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PART I.

I. History. Classification of Methods.

Short Abstract of Review,

Considerable progress has been achieved recently in
widening'the region of laser wavelengths, in methods of
tuning and in control over and stabilization of laser ra—
diation frequency. This has opened the way for systematic
study of rather delicate applications of laser light, where
laser radiation acts on a substance selectively. Basically,
the question is in development of the next 3tage of laser
light applications which necessitate a higher degree of con-
trol over laser characteristics. The problem of selective ac-
tion of laser radiation on a substance is of primary impor-
tance for an active use of coherent light in chemistry,espe-
cially in photochemistry, nuclear chemistry and biology.

When lasers are used for lsotbpe Separation it becomes of
special interest because in this case a serious influence of
quantum electronics on nuclear engineering and nuclear power
energetics becoﬁes possible and the problem oversteps the li-
mits of scientific employment of lasers. This field of laser
radiatibn-application places heavy demands on lasers and
Sshould stimulate their development to a certain degree. It
has been just because of this we make an attempt to review
the problem of laser isotope separation in this journal.

The idea to use an optic radiation for Selective
excitation of atoms and molecules with their particular com—
position and for subsequent photochemical isotope separation
Sprang up very long ago. It was born just after Lsotopéa and

the isotopic effect in stomic and molecular gpectra had been
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discovered /i/. ‘he first attempt to conduct pi:otochemical
geparation of igotopes was wmade in 1922 in work /2/, where
0127 moleculcs mixed with H, were excited by white light that
passed through a filter coutaining malnly 0155 molscules. The
Pirst successful experiment was conducted oﬁiy after ten
yearu by Kuhn and iartin /3/ though, who excited phosgene
(c0c13°) wolocules by the line 2816.18 A of an aluainium
spark. At that time [liLozovsky /4/ sugested that a8 specific
i%pib in the natural mixture snould be excited selcctively by
thc radiation ol tue line 2537 A of Hg .uaving passed through
a recsonant-absorbing filter (Mrosovsky filter) and the photo-
chuwical reaction betwecn exclied aivoms of mercury and oxygeu
should be observed. A photocheuical separation of mercury
isosopes by this wethod was successfully conducted and iLnves-
tigated by Zuber /5,6/. The third exp.riment on photochcmical
gsepuration was corried out successfully by Kuhn et al. [7/«
Ph.y excited selcctively ClO2 moluculea hy the radlavion of a
wercury lamp at tGhc lines 3663 A and 3654 A.Uurlng the second
world war the possibility of photocheulical separuviun of ura-
aium isotopes /8/ was studied, but the optlc method could not
coupcue with the industrial gas-diffusion separation webiiode
AfGer the war in some comntries they conuinued to elaborate
the ...otochemical mevhod of mercury Lsotope separation /9-16/
and created laboratory unius %o separate sma;l anounts of
various mercury isotopes /15,16/ o Luiti et al. carricd out
successfully the piotochemical sepsracion of carbon and oxygen '

Lsobopes{/l?,lB/ with CO molecules excited selectively by an
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intensive iodine line. In all the successful experiments
/3-18/ they employed coincidences of strong lines of atomic
gpontaneous emission with atomic and molecular absorption
lines. Since the number of such coincidences was very limited
and the intensity of narrow lines of spontanecus radiation
was low,the photochemical separation method with ordinary
radiation sources employed was not widely
practical despite its obvious potential advantage,
noted as far back as in the first works, of a high
degree of enrichment in the Single separation process.

The creation of laser had permitted above all to revert
to the idea of photochemical isotope'separation with a more
convenient source of monochromatic radiation employed. The
first experiment in this direction was carried out in 1966
by Schawlow et al. /19-20,/ who accomplished a selective exci-
tation of bromine mbnoisotopic molecules by the radiation of
ruby laser and a photocatalysis of olefine bromination reac-

79 lBr iso~-

~tion. Although they could not separgte the Br and 8
topes because of non-selectivity of the photochemical reac-
tion, their work displayxed promise for laser in selective exci-
tation of atoms and molecules with particular isotopes at the
proper monochromatism and radiation frequency control.

The most important thing is that lasers have allowed to
extend largely the sphere of optical isotope separation owing
to new methods in selective action of laser radiation on a

substance, that was impracticable with pre-laser sources of
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monochromstlc radiautone Thuse new possibilltles are based
on the following propertics of stimulated emission:
1) stimulated emission can be obtained at amy frequen—
cy Ln the IR, visible and UV regiona of specirum;
2) Stiaulated emlssicn msy exhibit a_high intensity
yuite sufficient to suturate thﬂ.absorblng transition tuat
is vo excite a uajor portion of absorbing atoms or wolotulus;
3) stimulated emission uay be far shorter than the

lifetiue cf atcmic and molecular excited states;

(6]

4) Stirulated laser radiation has hi_li spatial coliercncee
t..at akes it possivle to collimate the veam 1o ovtall a 1.7
optical path in the cells;

5) Stirulated radiation has hi i temporal coherence wual
‘azes it possiole to elaborate special metiods iupracticavie
w_.%ti incoLerent radiatioqn.

Jiie advert of intens IR lasers opel: tiie wa, for isobo=-
pe separation through selective excitation of vibratioaal
levels of particularisotopic molecules, tiat is by the retiod
nf viorational photocuemistr; /21/.

ilizh intensity of laser radiation in the visivle, uv
a.d IR ranges nas made 1t possible to develop vory general
photopliysical tethods of aeiective action o aivoms and ole-
cules: two-step selective ionization of atous /22,23/, two-
step selective photodissociatioca of molecules /2,=26/, se-
lective multiphoton dissociation of moleculeé /27,257 «

Tiie advanta. . atopiysical processes based



oz lonization or dissociation, compared to the usual phio-
tocieinical process, can be understood fron: siuple qualitati~
ve considerations if we compare tue photochienmical reactio:n
of gelectivel; excited molecules witin the process oi two= -
otep photédiasocietiom (Fig.1). 1In a single step
photochenical process s selectively excited stom or mol.cule
takes part in the three competing processes: 1) a wanted
chemical reaction with an accaeptor with its rate K; 2) ohe
sransfer .f excitasion 6o a particle with an unwunited isobopic
composition with its rate Q; 3) excitation relaxution and
reburn to thc ground  scave.The high soleébivity ol a
photochemical process is conditioned by:

K >> Q (1.1la)
while thc nigh efficicncy by:

K >> 1/ (1.1b)
vince all tuese three processes can btuke place wisu one and
the same type of collision and the relation between their ra-
tes does uut depend on the inbensity of laser radiavion Ghe
vype of .uaotochemical reaction, the level to be e#cited and
cxperimental conditions should be chosen properly o meet
conditions (l.l), lu other words, singlu-=-step photo=-
chemical processes are lnadequately controlled by laser radia-
Gione

In a two-gtep process the selectively .-xcited atou or

molecule ig acted upon by thne second invensive laser radiation,

the object of which ls to ionize an stom (wolecule) or to dis-



soclate 3 molecule with the % rate exceuding btae rates

aud i/T for stransfer and relaxation Jf excitatcion re:sp.ctive-
ly. wiuce Giwe probaso.lity .f .uobolonization or pucbtodissociu-
tion 18 pru, ruicusl vo radiation intensity I the conditions for

high seluctivivy aud high efficliency

Q o (1.2)

1
W(I) >> T

1

can always be met. These considerations hold true for other photo-

physical processes of ionization and dissociation, in particular for

.ultistep atomic photoionization and multiphoto:: .olecular
dissociation. I all these cases, 01 course, ce.la.i requi-
cements o1 selectivit, of secondary processes will. Ll pave
ticipation of lonization and dissociation productis siuould
Le fulfilled. Consideraole advantages and flexibility of
photophysical processes of isotope separation ..ave wcen de-
soustrated in experiments on nitrogen isotope separatioi: i
thie metnod of two-step photodissociation of amwonia /2t/, and
o:. woron and sulphur isotope separation uj ﬁultiphozon dise=
sociation 6f 3013 and SF¢ moleculés /27,28]. Isotope scpa=-
ration by the method of two-ctep molecular photoionizatio:l
a8 been studied in works /23,29/, though not realized

practically, et.



In this classification of single-step pliotociciical and

two- (or wmore) step or multipihoton phiotop., sical processes

there is an important exception, that is proccsses Wil

:
¢

v

r selec-

<t
G

internal rearrangement of atoms and moleculece af
tive excitation which need no additional external actioi. For
example, when certain quantum atomic states are resonantly excited,
the excited electron shell may be reconstructed, with the result
that tae atom becomes ionised. Such a process is called
autoionlsation or preionization. In much the same way, sueu
cer.ain molucular clectronic suabes are subjected to a rooouanl
selective excilation an Llnternal rcarrungement of electrons

comes aboul, as a result of which the molecule may diucoclate

or an akomic rearrangement occurs that s wolecular isowvriza-
tione If the processes of internal reconstruction iu aLouws or

molecules have the sufficlently high rate &, tGhat is

1
S>> = Q (1.3)
T1

then a high selectivity and efficiency can be attained in the single-
step process. Isotope separation through selective molecular photo-
predissociation has veen considered in-/30,31/, axd iun
woxl~ /30/ separation of H and D isotopes turouyhk p:otopre-
digseciation of formaldehyde molecules was demonstrated.

A photophysical approach, wased on change ol ctouic ov
.wlecular trajectory during photon absorption owiu. %0 Li0=

entun transfer, can be also applied to laser isotope se-



paraticn. This method .f isouvupe sepsration under Ghic
asction of laser resonaunce emission w8 suggesbed Ln WOLK
/32,33/ 8nd r.cently cxperiuentally coanducted ian work /34/.
T"his wethod euwploys @ higu spatial cou.runce (dircctiviiy)
of lascr rudistiois Une can concelve other uothods of lascr
iscbope suparation based on the change in volarizabili.y, an-
gularmomentun and on other characteristics of atous anc wole-
culss when excibed. Propbably, various versions of sepurstion
weihods are rucvicable when tney apply Lhe characteristic
features of cohercent interaction betwecn loser ridiation acd
atvoud and mol.cules, and, iu parviculsr, the cffect of adia=~-
batic pariicle excibation in a light filcld with @ scanning
frequency, utic erffect of coherent oscillations of a purdicle
Dobween lovels, ebce

30, bhere are many ways for isotope separation by actiog
gculecuively on atows and moleculea of a particular isolopic
couu.Sitloue ALl Ghoese ways are considered in the revisw. Yet,
at first iy would be better to classify all possible ucisuods
of lager isoLope geparation./ Pige 2 Lllustrates condibtionally
pousible ways to use the gelective cxcitauion of asoms for
isolope sepuruiions 4part from the wcthods already mensioued,
50 maku tue p..ture compleve, fig. @ displays also those empl-
oyilng tne suloiouization of cxcited atoms under the action of
vine cxternal clectric ficld and the ionizabtion of excived abtows
as th.y come in collision with accepbors cupable to capture
'n cvlectbrone fn much the same way fig .3 sunows poscible ways Go
use btine sel.ctive excitaiion of molecules for isotope Sepirabi-

Otlie
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All tue ethods shown in Fi..2 and J ase outlized .n

Litls review. uwie veview is divided into two parts. Taot I

iucludes § 2-9 in addition to tiie Iutroduction, a.d Part 11

- § o=11. 1In § 2 considera-

tion is given to Ghe problem of scluctive exciiasioca of

atoms and wolecules with a pasticular Lyotope, Lue problem
Delng common for all the metuodse Isouupe shifts iu substance
Spectra in va:lous agregute states, mestnods of spectral liue
iarrowing and the possibilicy to use aarrow nonl.nour
resonauces o raise the excitation selcectivity are sscudied
here. In ¢ 3 metivods of selective ionization for uuouws

and wolecules are set forthe It describes the well -kn.wn
experiments ou sclective ionization of Bb, and U atous,

bhie condiGicns of optlmum use of laser radiation in small aud
lorge volumes, metuaods of increasing the ionizabion probability
of excited atoms by means of autolonizmation, field-iaduced
lonizationl.iiethods of ionisation of excited atoms, when tney
come in collision with electron acceptors and with other
excited atows, arc briefly discuzsede In & 4

