently, selectivity
decreases at all laser power values as the distance between
the irradiation zone and the nozzle increases. A similar
distance dependence of selectivity observed for the SF,SF.
dimer ion is illustrated in Fig. 7.

Moreover, at large enough distances from the nozzle,
where the radiation enters the region occupied largely by
clusters, the selectivity changes by o < 1 (Fig. 7). This may be
due to selective dissociation of the clusters containing *SFg
molecules. In this region, the **SF *’SF." signal fully
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Figure 6. (a) Dependences of selectivity of SF clustering suppression on
laser power measured by SF,SF" and SFS cluster ion signals (curves /
and 2, respectively). Laser generation line 10P(16). A mixture of SFe/Ar
gases with pressure ratio of 1/200 and total pressure 2 atm was used
upstream of the nozzle. Duration of the nozzle pulse is 1.2 ms [41]. (b) The
dependences of selectivity of SFg clustering suppression on the distance
between the particle irradiation zone and the nozzle exit measured by SF3"
cluster ion signals. Curves /, 2, and 3 were obtained at a laser power of 4, 6,
and 10 W. Curve 4 is normalized SF. ion signal. The laser generation line
and gas expansion conditions are the same as in Fig. 6a [41].
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Figure 7. Dependence of selectivity of SF¢ clustering suppression (curve 3)
on distance between particle irradiation zone and nozzle exit measured by
SF,SF;" ion signals. Curves / and 2 are *?SF*?SF, and *SF*’SF ion
signals, respectively. Laser generation line is 10P(16), radiation power is
6 W. A mixture of SF¢/Ar gases at pressure ratio of 1/200 and total
pressure 2.4 atm was used upstream of the nozzle. Duration of the nozzle
pulse was 0.3 ms [41].

recovers, while the **SF,¥SF signal slightly drops, which
accounts for the change in selectivity. To recall, calculations
in [63] show that one of the 3>SF¢**SF¢ dimer absorption
peaks is located near the 10P(16) frequency of the laser line.
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Table 1. Some results on selectivity of suppression of SF¢ molecule clustering among themselves and with argon atoms (highlighted in bold) during gas-
dynamic expansion of an SFs/Ar mixture under different experimental conditions. The particles were irradiated at the laser 10P(16) line (frequency

947.74 cm™!). Total gas pressure upstream of the nozzle: 2 atm [41].

Gas composition Laser Selectivity of suppression of | Selectivity of suppression of the | Duration of Distance x from the
upstream of the nozzle power, W | the clustering of SF¢ molecules | clustering of SF¢ molecules with | a nozzle pulse, particle irradiation
among themselves argon atoms o(32S/383) ms zone to the nozzle,
o (32328 /34.323) mm
SF¢/Ar =1/200 4 ~3.5 1.2 0.5
SFe/Ar =1/200 2 ~ 20 1.2 0.25
SF¢/Ar/CHy4 = 1/195/4 4 =15 1.2 0.1
SFe/Ar = 1/200 7.2 >25-30 1.6 1.25
capacity of the expanding gas if we use molecular gases for
this purpose. It allows, in principle, controling the heat
sk ArSF Ar¥SFs purp 0 prmeipee, &

Ton current, arb. units

166

167 168
m/z, amu
Figure 8. Ar¥SF;" and Ar*SF," ion peaks: initial signal without IR
irradiation (curve /) and after IR irradiation at the 10P(16) line (curve 2).
Smooth curves 3, 4, and 5 are model signals for ArSFS+ ions containing
328,33, and S isotopes in relative concentrations ¢(*2S, **S, 34S) equal to
(1,1, 1), (0.56, 1, 1), and (0.56, 0.56, 0.56), respectively. (1, 1, 1) stands for
the natural isotope ratio. The laser is tuned to line 10P(16), its power is
7.2 W. A mixture of SF¢/Ar gases with the pressure ratio 1/200 and total
pressure 2 atm was used upstream of the nozzle. Duration of the nozzle
pulse was 1.6 ms [41].

5.2 Selective suppression of the clustering
of SF¢ molecules with argon atoms
Selectivity of the suppression of the clustering of SFg
molecules with argon atoms was studied in [41] using mixed
(SFs),,Ar, clusters and measuring SFsArt ion peaks. An
SF¢/Ar mixture was used at a pressure ratio of 1/200 and
total gas pressure upstream of the nozzle 2 atm. The jet was
irradiated at the laser 10P(16) line (947.74 cm™") 1.25 mm
from the nozzle. This generation line was in resonance with
328F¢ molecules [60]. The results are presented in Fig. 8,
showing the strength of 3>SFsAr* and *SFsAr ™ ion signals
without and with irradiation of the jet. Curves 4 and 5in Fig. 8
indicate signal values calculated taking into account the ratio
of sulfur isotopes normalized to their natural content.
Figure 8 shows that the best agreement between calculated
and experimental ratios of isotopomers was obtained for
g=(0.56,1,1), ie., when the **SFsAr* peak does not
decrease at all, which formally corresponds to ‘infinite’
selectivity. Thus, in the considered work [41] the control of
SF¢ clustering with argon atoms ensured a very high degree of
selectivity a(3>SFg/3*SFg) = 2530 (see also Table 1).

5.3 Results of studies with other carrier gases

One of the important consequences of using the SFq/Ar
mixture is the small size of the spatial region in which
selective suppression of molecule clustering may occur; it
does not exceed 2—3 nozzle calibers. The use of other carrier
gases makes it possible to vary the relaxation rate and thermal

capacity and relaxation rate of the system by changing both
gas pressure and composition upstream of the nozzle and
thereby altering the length of the region of cooling and
subsequent condensation of the molecules, as well as
parameters of laser-assisted suppression of clustering.

Reference [41] reports experiments with the use of helium,
krypton, methane, and their mixtures with argon as carrier
gases. The choice of methane was motivated by its high
thermal capacity due to the presence of vibrational and
rotational degrees of freedom. Moreover, a small addition
of methane to noble gases is known to have been used to
suppress cluster formation in experiments with UF¢ [79]. In
all these studies [41], the degree of SF dilution compared with
that of other mixture components remained at the same level
(& 1/200) at which experiments with argon as the carrier gas
were carried out.

It should be emphasized that no appreciable improvement
in selectivity was reached when other gasses were used as
carriers instead of argon [41]. One of the results closest to that
in Ref. [41] was obtained using SF¢/Ar/CHy =1/195/4
(Fig. 9a) (see also Table 1). The dependences of 3SF32SF;
and 3*SF3?SF signals on the distance between the particle
irradiation zone and the nozzle are analogous to those
obtained earlier for carrier argon. The distance dependence
of selectivity behaves similarly (Fig. 9b). When the irradiation
area lies 0.5 mm from the nozzle, selectivity equals unity. At
smaller distances, it is higher, and at larger ones, it is lower
than that.

At the same time, in Ref. [41] it was found that a change in
the carrier gas composition alters the composition of ion
products in the mass spectrum and the efficacy of SFy cluster
formation. The length of the region in which selective control
of clustering is possible proved roughly equal (with an
accuracy up to the measurement error) for all the mixtures
used. A slight enlargement of this region was observed only in
the case of a high dilution of the study SF¢ gas by adding
methane, e.g., for SFg¢/Ar/CH4 =1/50/150, probably
because of the enhanced heat capacity of the gaseous system
and the resulting increase in its relaxation and cooling times.

5.4 Selected estimates and conclusions

Here are some estimates allowing a better understanding of
the relationship among parameters of the process under
study [41]. The estimates are based on data on the width
and the shape of the IR absorption spectra of SFg
isotopomers at low temperature (around 50 K) [80] and a
small (< 100—150 MHz) width of the CO, laser radiation
spectrum. Taking account of these parameters allows con-
cluding that the optical selectivity of 3>SFs molecule excita-
tion relative to **SF at a frequency of 947.74 cm~' on the
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Figure 9. (a) Normalized 3?SF*SF and *SF*?SF, ion signals (curves /
and 2, respectively) and relative concentrations of 34S and 32S isotopes
(curves 3 and 4) versus distance between particle irradiation zone and
nozzle exit for SFs/Ar/CHy = 1/195/4 upstream of the nozzle. (b) Selec-
tivities of molecule clustering suppression. The laser is tuned to line
10P(16), its power is 4 W. A mixture of SF¢s/Ar/CH4 gases with the
pressure ratio of 1/195/4 and total pressure 2 atm was used upstream of
the nozzle. Duration of the nozzle pulse: 1.2 ms [41].

10P(16) laser line is oexc(*2S/3*S) > 10%. Selectivities of
suppression of the molecule clustering observed in [41] are
much lower than that.

We believe that the impairment of selectivity is caused by
the following factors. First, the effective vibrational energy
exchange between 3>SFs and 3*SF¢ molecules may be the
principal factor responsible for the loss of selectivity in the
process of control over molecule clustering. Second, the jet in
the zone of molecule excitation near the nozzle exit is not yet
sufficiently cold and the particle temperature is therefore
much higher than 50 K. Due to this, optical selectivity of the
excitation is lower than the above value. Moreover, a rather
large size of the laser spot (=~ 0.5 mm in diameter) makes the
particle irradiation region much greater than the region of
maximum selectivity of excitation in terms of molecule
concentration and temperature. In a jet rapidly expanding in
space and time, these parameters strongly vary, even within
the radiation region itself.

These observations clearly demonstrate the possibility of
selective control over molecule clustering by IR lasers. At
the same time, the method in question has a large number of
unknown or poorly known parameters and characteristics,
such as gas temperature and concentration in the jet, the
rate of vibrational energy exchange between SFg isotopo-
mers, and the evolution of these parameters along the jet
propagation axis. To come to a higher selectivity of control
over the clustering of SF¢ molecules among themselves and
with argon atoms, all these factors need to be taken into
consideration.

The studies carried out allowed the main parameters of
isotope-selective suppression of the clustering of SF¢ mole-
cules diluted in Ar to be obtained [41]. It was demonstrated
that the use of a mixture of SF¢ molecular gas with argon as
the carrier gas with the SFs/Ar < 1/200 pressure ratio and
the total gas pressure upstream of the nozzle in the range
ps ~ 1.8—4 atm permits us to observe selective suppression of
the clustering of SF¢ molecules among themselves and with
argon atoms.