éénsiéaraﬁion ig glﬁen to iacéope s@paration by

the nethnod of two-step molecular photodisaoéiabidn.Ac firseé,
the digsociation turoughan iutermediate vibrational atase is
diccuussed, and tue puobodissociation band shifbt wisn wolecular
vibrations exgited ln particular. The effects decr easing the
dissociation sel.ctivity are coansidered ¢ dist.tibution of
mobecules on rouasional states, therual excitation of molccules,

laorge width of dissociation band. Comments on the optimum uce



of excliting and dissociating radiation in swall and large

volumes gre uades Hure som: exp«riments on selcective Lwo-svep

puotodissociction of HC1 and NHy -molecules are

described, In 8 5 methods of

gclaective molecular paotopredissociasion and phobolsoumeriza-

tion sre set forth, expcoriments on photopredissociation of

the HyCO, ortho-I1, and Br, molecules in the m8in. Predissocia-

tion of cxcibted molecules during collisions and in s external

aagnetic fi:ld 1ls discusseds And iu conclusion the webtnod

of isotopc separablon based om amclucular poobtoisouncrization

is dezcribed snd the molecules possible for Giis wcthod are given.
Part II, to be published in the next issue, descrives

L the vegimning ( é(ﬂ tne niethod of selective molecular

digsociation by a strong IR laser field. The uetihod elaborated
quite receciitly /27,23/is no{ so apparent, as opposed ito all d%her
uetnods, out rmore gimple and efficient. Here an experiment

oii 1sotopicall;~-selective dissociation of BC13, SF6 and

OsO4 uwolecules is Leing descrived. The review preseunts tae
data on Lkimctics of earichment of residual (undissociaicd)

&as and molecules created oy chemical binding of dissocia-
¢cion producis. The effeect of isotopically~-selective dig-
gociatiosn wheir actin; on weak overione and coupound niole-
cular vibrations is uander discussion.é‘/‘is devoted to

tiie oldest and well-known method of optical isotope sepa-
ration, tnat i1s the method of photochemical reactiois of
electron-excited atous and rolecules. In its veginnir,
cxperirents conducted with conventional 1li_ht sources aic

wveviewed, acd vueir conceptual and instrumental limitations



re analyzed. Experiments on selective chemical reactions
of ortho-12 molecules (separation of ortiho- and para-lz)
and IC1, 01205 rolecules (separation of chloriie isotopes)
are described- In 4 8 consideration is given to tie most
difficult method of photochemical separation durin;; vibra-
tional excitation of molecules by Iit laser radiation. Pirst
tiie general questions on reactivity of vivration-excited
uolecules, influence of a certain vibrational excitation

onn the chewmical reaction rate, relaxation of viorational
excitation are studied. Then, on HCl molecules, the rnethod
is considered which employs chemical reactiocns of molecules
excited directly by laser radiation to low viwrational
levels (V =1,2), that is, veactions with £ &~ J«w . The
basic difficulties, such as molecular reactions due to
thermal excitation and heating at laser excitatio.:, are
analyzed. ‘he conditions at which selective reactious arc
practicanble are formulated. Then tlie method is co..sidexed
which employs excitation of high vibrational states due to
vicrational-vibrational exchenge, that is, chemical rcac-
tiong with 5; >>Fw . In é 9 separation schemes are des-
crivbed in which the change of atomic trajectory during re=-
gonant interaction with the light field is applied and,

in particular, an experiment with a veaw of iJa atous.

é 10 is devoted to economic and technical aspects of laser
isotope separation. The efficiency of the laser separation
mwethod is compared with that of other methods. The cost

ol different methods of uranium isotope separation is dis=—



cussed separately as well as the advantages of the laser .
rethod in this case. In conclusion consideration is given
to use of isotopic nmaterials in large quantities at a low
cost of scparation.§_11 deals with some problems relaved
directly to laser separation. iligh-rate separation of
auclear isomers and its application to preparation oi an
active medium Tfor ¢ - lasers is discussed here as well as
tiic problem on laser methods of production of highl, pure
substances and on the new laser technology in this area.
At last detection of single atoms and molecules is consi-
dered separatel;, a problem which will e solved auto-
natically in elavorating effective methods of laser isotope

separation.



2.  Spectral Shifts and Selective Excitation.

The first step of any laser isotope separation scheme /35,36/
is absorption of a laser photon by the desired isotopic

atom or molecule at a wavelength for which the undesired
isotopic species is relatively transparent. Thus, a transi-
tion with an isotopic shift greater than its linewidth is
needed. The spectrum should not be so dense that the shift
only results in a coincidence with another absorption feature
of the unwanted isotopic species. The laser should have a
spectral resolution and tunability sufficient to excite the
desired transition within its linewidth. Following the
excitation it is then essential that the separation step
occur before nearly-résonantvenergy transfer to the undesired
isotopic species takes place. In this section we discuss
the sources and mégnitudes of isotopic shifts in atomic and
moleéular spéctra. Linewidths of transitions are compared
to isotopic shifts and to spacings characteristic of the
specﬁral structuré of various types of transitions. The
influences of temperature, pressure and physical state on
these comparisons are noted. Non—linear optical line-
narrowing techniques such as two-photon and saturation reso-
nance spectroscopy are considered. Finally, some of the
practical problems of selective excitation are illustrated
using formaldehyde as an example.

The electronic energy levels ofratoms are shifted by

changes in the number of neutrons in the nucleus through the



change in total nuclear mass, the change in nuclear volume and there-
fore charge distribution and the change in nuclearAspin angular
momentum/37-39ATh§ effect of nuclear mass on the reduced mass

for electronic motion about the nucleus gives an isotope shift

of order of magnitude

m AM
Av vy 5 (2.1)

M
where m is the electron mass, M the nuclear mass and AM the
isotopic mass difference. It is important only for light ele-

ments. Shifts of about 1 cm-l are observed for 6Li, 7

Li. For
heavier elements the shifts are dominated by the change in
hyperfine structure, interaction of nuclear and electronic
angular momentum, and the ﬁhange in nuclear volume. The change
in nuclear volume shifts the energies of s electrons and there-
fore, gives substantial isotope shifts for transitions involving
s electrons. The volume shift is dramatically illustrated by

the uranium II transition shown in Fig. 4(a). Fig. 4(b) shows

the combined effect of volume shifts and hyperfine structure.

199Hg and 201

Hyperfine structure multiplets occur for Hg and
single lines for masses 198, 200, 202 and 204.

In molecular spectra the structure of vibrational and
rotational energy changes is superimposed on the electronic
energy changes. In addition to these rovibronic transitions
we will be interested in transitions where only vibrational

and rotational energies change. In molecular spectra the

isotopic shifts are dominated by the effect of nuclear mass on



the vibrational energy spacings (inversely proportional to

the square root of the vibrational reduced mass) and the
rotational energy level spacings (inversely proportional to
the moments of inertia). The spectra of linear molecules

are generally quite simple; each vibrational or vibronic band
consists of a regularly spaced set of individual rotational
transitions. The space between lines is much greater than

the linewidth for molecules containing the lighter elements
and only begins to approach the linewidth for molecules with
moments of inertia as large as I2 /40/. The rotational struc-
ture in the bands of non-linear molecules---asymmetric tops,
spherical tops and to a lesser extent symmetric tops---is far
more complex. Fortunately, for many simple molecules, gas
phase electronic and vibrational spectra are still sufficiently
well-resolved that the spectra of different isotopic molecules
are clearly resolvable. But for many molecules the rotational
structure is so closely spaced that lines overlap within their
Doppler widths. Such a situation is demonstrated by the laser

spectroscopy of the 10u transition of SF6 /41/ and OsO4 /42/. How-

ever the presence of a great number of absorption lines,
though, does not exclude the possibilility of accidental occu-
rence of a section in the avbsorption spectruw on which tle
absorption line of just one isotopic molecule falls. For
illustrﬁtion, Fiz.5 presents the vibrational-rotational
spectrum of absorption of monoisotopic OsO4 molecules obtai-
ned by the method of absorption saturation with the Lelp of

sone lines of CO, laser /42/. The typical interval vetween
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assorption lines is ruch smaller thau Doppler widti, ovus

the line R (8) of CO, laser at 10.6 mcm, for example is

aboorbed mainly by 15)0904 molecules. '~ For heavy

molecules the problem with closely spaced rotational lines is
compounded by the overlapping absorption spectra of molecules
populating the low lying vibrational states. The electronic
excited states of many simple molecules are often strongly
perturbed and extremely complex. For example, only a few lines
in the entire visible spectrum of NO2 have been resolved and

analyzed.

Gas phase absorption lines are broadened by the Doppler
effect, by molecular collisions, by radiative decay, by radia-
tionless processes, by passing through the region of inter-
action with the optical field and by power broadening. At low
pressures the Doppler effect usually dominates the linewidth. The
width is given by

-7

Av_. = 7.2x10 v (T/M)l/2 (2.2)

D
where T is the temperature in °K and M is the molecular mass
in atomic mass. units. Clearly the Doppler width may be re-
duced by lowering the gas temperature. Low temperatures may
be achieved at gas densities above the equilibrium‘vapor
pressure by supersonic expansion through nozzles such as have
been used for spectroscopy’43,44/, for molecular beam sources
/45/ and for gas dynamic lasers /46-48/. In systems where low

vapor densities are feas1ble the Doppler w1dth may be nearly




. eliminated by carrying out the excitation perpendicular to a
well-collimated molecular beam /49/.

spectral lice narrowing in atomic (or molecular) -caus Lakes
it possiulé to realize isotopically - selective excitailon
of particles even when the isotope shifti is smaller than

the Doppler width of a transition for particles in equiliu-
riun gases. Such experiments have oeen ceonducted ou Jeaus

of Ba /34/ and Ca /50/ atoms. The disadvantage of low

operating densities is that large absorption cross sections

and long optical paths are reiﬁired for efficient use of the
laser energy. An upper li;ft/o;erating pressure in bulk gases
is often imposed by pressure broadening. Fig. 6 shows the line
shapes for formaldehyde at several pressures. Notice that if
particularly high selectivity ratios are required that the

tails of the lines become important. They are dominated by

pressure broadening and by lifetime broadening since the



Lorentz profile decreases quadratically rather than exponen-
tially with displacement from line center /51/.

The absorption spectra of molecules trapped in matrices
of rare gases or other inert molecules at low temperature are
often quite sharp/52/. Molecular rotation is usually stopped
and the spectra exhibit only changes in electronic and vibra-
tional energy. Spectral linewidths of less than 1 cm_1 can
often but by no means always be obtained. Isotope shifts
for Cl and lighter elements are normally well resolved. An
observable shift has even been reported for a uranium compound,
Fig.7 /53/. Matrix spectra are often complicated by the pre-
sence of more than one type of trapping site and by the pre-
sence of dimeric and polymeric units of the isolated molecule.

The spectra of liquids are so broad that spectral shifts
are likely to be resolvable only for the first few elements.

Non-linear spectroscopic methods allow isotopic selecti-
vity to be achieved for isotope .shifts which are smaller than
the Doppler linewidth but larger than the Lorentz (homogeneous)
width. The Lamb-dip may be exploited by tuning the laser to
the exact line center of the undesired isotope /23,54,55/. 1In a

standing wave field (two oppositely directed beams),

when the laser frequency v is coincident with the absorption
line center of the unwanted isotope and saturation is strong
enough, the efficiency of excitation is reduced by 40% compared
to the efficiency of excitation of molecules whose absorption

line center is out of resonance with laser frequency v. A much



more selective excitation may be carried out using the
simultaneous absorption of two photons from oppositely
directed beams of nearly or exactly the same frequency /56,57/.
Vasilenko, Chebotaev and Shishaev /58/ pointed out

that for two-photon absorption in a standing wave the Doppler
shift of an absorber for one running wave component is exactly
equal and opposite to that for the oppositely directed wave.
Thus within a Lorentz width of the line center all molecules
are in two-photon resonance for one photon from each of the
running waves. Only those molecules with near-zero velocity
are in resonance for two photons from a single running wave.
Off line center, only molecules whose velocity Doppler shifts
them into resonance with two photons of a single running wave
will absorb. The ratio of line center absorption to the
Doppler profile wings 1is approximately half the ratio of the
Doppler to the Lorentz width. If two oppositely directed
peams differing in frequency by more than the Doppler width
are used, still higher selectivity is possible. This effect
was demonstrated in high resolution spectroscopy by several
groups in 1974 /59-61/. The application of this technique

to selective excitation and isotope separation has been dis-
cussed in /56,57,62/« Very high laser powers are required
for efficient absorption of the laser light. These powers

may be considerably reduced if a nearly resonant intermediate



state enhances the two-photon cross sec-

tion.This effect was demonstrated experimentally on atomic
trangition in /63/. The estimations done in /H6,04/ stiow
that this effect may be of importance for vibrational-rota-
+ional molecules as well. The first successful experiuents
oi. two=photon wmolecular absorption with Doppler widtiz

reduction Lave been carried out in work /65/ on CL.F wolecules. The

situation for atoms is much more favorable than for molecules because
molecular transition strengths are spread out over the entire
vibration-rotation structure. If the two-photon resonance is
to be used to excite states for which the rotational structure
is overlapped within a Doppler width, the laser frequency must
be completely outside the rotational envelope of any interme-
diate energy states. Otherwise, non-selective sequential
absorption of two photons through a real intermediate state
will occur. This places a severe 1imitatien on resonant

enhancement for many systems of practical interest.

As the number of neutrons varies, tie nuclear spin
variation may change suostantially selection rules. As a
result, atoms of some isotopes may acquire lines wilch are
forsidden for other isotopes. This effect of induction of
electric dipole transitions dug to eleciron-nucleus lute-

s . . - ]
raction is essential for transitiona J = 0 — J 0]

rorbidden for all multipoles. On account of nuclear gpin




an atom has the total angular momentum i#F 0 whict: alters <l
i . o dden 141 on S ¢ 3p ot
selection rules. The foroidden lines 2270 A (v7P5=v Sg)
Caee o 5 - - . N . -~ 3
and 2050 A (b)Pa - 018,) found vy Rayleigh ia 1927 and Wood

in 1928 respectively in the odd isotopes 1y9hg (I=1/2)

acd 201&; (1 =5/2) arc a clagsical cxauple oi tixls citect.
Ya.Js.Zeldovich and I.I.Sooeluan .ave pointed rececatly

Jub/ to the possiuility of using this cifect in sclective
cxcitation and laser separation o1 eve:n or odd ilsotvopes of
$lie following clements (ii., Sr, .a, Zu, Cd). 4 lar_e spe=-
ctral line shiit, which ioc wuch Li_htier than tiie isotope ghiiit
igs typical of such selective excitatio. with regpect o
rwuclear spiii.

Due to chauge in the nuclear spin parii) aew lines ap-
pear iun the spectra ol diatouic noinoituclcar wolccules. sou
cxauple, ortho-para nolecular uwodificatliowns iave addivional
gets of electrou-vibrational=-rotational li.cs that allow
celective cxcitation of isotopes with cvewn and odd total
nueclear epins ol molecules. L. tioe intvared viworatioaal-
-rotational speci.uL, as oue oi tiie atous is suuvstituted
.y auotlier isotope, tlie lor.iddeiuiess of elecivric dipole
trangitions is clininated. ..ost vividly this etiecct shows

up in the IR spectiw. of D, lvw aud DY wolceculcese.

O

b
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A relatively large amount of effort has been devoted to
the selective excitation and photochemistry of the first
excited singlet state of formaldehyde, H2CO /67/. Figure 8

shows a small portion of the spectrum of H2CO and of

H213CO /68/.The instrumental resolution of 0.1 em ! is

broader than the 0.06 cm™ ! Doppler width (FWHM). The selecti-
vity of excitation of the H213CO spectrum has been demonstra-

ted /69/ by scanning a frequency-doubled, N2-pumped dye laser

1

(Molectron Corp.) with a bandwidth of 0.1 cm - through the

spectrum in Fig. 8. The fluorescence from a cell containing

natural formaldehyde, H212C0: H213CO=89, and another containing

an enriched sample, HleCO:H213CO= 0.10, was observed. Near

-1 . . .
28250 cm a fluorescence intensity 90 times greater for the

l3CH O was observed. The selectivity is thus at least 10

2
and possibly larger. The absorption cross section at_}?is
o . -20
wavelength is about 10 cm2. For efficient isotope separa-

tion a laser at this wavelength with a resolution and long

term stability of better than 1 GHz is required. For 63%
absorption of the laser energy the product of path length and
pressure of the desired isotopic species must be 30 meter®torr.
In order to remove 63% of the desired isotope from the sample

60 Joules/cm2 must pass through the sample.

For comparison let us give the same estimation for the

two-photon excitation method. For two-photon



excitation the cross section is roughly 2xlC-"34 cm4/watt for

a Doppler linewidth /70/. There are no resonant intermediate

4

states. A bressure broadening coefficient of 7x10 cm—l/torr

from ground state microwave data /71/ gives a pressure inde-

pendent abhsorption coefficient/62/ at the resonance peak of

-16 -1 2W—l

b=6x10 cm "~ (cm ) for pressures such that the collision

rate is greater than the predissociation rate, P>l torr.
This absorption coefficient must be multiplied by the frac-
tional abundance of the desired isotope. For efficient photon

absorption laser power must be on the order of 1/bV or

12 13

5x10 W for CH.O /62/. The laser intensity must be kept low

2

enough so that power and optical Stark broadening do not
increase the linewidth. This requires I<1012W/cm2 /62/. For

10 w/cm2 a cell of 500 cm2 cross section and l.5xlO5 m

I =10
is needed. For practical conditions for two-photon excitation

method with H,CO a very low efficiency would be achieved.
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Selective excitation of molecules in a ;as pllase is
usually couducted by lasers with the gpectrur: widih being
much smaller than the isotope shift and ausorptioh liucwidth.
single=-frequency lascrs with a narrow radiation linc are
required to excite selectively those nolecules lavi:g 4
broad electron=-vibrational-rotational spectrwu witii overlap=-
ping absorption regions oi two ieotopic moleculecs. T:iiy
sliarply reduces tlie number of sirmltaneousl, excilcd iolc—
culcs owing to their distrioutioa over rotatio:al sublevels.
For isotopically selective excitation o.ae can use broadband
radiation without the spectral components corresponding to
tl.ie absorption lines of those jsotopic molecules the exci-
tation of which is undesirable /72/. The radiatioa of lasers
with a broad generation spectium and witli an ausoroer iu the
cavity has a suitaole spectral composition/73/. If such a laser
irradiates a nolecular mixture, the molecules not in the cavity
will be excited for the most part. This possivility of
selective noleccular excitation by a broadband gpectruni
has veen experimentally demonstrated in work /'(2/ with the

use of H20202 nolecules and a pulsed dye laser.
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3. SELECTIVE MULTISTEP PHOTOIONIZATION

Selective atomic photoicnization can be conducted by sune
Schemes the commen feat.re of wuich is a previous selective
exc;taﬁion 0 op@ or several intermediate excited levels with
laser radiation and a subsegquent ignizatiop of ouly excited
atoms witsu an additional laser radiaticu or when tuey collide
with other particles. :ig.9 illustrates some .ossibie scheuwes
or selective atomic ionization or special interest .or lasur
isotupe separation. The two-step photoionization 3cheme 1is
the simplest oi them /22/. The three-step scheme uway be of
use, say, Lor atoms with a high .opization .ctential /74/ «The
vhctoionization cross-section can be increased by tuning tue
frequency of secondary radiation to that ol the transition
to an autoionization (spontanecus /75/ or electric-field-in-
duced /76/) state. Finally, excited atoms cap.be ionized whep

collided witi aother particles (electron acceptors ,/77/ OT

excited atoms /78/ ).

first Let's consider in more detail the two-step atouic
 shotoionization (Yig.9a). In the two=-step protoionization
schelle the radiation oi the first laser tranafers asoms
from bthe grdund state "™ tg ap excited 8hate "2". AT the
same bime the atoms are exposed to tie pulse ol the second
laser the quantum euergy ﬁ&é of which is inadequate to
photoionize tné atoms from tne ground state but suiliicient
to photoionize them from an excited levels

5.1)
ey« hwy, > . < £ ()
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The rate o. atomic excitation under tiie action of a

cuntinuous raulatlon is determined by the expressign:
. 2

W—'—‘ 62@ ’ {.—: /\ 14” '

€ fw, ¢ & aAw

(3.2)

wiere 6; is the cross-—section of the radiation transi: ion 1-2,
Aﬁz is the Hinstein coefficient of tramsition, 44« is the
iine bandwidth of transition,/g is the power ol exciting
radiation ( W/ cw? ) falling within the spectral range of
abserption line. I. the relaxation time of ap excited ieve.
equals to T the population of tiue ipntermediate siate
under excitation will bes
N = W, '?? (1+ we)” (543)

Ta saturate the traneltlan 1-2 the power 0. exciting radia-—-
tion should cowply with the condition: |

/D SP = ey, L (Bes)

€ € 2T
where J 1is the power oi exciting trapsition saturation.

When the relaxation time of excited level population is

determined only by radiation decay te the ground state,
-7

that is TE,{; , the saturation power doesn't depend an
level lifetiues
72 -
B-rZ 2 g G
% A

The photcionization rate of an excited atem under a
continuous radiation with its power‘e is given by tihe
axpression: { Vi
ey

where éi is the photoionization cross— section. For each

(:3.6)

o~
.
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excited atom to be ionized with a probability of about
unity the power of ionizing radiatiowu shiould cowply witu

the condition analogous to (3.4):

I i, 6 N
/Q S P = 2 - ‘X CFE (3.7
[4 [4 é?— ﬁw’ 6" e

To ionize all excited atoms the radiation powexr required

should exceed the power of exciting radiation approximately
in the ratio (ZéQ/g} de

As an exauple let's consider the two-step photoioniza—
tion of Rb-atoms through thne first intermediate ievel
5p ZP,/z (7ig.10a)e For Rb-vapor at  100°C (the Loppler
width AW = 4,107 sec‘l) the radiation transition cross-sec-

gion G, = 10"*4cu?, the cross-section of excited level

photoionization @a ~ loflacma. The saturation power

of the absorption iine A4 = 7950 Z ‘z? = 0.5 W/cm2, and

the power, required to photoionize atoms with tus sanme
probability as that of excitation, % = 1.6.107 W/, *(the
radiation decay time of the e@% level 7T = 2.6.10'8sec,
XzzlA: = 4730 K). Thus, to excite each atom and ionize each
excited atom substantially different powers are wanted.This
is quite natural sipce the first process is resconant and

the second one is non-resonant.

The requirement for power level of ionizing radiation
falls off markedly if the intermediate lLevel is metascable.
Tne saturation power of resonance traasition, provided the

relaxation mechapnism ie radiation, doesn't depend on the

lifetime of the upper level and the J? power drops propor-
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topnally with incresase in the lifetime af the intermediate
level. This is true as long as %Hhe level lifetime is shor-
ter thapn the time of interaction between atom and light

beem., An atom moving with the 2, wvelacity interacts with

a8 light beam of 3 limited diameter a during the tiue

—

‘L-M_ﬁ’%g » For axample®, if a hot heavy atom moves with

'»; = 5.3.@5 332 and the beam diametaer d = 1 cm the inter-
aciion tims ?En{ = 5.510-6 sec, Therefore it is advisable to
use intarmsdiate states with -, = T.¢ = 3.107sec™t

that will reduce Ghe /{} power %e 3 value in the order of
10° W/en?.