The dependences of the degree and selectivity of SFg
molecule clustering on the gas composition and pressure
upstream of the nozzle and on the frequency and power of
exciting laser radiation were obtained. It was shown that the
degree of clustering suppression increases with radiation
intensity, while selectivity decreases. Moreover, the resonant
excitation of 32SFs molecules (at the 10P(16) laser line)
suppresses the formation of 3?SF¢¥SF¢ dimers, and the
excitation of 3*SFs molecules (at the 10P(34) line) suppresses
the formation of 3*SF¢32SF¢ dimers.

The dependences of the degree of clustering suppression
and selectivity on the distance between the particle radiation
zone and the nozzle exit section were measured. It was
shown that the highest efficiency and selectivity of the
molecule clustering process is associated with particle
excitation near the nozzle exit. As the laser beam moves
away from the nozzle, the degree of clustering and selectivity
sharply decreases, and IR cluster dissociation occurs upon
transition into the advanced clustering region.

It was shown that control of the clustering of a mixture of
SF¢ with Ar as the gas carrier allows relatively high
enrichment and selectivity coefficients to be obtained. For
example, a study of an SFs/Ar mixture with a pressure ratio
of 1/200 yielded a selectivity of 32SF¢ clustering relative to
3SFs of 2(*2S/3*S) = 10—20 in the jet irradiated at the laser
10P(16) line (frequency 947.74 cm™'). The conditions are
determined for the achievement of optimal efficacy and
selectivity of suppression of molecule clustering .

The study demonstrated that control of the clustering of
SF¢ molecules with Ar atoms ensures even better selectivity
than control of the clustering of SF¢ molecules among
themselves. For example, in the case of an SF¢/Ar = 1/200
mixture and jet irradiation at the 10P(16) laser line, selectivity
of 32SFy clustering suppression relative to that of the *SF;
molecules amounts to a(3?S/3*S) > 25—30. The selectivity
values reported in [41] are 5-10 times those for SF¢ molecules
in Refs [32-36]. The size of the spatial region in which
selectivity of suppression of molecule clustering is realized
has been determined. The length of this region under the
conditions of the above experiments (nozzle output diameters
of 0.25 and 0.16 mm) does not exceed 2—3 nozzle calibers.

6. Bromine-isotope-selective suppression
of the clustering of CF;Br molecules

6.1 Selective suppression of the clustering

of CF3Br molecules among themselves

6.1.1 Results of the first experiments. Reference [37] reports
a study on the control of CF;I molecule clustering that
results from resonant vibrational excitation of molecules
and clusters by IR radiation of a continuous CO, laser
during the gas-dynamic expansion of a mixture of CF;l
molecular gas with argon and xenon as carriers. It was
shown that the proposed method of control of the cluster-
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ing process in molecular beams is applicable to isotope
separation.

The first studies of the suppression of CF;Br molecule
clustering among the molecules themselves were performed
in [38]. The molecule-cluster beam was detected by a time-
of-flight mass spectrometer with laser UV ionization of
particles. The pulsed nozzle had an exit orifice 0.22 mm in
diameter. The half-height duration of the nozzle opening
pulse was = 400 us, while gas pressure upstream of the
nozzle varied within a range of 1.5-5 atm. The process of
CF;Br clustering was studied under experimental condi-
tions and the gas parameters (pressure and composition)
upstream of the nozzle exit at which intense molecule
clustering occurs were determined. It was shown that
molecular clusters failed to form in the beam if CF;Br gas
was used without a carrier at a pressure of less than 4 atm
upstream of the nozzle. If the CF;Br gas was mixed with Ar
at a pressure ratio of CF3Br/Ar = 1/N, where N > 3, and
the total pressure upstream of the nozzle was higher than
1.5 atm, efficient (CF3Br),, cluster formation in the jet was
observed in the absence of free (unclustered) CF;Br
molecules.

Tonization of (CF3Br),, clusters by UV laser radiation was
induced at a wavelength having no exact resonance with free
CF;Br molecules (Ayy = 233.02 nm), which allowed the
clusters to be detected in the beam from ion signals of 7Br*
and ®!'Brt atoms. At this wavelength, the free CF;Br
molecules practically avoided ionization. The selective
action of CO, laser radiation on the cluster beam was also
evaluated based on measurements of Br* and 3'Br* ion
signals.

It was shown [38] that, in the case of resonant vibrational
excitation of gas-dynamically cooled CF;Br molecules at the
nozzle exit, it is possible to realize selective suppression of the
clustering of CF;Br molecules with respect to bromine
isotopes. In experiments with the use of CF3;Br/Ar mixtures
at the pressure ratios of 1/3 and 1/15, the factor of enrichment
with bromine isotopes was Kcm(”Br) ~ 1.054+0.005 and
Kenr(Br) =~ 1.06 & 0.007, respectively, when the jet was
irradiated at the 9R(30) laser line (1084.635 cm™).

6.1.2 Integrated research conditions. More detailed investiga-
tions of the suppression of the clustering of CF;Br molecules
among themselves under resonant excitation by radiation of a
continuous-wave CO, laser were carried out in Ref. [39].
Molecules and clusters in the beam were detected by a
quadrupole mass-spectrometer. The exit orifice of the pulsed
nozzle was 0.22 mm in diameter, the half-height length of the
nozzle opening pulse ranged between 400 and 600 ps,
depending on gas pressure and composition, the gas pressure
upstream of the nozzle varied from 1.5 to 3.0 atm, and the
distance between the nozzle and the spectrometer was
250 mm.

Subsequent experiments [39] with gas mixtures at a
CF;Br/Ar = 1/N pressure ratio, where N = 10, 30, 100,
and 200, were carried out with regard to the data on
(CF;3Br),, cluster formation and selectivity of suppression of
CF;Br clustering obtained in [38] and taking advantage of a
quadrupole mass spectrometer for the detection and analysis
of ion signals from Br,” (m/z = 158, 160, 162 amu), CF3Br,
(m/z =227, 229, 231 amu), and (CF;Br), (m/z = 296, 298,
300 amu) cluster fragments with and without jet irradiation
by an IR laser. These measurements were used to calculate
cluster beam enrichment (depletion) factor for bromine
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Figure 10. (a) Ion mass spectrum of CF3;Br molecules in a beam without a
carrier gas. Gas pressure upstream of the nozzle is 4 atm. (b) Ion mass
spectrum of CF3;Br/Ar mixture at pressure ratios of 1/30 and 1/100
(m/z = 119—121 amu). Total gas pressure upstream of the nozzle is
1.5 atm [39, 40].

isotopes of interest and the degree of cluster depletion under
the effect of jet irradiation.

Figures 10a, b present typical mass spectra of molecular
(cluster) beams generated in experiments using CF;Br gas
without a carrier when the beam contains no clusters and with
a carrier gas (argon) when the beam consists mostly of
clusters. It can be seen that in the case of CF;Br without a
carrier at the pressure py < 4 atm upstream of the nozzle,
clusters fail to form in the beam (the mass spectrum lacks
Br,' ion peaks characteristic of (CF3Br),, and other ion
peaks of large cluster fragments. When CF;Br is used with
the carrier gas (Ar), the mass spectrum shows Br," ion peaks
as well as ion peaks of CF3Br;,” cluster fragments, and
(CF3Br)2Jr dimers together with ion peaks of argon clusters,
and mixed Ar2+ s Ar3+ , and BrAr™ clusters. It is noteworthy
that, if CF;Br is used without a carrier gas, the ion signals of
CF;', CF*, and C™ fragments in the mass spectra are much
weaker than Br ™ ion signals (Fig. 10a). At the same time, the
use of CF;Br with argon (when the probability of molecule
clustering is especially high due to a stronger cooling of the
gas), the ion peaks of CF;", CF*, and C* fragments are
comparable with those of atomic bromine Br* (Fig. 10b),
confirming that the expansion of CF3Br in the presence of the
Ar carrier gas is accompanied by molecule clustering [38]. The
integral signals of the cluster ions measured with and without
jet irradiation by a laser in [39] were used to calculate
enrichment (depletion) factors for bromine isotopes in the
beams and to determine the degree of cluster depletion.
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Figure 11. Normalized (a) Br, and (b) (CF;Br), ion signals versus
distance between jet irradiation zone and nozzle exit for CF3;Br/Ar
irradiation at pressure ratios (a) 1/10 and (b) 1/30. Total gas pressure
upstream of the nozzle is 1.5 atm in both cases. CO; laser power (a) 5 W
and (b) 5.1 W [39].

Figure 12. Spectra of the Q-branch of fundamental vibration v; of CF;Br
molecules. Experimental spectrum of the gas in a cuvette (a) at room
temperature, and (b) at 200 K; (c) experimental spectrum of the cooled gas
in a free jet (averaged over 32 scanning procedures). (d) The calculated
spectrum at T = 50 K (half-height width of 0.002 cm~!) [65].

6.1.3 Results and their analysis. Figures 11a, b illustrate the
action of IR radiation on a molecular cluster beam when
using CF3Br/Ar mixtures with a pressure ratio of 1/10 and
1/30, respectively. The total gas pressure upstream of the
nozzle was 1.5 atm in both cases. Jet particles leaving the
nozzle underwent irradiation by focused radiation of a
continuous-wave CO, laser at a frequency of 1084.635 cm™!
(the 9R(30) line) and at different distances x from the
nozzle exit section. This laser frequency is close to vibra-
tional frequencies v; of CF3”Br and CF3%!'Br molecules
(1084.77 cm~! and 1084.52 cm™!), respectively [65]. It is
located between the Q-branches of the IR absorption spectra
of these molecules; at low gas temperatures in the jet, when
the Q-branches are well resolved (Fig. 12), it occurs at the long
wavelength end of the Q-branch of CF;”Br molecules
(detuning is roughly 0.134 cm~!) [65]. Mass spectra of
Br,, PBr¥Br*, and ' Br, ion signals were obtained for
each concrete position of point x at which jet particles were
irradiated, as were those of other aforementioned ion cluster
fragments with and without jet irradiation.

The S(x)/Sy value in Figs 11a, b reflects a change in the
number of 7Br atoms in a cluster beam (normalized to the
initial value Sy of parameter S(x) in a nonirradiated beam) as
aresult of jet irradiation by a laser, depending on the distance
between the particle irradiation zone and the nozzle exit.
S(x)/So is actually the coefficient of cluster beam depletion in
the 7Br isotope. Notice that in the case of nonselective
suppression of CF;Br clustering, the same S(x)/S, value
was observed in [39] for 3! Br atoms. Figure 11a presents the

results of measurements of the Br, cluster ion signal
(m/z =158, 160, 162 amu) and Fig. 11b those of the
(CF3Br)," dimer ion signal (m/z = 296, 298, 300 amu). The
S(x)/So ratio was determined, taking into account the
binomial distribution of bromine isotopes in the cluster
fragments, from the relation

S(x)  (2Iisg + Ii60)(laser on) 6.1)

So o (2]]53 +1160)(13_SCI' Off) ’ '

where I;sg and Ij¢ are the intensities of ”Br”Brt and
Br¥ BrT ion signals, respectively.