It is practicable So bring about two-step photoioniza-
tion under the action 9f short radistion pulses with their
duratioo ¢ , 7; shorter then the rTelaxation time 7 of
intermediate level populatiocnm; they are time-synchronized
with the accuracy 4T shortar alsc than C ,To excite a
cousiderable part of atoms and then to photoiounize the .uost
portion of excited atome under such conditions the density
of pulse energies should comply with conditions analoggus to

(5.4) and {307)3

~ e

Ee >Cze = > 4
fe : (5.8)
£, 58 =2 (549)

For the case of two-step ioniszation of Rb-atoms considered
above energies of exciting and ienizing radiations should
exceed the values (‘ixc a 1.2.1072 J"/t:m2 and ?; =0.42 J/c:m2

and duraticns must be shorter tham the time T = 20 nsec.
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The first experiment on selective two—step atoumic
photoionization was conducted in work /22/, Fig.lO illustra-
tes schematically the levels of Rb-stom used in ..ctoion za—
tiou and pives the experimental scheme. The radiatiou of
the tunable dye laser at ‘A4 = 7950 Z transferred a
portion of Rb-atoms to the state Sp %ﬁ% . Excited atoms were
photeignized by & rsdiation pulse of second harmonic of the
ruby laser used for dye solution pumping. The second-harmecnic
quantum energy was suificient to photoionize excited Rb-atoiis
( £§— fa4 = 2.62 eV) but not sufficient to photoionize the
atoms from the ground state ( £. = 4.18 eV). Both the laser
pulses were directed to a gas cell with ib-vagours at 1072
torr. A8 the wavelength of the tuned laser was tuned %o tie
absorptio: line of Rb, a sharp increase of protocurrent sisnsl
could be observed. In experiment/22/ photoiocnization was

done in a gas cell with me iom extraction.

(:lNSelective ionization of Ry atoms has been studied in wmore
detail in work /79/ where conditions (3.8) aand (3.9), under
which every atom beinyg in resonance with exciting radiation
is ionized throughout one pulse, are realized. The authors
of this work have investigated ion extraction througih cle=-
ctric field ( Vv 1013 ions/cm3 in one pulse) and tlie dcpen-
dence of photoionization cross-section on the excess of the

energy of the second photon over the jonization limit.
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Another important experiment was carried ocut in work /g0/
with a beam of uravium atoms. The experiment .s =scnematically
shown in fig.ll. 4 collimgted beam of 255U and 238U atons
mixed was irradiated by a dye tuned laser the c.w. radiia-
tion of which at A{ a 5915.4 A excited the stoms or U —iso-
tope only. At the same time thé atoms or the bean were illu-
mipated by UV-radiatiopn of a mercury laup over tne spectral
range 2100 K—;loa K. The short-wave boundary of this range
is conditioned by the absence of piotoionization of non-—

excited atoms, while the long-wave one is determined by the

threshold energy of photeionization of excited atoms. The
ions of 235U+£ormed were separated from the bean of neutral
atoms by the electric field and entered a quadrupole .ass
spectronmeter. Experinents were conducted with natural
(0.7%) content of 2353 in the mixture as well as with a mix—
ture enriched ip 227U-isotope. Fig.12 shows the results
of experiments obp selective photeionization of various ura-
pium isctopes in the matural mixture. Whep the laser frsquen—
cy was tuned to the absorption line of 8 particular uranium
isotope the mass spectrometer had the line of Just this
isotcpe. The photocurrent signel ip selective photoeionization
of 258U was 105 times more than that in photoicnization of
235y, mhis derives from the fact that, rirstly, the conteut
of 235U-iaotope in natural mixture is 140 times less than
that of 258U—isotope qnd, secondlql_yygmagggfpticn line of
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2350, in contrast tc the line of 258U, is sp.idic into 4
companents of nyperfine structure and the laser radiation
can be tuned not only %o ane compebent.

Experiments on selective atomic pirotoionization with
the object of working cut methods of isotope separation
are being conducted now Dy some labaratories in several coub-
tries. By way of example, at the VIII International Quantum
Kiectronics Conterence along with experiments on uranium
the results of studies op Ca-isotope separatiun were present-
ed by scientists from West Germany « Bxcitation was done
from the metastable level 4p l> to the level 5s %5
( X = 6182 A) by radiation of c.w. dye laser, while excited

atons were ionized by radiation of argon laser at /E =488&E.
The quaptum efficiency of two-step ionization for one .eba-
siable abom ranged batween 10™2 and 1072,

Experiments /30/ on selective iopn.zation ¢i uranium
atoms can be considered as the first stey in developing a
new method of U-isotope separation on a comme@rcial scaie.
Formally /81/ R.Le. Lickeman, the president of "ixxoun Ruc-
lear Co." USA had reported op successful experimeuts on
U~-isotope separation under labaratory conditions. This firu
toock out a patent /75/for process of U~isctope separation
through the method of selective two-step photo-icnization

and placed the work on a broad footing in this directiun /82/.



Sore resulis oif this work obtained, as the authors sa,, in
tic early sitage of investigation of the method in 1ui1

have veen récently reported at the I1 Infernatioual Conie-
ceuce on Laser upectroscopy /83/. 4t tie sawe ti.c the
Liveruwore Laocoratory USA presented the resulis oi iis latest
experiuecnts on two-step ionization of uranium atous (exci-
tatiou witn the 3781 ﬁ line of a xenon ionrn  laser, iomi-
zation witi. the 3500 K line of a krypton ion  laser). le
ioix yield rate of 23v ut in their gxperiments was 2~1O'35r/hr,
thai is 107 times aigher than the ratc obtained i tie carly
experinents /380/.

To accowmplish a highly-efiicient process oi isotepe
separation by the seleetive icnization metiod on & practical
scale the conditions as follows sheuld be met:

1) All atows in an unexcited beaw should be in uhe ground
guvate, and ions must not exist, Ii atums oL a selected isotope
are distributed ovexr several levels ar sublévels 8 zultifre—
quency radiation, exciting atoms frow every sublevel, is
needed to remove completely the selected isaotupe Lrom

the isotope uixture, The thermal jons existing ip the atomic
vapour nmust be removed,

2) The laser radiation should perform selective pnoto-
ionization for each atow of 3 selected isotope. FPowers

needed for this purpose are givem by relations (5.4) and
(27)s
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3) The laser radistion intensity should be used practically
in full to excite and ionize atcms of a selected isotope.

4) There shouldn®t be transfer of excitation or charge
between isctopes under separation.

Let's consider now the possibility of fulfilling conditions
(3) and (#). To Jdo this one must keep in wind the most interest-
ing elongated geometry of installation for isoetope separation.

In this case the atomic beam is emitfed by a long "sheet™ source

i

along which 2 laser radiatiop travels, as is Shown .. :ig.13.
Thé coefiicient of linear absorption per unit length

for exciting radiation fm-f/({a 53,“; where Y, is the density

of atoms in the g.ound state, and the absorption coel.isient

of ionizing radiation £=A} 4. .Thus, the penetration oi excit-

ing radiation with a weak sbsorption saturation é;j:(c%éé;c/-:

and with 3 strong saturatiop of transitiocn, that ic when

,%,,C > Pexc o bthe penetration rises accordingly to the value

é; :q@: hiad . As absorptiocn is saturated et tuoe iransition

Fexe : . 1
1-2 the intermediate level population AQ:Z—AQ, and, hence,tie

<

penstration of ignizing radiation will be:

2 o éxc .
e = = 6. 2 —— (3.10)
% g Oxc 6:

%

The penatratiocn of ionizing radiatiocn is deeper by the factor

Z-f%g than that of exciting radiation. According to (3.7)the
sam; factor appears ip the ratios between the powers needed

to excite and ionize each atowm. Pnysically this is quite clear.
Because of the ditference in cross-—section ol resgnance exci-

tation and photoionization of atoms materially diiierent
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powers‘%kvand ‘]? are req;ixed to excite and photoionize them.
But for each: atom to be excited and ionized, euergies ol tiae
samne order #uq and Zﬁé arse consuned. Because of this the
exciting radiation will be absorbed at a path which 6;“725
times shorter than that for the ionizing radiatiocn.

Tg use the sxcitipg radiatiaon in full the patih length
snculd be [:éz .For axauple, for the case ot two=—step photo-
igrnization of “b—-atows in 8 beam with the atomic density
i, g=10"%cu™ the valuve € = 200 m and ¢}, = 10 “cm. Thus,
it is iwmpracticable to ensure the similar abscrption of excit-
ing and ierizin; radiations as they trave. along tuoe sheet
atomic beam. It is possible to use a transverse propagatiocn
of the exciting beam and a lopgitudinal one of the ionizing
bean (Fig.l3), but this presents a severe problem in intro-
ducing the optical radiation ipnte the vacuum chamber of tiie
unit. Therefore a considerable part of publications on selec—
tive atomic ionization ia aimed at search for methcds which
will allew an increase ip the cross-—-section of excited atom
icnization. The main ones are listed below.

In work/75/ a special attention is paid to the possibi-
lity of increasing photolonization cross—-sections with auto-
iupnization resgnances used. By sutoionization is ueant a

process of spcntanecus transition of an atom from a discrete
excited state ta ap igonization state, Autoiagnization may occur
wiaen coptinuuus and discrete energy levels exist simultaneously

above the lounization limit, that is practicable eitier ip a
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simultabeoug exeitation of two valence electrops or in excita-
tiocn of elactrons from the inner atomic shelli, To cite an

example, according to the data from work /85/ ip the spectrunm

- /50

of photeioni.zation of ﬂ?_{ from tue excited state 532 X
- 2

there are autcionization resonances with 6} = 5,10 lecm -

Such autoionizatiopn levels are kpnown to exist ip spectra ol

e
(5; illustrate the existence of autoionization resonancc pcaks

in continuous absorption, Fig. 14 shows the specirum of pho-
toionization from the excited state of urankun aton obtained
in work /83/ using a tunable dye laser. It is seen that Oy
selecting a wavelength we can control the value of ionization
crosg-sgection é& .

Work /76, contains a proposal to use the autevionization
of the discrete levels arisipg below the iopizatiocn limit
under external electric field. Wwith the use of two or three tuned
lasers it is possible to excite in successiocn an atom to a
state with a large value of the principal quantum number n,
the excitation efficiency being rather high. The electric
field distorts the eleetronic spectrum oi atom so (Fig. 15)
that some levels of discrete Spectruh closest to tne ioniza-
tion limit £all within the continuum, while other levels
become autocionized and the probability of their ionization
decay rises with increase in the principal quantuuw nurber.
It will be the optimum case when an atom is excited by laser

radiation to a8 state the autoionization probabil.ty of wanich
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is more thap the radiation decay prgobability but less thanp
the Loppler width of trapsition to a state of autoiognizatioun.
In this case each excited atom will be ionized,cross-
sections of such an ionizatiop being similar to tuat oi Che
resopant transitiom between discrete energy levels. The

calculatiansAdona in work /76/ show that such a wethod can

be accomplished with relatively weak electric fields (below 30
kV/cm) which cause no electric breakdown in the atomic beam,

The first successful experiment on ionization cross-section

increase vy electric field was carried out in woric /87/ using
Na vapours. Two-step laser excitation converted resonantly
the atome of iia to the highly excited statest2 4 - 18 d, aad
then they were autoionized in an elegtric field with its
intensity of 10 kV/cm. For illustration, Fig.16¢ slhiows the
dependence of photoelectiric current at the varied intensity
of the electric field as the wavelength..xz of thie second

laser is tuned within the transition 321?1 /2 - 14"’93 /- The

1 lower than the ionization linit,

state 152D3/2 is 488 cm
out the electric field causes autoionization of thec atous.
‘'he total cross=—section of two-step iouization ontained in
the experiment /87/ is ebout 10'14 cmfz, that is 10”7 times
higher than the staudard photoionization cross-scciiou for

*;a.
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A certain benefit may bde gained in twog=-s8tep resonance
excitation or atome to a discrete state, spaced not sg far
from the ionization limit so that ap .inirared puobton sulIices
to phetoionize an excited atom (Fig.9b) /74/, Requireuent

(3.7) for ionizing radiation pewer is not sSo rigid, since
at present IR laser radiation is accessible with much higher
power when coupared to tue power of visible radiatisn.Besides,

the efificiency of IR gas lasers (say, COy-lase:) is much higher

than that of a visible laser; because of this, the requirement
(3.10) on length of powerful use of ionizing radiation may

be relaxed without any increase in consumption of enerqgy.