When a jet is irradiated at point x = 0, directly at the
nozzle exit, with the laser beam coming in contact with the
nozzle, the molecules are not yet cool enough, and their
concentration remains high, which accounts for a large
number of collisions. Therefore, notwithstanding that laser
radiation excites here mostly CF37Br molecules, excitation
affects CF3¥'Br molecules too. As a result, all CF;Br
molecules, as well as atoms of the carrier gas, are strongly
heated and cluster formation is markedly suppressed while
the peaks of 7Br,", ”Br8Br*, and 8'Br;" cluster fragments
in the beam mass spectrum markedly diminish in height
(Fig. 11a,b).

As the jet irradiation zone moves a distance of
0.25 < x < 0.75 mm from the nozzle where molecules are
cooled and clusters formed, selective suppression of the
clustering becomes possible due to the low molecule concen-
tration. There is practically no selectivity of IR emission at the
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9R(30) line with respect to CF;Br isotopomers usually
contained in the newly formed clusters due to the super-
position of IR absorption spectra of CF3”Br and CF;%'Br
isotopomers present in cluster ‘packing’ and the large width
of the cluster IR absorption spectrum [81, 82]. This accounts
for the suppression (including selective suppression) of
molecule clustering and dissociation of small (nuclear)
clusters in this region [1, 37, 38]. If the jet undergoes laser
irradiation at distances x > 1.0 mm, nonselective dissociation
of the formed clusters takes place [37, 38].

The small power of the laser accounts for a low
probability of cluster dissociation (fragmentation). As a
result, the amplitudes of "Br,", ”Br8Br*, and ®Br," ion
peaks diminish but insignificantly in the case of jet irradiation
(by roughly 25-30%) compared with their decrease in the
absence of irradiation (Fig. 11a,b). To recall, the region in
which maximum suppression of molecule clustering takes
place narrows and shifts to the nozzle exit as the degree of
CF;Br dilution in argon increases. This process is related to
accelerated cooling of CF;Br molecules during gas-dynamic
expansion as a result of higher dilution in the carrier gas. The
region in which selective laser control of molecule clustering is
possible also narrows and becomes displaced toward the
nozzle exit section.

Therefore, the selective influence of IR radiation on the
clustering of one of the chosen CF;Br isotopomers can be
observed only within a narrow range of distances between the
nozzle and the irradiation zone where molecules are cooled
and clusters begin to appear. In Figs 11a,b, this range is
estimated as x = 0.25—0.75 mm. Just in this region the
selective influence of IR radiation on cluster formation and,
as a result, a more pronounced decrease in the 7 Br2+ ion peak
amplitude compared with that of 8! Br;" can be revealed.

Figure 13 shows mass spectra of CF,Br,” fragments
(m/z =227, 229, 231 amu) obtained without jet irradiation
(Fig. 13a) and with irradiation by a CO, laser (5 W) at the
9R(30) line (frequency 1084.635 cm~!) (Fig. 13b). The spectra
are the result of averaging over ten spectrometric scanning
procedures in the said range of mass numbers with a 0.05-amu
resolution. The jet was irradiated at distance x = 0.35 mm
from the nozzle. Laser radiation at this line is strongly
absorbed by CF3;Br molecules. Evidently, jet irradiation
causes a much more pronounced decrease in the CF;°Br,
cluster ion signal (m/z = 227 amu) than that of CF;* Br,
(m/z =231 amu). This finding confirms suppression of
CF37Br clustering for laser-induced resonant excitation of
the molecules at the nozzle exit. This process is associated, in
accordance with the binomial distribution in peak intensities,
with a more pronounced decrease in the CF;”®Br, ion
signal (m/z =229 amu) compared with the CF,%' Br;" ion
signal.

Figure 14 presents the results of determination of the
enrichment factor Ken("”Br) for a CF3Br/Ar mixture at the
pressure ratios of (a) 1/10 and (b) 1/30 and the total gas
pressure upstream of the nozzle of 1.5 atm. The data shown in
Figs 14a, b were obtained by detecting cluster ion signals from
molecular bromine Br," (m/z =158, 160, 162 amu) and
(CF3Br),” dimer signals (m/z = 296, 298, 300 amu), respec-
tively. The jet was irradiated at the 9R(30) laser line
(frequency 1084.635 cm™'). The factor of cluster beam
enrichment Ko, ("Br) with 7Br isotopes was determined as
the ratio of concentrations of bromine isotopes in the
CF;Br/Ar mixture measured in the beam mass spectra after
irradiation of the molecular jet by a CO; laser divided by the
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Figure 13. CF,;Br; ion signals (m/z = 227, 229, and 231 amu (a) without
and (b) with jet irradiation by a laser at 5 W. A CF3;Br/Ar mixture was
used at the pressure ratio of 1/30 and total pressure upstream of the nozzle
1.5 atm. The jet was irradiated at the distance x = 0.35 mm from the
nozzle. Approximation of experimental data by Gaussian curves is shown.

same ratio measured before irradiation. Concentrations of
bromine atoms before and after jet irradiation were regarded
as proportional to the respective ion signals in the mass
spectrum. Hence,

[(21]53 + 116())/(21162 —+ 1160)] (laser 01’1)
[(2[153 —+ [160)/(21162 -+ [160)] (laser Off) ’

Kene(”Br) = (6.2)

where I;ss, I160, and I} are the intensities of ion signals from
CF;”Br,", CF;”Br®!Br*, and CF;*'Br,", respectively.

To determine ion signals in (6.2) and other ion signals, the
ion peaks obtained in our experiments were approximated by
Gaussian curves (Figs 13a, b) and areas under the peaks were
determined by integration. Selectivity of suppression of
CF;3Br clustering was assessed as the ratio of the probability
of suppressing CF3”Br clustering to that of CF3;¥Br
clustering, i.e., « = f9/fgs,- The values of 359 and fg; reflect,
by analogy with the molecule dissociation yield [14, 17], the
relative depletion of the cluster beam being detected in
CF;”Br and CF;% Br molecules.

Because laser irradiation of the jet selectively suppresses
CF;7°Br clustering, the enrichment coefficient derived from
relation (6.2) is less than unity. In our case, the cluster beam is
depleted of Br atoms and enriched with 3! Br. The coefficient
of enrichment of the cluster beam with 8 Br is the inverse of
Kenr(PBr). Figure 14a shows that the estimated value of the
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Table 2. Results of selective suppression of the clustering of CF;Br molecules among themselves (from Ref. [39]) and with argon atoms (from Ref. [40],
highlighted in bold) during the gas-dynamic expansion of a CF3;Br/Ar mixture under different experimental conditions. The jet was irradiated by a CO,
laser at the 9R(30) line (frequency 1084.365 cm™!). Total gas pressure upstream of the nozzle: 1.5 atm.

DCF;Br Laser Ion peak | Mass number m/z, Residual Enrichment Selectivity Nozzle pulse | Distance x from the
pT power, W | measured amu signal factor (' Br/”Br) length, ps irradiation zone to the
Ken: (Br) nozzle, mm

1/10 5.0 Br," (158), (160), (162) 0.37+0.11 0.84 +0.07 1.18 £0.04 450 0.45

1/10 4.9 CF3Br, (227), (229), (231) 0.38 +0.03 0.98 +0.03 1.03 £0.02 450 0.55

1/30 5.0 CF3Br, (227), (229), (231) 0.47 £0.02 0.95+0.02 1.124+0.01 450 0.45

1/30 5.1 (CF;Br); (296), (298) 0.31+0.04 0.90 = 0.06 450 0.45

1/100 4.6 BrAr* (119), (121) 0.62 +0.07 0.67 +0.05 4.02+0.19 600 0.45

1/100 39 (CF3Br); (296), (298) 0.54 + 0.08 0.90 =+ 0.05 450 0.45

1/200 3.8 BrAr ™ (119), (121) 0.67 £0.09 0.77 + 0.09 2.31+0.11 600 0.3

1/200 3.8 (CF;3Br)," (296), (298) 0.59 +0.03 0.88 +0.04 600 0.3
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Figure 14. Dependences of enrichment factor Ke,:(”Br) on the distance
between particle irradiation zone and nozzle exit for a CF3;Br/Ar mixture
with pressure ratios of (a) 1/10 and (b) 1/30. CO; laser power is (a) 5 W
and (b) 5.1 W. Total gas pressure is 1.5 atm in both cases [39].

enrichment coefficient Ken: (Br) ~ 0.84 + 0.07 is achieved at
point x = 0.45 mm when selectivity is o ~ 1.18. Similarly, for
the CF3;Br/Ar = 1/30 mixture, the estimated value of the
enrichment factor Ken (" Br) &~ 0.89 +0.06 (o =~ 1.12). It is
achieved at point x = 0.35 mm, while at the point x = 0.5 mm
the selective influence of IR radiation on molecule clustering
almost does not manifest itself. For the CF;Br/Ar = 1/10
mixture, the region of clustering control by IR radiation is
larger (Ax =~ 0.55 mm).

Results of the measurement of beam enrichment factors
and degrees of depletion are presented in Table 2. For
comparison, it includes some data from Ref. [40] on control
of CF;Br clustering with argon atoms (see Section 6.2). The
highest enrichment factors K, (3'Br) of cluster beam with
81Br atoms were recorded for mixtures of CF3Br/Ar = 1/10
and CF3Br/Ar = 1/30 when Br,” and (CF;Br)," cluster ion

fragments were detected. These signals decreased by approxi-
mately 60% and 45%, respectively, in comparison with the
signals in the nonirradiated beam.

The enhanced dilution of the molecular gas in the carrier
gas could be expected to increase enrichment factors due to
the strong cooling of the gas and the narrowing of the
molecule absorption spectra, as well as due to the decreased
rate of vibrational energy exchange between CF;’°Br and
CF3®' Br isotopomers. However, the authors of Ref. [39]
failed to confirm this observation, probably because an
increased degree of gas dilution leads to a significant
reduction (collapse) in the range within which molecule
clustering control is still possible. As a result, the area where
the effect is localized becomes much smaller than the laser
spot (= 0.5 mm) (Figs 1la,b). It eventually worsens the
selectivity of clustering control.

6.2 Selective suppression of the clustering

of CF3;Br molecules with argon atoms

6.2.1 Experimental conditions. The formation of mixed
(CF;Br),,Ar, clusters, unlike the generation of homoge-
neous ones, (CF;3Br),,, requires a much greater cooling of
particles in the expanding jet, because the energy of binding of
CF;Br molecules among themselves in a homogeneous
(CF3Br),, cluster (=~ 0.25—0.3 eV [71]) is significantly higher
than the energy of binding between CF;Br molecules and
argon atoms in a mixed (CF3Br), Ar, cluster (< 0.1 eV [1,
44]). This means that the jet temperature for the formation of
mixed (CF3Br),,Ar, clusters must be much lower than for the
generation of homogeneous (CF3Br),, clusters [83]. With this
in mind, the authors of Ref. [40] used highly diluted mixtures
of the molecular gas CF3;Br in argon for the assessment of
selective suppression of CF3;Br clustering with Ar atoms.
CF;Br/Ar mixtures at pressure ratios of 1/100 and 1/200
were used for the purpose, the total gas pressure upstream of
the nozzle being 1.5 atm.

With such parameters of the gas upstream of the nozzle, a
rather efficient formation of mixed clusters containing a small
number (m = 1—-2) of CF3;Br molecules took place, whereas
the probability of formation of large homogeneous (CF3Br),,
clusters was insignificant [78]. Moreover, the small total gas
pressure upstream of the nozzle and strong dilution of the
molecular mixture in the carrier gas facilitated the achieve-
ment of higher values of separation parameters (selectivity
and enrichment coefficients) for the molecule clustering
process. Under conditions of high total gas pressure
upstream of the nozzle and low dilution, the processes of gas
heating and vibrational energy exchange between CF;Br
isotopomers lead to a decrease in selectivity and enrichment
factors [38, 39].
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Figure 15. Dependences of the ”BrAr+ ion signal normalized to the signal
strength in a nonirradiated jet on distance x between particle irradiation
zone and nozzle exit for a CF3Br/Ar mixture at pressure ratios of (a) 1/100
and (b) 1/200. Total gas pressure is 1.5 atm in both cases [40].

6.2.2 Results of the studies and their analysis. The experiments
described in [40] were designed to measure and analyze ion
signals from mixed BrAr ™ cluster fragments (m/z = 119 and
121 amu) without jet irradiation and after irradiation by a
CO, laser. The data thus obtained were used to calculate
factors of cluster beam enrichment with and depletion of the
selected bromine isotopes under the effect of laser irradiation
of the jet. The ion peak of Ar;” (m/z = 120 amu) clusters was
invariably detected in the mass spectrum between the
PBrArT (m/z =119 amu) and 8'BrAr* (m/z = 121 amu)
cluster fragments (see Figs 16a, b below).

Figure 15 illustrates the influence of IR radiation on the
molecular cluster beam when the CF3;Br/Ar mixture was used
at the (a) 1/100 and (b) 1/200 pressure ratios. It shows
dependences of the BrAr ™ cluster ion signal normalized to
its strength in the nonirradiated jet at distance x of the jet
irradiation zone from the nozzle. The total gas pressure
upstream of the nozzle was 1.5 atm in both cases. The
particles escaping from the nozzle were irradiated by the
focused CO, laser emission at a frequency of 1084.635 cm™!
(laser line 9R(30)) at different distances x from the nozzle.
The mass spectra of BrAr*, Ary", and ¥ BrAr ™ (m/z = 119,
120, and 121 amu) ion signals were found for each concrete
position of the irradiation zone (x value).

When the jet was irradiated at point x = 0 directly on the
nozzle, where the laser beam touched its exit section, the
molecules were not yet sufficiently cool, while their concen-
tration and collision rate were quite high. CO, laser radiation
heated all CF3Br molecules as well as atoms of the carrier gas.
Simultaneously, the cluster formation process was signifi-
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Figure 16. Mass spectra of BrAr ™, Ary, and 8IBrAr+ cluster fragments
(m/z =119, 120, and 121 amu) (a) without and (b) with irradiation by a
CO, laser at line 9R(30) (frequency 1084.635 cm™!) and radiation power
~ 3.8 W. The CF3Br/Ar mixture with a pressure ratio of 1/200 and total
pressure of 1.5 atm upstream of the nozzle was used. The jet was irradiated
at the distance x = 0.3 mm from the nozzle. Experimental spectra are
approximated by Gaussian curves [40].

cantly suppressed and ion peaks of ”BrAr~* and ¥ BrAr~
cluster fragments in the beam mass spectrum markedly
decreased (see Fig. 15).

Figure 16 shows mass spectra of ""BrAr™, A1r3+ , and
81BrAr™ (m/z = 119, 120, and 121 amu) cluster fragments
obtained in the absence of jet irradiation (Fig. 16a) and with
irradiation by a CO, laser on line 9R(30) (frequency
1084.635 cm™!) at a radiation power of ~ 3.8 W (Fig. 16b).
A CF;Br/Ar mixture was used with a pressure ratio of 1/200.
The total gas pressure upstream of the nozzle was 1.5 atm.
The jet was irradiated at distance x = 0.3 mm from the nozzle.
Laser radiation at line 9R(30) was most extensively absorbed
by CF3”Br molecules. Figure 16 shows that jet irradiation
caused a much more pronounced decrease in the 7BrAr™*
(m/z = 119 amu) cluster ion signal than that of the 3! BrAr+
(m/z = 121 amu) signal. Similar results were obtained in [40]
for the CF;Br/Ar mixture at the 1/100 pressure ratio and a
total pressure of 1.5 atm upstream of the nozzle. These data
confirm selective suppression of CF3”Br clustering with
argon atoms.

Figure 17 presents the results of determining enrichment
factors Ken (" Br) in a cluster beam in a study with the use of a
CF;Br/Ar mixture at the pressure ratios of (a) 1/100 and (b)
1/200 and a total gas pressure upstream of the nozzle of
1.5 atm in both cases. The results were obtained for the case of
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Figure 17. Dependences of enrichment factor Ke,(”Br) on distance
between jet irradiation zone and nozzle exit for a CF3;Br/Ar mixture with
pressure ratios of (a) 1/100 and (b) 1/200 at a CO; laser power of (a) 4.6 W
and (b) 3.8 W. Total gas pressure upstream of the nozzle is 1.5 atm in both
cases [40].

detection of BrAr ™ and ' BrAr+ (m/z = 119 and 121 amu)
mixed cluster ion signals and averaging of the data from a
series of ten measurements of mass-spectra intensities. The
jet was irradiated at the 9R(30) laser line (frequency
1084.635 cm™!). The factor of enrichment Kem(79Br) of the
cluster beam with 7°Br isotope was determined as the ratio
of bromine isotope concentrations contained in mixed
(CF;Br),,Ar, clusters and measured after molecular jet
irradiation by the CO, laser divided by the ratio of initial
bromine concentrations in the CF;Br/Ar mixture measured
in the beam mass spectra prior to irradiation. Concentrations
of bromine atoms before and after jet irradiation were
assumed to be proportional to the respective ion signals in
the beam mass spectrum prior to irradiation. It can be
concluded that

(I119/1121)(laser on)
([119/1121)(13561‘ Off) ’

Kenr(PBr) = (6.3)

where I;19 and I;5; are the intensities of ”BrAr® and
81BrAr+ ion signals, respectively. To determine ion signals
in (6.3), the experimental ion peaks obtained in our studies
were approximated by Gaussian curves (Figs 16a,b), and
the areas under them were determined by integration.
Selectivity o of suppression of CF3;Br clustering with argon
atoms was evaluated as the ratio of the probability of
suppression of CF3”Br clustering to that of CF;%'Br
clustering, i.e., o = f9/Bs;- 79 and g, values reflect the
relative loss of CF37”Br and CF3;% Br molecules from the
mixed (CF3Br),,Ar, clusters of the beam being detected.
Table 2 presents the results of assessment of enrichment
factors, selectivities, and degrees of beam depletion in 7Br

isotopes (residual ion signals of "”BrAr*) obtained by
measuring the aforementioned cluster ion peaks under the
concrete experimental conditions. The data are presented
together with the results of Ref. [39] on controlling the
clustering of CF3Br molecules among themselves. It follows
from these data that control over CF;Br clustering with
argon atoms allows obtaining much higher factors of enrich-
ment and selectivity than the control of the clustering of
CF3;Br molecules among themselves, one of the possible
causes being a much higher temperature at which clustering
of the molecules among themselves in a jet occurs than the
temperature of the clustering between the molecules and
argon atoms. It accounts for the higher optical selectivity of
CF;3Br excitation (hence, selectivity of molecule clustering
suppression) in the latter case than that in the former one.

6.3 Selected estimates and relevant remarks

Let us make some estimates (by analogy with estimates in
Section 5.4) to understand the relationship between para-
meters of the process under study. It was shown based on the
IR absorption spectrum of laser-excited CF;Br isotopomers
at low (~ 50 K) temperature (see Fig. 12) and the small
width of the laser radiation spectrum (< 100—150 MHz)
that the optical selectivity of CF37°Br excitation with respect
to CF38!Br at the line 9R(30) frequency is oy (?Br/*' Br) ~
25-30. Selectivities observed in [38-40] are significantly
worse than that. The causes of selectivity deterioration, as in
the case of selective suppression of SF¢ clustering, are the
vibrational energy exchange between CF37°Br and CF;%!Br
during particle excitation near the nozzle where molecule
concentration is especially high, the elevated (over 50 K)
temperature of particles in the irradiation zone responsible
for the significantly lower optical selectivity of particle
excitation compared with the above value, and the relatively
large size of the laser spot (roughly 0.5 mm in diameter)
resulting in a much larger particle irradiation zone than the
region of maximum selectivity of molecule excitation. There is
little doubt that all these factors affect the selectivity of the
process in question.