Some collisional processesa, in which excited atous
participate, resul$y ip ionization of these latter with a
fairly large cross-section, In work /78/ consideration was
given to the possibility of ionizing excited atonms A*of a
selected isotope when they collide with excited atoms C¥Spe-
cially prepared in a gas mixture, In such a process the excited
atona Cx s due to their Van-der-Waals interaction with the
excited atoms Af induce a high-frequency dipole moment‘in N
these latter. The auplitude of this moment may be 3=4 orders
in excess of that of polarization, which can be induced
directly by laser radiation in the atoms A* @At tne transition

witlh atowmic ionizatiocn. The estimates /78/ show that in this



way we can lancrease Hine ionizabtion oross-section of the
excited atoms Q*%y aboud 3= grders.,

In report /77/ atuepsion i3 drawn 5o fue poss:biilfy ol el-
fective ionization of sxcised atoms 3L a sslected _:zolope
as they collide with molsculas having a high electron arii-
nity. For axamglaﬁ a @molscule of SF. cam trap zu eleciron
from ap atom lying abous 1 &Y delow 5he lgpization limif with
its eross-—-seciion 6? = Eglﬁ'liamg /88/ » In mixbures of
excited atams.ﬁﬁ with molagculas,wiich constitute strong
electran accapiors, the pracsss of atemic lopization can be
alleviated subszantially.

The metheds proposed for increasing yhotdianization Crgoss
sections of sexcited atoms of a parsicular isotope, basically,
up to values of & = Sonc = 10'12$m2(wit11 the use of auto-
ignization .n the alsciric fisld) or at lwast up to values of
@i = 10'143n2 will msks it po3asible ,probably, to use prac-
tically in full the .onizing radiation in upits of reasonable
dimensions.for examplig, if éi = lO’lqamz in a8 beam of stous
with their demsity A/, = 10 ““em ’and with a selected isotope
content of 2% the exciting bYeam will be absorbed within
€ = 10 m.

There are two collisional processes which can reduce the
ionization selectivitsy of atoms of a particular isotope and
hence the coerfiecient of laser isotcpe seéparation:

1) excitation trapsfer as excited atong Aﬁ'collide with

unexcited atoms B of another isotope;
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2) charge transfer between igns A+ of a selected iso-
tope and unexcited atoms B of another isatope.
The crosgs section of rescnapbce excibLation transrer as
Slow atoms collide will de /89/:
6, =23 ;E— . (5e11)
wiers U  is tue relative velocity of colliding atons, Cﬂ?
is ths d.pole wmoment of the transitiscn 1-2. Tor allswed tran-
sitious 6;, may ve as great as 10“15-10'14 cmg. Under conti-
suoug excitation the atoms of a selacted izotope are kept
in the exclted svate thrgughout all the time of their being
in the light beam /(\(hz‘: Q/U;.Let us define the coefficient of jionj-
zatiogn selecoiviby 4 as the ratio between the number of ionized
atoms of & sélected isotope and the nunber of ionized atoms
of unwented isotupes. The value = <ﬂé&_A42fZ> determines
the rate of resonance excitation transfer to the atous of
unwanted lscotopes. Thereryre, to obtain the coefficient of
ionization selectiv.ty of atom2 of a selected isotope 4  the
fo.lewing conditions should be wets
(QT. ) 21 ar /‘ff-/d =4 (3.12)
where A, =(#[0, )7 is the free-path.. length of atoms with
respect to excitation trensfer. Under pulse excitation,when
excited atoms exist in the iBetepe mixture over a sharg period
of time T T4 ivstesd of (3.12), bot nearly se rigid con=—

ditions should be nigts
(0/5-} /<" % ar Af,,/(,?._,z/-a) Sj (3“15)

To cite an example, when the relaxation time af the interme-
diate level 7= 10'7sec and the atomic density in a beau
Aé = ILC)laom'"5 the ValBQS'dQ'103<xur be obtained.



The cross-section of resonance lon charge exchange
varies between ‘i& a 1074#-10712 on® with the atomic velo-
city /89/. ¥ige 17 /90/ shows some relations of the kind.

Tiie ion produced by selective ionization should be withdrawn
irou tie atomic baam. To obtain the selectivity cgefiicient
4 the free-path length of ions with respect to the charge
exchange ’t& and the cross—section ol atomic beam d should
comply with the condition oif type (3.13): |
Nuj/y S 4 (3.1%)
For example, %o obtain 4 = 10 with ega = 10 62 ang
d =1 cm this condition imposes a rigid restriction on the
overall density of atoms in the beam A < 10'%en™2, 1n
charge exchang® there is practically no momentum exchange.
This msy be used for suppressing selectivity o
losses owing to charge exchange in the follqwlng manner /75/.
If the velocity of the former ions of a selected isotope is
increased sharply under the action of & mhort pulse of electric
rield so that the ion displacement durinaxhe acqeleratidn,af;cgn
be much less than /14 (or rathers aﬂr’@é/é ) then a3 subse-
quent charge exchange will not affect escape of lonized atous
trow tue beam (now as atoms and not as ion;;?_f?atial separa-
tion of igus o a selected isotope at a considerable density
can be dope in c.088ed electric and magnetic fields /75/ It
is necessary to use a msgnetic field here because aof initia-

tion of a space charge, which prevents ions from being removed

under the action of electric field only.



Selective ionizaticn of molecules can be accomplished
aiso, as iv nhas been Suggestved for separating ura. ium isgig-—
pes witu U¥ -molecule in one of the earliest works on lager
i8otope separation /29/ . One can delectively excits vibra-
tional molecular level, and due to red shift in the molecular
piotoionization boundary only excited ualecules of a
selected isotope can be selectively photoionized. But prac-
tically it is difficult to do ' this because the vibra-
tional shir% of pnetoisnizatisp band is guall as compared to the
red edge width of this band and because t..ere are no suitable
lasers in the VUV pegian for melecular ionization, A certa.n
improvement will be, perhaps, achieved if electronic molecular
states are selectively excited and then photoionized, but
this approach is appliecable only to a small pumber ol molecy-

les which have isotupic shifts in electronic absorption bands.



4, 3elective Two-oStep Molecuiar

Photedissgeciation.

The idea of selective two-step wolecu.ar piclodissocia-
tion congists ip _.revicus isotope-selective excitation od
vibras.onali aor electropnic molecular states by laser rucia-
tiop and in 59bsequent laser pnotodissociation o1 ocnl, excit:
ed wgolecules Dbefore the excitation is transie.red Lo
wslecuses ur other isotup.c compoesition (exclitaiiun gciec-
tivity loss) and relaxed (vig. 18e). Thais luea wos cunceaved
as early us in tuie first work on selective atomic [..Gtois-
nizmation/22/, then copnsidered and experimentally accoti lis.cd
in works/23-26/. The process of selective two-siep molecular
wnotodissociation is practicable, provided tast durihg ole=-
cular excitation a sunift in tuoc continugus phactoabusoritivn
band gccurs wunich resuits in wmolecular phctoulsscciat.ui.

In {nie case, by seiecting the radiation srequency &) in

the caift area wihere the ratio betwsen absor,iiocr coediiclents
uncxcited aud excited colecules is .aximuw (i, . 18b), we

can reaiize t.e . otodissociation of the molecuiss excilea =o .
Lectively by b5ne a4 -irequency radigtion.

In principle, botu vibragional and e.ectromic excited
stactes can be used as au inter.ediate cpe. Lacih case uas
its own pros and cons. A8 tue vibratiowa. state is excileu,
tue shift in trie electron.ic abscrption bapd is rstuer = 2.
symetimes sud Gue low viorational Llevels are pop..uted appis-

ciably by nonseclective theri.ali excitat.on. Tuere:rgre sgucl.met
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it is diificult to actieve mainly photodisscciation of laser—
excited molecules, But, on the other hanua, isotopic snift
shows itself clearly in the vibra ional spectrum, as.a rule,

A ratiner large shift ot p..otoabsorption band ..ay acpear in

the electrun-excited intermediate state, but electronic spectrs
0f most molecules have no absorpticn lines with prarnsunced
structures in which isotepic shift shows itself clearly.

Apnd, as isotopic structure shows up, tine methods of one-ztep
selective pLotopredissociacion (4 5) and selective electronic
photocheuistry (4 $) compete with that of two-step puoto-
dissociation. Because of th.s, the method oi se.ective two-
step protodissociation through intermediate vibrationai states
is of wost interest in respect to practice.

The probabilities of excitation and dissociation of
excited wolecules are given by relations of type (%.2) and
(%46), in WhiCh'éhc dénotes the excitation cross-section of
corresponding intermediate level, and by’(% is weant tue pho-

todissociation cross-sectionc%‘ds. At the same time in case
LRUS,

of molecules tie whole picture of seiective pracess is much
wore complicated due to the following eifects governing the
Se.ectivity and rate of the processlzl]:

1) thermal nouselective excitation of vibrational levels;

2) diffuseness of the band edge of electronic molecular vhoto=
absorption; 3) the eftect of "bottle neck™ due tq rotational
structure ol vibrational levels. First of all let's copsider

all these effects,

1) Thermal nonsueicctive excitation of vibrational levels.,
W\’\———\—\N\WW‘-—’WW



Just a smalli number of thermal mo.rccules snguld be located
at an excited vibratiopal level, thot is:

B, » T (4.1)
Ip Lhe siw_ isst case of ulatgmuc wglecu.e, JL8L LU wWLIEe Laal
gne hal: uolecules (,v;’“;.-.z_’-/%) may be excited from tie
ground state under the resonance radiation &/ 4 a ugre
rigid condition should be met so thai tue cgerilcient ol
excibation selectivity A= Agé;)> 1 could be ogbta neds
(#%7—/} > 6,28 (4.2)
“gr pelyatomic molecules the photoulssoclation se.sclivity
drops in auuition owiny to the'fact that tne levell 21 une
normal vibrauiop are seiectively excited by iacer Tud.atlion,
wnile thermual sxcicvation pupu.ates the ieVGlEEI all uraa.
vibrations, many oif which can absorb the .aotodissgociating
radiation of ké -{requency as weil,
Consideration must be given to the locrease 1o tue rate
otf tnermal gxcitation at tiie cosbt or pas mixture neai.ng
by IR radiation., This process is il.ustrated iu i .19,which
shows the tiise history oif population of t.e 1irst v.vrational
ilevel oif a SHB—moiecuLe, when gasegus NHB under a .ressure
2r 240 torr is acted upon by a pulse of 002-Laser raG.acliu.
wuich leade to absarption sat.ratio: at the vicrational trao-
sition U=0 = ¥U=1l. Level pogyulacion is measured by t.e
IR-UV doubie resonance method /9157/Th iou;hout a .iaser yu.se
and some time, as long as the vibrational reiaxat.cu is email,
toe papulation of the ieve. Vml is deterwinsd by laser exci-

tavione. AS tlie vibrationa. relaxation proceeds, a gas neating
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apu subsequent therial excitation of levels with a new much
higher gas temperature take Place uutil the gas cgols down. Thus,
the celective excitation exists only duripng a rsther snort
period oif time (about 1 upsec at Y 3 pressure oi some tens
of torr), while the thermal nonselective excitation lasts
much longer, in the order of msece. In order for selectivity
losses of two-step photodissociation due to heating to be
eiininated, the L%é-frequency laser pulse should be also
short, no longer than the time of vibratiopn=translation
relaxabion.