The main objective of studies [38—40] was to evaluate
bromine isotope-selective suppression of CF3;Br molecule
clustering among themselves and with argon atoms by CO,
laser radiation. In our opinion, the data obtained convin-
cingly demonstrate such a possibility. At the same time, many
unknown and/or poorly understood characteristics and
parameters of the method remain to be elucidated. They
include gas temperature and concentration in the jet, the
structure of IR absorption spectra of CF;Br isotopomers
near the frequency at which they are excited by a laser, and the
rate of vibrational energy exchange among CF;Br isotopo-
mers. To obtain higher values of isotope separation para-
meters (efficiency and selectivity) by the method in question,
all these factors need to be taken into consideration.

Isotope-selective suppression of the clustering of mole-
cules among themselves and with argon atoms can be used in
principle to design the isotope separation process. One of the
conceivable variants of its implementation includes two
stages. The first is selective suppression of the clustering of
the chosen isotopic modification of the molecules leading to
their distribution in the beam at a larger solid angle than that
of the distribution of colder and heavier clusters containing
nontarget molecules. The second is the spatial separation of
target molecules from the cluster beam. Such a scheme to
achieve the maximum separation coefficient requires not only
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high optical selectivity of IR excitation of the necessary
isotopic modifications of the molecules but also a high
enough selectivity during the spatial separation of target
molecules from the cluster beam.

7. Isotope-selective IR dissociation
of (SFg),,Ar, van der Waals clusters

7.1 Certain remarks and details of the experiment
Isotope-selective IR dissociation of van der Waals molecules
as exemplified by (SFg), Ar, complexes (where 1 <m < 3,
1 < n <9) was investigated in some detail in earlier studies
[33-36]. These complexes formed in a free jet during
expansion of the mixture of SF¢ molecules with argon
through a nozzle 0.1 mm in diameter at an SF¢ partial
pressure of 0.5%. Isotope-selective dissociation of the
clusters was demonstrated. For example, irradiation of a
natural mixture of SF¢ isotopomers diluted in Ar by a
continuous-wave CO, laser yielded factors of enrichment
Kenr and selectivity o with respect to ‘SFg (i = 32, 34)
equaling Ken, ~ 1.3 and «(32/34) ~ 1.2, respectively [33,
36]. The dependences of enrichment factors on the frequency
of exciting laser radiation were deduced. It was shown that a
proper choice of the radiation wavelength allows obtaining
beams either enriched with or depleted of the selected
isotopomers.

The possibility of using the method of IR vibrational pre-
dissociation of van der Waals clusters to separate uranium
isotopes was considered in Ref. [7]. The main objective of
recent study [42] was to evaluate the possibility of improving
characteristics of the separation (efficiency and selectivity)
compared with those presented in earlier studies [33, 35, 36].
Reference [42] reports a detailed study of isotope-selective
dissociation of small homogeneous and mixed (SF),,Ar,
clusters in the beam, measuring the dependences of the
efficacy and selectivity of their dissociation on gas para-
meters upstream of the nozzle and characteristics of laser
radiation and finding out the optimal conditions for the
achievement of maximum efficiency and selectivity of cluster
dissociation.

The authors of [42] made use of pulsed nozzles with an
orifice diameter of 0.16 or 0.25 mm. The half-height length of
the nozzle opening pulse varied from 0.3 to 1.6 ms, depending
on the gas pressure and composition upstream of the nozzle.
Gas pressure upstream of the nozzle ranged from 1.3 to
3.0 atm. The distance between the nozzle exit section and the
QMS ionization chamber was 570 mm.

7.2 Choice of conditions

for measurements and technical results

It was mentioned in Section 4.2 that small-size clusters
(including mixed ones) need to be used for maximum
selectivity of their dissociation. This requires a strong
dilution of studied molecules in the carrier gas and the
adequate choice of optimal gas pressure upstream of the
nozzle and the site of gas flow irradiation. The last require-
ment implies flow irradiation at earlier stages of cluster
formation. A strong dilution of molecules by atomic gasses
leads to the formation of mixed clusters which, in turn, causes
an additional broadening of the IR absorption spectra and
cluster dissociation [33, 63]. To choose the optimal conditions
for measurements, the authors of Ref. [42] analyzed IR
absorption spectra of homogeneous and mixed (SF¢),,Ar,
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Figure 18. Part of the mass spectrum of cluster beam ionization products in
a range of masses 70 < m/z < 300 amu. An SF¢/Ar mixture at a pressure
ratio of 1/200 and total gas pressure 2.4 atm was used [42].

clusters [34, 62—64] and carried out a number of preliminary
experiments.

A characteristic mass spectrum obtained with the use of
an SF¢/Ar mixture at a pressure ratio of 1/200 is presented in
Fig. 18. It was shown in [78] that in this case Ar clusters and
mixed (SF¢),,Ar, clusters with the number of particles m < 3
and n <9 are generated in the beam. Fragment Ar,” ions
(k =2-5) and fragment ions of other products are well
apparent in Fig. 18, suggesting the generation of mixed
clusters like (SFs),,Ar,. Specifically, these are fragment
SFsAr," ions (/= 1-4) and some others. The most pro-
nounced is the SF5" ion peak to which both cluster ionization
fragments and free (unclusterd) SF¢ monomer ionization
contribute. A quite essential finding is a peak with the mass
number m/z = 273, corresponding to the ¥*SF *SF." ion
fragment resulting from (*’SFg), dimer dissociation. A
contribution to this peak may just as well come from the
fragments of larger clusters like (SFe),Ar,. However, they
could not be registered directly in Ref. [42] due to the limited
range of mass recording by the QMS (m/z < 300).

Variations in the cluster constituent intensity in the beam
associated with jet excitation by the IR laser in the region of
cluster formation and/or existence were measured by a QMS
from the behavior of (reduction in) the signals from SFSF.",
SFsAr", and SFS ion products and their isotope compo-
nents. The QMS could be operated in two regimes: one for
measuring the panoramic spectrum of the ion fragments
being formed at a given point in time, the other (the time-of-
flight regime, with the QMS tuned to a certain mass) for the
measurement of evolution of the ion signal in time with the
arrival of particles in the QMS ionization chamber.

Most experiments were made using argon as the carrier
gas. Preliminary experiments with an SFg/Ar mixture
allowed choosing the working range of mixture pressure
upstream of the nozzle and the degree of gas dilution
(ps =1.3-2.2 atm and SF¢/Ar=1/80—1/200, respec-
tively). The nozzle orifice diameter was 0.16 mm.

As was shown in Section 5.1 (see Fig. 3), the excitation of
an SF¢ molecular cluster jet near the nozzle causes an
appreciable weakening of the cluster signal. As the distance
between the nozzle and the excitation zone increases, the
signal recovers partly (up to 80% of the initial value) and
thereafter remains unaltered. The observed dip corresponds
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to the SF¢ clustering suppression region as a result of
vibrational excitation of the molecules [37, 38, 77]. An
increase in the distance between the nozzle and the particle
irradiation zone is associated with the transition to the region
of advanced and ‘frozen’ condensation; therefore, the
decrease in the ion signal in this region is attributable, first
and foremost, to cluster dissociation [37, 38, 77].

To realize selective dissociation of (*?SFs), dimers, the
authors of [42] chose the 10P(34) laser line (frequency
931.00 cm~!). This frequency is detuned from the center of the
absorption band of free *SF4 molecules [60] but coincides
with the low-frequency absorption band of (**SFg), dimers
[62—64]. The SF¢/Ar mixture was used at a pressure ratio of
1/200 and the total gas pressure upstream of the nozzle
equaled 1.5 atm to ensure the presence of a large dimer
fraction in the beam.

At the beginning, the jet was irradiated near the nozzle exit
where the number of dimers had to be minimal. Results of the
measurement are presented in Fig. 19a. It shows some
decrease in all ion peaks, despite the lack of resonance with
free (unclustered) 32SF molecules, which were expected to
predominate in this jet region. The red curve 2 corresponding
(in the case of an irradiated jet) to the fractional contributions
from the respective sulfur isotopes ¢ = (0.86,0.86,0.86) is in
excellent agreement with experiment, which suggests the
absence of selectivity. As to ion peak reduction note that the
laser beam diameter was ~ 0.5 mm, or roughly three nozzle
calibers. Therefore, part of the laser beam occurred in the
spatial region where molecule clustering began and thereby
caused the cluster signal to decrease as a result of suppression
of the molecule clustering process [37, 38, 77].

When the jet is irradiated 2 mm from the nozzle exit, i.c.,
in the region where molecule clustering is virtually com-
pleted (see Fig. 3), the natural isotope ratio is markedly
changed (Fig. 19b). In the case of dimer dissociation, the
selectivity parameter o can be introduced as the ratio of
probabilities of *>SF¢*?SF and 3*SF¢32SF; cluster dissocia-
tion. Then, the data in Fig. 19b give the estimated value of
selectivity o ~ 2.

The selectivity of 3>SF¢32SF cluster dissociation relative
to that of 3*SF¢*?SF¢ clusters even more clearly manifests
itself when the particles are irradiated in the ‘frozen’ beam
region and the clustering process is practically completed.
This inference ensues from Fig. 19¢, showing mass spectra of
the SF(SF," dimer ion fragment with its isotopic modifica-
tions without jet irradiation and with its irradiation at the
10P(34) laser line (frequency 931.00 cm~') 7 mm from the
nozzle (cf. Fig. 3).

It follows from Fig. 19c that the ¥SF,*SF/ ion signal
significantly (by more than 20%) decreases, whereas the
3SF*SF signal remains unaltered (within the statistical
error), which formally corresponds to ‘infinite’ selectivity.
Taking account of the measurement error, the estimate value
of (¥SFg), dimer dissociation selectivity with respect to
34SF¢*2SF dimers is o > 20—25 [42].