2) piffuseness of the photoabsorption band edge.Uniike
the two-step atom:c protoionization where the pirgtoabsorption
spectrum edge is snarp, the relation between the shifit of
electronic absorption band A&?[“ﬂ and the red wing edge
of this bandzﬂ{mg'is essential for the two-step photodisso-
ciation. The pri.ary photodissociation ol vibration-excited
molecules is accomL);ished only when A&Q’ﬂ »ddajm' <ig. 23
iilustrates the typical form of continuous abcorption bands
arising at transitions from the pround and excited vibrational
states to a repulsive excited eiectronic term. The photo-
dissociation band spectrumofadiatomic molecule is given by
the formula oo 2 A
[, ,//- i V&) ;g(xjdz/ ) (4.3)
where %560 is the nuciear wave function of vibrational level
of ::round e.ectronic state, 15()() is tie nuclear wave |

function oi contipuous spectrum of excited electronic state.



The absorption band is shifteu from the excited state to
tie red side by the value oi vibrational excitation Si€XY
oult Luc Lood is wider than the shii't Vaiue, a8s a rules. 0L
tie seleclive puotodissociation it is necessary thaiv tiere
siuuld ¢ o .requency range in which jCy.;>jZV e L& esgLi-
mates show thal this is possible gniy aoun the red :zide
0: abearption band where the puotodissociation crocu-~section
decroases S..arplye.

A rise 1pn the puotodissociatian selectivit,, when s.e
aé-ixequency 18 tuned to ti.e Iar edge uf vaud, results in
4 uecrease iu tue process rate. Thererzgre it is sdvicsblie

te auply clier methods for increasing tne vand o ift. Higu

§

vibrat.onal wolecular levels cun be directly cuzlited oty
Qq-ﬁrequeucy radliation, that is a resobna:ce abus.ybion ab
vioraiioua. morecular overtones can be used. It - as Justb tis
way that was a.plied in tiue first experiment on Cwo-step
photouissocialion of HCl-mulecule/23/, Work/92/ has de.oLsiiu~
ted isotoplcally-selective excitation of tiie cecand svertoue
ol H55Ci and H57Cl molecules with :aser radiation st i.19 .
In work /93/consideration has been given ta the pus. L. L.ty o0
piotodicsociation fraw the h.ogher vibraticpal ng.ec.lur
lLevels, populated by molecular vibrational energy exchange as
low ievels are continucusly ex#ited by IR radiatisn. Bub
coilisicus result in a less of isotopic excitation sciectiv. .,
that makes nou sense in applying the prgcess,
5)‘SEi\zzgigigaﬁgggz\gggggg_1n vibrationai level ciucita-—

Gion. Luc Uge the Bolbtzmann ¢istr.buticu gL solcecules over t.ic

b
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ground vibrational state tihe mounochramatic laser radiation
excites just a snall portion of nolecules g at cne rgtatio-
nal sublevel, that decreases the excitation rate. Tor the
éxcit’ation rate to be increaced, the radiatiou inteusity may
be raised. At the same time, if the excitation rate u/exc
for the molecules at the rstatioral sublevel of lowver vibra—
tionat sﬁate becoies much higher than that of rotational re-
laxation }/éoé y the low sublevel gets depopulated qu.oklye.
A furtiier excitation is possible only after tie sublevel
is populated again owing to rotational relaxation (vi:.2¢).
As a result, the vibrational energy é:t*b ~taored up by the ioic-
cules under IR resgnance radiation complies wit.. tLe condi-
ol e tu 1 |

at g T, (4.4)

ro¢
whicre 7{({ dengtes the portion of molecules interacting

with the 614 —frequercy radiation directly, T , it the tiue
0 rotation relaxation. In order that half tie nolecules be

excited by a pulce witiu its duration ?; s the condition

’(;, >?;o{'/? £i.ould be ret. Thus, tie charzcteristic time
oLl vibrationa. molecular excitation will begs
-7 :

wnereevf is the probability of rotational relaxation in one
gas-uzinetic collisiong ?(;el is the mean time between gas=xi-
-etic collisisns, thal is o.1<£t< le

Tihie wain restriction on tie excitation rate is condi-
tioned by the pepulation factor o vibrational-rotational

level 7 expressed in terus of the statistical sum of rotatiopal



statmsggé, gthe cublevel degenerat.on cﬁ and the eueigy
Emt‘ £

- w?> roé L

i- — exp [ - — (4av)
Loy kT

.gr sim.le wuiecuies tue g vaiue cap be caicu 2Teu. USuds -

1 2

_y it varies between 107" and 10”°. But fur pol,yutoi¢

wolecules, when tie .evels interacting wite rad.utive are
ot identiried, calculallons sre impossibies Aud wat iz
were, so.etimes we have toe do with 8 covrt.nugus band wi-
tuout sn resclved ratational structure dbut wit.. a d.stinou
.gobupic ch. £t (Lor example, tne band \é of LUBGLA and
[95-97/ <

“%C*ﬁ morccules)s In this case by the "rotadional sublevel™
term is ueant the very portion ol mclecuies at o vibrac.guas
ievel which resunate with radiatiun. In ail tuu cazer Lie
iind tie Q' value :iguld be weasured ecxper.meptally. 4
gimple method for ..easuring the population iuctur 7 hae
been propcsed in work /98/ . It has been round in th. s .or’,
for exXuuple, Lnat 1or CzFBClomolecuie and 002-;aser ii -
ne a.L ..o u  L.e ractor 7 = 0.0%6. T..e wourk :az shown
that tie factor 1 srows wit.. a rise in Jressure caused
by aover.a.ping ol rotational-vibrational itines. teuo.tie
neck" citfect can be revealed ac subnangsccond iSer puiscs
are a..liried in a Cozpiasar ampritier, wnere .t restrlicts
the rute oo extractiou of bue euergy siored in tie
active edium /99/.

Tie "LoLtle neck" eitect has iirriuence alsg oun tue

ther al excitacion of levels. Indced, the ﬁulue'z;t turns
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ou. often to be of the same order with or even rore than
tuc vibrational-translationai relaxation time ., = zigy/
(P, is the probability of vibrationai excitation  °~
relaxation during one collision), Thus, with éir‘>‘? elt

a8 gas neating becoues inevitable in the process ol exci-
tation. Tiie only way to evade it consists in diluting tiue
lioclecules under excitation with a burter inert 5as,

tue particles of which when coming irto collision result

in ar efficient rotational relaxation while the vibrational
re.axation doesn't increase almost.

.The first experiment on izatope Scparation by tle
method or two-step selective piotodissociation .as car-
ried out by R.V.Aubarsumian etc. in their works /26,57/.
In their experiuents they used IQEHE and 15EH5 moleculesr
which, 1irstiy, can be Selectively excited by COa-laser
radiation. Secondly, absorption spectra in the IR and UV
regions and photochemica.r decomposition are well studied
as to these molecules, In the region of 10 u tie
14NH5 and ISEHE molecules have an absorption band condi-
tioned by the transition V-sfey%o in the ‘ié band to a
vibrational level with the least erergy. Tne absorption

14NH3 and 15un3 overlap but the spectrum has a

bands of
rich structure consisting of some hundreds of rotational-
vibrational lines. This structure has been decoded in

wark /100/ for 14KH5 and in[?Ol] for 15NH3. In the spectrun

of the %: bands there soue non=coincidernt rotat.onal-vibra-



tionai lines of l4NH3 and 15hH5, yoet their frequc:. .ies coin-
cide clocely witi those o1 002~Laser tenese In tec UV zo iow
. i 4 . . . )
the absorption spectrum of dnB is ap ciectrgnec-vivraLiognal
pro.recsion where a iuli-symuetric vlbratioz;\é Shows vy,
whicn is active ip the IR absarption. The proprecsivih .izols
in the region of 2168 A anu exteuds tu t.ue shkort-wave rey. ik
[1‘02] . 3 ~ g 3 natat e TS - 3

. Thie electron-excited state J is upnstoble Jdue o pre-

_ . on [203] . , PR
d.ssociatiocn | Jlolecular traps.tiuns Irom tue ;round
electron-vivrational state to an excited s.eclron.c sgale
and cpectra:. lines arisin;; fro.. such transitiong are rg¢;ro-
sented sciematically in ilg2ie ifor RH5-molecuLes VoDLAULG L=
. " - . V . .
excited to t.e level V=4 of tie bapd ¥, the struciure
5. their e.ectronic-~vibrationai specirus is sowew..adt diilig=
rent. The most important thiog here is tuat a new avsgrj UL L
. . o 2] / -,

Line arises due to tue transition (X, 1/:4)—’ (AUw). IL sag g
"red"™ suiiit tie value or wii.ch equals to the vibratic.a.

: A . . . “ 4
gquantum euergy. When the vibrational transition V= fe—VU=(
is .ully sat.rated by IR iaser radiation tiie .olscuies are

. . " 7 .
eyudtily Jdizstributed between cue levels V=0 aw V' =1.
viived¢ b shows a tueoretical discribution oi inteosity i
t:e electrun-vibratiaonal spectrum of awwobnia abuorption
Lor two casess: when all tue nolecules are in the ground sia-

~~ " ) o .
te (X , V=0 ) and when tuaeg n0lecu.es are equally distzibu-

" ~
. . . - ’ -~
ted betuecen tie levels ()(,‘!)"1-.-0) and ()(’ Ué//) o '‘he uew
. , . . -1
grectron-vibrat.ognal tioec at 45250 cm has beern used in

plhiotodissociatiow of excited :.alecules,
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The experimental ccheme, with which the first experi-
ment 0. isotope separatlon by the ::.ethod of two-step _hioto-
dicsociation has been conducted, is schematically given in
Fig.23. The CO,-laser puise at the line P(16) 10.6 u
excited l5hH3-uoiecules. The Coz—laser-pulse-ignited
spark with a continugus spectrum, the glow d.ratiocn of Tliich
was equal to the duration of IR radiation pulse, was used
as a source of UV radiation on the frequency of the new ab-
sorption line ()?:?J;'(}—» (/ZUL—D] « An absorbing cell filled
with natural LH} (99 6% 14;LJH}) was located aiiead or the cell.
with tie wixture, in order to reuove conpletely t..e radia-
tion spark from t..e coblinuc.s spectrum which may be abeorbed
by unexcited lqﬁHB-and 15Iillg-moxecules. The pressure in
the aumonia filter was chosen so that tie spark radiation
at the transition (u’;o,?)»(vé O)ﬁ) csuld be fully absor-
bed in the rilter,. Siuulténeously with this ti:e light .as
absorbed st all ammonia transitions with shorter waves.
Equimolar mixture of quHB and 15LH3 at t.e total pressure
or 10-20 torr as well as mixture with a builer gas (Xe or
lNe) at a pressure up to 250 torr were used in the expcrinment.

The process of awmonia piictodissacistion comes about

acco:ding to the scheme{;osjz
“/VHZ +iw' +ﬁq} — “/V/fz + F/)

4fﬁ0ﬁ " “Xﬂé - 4rﬂ£/@,
15

Wbl + H = TH A
2ty = 2°Mty W,

(4.7)

/



Becoudary reactions procced oniy between radicals with
urencited 14hH5wmalecu;es taking wo part in tue, Jhat s
they arc isotope-selective in nature. T.ue .ass spectrun of
Na war cnacyzed in bthe experi.cnbe The curiciisc.s ogo.ii-
cient, l.e. Ghe 15h-14ﬁ cunvent ratio in adilecu ar  itrggen,
ranged I710m 245 (0 © in various experiacnts. In soue ex—
periment: wit. .oliecy.ar oxygen, used as o U_.eT SU8, Ou.

a adgher cirichient was ac.ieves {(u

Gt 50) /104/.