7.3 Dependence of IR cluster dissociation parameters

on the distance of the particle irradiation zone

from the nozzle exit section. The influence of gas dilution
The main approach to determining the efficiency and
selectivity of cluster dissociation by IR laser radiation [42]
consists of the measurement of intensity of SF(3*SF/ and
3SF*SF" ion product signals, depending on the distance
between the nozzle exit and the particle irradiation zone

32SF¢¥SF;

34SF632SF5+

Ton current, arb. units

Ton current, arb. units

5 x=7mm

NSFG2SFS

34SF6325F5+

Ton current, arb. units

0 I I I - I

272 273 274 275 276
m/z, amu

Figure 19. (Color online.) (a) Mass spectra in the region of an SF SF
dimer ion fragment with its isotopic modifications. Solid circles are
irradiation. Blue curves I: ¢=(1,1,1). Red curves 2: (a) ¢=
(0.86,0.86,0.86); (b) ¢ = (0.83,0.83,0.83); (c) ¢ = (0.88,0.88,0.88).
Dashed curves 3: (a) ¢ = (0.86,1,1); (b) ¢=(0.83,1,1); (c) ¢=
(0.88, 1, 1) (in the 273 amu region, curves 3 coincide with the red curves
2). SF¢/Ar gas mixture was used upstream of the nozzle with a pressure
ratio of 1/200 and total gas pressure 1.63 atm. Nozzle diameter was
0.16 mm. Laser power was 4.6 W. Distances from the nozzle: (a) 0 (part
of the laser beam comes into contact with the nozzle), (b) 2 mm, and
(c) 7mm [42].

under different excitation conditions. Figure 20a presents
summary dependences of **SF*>SF" (curves / and Ia) and
3SF*SF," (curves 2 and 2a) signals on the distance between
the nozzle exit and the particle irradiation zone in the case of
excitation at the 10P(32) line of the CO, laser (frequency
932.96 cm™!), coinciding with the maximum of the low-
frequency IR absorption band of (**SFs), dimers [62-64].
The dependences were obtained using an SFg/Ar mixture
with the pressure ratios of 1/80 (curves / and 2) and 1/200
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Figure 20. (a) Dependences of ¥*SF*>SF{ signals (curves / and /a) and
34SF(32SF! signals (curves 2 and 2a) on the distance between the
irradiation zone and the nozzle. Curves / and 2 were obtained using an
SF¢/Ar = 1/80 mixture, curves /a and 2a using a 1/200 mixture. CO,
laser power of 4 W, pressure upstream of the nozzle 2 atm [42].
(b) Dependences of selectivity o of cluster dissociation on the distance
between nozzle and irradiation zone. Curves / and 2 describe 1/80 and
1/200 degrees of dilution, respectively. CO, laser power is 4 W, pressure
above the nozzle is 2 atm [42].

(curves /a and 2a) at a total gas pressure of 2.0 atm upstream
of the nozzle (in all the cases). The data in Fig. 20a are
averaged over a large series of measurements. They reveal two
characteristic features in the behavior of the obtained
dependences that are analyzed separately below.

The first feature is that the ¥SF *SFJ signal has a
maximum value when the laser beam is close to the nozzle
exit, whereas the *SF,%2SF." signal is minimal (if the mixture
is used at a pressure ratio of 1/200), because there are no
clusters near the nozzle. Laser radiation at the 10P(32) line
interacts with free 3*SF4 molecules [61], which accounts for
the suppression of *SF¢3?SF; cluster formation. Further
evolution of the signals is related to cluster formation.
(32SF), dimers preferentially interact with radiation at the
above laser frequency, whereas 3*SF¢3?SFy dimers are off-
resonance with laser radiation [62—64]. Therefore, the
3SF*2SF" signals increase in strength with the distance
between the nozzle and the particle irradiation zone due to the
reduction in the number of free 3*SF¢ molecules in the jet and
the absence of resonance between laser radiation and
3SF¢*?SFs clusters. At the same time, the *>SF*’SFS" ion
signal (curve /) weakens with the onset of 32SF clustering and
dissociation of the newly formed (*’SFg), dimers. If a 1/80
mixture is used, the positions of minima on curves / and 2
roughly correspond to the region of small clusters ((SFs),
dimers) and particles like (SFs),Ar,. The further behavior of
the observed dependences appears to be determined by the
formation and dissociation of larger clusters.

The second peculiarity is related to the essential depen-
dence of cluster dissociation efficiency on the degree of SFg
dilution in argon. Figure 20a presents the dependences of
3SF*2SFS" and ¥SF,¥SF, signal values on the distance
between the particle excitation zone and the nozzle for two
degrees of molecular gas dilution in the carrier gas (argon):
SF¢/Ar = 1/80 and 1/200. The experimental points for these
two degrees of dilution practically coincide in the case of the
‘resonant’ ¥SF ¥ SF." dimer signal (curves / and Ia), but for
the depleted off-resonant isotope component **SF*?SF. the
behavior of this signal essentially depends on the degree of
dilution (curves 2 and 2a). In the case of low dilution (1/80),
curve 2 qualitatively resembles curve /. As the degree of
dilution increases up to 1/200, the character of distance
dependence *SF ¥SFJ" changes radically. The initial
growth becomes saturated and the position of the particle
irradiation zone does not influence the value of the
3SF*?SF, signal up to measurement error. Such a behavior
of these dependences appears to be due to the different
composition of the newly formed clusters at different
dilutions, and therefore, different character of their interac-
tion with radiation. In particular, a high SF¢ dilution in argon
can be expected to shift the particle formation process to
generate mixed clusters and possibly decrease their internal
temperature.

Note that for jet irradiation close to the nozzle exit, when
SF¢ molecule clustering is suppressed, selectivity is observed
only if the gas under study is highly diluted in the carrier gas
(within the 1/100 to 1/200 range) [32-36, 41], because high
dilution suppresses inter-isotope vibrational energy exchange
between excited and unexcited molecules. Probably, these
processes influence the behavior of the dependences presented
in Fig. 20a, especially at the starting stage.

The data from Fig. 20a make it possible to determine
isotopic selectivity of IR dissociation of 3?SF43?SF, clusters
with respect to the 3*SF¢32SFy clusters. Selectivity of cluster
dissociation o is defined as the ratio of the losses of dimeric
isotope components from the beam:

32,325
o= I;ET}ZS; , (7.1)
B(IS) =1— llj/’;; , (7.2)

where 32328, 32325, and 332§, 34325, are signal values of
the respective dimer ion peaks after and before irradiation,
respectively. Figure 20b presents the values of selectivity o
of the 232§ cluster component with respect to 32§
depending on the distance between the particle irradiation
zone and the nozzle for two degrees of gas dilution:
SF¢/Ar =1/80 and 1/200 (curves / and 2, respectively).
The different behavior of 3*SF3?SFJ" and ¥SF32SFS
signals at different dilutions is responsible for the signifi-
cant difference between selectivities of cluster dissociation
in these two cases (see also Table 3). At the pressure ratio
SF¢/Ar = 1/80, selectivity remains practically unaltered at
the o~ 1.7 level, regardless of the distance between the
nozzle and the particle irradiation zone. At the same time,
a well apparent growth of selectivity up to o ~ 15—20 is
observed when the SF¢/Ar = 1/200 mixture is used. To
recall, the values of « < 1 near the nozzle exit correspond
to the region where the molecule clustering process is
suppressed [37, 38].
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Table 3. Some results of selective dissociation of (SF),,Ar, clusters formed during gas-dynamic expansion of an SFs/Ar mixture under different

experimental conditions [42].

Gas composition
and pressure upstream
of nozzle, atm cm

Laser generation line | Laser power,

and frequency, w
-1

Selectivity of mixed cluster
dissociation (3328 /34 328)

Nozzle pulse Distance x from the particle
duration, irradiation zone to the nozzle,
ms mm

SFe/Ar = 1/200,
1.63

SFe/Ar = 1/200,
1.63

SFe/Ar = 1/80,
2.0

SFe/Ar = 1/200,
2.0

10P(34) — 931.00 4.6
10P(34) — 931.00 4.6
10P(32) — 932.96 4

10P(32) — 932.96 4

~2 1.2 2

>20-25 1.2 7

7.4 Dependences of IR cluster dissociation

on the gas composition and pressure upstream

of the nozzle and IR radiation power

Reference [42] reports a study on the influence of gas
composition and total pressure upstream of the nozzle and
the power of particle-exciting laser radiation on IR dissocia-
tion parameters. Some results obtained are presented in
Fig. 21. Figure 21a shows dependences of the efficiency and
selectivity of 32SF43?SF and **SF432SF cluster dissociation
on the gas pressure in a range of 1.4-2.2 atm when an
SF¢/Ar = 1/200 mixture was used. The jet was irradiated at
the laser 10P(32) line (frequency 932.96 cm~!) 1.45 mm from
the nozzle, i.e., in the region where the molecular clustering
process is close to completion (see Fig. 3). It follows from
Fig. 21a that the efficacy of cluster dissociation in the case of
excitation at a given fixed distance from the nozzle decreases
with increasing gas pressure upstream of the nozzle. The
causes behind this relationship include lowered temperature,
increased size of the clusters forming at an enhanced gas
pressure upstream of the nozzle, and changes in cluster
composition resulting in a shift of IR absorption bands of
the clusters and their going off resonance with laser radiation.

Figure 21b presents the dependences of >SF*2SF." and
3SF*2SF. ion signals (curves 1 and 2, respectively) and the
dependences of the degree of beam depletion (losses of the
respective 32SF¢32SFs and 3*SF¥SF; clusters (see (7.1) and
(7.2))) (curves 3 and 4, respectively) on the power of laser
radiation exciting particles. Evidently, a rise in the radiation
power results in a decrease in ¥SF,¥SFJ (curve /) and
3SF*2SFS" (curve 2) signals, while the respective losses f8
(curves 3 and 4) increase. Simultaneously, selectivity falls
from o = 2.07 at a laser power of 1 W to o = 1.79 at 4 W.
However, the selectivity decline rate is lower than the growth
rate of the cluster dissociation yield. This finding can be of
help and importance for the choice of the optimal radiation
power in the isotope separation process.

To recall, all measurements of IR dissociation of SF¢
clusters in [42] were made by recording 3?SF¢*’SFS and
3SF*2SFS" dimer ion fragments. It is not unlikely that
some contribution to the respective signals came from the
ions formed during ionization of larger clusters (including
mixed ones) in the QMS chamber. We think, however, that
the main contribution to the measured signals was made by
(SF¢), dimers, especially at the early stages of cluster
formation near the nozzle, where the maximum values of
selectivity o = 10 were actually obtained.

7.5 Main results and conclusions
The study of isotope-selective dissociation of homogeneous
and mixed van der Waals (SFs),,Ar, clusters by IR radiation
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Figure 21. (a) Ion signals versus pressure upstream of the nozzle. Curve / —
328F¢SF4, curve 2—3*SF(*SF". Numbers indicate selectivity values
o. SF¢/Ar = 1/200. (b) Efficiency and selectivity of cluster IR dissociation
versus laser radiation power. Curves I and 2—32SFSF," and
34SF¢32SFS' signals, respectively, curves 3 and 4— dependences of beam
depletion (losses ff) of 32SF¢*2SFs and *SF¢32SF clusters (see the text).
CO;, laser is tuned to line 10P(32), distance from the nozzle x = 1.45 mm,
dilution SF¢/Ar = 1/80, pressure 2 atm [42].

in [42] gave evidence of the dependence of its effectiveness and
selectivity on the frequency and power of exciting laser
radiation, gas composition and pressure upstream of the
nozzle, and distance between the particle irradiation zone
and the nozzle exit section. It also showed that resonant
vibrational excitation of the clusters by an IR laser makes
possible their isotope-selective dissociation.

It was found that the efficiency of dissociation of the
resonant isotope component of the clusters increases and
selectivity decreases with the growth of the exciting radiation
power. Moreover, the laser radiation frequency markedly
affects parameters of isotope-selective IR dissociation of the
clusters. Therefore, an adequate choice of the laser radiation
frequency is an important prerequisite for the achievement of
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optimal efficiency and selectivity of cluster dissociation. This
inference is especially important for heavy molecule clusters
with a small isotopic shift.

It was shown that relatively high selectivities are realizable
in (SFs),,Ar, cluster dissociation. For example, selectivities
of 32SF¢*>SF; cluster dissociation with respect to 3*SF¢*?SF;
(32328 /3% 328) exceeded 10-20 when an SF/Ar mixture at a
pressure ratio of 1/200 was used under conditions of jet
irradiation at the 10P(32) laser line (frequency 932.96 cm™!).
The conditions were found under which optimal selectivity
and efficiency of dissociation of homogeneous and mixed
(SF¢),,Ar, clusters can be reached. Much higher selectivities
of dissociation of both homogeneous and mixed molecular
clusters than in Refs [33-36] were obtained.

All this information taken together gives a comprehensive
view of the processes taking place during IR laser dissociation
of molecular clusters having much in common for all other
molecules, not only SF¢. The advantages of the proposed
method for isotope separation by IR dissociation of the
clusters in comparison with the method based on clustering
suppression include a much wider range within which
particles can be irradiated without marked deterioration of
separation parameters. This fact is of special importance in
the work with heavy molecules like UFj.

However, it should be noted that supersonic expansion of
a gas at the nozzle exit is, as a rule, accompanied by the
formation of numerous clusters of different sizes, which
considerably complicated the separation of isotopes by the
proposed method. On the other hand, the width of cluster size
distribution can be controlled by varying the conditions of gas
flow through the nozzle and using optimally-shaped nozzles
to ensure the prevalence of dimers in cluster composition.
Generally speaking, if the discussion is confined largely to the
two approaches (selective suppression of molecule clustering
and selective IR dissociation of the clusters), the latter one
appears to be the preferable option in certain cases.

8. Isotope-selective IR dissociation
of mixed (CF3Br),, Ar, clusters

Isotope-selective IR dissociation of mixed (CF;Br), Ar,
clusters was investigated in Ref. [43] with special reference to
the evaluation of the possibility of implementing selective
cluster dissociation with respect to bromine isotopes. The
studies were carried out using small clusters (m = 1-2,
1 <n <5 are the number of molecules and atoms per
cluster, respectively). With the efficiency and selectivity of
cluster dissociation depending on gas parameters upstream
of the nozzle, the energy and frequency of laser radiation
were assessed. It was shown that resonant vibrational
excitation of the clusters by IR laser radiation allows their
isotope-selective dissociation with respect to bromine iso-
topes to be realized.

Table 4. Results of isotope-selective dissociation of mixed van der Waals (CF3Br)

8.1 Substantiation of the method

and peculiarities of the experiment

Unlike the (SF¢),,Ar, clusters considered in Section 7 and
characterized by a relatively large isotopic shift in IR
absorption spectra (= 17 cm~! for 32SF, and **SF¢ mole-
cules [60, 61]), homogeneous and mixed (CF;Br),Ar,
clusters have very small isotopic shifts in their IR absorption
and dissociation spectra (= 0.245 cm™!) [65]. Moreover, the
spectra are markedly broadened due to pre-dissociation [44].
IR dissociation spectra of homogeneous (CF3Br),, clusters
are ~ 15 cm™! wide (at half-height) [53, 81, 82] and look like
virtually structureless bands. As a result, the absorption and
dissociation spectra of the clusters containing different CF;Br
isotopomers overlap substantially. This makes practically
impossible selective IR dissociation of homogeneous
(CF3Br),, clusters using lasers.

The situation with small mixed (CF3Br),, Ar, clusters is
quite different. The spectra of their IR dissociation have
the form of uniformly broadened relatively narrow bands
(3.5 cm~! at half-height) [53]. The spectra are localized in the
9.6-um CO, laser generation region of the band (see
Figs 23a,b below), making possible, in principle, isotope-
selective dissociation (see [43]) at certain laser generation lines
at which the maximum difference among the intensities of IR
dissociation of the clusters containing different CF;Br
isotopomers is observed.

To choose laser lines at which irradiation is likely to
ensure selective cluster dissociation, the authors of [43]
analyzed the IR dissociation spectrum of (CF3Br),Ar,
clusters measured from the yield of the ArBr* ion product
in [53]. The analysis allowed estimating the expected
selectivity of IR cluster dissociation by irradiation at several
CO, laser lines in a range from 9R(24) (frequency
1081.087 cm™') to 9R(30) (1084.625 cm™') (Table 4). The
expected maximum selectivities of the cluster dissociation
process at these laser lines proved to be a(”Br/3!Br) =
0.89 & 0.06 and (" Br /%' Br) = 1.19 + 0.07, respectively.

(CF3Br),, Ar, clusters were generated during gas-dynamic
cooling of the mixture of CF3;Br molecules with the carrier gas
(Ar) at a pressure ratio of 1/200 as a result of supersonic
expansion through the pulsed nozzle having an exit orifice
diameter of 0.8 mm. The length of the nozzle opening pulse
ranged from 400 to 450 ps (at the half-height), depending on
gas pressure and composition upstream of the nozzle. Gas
pressure varied from 1.5 to 3 atm. A conical diaphragm with
the opening diameter of 3 mm placed 50 mm from the nozzle
was used to cut out a cluster beam from the central part of the
supersonic flow. The beam thus formed entered the QMS
ionization chamber. The distance from the nozzle exit section
to the ionization chamber was 250 mm.

In Ref. [43], in contrast with other studies considered in
the preceding sections, the clusters were excited by a pulsed
CO, laser with a pulse energy of 3 J. Laser radiation crossed
Ar, clusters at several CO, laser radiation lines. The clusters were

m

generated during the gas-dynamic expansion of the CF;Br/Ar at a pressure ratio of 1/200 and total gas pressure upstream of the nozzle of 3 atm. The
presented selectivities were measured at an exciting radiation energy density of 0.04 J cm~2 [43].

Laser generation line and frequency, cm™! | Expected selectivity of aey, (Br/3! Br) dissociation | Measured selectivity of oo (” Br/3! Br) dissociation
9R(24) — 1081.087 0.89 £ 0.06 0.95+0.04
9R(26) — 1082.296 1.05 £ 0.05 1.04 £ 0.05
9R(28) — 1083.478 1.18 £ 0.06 1.14 +£0.06
9R(30) — 1084.635 1.19 +£0.07 1.16 +0.04
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Figure 22. Time dependences of Ar’°Br+ ion signals without and with jet
laser irradiation at line 9R(28) (frequencyl1083.48 cm~!) and energy
density 0.06 J cm~!. The pressure of CF3Br/Ar = 1/200 mixture up-
stream of the nozzle is 1.5 atm. The peak shown by the dashed curve on the
left results from electrical inducing by a laser pulse.

the molecular cluster beam at an angle of approximately 90°.
Toincrease the irradiated beam volume, radiation that passed
through the chamber was reflected back at a small angle to the
previous one. As a result, about a third of the pulsed cluster
beam was irradiated (Fig. 22). The size of the IR radiation
spot at the intersection with the cluster beam averaged over
two passages amounted to 7.8 x 32 mm. The nozzle was
1.7 cm apart from the center of the particle irradiation zone.
Clustering was completed for the particle flight time to this
zone [37-42].

8.2 Measurement procedure

The experiments reported in [43] were designed to measure
Ar”Br+ and Ar®!'Br* ion signals from (CF;Br), Ar, mixed
clusters without beam irradiation and with its irradiation by a
laser. The measured ion mass peaks of Ar’°Br* and Ar®!Br*
fragments were approximated by Gaussian functions. Iso-
topic selectivity of dissociation of the clusters containing the
Br isotope with respect to the clusters containing 3! Br was
determined as

P Br _ Bro
*\5TBr C Bs
where f;9 and g are CF37Br-Ar and CF38 Br-Ar dissocia-
tion yields in the laser-irradiated jet volume. The yields of

dissociation in the irradiated beam volume were found from
the relations

SiL = Si(1 = fr9), (8.2)
Sor = Sao(1 = Bs1), (8.3)

(8.1)

where Sip and Sy are the areas under the Gaussian curves for
Ar”Br+ and Ar®¥' Br+ ion signals, respectively, in the case of
beam irradiation, and Sjo and Sy are the areas under the
Gaussian curves for Ar’?Br* and Ar®!'Br* ion signals in the
absence of irradiation.

The use of (8.1)—(8.3) yields the final formula for calculat-
ing isotopic selectivity of cluster dissociation:

a<79BI‘> _ 1 - S]L/S]()

)= 8.4
SIBI’ 1 - SzL/Sz() ( )

(CF;Br),, Ar, clusters requires strong cooling of the particles
in an expanding jet [78, 83]. The jet temperature needed for
the formation of (CF;Br),Ar, mixed clusters must be
significantly lower than for the generation of homogeneous
(CF;Br),, clusters [83]. With this in mind, the authors of [43]
used a highly diluted mixture of CF3;Br gas in argon
(CF;3Br/Ar) with the pressure ratio of 1/200 and total gas
pressure upstream of the nozzle of 1.5 and 3 atm.

These conditions favored the effective formation of mixed
clusters containing a small number (m =1-2) of CF;Br
molecules and a few (n=1-5) argon atoms [78]. At the
same time, the probability of generating large homogeneous
(CF3Br),, clusters was questionable [78]. The use of a low
total gas pressure upstream of the nozzle and a strongly
diluted mixture facilitated the generation of small hetero-
geneous clusters and improved separation by cluster dissocia-
tion [43].