The results of the first experiments on unitrogen ieotope
separation oy tue method of two-step puociodissociation ol
JHB accordiig to the descrived aghewe have vecn recently
contirmed .y Japanese scieuntists /105/. Iu thelyr experinuent
tiie coefficient of H2 enrichment with one of ieotopes was
also 4 at similar conditions.

Some experiments on an analogous schene (a CO2 laser
and a conventional UV source in the region of 2000 X) in

which the 105 and "

B isotopes were separated tuyoush two-stcp
gelective photodissociation of BCl3 molecules are desrioed

in work /10G/. The coefficient of earichment with a 1ight
soron isotope in this work eéuals only 10,5 that is coinpa=-
ravle to the typical magnitude of kinetic isotope effect. A
riolecule of O, was used as an accepbor of photodissociation

—— —

products.
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Apart from tue above-discussed erfects of thermal
cxcitation aud diffuseness or electronic absorption band
tue ifollowing collisional procecses afiect tie sclectivity
0L isotape separations: 1) tae transfor oi vibratiocnal
excitation as woleculies diilerent i isoicpe composition
come into collision; 2) secocudary piovocheniical vrocesses
with {raguents of dicsociated molecules puTticipating .

The transfer of vibrational excitation is a

resonance process the probability of which is usually high.
ior exanp.e, tue probability of excitation transfer betwecn

“55c1 - ard H37lemolecules within one col.ision will be
Rﬁa/ =0.1 /107/, vhile the time of viorational excitation
transfer between 14171 5 and 15HH3 equals P?:q/=?’2 1 0.4
nsec.a-tw_['(o‘s]; ~ « Thus, for the excitation gelectivity
to be sreserved, the pu.se duration'cn of photedissaciating
radiation at the &é ~frequency should be rather shorter
than tne»excitation transfer time 7:v“ The truc value of

their ratio is deteruined by t.ie requisite Selectivity value
$
’Z’W/T‘Y NI
C

In the abgve-discussed experiments with EHB this condition

(4.8)

was realized by selecting sufficiently short IR and UV ragia-
tion pulses (below 10-6990) and low pressures of LH..

0f t'undemental importance is tue usage of an acceptor
wiich binds photodissociation products witlhout selectiviiy
loss, thai is in.tial undissociated mblecules are not drawn

irto the chenical cycle just as it nhas been brought about



in .uotedisceciating HHB' The feature ol th.s process ie that

reactions sre practicabie wit: high-ernergy ..alecular ira:unents

wh.ch can excite wmolecules o:r gther isgtopic comuosition

wnen cglliding with them. Therefore, 1t is pecescary, at
Least, thLst tne .olecular frapgments ghs :ld be tuer.aiyzed

beiore they coilide witi the initial molecules. Basically,

a properiy selected acceptor with a suiricientl, b gh ;rcsoure
cap therra.yze molecular fra..e.is, react ~Shemically .ith
them and, what is .ore, e.iminate the "bottle neck" effect
thus increasing the rotational reiaxation . mpate,

To accoupglish a high=eiiiciency pracess or isogtope sepa-
ration by tie methud under considerat.cn, it is selievident
that tie best use of the laser radiation at () - and ég.-
frequencies sihou.d be made, ihis problem is co piicaved by
tie difierence in the cross-sections vi excitation 6;¢
and puotouiscociation %;11 y Just ac ip tﬁe.case 0 two=sic:
stouw.c puotuionization, But tids diricreince i1s much .ess
than thav 1o  phiotoionizabtiune. Quantitative anaiysis for
tie h;netlcs 0f two=-step wolecular photoud.ssgcletTion in a
volume :ias been corried out .n workliogﬂ As stuted i this
WOrK, given preper puramelers it is poccible to leet ab
oncé tue rollowinyg requireusents: 1) .uaovlodissociation ui a
considerab.e part (at least 50%) v. rali.cules izgeracsing
w:th laser rudiationg 2) pructically ful. age ol radiabou.

at tue both irequencies aﬂ and aé



5. Photopredissociation

Isotope separation by photopredissociation?}@3i/requires a
molecular excited state which exhibits a resolvable isotope shift,
which decays primarily by dissociation, and whose dissociation product.y

AB + hv -~ AB* > A+B

.« simply removed from the starting material. The lifetime of the

state must be long enough so that lifetime broadening does not
cause overlap of the spectra of the two isotopes.

Av isotope >> 1/2 7t (5.1)
The reciprocal of T is the sum of the rates for all decay processes.
The quantum yield of dissociation, QY,

O<QY=deissociation <1 (5.2)

must be large enough to give an acceptable overall process efficiency.
To satisfy equation (5.1) lifetimes longer than 10710 or 1071 sec

are generally satisfactory. For lifetimes longer than this

Doppler broadening will usually limit the selectivity of excitation.
Equation (5.2) may be satisfied for much longer lifetimes than 10710
sec. Rate constants for fluorescence emission, inverse radiative
5 8 -1

1ifetimes, usually range from 10~ to 10  sec ~. Often dissociation

is the only nonradiative decay channel. Thus acceptable values of
kdissociation may range over several orders of magnitude for a
particular molecular electronic state. There are a number of

molecules with one or more excited states known to satisfy the

requirements of Egqs (5.1 and 5.2).

Predissociation may be collision-induced. TFor example a molecule
may be excited to a vibration-rotation level just below a dissociation
1imit. The spectrum is perfectly sharp since the state is bound but

dissociation can be induced with energy from a collision./20,110 /At



sufficiently high pressures collision-induced dissociation will
compete with spontaneous predissociation./67/Somé molecular

excited states may be induced to dissociate by the application of
modest magnetic or electric fields./111/ In very strong fields
shifts in potential curves may introduce curve qrossings and hence
dissociation pathways./112/For most molecules sufficient spectro-
scopic and photochemical information is not available to know whether
Eq (5.2) is satisfied. It is clear though that the method is not

as general as the two-step photoprocesses described in sections

3 and 4.

Photopredissociation has been most exfensively studied in
formaldehyde/30,67-70,77,113,114/.It is known that near the origin
of the first excited singlet state formaldehyde (Fig. 24 ) dissociates

with high quantum yield to H, and C0./115/

2
13 13
H2 CO + hv ~» H2 Cco (Sl va) (5.3)
13 13
H,t%c0 (5, v ) > H, + T30 (5.14)
> H213CO + hy! (5.5)

Absorption of a single photon leads to chemically stable dissociation
products. The rate of fluorescence is much less than the rate of
dissociation. Separation of hydrogen from deuterium has been

demoﬁstrated using 1:1 mixtures of H2CO and D2CO'in works /30,67,113,114/.
Enrichments, limited by the excitation selectivity of the source, were

as high as 9:1 /113/. Recently /116/ an experiment on hydrogen isotope
separation in the natural mixture of H2CO and HDCO has been conducted,
where the enrichment coefficient under laser radiation at A = 32 50.3 A

is about 14. Spectroscoﬁic and photochemical research 1s underway which

should lead to a full understanding of the photo-processes in formalde-

hyde and to the development of practical systems for the separation of
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in isotope 2C has been obtained by means of photopredissociatior

mixture 12CHgO: 13CH20 = 1:10.

Spectroscopic limitations on the selectivity of excitation
were discussed in section 2. An additional set of limitations
is imposed by the corplexity of formaldeh;- : photochemistry.
Spontaneous predissociation to molecular :iragments (5.4) may be
accompanied by the production of free radicais.

13 13.
0
H2 CO(Sl Va) - H + H™720 (5.6)

Large quenching cross sections have been observed for excited

formaldehyde. These collisions yield dissociation products,

B 130 (s, vy + Mo om, + 130 4 M (5.7)

2 1 a 2 13
> H+ H°CO + M (5.8)

13
v
- H2 Co (Sl b) (5.9)
and possibly reaction products.

13 13

H2 CO(S1 va) + H2CO - H2 COH + HCO (5.10)

Triplet state formaldehyde may also be produced,/118/Free radical

dissociation products react chemically and degrade the isotopic

selectivity, H + HyCO > H, + HCO (5.11)
2HCO - H2 + 2CO (5.12)
unless effective radical scavengers are added. (5.13)
H + HI - H2 + I (5.13)
HCO + HI - H2 + CO + I (5.1y)
I + HCO - HI + CO (5.15)

Isotopic selectivity is also degraded by energy transfer

13 13

H,

Co (Sl va) + H2CO->H2 CO+H2CO (Slvc)(5.16)

13CO+H2+CO (5.17)

+H213CO+H+HCO (5.18)

->H2

0 and l70. Recently in work /117/ 80-fold enrichment of (O

orf

a
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The degradation by free radical and energy transfer

processes 5.10, 5.11, 5.16-5.18, ig especialiy serious when very
high purities of a rare isotope are desired. For example, if
processes proceed at 10% the rate of (5.4 and 5.7) then a maximum
of 90% purity can be achieved in a l-step enrichment process.

If the spectroscopic selectivity is adequate only for 50% product
purity (e.g. 13C enriched from 1.1%), the radical reactions and
energy transfer would only degrade the product to a 45% purity.

Isotopically selective photochemistry has been demonstrated

by Leone and Moore116 for bromine. Br2 is selectively excited to

levels of the 3Ho+u state. (Fig. 25). The excited molecules
dissociate and the reactive isotopically selected atoms produced
are scavenged by HI to yield isotopically enriched HBr. The

enriched HBr was identified by its infrared chemiluminescence

but not actually separated from the gas flow.

The Br2 spectrum is sufficiently well-resolved with a 1.2 GHgz

laser bandwidth at 558 nm that fluorescence of each of the three

79,79 s 81,81Br2 ang 79581

tively excited as the laser is tuned. The presence of continuum

Br Brz, may be selec-

isotopic molecules,
absorption along with the banded spectrum at 558 nm is shown by
the fact that Br atoms are produced at wavelengths for which no
fluorescence is observed. At 558nm 40% of the absorption was due
to the continuum and at 532 nm 80%. Since the Doppler width is
about 0.5 GHz a higher resolution laser would give larger line
absorption. The continuum absorption gives no isotopic selection

n

Br, *+ hv ’lBr*Q* banded

——»2 "Br continuum
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Fluorescence spectra with a 1 GHz resolution dye laser (Molectron)
revealed no improved line-to-continuum ratios at longer wavelengths. /120
The peak absorption cross sections for normal gas at room temperature
near 558 nm are about lo—lgch. Excitation of the 3Hlu state
slightly below its dissociation limit would completely eliminate the
problem of continuum absorption. The excited molecules could be

dissociated by collisions. Unfortunately, this absorption spectrum

is very weak.

The excited BP2 molecules may decay by several paths./120/

iBrz* ——«biBr'2 + hv (Trad:a few usec) (5.19)
—> 35+ Tpr (k1082107 sec”D) (5.20)
iBrz* + M —1pp + IBp 4 M(o~1071% on?) (5.21)
% ipp (<107 em?) (5.22)
They may also transfer energy to Br2 collision‘partners
iBrz* + nBr2 —_— iBrz + nBr’z"‘ (5.23)

with a resulting loss of isotopic selectivity. This is probably
not an important problem here because BPZ* decays much more rapidly
than Br atoms react and because (5.21) is probably faster than
(5.23). It is important to know the rates of all of these
competing processes in order to establish the optimum pressures of

Brz, HI and possible inert gases.