Figure 22 demonstrates the time dependence (time-of-
flight spectrum) of the Ar 7Br ™ the ion signal in the absence
of cluster beam irradiation (curve /) and in the case of its
irradiation by a laser pulse at the 9R(28) line (frequency
1083.48 cm~!) at an energy density of exciting radiation
0.06 J cm~2 (curve 2). The total gas pressure upstream of the
nozzle is 1.5 atm. Clearly, beam irradiation by a laser pulse
results in ‘burning out’ the dip in the time dependence of the
Ar7Br cluster ion signal. The depth of the dip equaling the
cluster dissociation yield depends on the exciting radiation
energy density, determined from relation (8.2). Dip width and
position allow the part of the cluster beam irradiated by the
laser to be identified.

The dependences of the dissociation yield f;9 of
CF37Br-Ar clusters on exciting IR radiation energy density
@1r were measured (by the Ar 7Br T ion cluster signal) in [43]
for a few laser generation lines coinciding in frequency with
the IR dissociation spectrum of mixed clusters. f79(®ir)
dependences were used to obtain spectral dependences of the
IR dissociation yield f,4(v) of CF3Br-Ar clusters at
different exciting radiation energy densities. One such
dependence at energy density ®jg = 0.008 J cm™2 is pre-
sented in Fig. 23a. For comparison, Fig. 23a shows also the
spectral dependence of the Ar”Br* signal from [53].
Evidently, the spectral dependence of the cluster dissociation
yield in [43] is in excellent agreement with that in [53]. It was
concluded based on the dependence f;9(v) that isotope-
selective cluster dissociation is possible at certain laser
generation lines.

Selectivity of (CF3Br),Ar, cluster dissociation was
documented in [43] based on measurements of the mass
spectra of Ar”Br™, Ar;", and Ar®'Br™ cluster fragments
(m/z =119, 120, and 121 amu) in the absence of beam
irradiation and with its irradiation by a CO, laser as
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described in Section 6.2 and shown in Figs 16a,b. For
example, irradiation of the clusters at the 9R(28) laser line
(frequency of 1083.48 cm~!) and energy density of
0.054 J cm~2 (total gas pressure upstream of the nozzle of
3 atm) produced the enrichment factor Kem(79Br) =0.88,
with selectivity of the cluster dissociation process being
a(™Br/8 Br) = 1.15 [43].

Figure 23b shows frequency dependences of selectivity
a(Br/¥Br) of (CF;Br), Ar, cluster dissociation at two
exciting radiation energy densities: 0.04 and 0.08 J cm~2. It
can be seen that slightly higher selectivity is observed at lower
energy densities, probably because of a transition to the linear
cluster excitation regime. Selectivity was close to unity at the
9R(26) line near which the maximum of the cluster IR
dissociation spectrum was localized and the differences
among the intensities of the spectra of the clusters containing
different CF3Br isotopomers was minimal (see also Table 4).
Maximum selectivity was observed at the wings of the cluster
IR dissociation spectrum where the spectral dependence
gradient of the ArBr™ ion yield is large. Selectivity
o("Br/®'Br) dissociation was lower than unity at the 9R(24)
line frequency and higher than that at the 9R(30) line which
corresponds to the frequency position of cluster IR dissocia-
tion spectra. In other words, these experiments confirmed the
possibility of cluster beam enrichment with (or depletion in)
any of the bromine isotopes [43].

8.4 Conclusions

The main objective of Ref. [43] was to elucidate the possibility
of selective dissociation of mixed (CF3Br),, Ar, clusters with
respect to bromine isotopes using a CO, laser. The data
obtained appear to demonstrate such a possibility. At the
same time, there are a large number of unknown character-
istics and parameters of the proposed method, such as cluster
temperature and concentration in the region of their interac-
tion with laser radiation, cluster size distribution, the width of
IR absorption spectra, and dissociation spectra of specifically
sized clusters. Optimization and consideration of all these
factors are indispensable if high enrichment coefficients and
selectivity of the IR cluster dissociation process are to be
obtained.

It was shown in [43] that the use of CO; laser radiation for
the resonant vibrational excitation of (CF3Br), Ar, clusters
makes possible their selective dissociation with respect to
bromine isotopes. For example, the use of a CF;Br/Ar
mixture at a pressure ratio of 1/200 allowed obtaining
factors of enrichment with the Br isotope Ken(”Br) =
1.1540.04 and K. (Br) = 0.9540.03 under conditions
of cluster irradiation at the 9R(30) (v = 1084.635 cm~!) and
9R(24) (v = 1081.087 cm™!) lines. The selectivities of cluster
dissociation thus achieved amount to 1.16+0.05 and
0.95 £ 0.04, respectively. These results give reason to believe
that the proposed method can be employed to separate
isotopes of heavy elements in molecules with a slight isotopic
shift in IR absorption spectra.

Isotope-selective suppression of the clustering of mole-
cules among themselves and with argon atoms can be used in
principle to design the isotope separation process. One of the
conceivable variants of its implementation includes two
stages. First is selective suppression of the clustering of a
chosen isotopic modification of the molecules leading to their
distribution in the beam at a larger solid angle than that of the
distribution of colder and heavier clusters containing non-
target molecules. Second is the spatial separation of target
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Figure 23. (a) Frequency dependences of (/) (CF3Br), Ar, cluster
dissociation yield at excitation energy density @r = 0.008 J cm~2 and
CF;3Br/Ar = 1/200 mixture pressure upstream of the nozzle of 1.5 atm;
(2) ArBr* ion signal from [53]. (b) Dependences of (CF3Br),,Ar, cluster
dissociation selectivity on the exciting laser radiation frequency at energy
densities (/) 0.04 J cm~2 and (2) 0.08 J cm~2; CF3Br/Ar = 1/200 mixture
pressure upstream of the nozzle of 3 atm. Frequency dependences of (3)
ArBr™*, (4) Ar®'Br* ion signals, and (5) integral ArBr* ion signal
from [53]. (Taken from [43].)

molecules from the cluster beam. Such a scheme for the
achievement of the maximum separation coefficient requires
not only high optical selectivity of IR excitation of the
necessary isotopic modifications of the molecules but also a
high enough selectivity during the spatial separation of target
molecules from the cluster beam.

9. Conclusions

The foregoing detailed research work on laser-assisted
isotope separation was carried out with the use of low-energy
methods of MLIS, including isotope-selective suppression of
molecule clustering during gas-dynamic expansion at the
nozzle exit and isotope-selective IR dissociation of van der
Waals clusters. The dependences of the main parameters of
the isotope separation process (efficiency and selectivity) on
characteristics of exciting laser radiation (frequency and
power), gas composition and pressure upstream of the
nozzle, and distance between the particle irradiation zone
and the nozzle exit were obtained. The conditions are
formulated for the achievement of high selectivity and
efficiency of the isotope separation process.

Experiments with SF¢ molecules using both isotope-
selective suppression of molecule clustering and isotope-
selective IR dissociation of clusters demonstrated higher
enrichment and selectivity coefficients than those reported
in earlier publications [32-36].
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It was shown that rather high selectivity can be reached by
suppressing the clustering of SF¢ molecules among them-
selves and with argon atoms. Dissociation of homogeneous
and mixed (SFs),,Ar, clusters proved equally efficient. For
example, the use of the SF¢/Ar mixture at a pressure ratio
of 1/200 allowed reaching a selectivity of 32SF32SFg
cluster dissociation with respect to 3*SF¢*2SFg clusters
(33328 /3:328) > 10—20 under conditions of particle irradia-
tion at the 10P(32) laser line (frequency 932.96 cm™).
Control of SFg molecule clustering with argon atoms
ensured a very high selectivity a(*?SFs/3*SF¢) > 25-30
when the particles were irradiated at the 10P(16) laser
line (frequency 947.74 cm™").

Experiments with CF3;Br molecules provided data on
selective suppression of molecule clustering among them-
selves and with argon atoms that give evidence of the
possibility of controlling molecule clustering selective with
respect to bromine isotopes and thereby realizing isotope
separation by this method with a very small isotopic shift
(=~ 0.25cm™") in the excited molecule vibration characteristic
of UF6.

Isotope-selective IR dissociation of mixed (CF;Br), Ar,
clusters characterized by a slight isotopic shift in the spectra
(< 0.25 cm™!) has been realized. It was shown that isotope-
selective dissociation of the clusters is possible, despite small
isotopic shifts, if they have relatively narrow dissociation
spectra (< 2—3 cm™! at half-height). The selectivity of
dissociation o(’Br/®'Br) during (CF3Br),, Ar, irradiation at
the laser 9R(30) line (frequency 1084 cm~!) was estimated
at 1.16.

Comparing the data on isotope-selective suppression of
molecule clustering and isotope-selective IR dissociation of
the clusters indicates that the latter approach is sometimes
preferable to the former if high efficiency and selectivity are to
be achieved. It allows easy realization of irradiation of a large
part of a molecular cluster beam.

Both methods are currently regarded as the most promis-
ing ones. According to Silex Systems Ltd, Australia[1, 22, 23],
the efficiency of enrichment using the SILEX technology is
much higher (by a factor of 1.6-16) than that using modern
centrifugal techniques. Nevertheless, the analysis shows [31]
that the efficiency (productivity) of both methods is relatively
low, the cause being the necessity to use highly diluted
molecular mixtures in a carrier gas. The method of suppres-
sion of molecule clustering is characterized by a very small
region within which the effect of selective control over
molecule clustering is localized. The efficiency of isotope-
selective IR dissociation is limited due to the formation of a
variety of differently sized clusters in molecular beams. This
not only worsens selectivity of the isotope separation process
but also makes very difficult its realization by this technique.
Hence, the importance of the detailed evaluation of the
method proposed and implemented in Refs [28-31] (see also
review [1]) for isotope-selective IR dissociation of molecules
under the nonequilibrium thermodynamic conditions of a
compression shock forming in front of the hard surface onto
which an intense pulsed molecular flow is incident.

To conclude, the methods considered in this review and
the results of their application are of great importance not
only in the context of the development of laser-aided
techniques for isotope separation but also in terms of
investigation into the process of cluster fragmentation by IR
laser radiation [44] and control of both parameters and
composition of molecular cluster beams [56].

The author is grateful to VM Apatin, V N Lokhman,
A L Malinovskii, N-D D Ogurok, A N Petin, D G Poidashev,
and E A Ryabov for their collaboration and instructive
discussions. Special thanks are due to A N Petin for his
expert handling of drawings. The work was supported in part
by the Russian Foundation for Basic Research (grant 18-02-
00242).
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