For the atoms there are two competing processes.
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1By + HI — 9 H'Br + T (k=l.0x10-ll cm3 molec-lsec—l)llB (5.24)

“Br + "By, »1prBr + MBp (k=5x107 1) (5.25)

The ratio of these two rate constants and the desired purity of the
product determine how large the ratio of HI to Br2 is needed.
lieasurements of HBr enrichment as a function of the HIZBP2 ratio
indicate that Br + Br2 is faster than Br + HI by roughly a factor of
5./l20/Direct measurement of the Br + HI rate gives reaction once in

every 16 collisions./121/Were it not for this very fast scavenger

reaction rate the isotopic selectivity of the excitation would be lost.

The disadvantage of these highly reactive chemical systems
is that undesired side reactions may proceed at rates sufficient to
scramble the isotope selection before the final physical isolation

of the chemical products is carried out. In this system for example

the reactions

Br. + HI »HBr + BrI (5.26)

2

BrI + HI —— HBr + I2 (5.27)
appear to proceed rapidly on the walls of the vessel.

The I atoms produced (5.24) react with Br,

I + "Br, —1"Br + "Br (5.28)
less rapidly than once in each 103 collisions. If the separation
may be carried out in a fast flow system with walls sufficiently cold
that Brz and I are frapped, it should be possible to collect the
HiBr. For such a system to work efficiently the product of Br2
absorption cross section (o~ 10-19 cmz) times pressure times path
length must approach unity for efficient use of photons. The 1aéer

power must be high enough to excite a substantial fraction of the

molecules so that trace impurities and non-selectively produced HBr

are not the main product collected.
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By selective predissociation of ortho—12 molecules with 514.5nm

argon ion laser light authors of work/122/

were able to convert ortho to para-Iz. At the operating pressure

of 0.25 torr the following processes occurred

- j - E3 .
o I2 + hv laser——-——’o 12 (5.29)
. 123
o—IQ'~+I2 —_—e I + I + 12 (5.30)
I + 1+ 12 -———>0-12 + I2 (5.31)
—_— - 2
- D I2 + 12 (5.32)

Since (5.29) + (5.30) destroys only o-I, and since recombination
produces equilibrium amounts of ortho and para (equilibrium ratio
o—IE:p—I2 = 7:5), the gas 1s enriched 1in p—I2. The system

reached a steady state in several tens of minutes.

Beyond this time reconversion and laser selection proceeded with equal
rates. The extent of conversion at steady state increased with laser
power. It is likely that collisions between I atoms and 12 caused

o-p conversion. The kinetics of photophysical processes during selsctive
excitation of ortho-I2 by laser radiation has been studied

in more detail lately in work /124/. This work shows that

the inverse conversion of para -12 to ortho-I2 occurs with

the complex of I3 formed. The typical time dependence of

kinetic@8 of decrease in concentrations of ortho—I2 and

para - I,under radiation is drawn in Fig.26. With the io-

dine vapour pressure of 5 m Torr and the laser power of

2.2 W the enrichment coefficient was equal to 2. With in-

creasing pressure it was decreased drastically. Studies on

the kinetics of enrichment show that enrichment is govermed

by conversion on wall-adsorbed iodine atoms. The dependence
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of enrichment on radiation time and pressure has made it
possible to construct the model and to find the rates of the
principal processes: recombination probability of iodine
atoms on the cell walls é;= (1.04 ¥ 0.07) sec°1, desorption
probability K* = (2.3 0.25)-10"4 sec-1, conversion rate
constant B = (1.88 0.09)10 16 cn® mo172 sec™!, quantum
yield of predissociation from the excited state BBQHu

with 7 =43 of a I, molecule U’= 1.66-10'5-

The enrichment factor can be enhanced by choosing aq vessel

material, which adsorbs atoms at a slow rate, or adding a reagent
which binds excited molecules. The last method will pe described
in detail below, in § 7. Clearly, when radiation source is tunab o

dye laser it is possible to separate I isotopes.

There are other molecules where predissociation might be used for
isotope separation. NH3 exhibits a predissociated spectrum near 210
nm.125 Some transitions in ICl are known to be predissociated.
Although spontaneous predissociation of states exhibiting well-resolved
spectra may be relatively rare, it can be expected that collision-
induced predissociation is a more general phenomenon. Collisional
quenching of states with energy in excess of the threshold for

dissociation to ground state products is very likely to proceed by

dissociation.
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The dissociation of high vibrational levels of ground electronic
state molecules is yet another possibility. After all, thermally
induced dissociation proceeds via collisional excitation of vibrations
until the dissociation threshold is passed. The molecule, HN3, is
reported to exhibit line broadening in the v=3 and v=4 levels of the

126 If this is so, selective

hydrogen stretching vibration.
dissociation of Loy molecules should be possible with an infrared dye
laser. The very small absorption cross sections for high overtone
transitions present a serious problem in practice. However,

successful expériments on 1sotopically-selective excitation of second
overtone HC1l have been performed in work /92/. Several carefully
chosen infrared photons might be used instead for a stepwise or simul-
taneous multiphoton absorption. (see also section %36 ). As with
electronically excited states it may also be useful with vibrationally
excited states to use collisions to assist in the dissociation process.
Molecules which will be dissociated by absorption of a small number of
vibrational quanta will naturally be ones like HN3 which are somewhat

thermally unstable and therefore dangerous to handle in large

quantities.

If sufficiently short wavelength photons are available, it may be

possible to excite autoionizing levels of atoms and moclecules.

A process closely related to photopredissociation is that of uni-

57,127/
/7R

molecular isomerization rearrangement of chemical bonds such as

H H H
‘ﬁ—c’\H &

| —
G—G -H — H, c? \Q/CHz (5.33)
H H H

renders products which are quite easily separated from stating mateiial.



Unfortunately most molecules for which such processes have been studied

are too large and complex to be likely to exhibit well-resclved

128 By suspending the molecule to be excited in a low

isotopic shifts.
temperature matrix the spectrum may be simplified by removing the
rotational structure and the possibility of dissociation diminished

by confining the fragments in the matrix cage. The photochemical

transformation
H\C/},\I H\C:N:N
H/ \N H/

(5.34)

was carried out in this way.129 Predissociation might also be

carried out in a matrix.

Photopredissociation promises to become a practical method of

isotope separation. Work on formaldehyde may lead to economically

13 14 17 18

viable methods of enriching C, C, 0 and 0. While the

method is not as generally applicable as the two-photon methods,
it may be considerably less expensive in those situations where

it can be used.
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dissociation igomerisation

XBL 763-833

Fig. 3. Possible schemes of laser isotope separation based on

gselective action on molecules.
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Fig. 4. The isotope structure of the line 4244.4 A UII (a)

and the isotopé and hyperfine structures of the line

2537 4 Hg I (b).



- 73.5 =

192 290
192 190
192 A 190 190 n 189 190
192 190
192 190 190192 192
A A AN R(10)
/89

o A R(&)

& - >

o s MKz

XBL 763-835

Fig. 5. The vibrational-rotational spectrum of saturated absorp-
tion without Doppler broadening of OsO4 monoisotopic
molecules in the frequency tuning region of R(8) - R(12)

lines of a CO2 laser (' data from work /42/) .
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Fig. 7. The isotope structure of the absorption line 4489 A of the

uranium compound 2 CsCl.U02012 at low temperature (from work

/53/) .
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Fig. 8. Part of the fluorescence excitation spectrum of H21200

(=) and H21BCO (----) molecules obtained by scanning the

frequency of a pulse dye laser (from /68/).
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Fig. 9. Schemes of selective atomic photoionization by laser radi-
ation; a) two-step photoionization; b) three-step photoioni-
zation; c) two-step photoibnizati‘on through autoionization
state; d) ionization during collision of an excited atom

with another particle.
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Fig. 12. The mass spectrum of uranium ions in selective laser exci=-
tation and ionization of U - 238 (up) and U - 235 atoms (down)

in the natural isotope mixture (from /80/).
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Fig. 16. The dependence of the signal of Na atom two-step photoioni-
zation through the autoionization state 154 induced by
electric field on the wavelength of the second-step laser

for varied values of electric field strength (from /87/).
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Fig. 17. The dependence of charge transfer cross-section on velocity

for different ions.
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Fig. 18. Principal schemes for the proéess of selective two-step
photodissociation of A molecules mixed with B molecules:
through the intermediate vibrational state U=2. The diagram
(at top) shows schematically the red shift of photodisso-
ciation boundary for vibration-excited A* molecules and the

gselection of the radiation frequency w2.
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Fig. 20. The differehce between the spectra of photoabsorption from

the ground and excited vibrational states of a diatomic mo-

lecule.
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Fig. 21. Explanations for the "bottle neck" effect when molecular

vibrations are excited by monochromatic laser radiation.
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Fig. 23, The scheme of an experimental setup for nitrogen isotope
separation by the method of two-step photodissociation of

NH3 molecules (from /26/). .
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Fig. 24. Nonradiative predissociations of transition of HZCO molecules

from the first excited states (from /115/).
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Fig. 25. The excitation and predissociation schemes of Br2 molecules

(from /119/).
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Laser isciopne separation

Part II *)

V.S.Letokbhov, C.s..00re.

6. Lolecular digsociation in a ghron; IR fieid

+t

Allv’he above-digmussed schenes éfllaser isctope sepa-
ration are based on exeltation of g%eétfanic states of aioc.o
and melecules by laser radiatioﬁ in the visible o1 LUV rayn o
of the specirum. This method is btased on the efiect /1,27 of

selective collisionless molecular disscciation in tue ficld

of & powerful IR radiation pulse tune Prequency of whicl
coincides with that or the molecular viorational band. Yhe
discover; ol this effect was preceded Ly woris J/3=0f in
which %lhie interaction of a powerful IR pulsc with wolecculaw
cases wam lunvestigated.

In work /3/ i% is sheown that, when focusing a poweriul
pulse of a CO, BA - laser onto a2 molecular jas the vibra-
tional abzorpiion band of which coincides with the laser
line, there appears visible luminescence if the field powcr
in focus is below the threshold of optical beeakdown {(usu-

ally 105 - 10° W/em?).

The intensity of luminescence 1is
2-4 orders lower than that of the spark whicii arises duxing
an optical breakdown, and there are radical lines in the

spectrun of visible luminescence. Similar resulis have Jeeun

) The virst part of the review is puvlished in the

previous igsue.



outained 1. worl /f4; on G F.Cl moleculcs. hese woris have
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otinulated wore detaile
moleoculayr disscciatiocn and visgiole luninescence under a

s T
Q0L VISl =~

]

gtrong IR field. The first studies cn the iinetic
le molecular luminescence under 002 lager pulses have shown
/57 that visible luminescence arises very quickl;, with theo
delay tine A with respect to the leading ecdge of 602 laser
pulse being éhorter than 30 nsec, that is much shorier than
the time of V=T relaxation and V-V vibrational excurange.
Therefore, as noted in works /4,5/, this effect can not bLe
agsociated with either thermal zas heating or collisional
excitation of molecules in the process of exchange.

Fiz.1 shows a typical experimental scheme to study the
kinetics of visible luminescence Ly the action of a shord
002 laser pulse.The beam of C02 TEA-lager is focussed onto

a molecular gas cell. Luminescence is obsgerved tuwroucih a

L

gide window. Luminescence signals from & photomultiplie
and the laser signal from a IR "photon-drag% detecior are
observed simulitaneously. Fig. 1 shows also BCJ.3 lunines—
cence pulses from different regions: focal (A) and off-focal
{B). In the region of laser pulse focus two kinetic stages
of luminescence are obsgervable /{/s instaantaneous and
retarded At low pressures of 8013 (2=3 Torr) these staies
are quite distinct. As the pressure is increased, the re-
tarding stapge appears to approximate the instauntaueous ouc

and they can not ve distinguished any longer. In thwe off-
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etardeg luminescence stage is observed. Ingtar

H

luminescence can oe observed down to vsry low pregsures of

avout C.03 Yorr with iis pulses of up to 40 ascc lon  and

]
©

has no observable delay with respect %o the laser puls
Retarded Iuminescence is colligional in nature. Yhis Iig
confirmed by the relation % = const {(Ifor 301‘3 comst =
=2.3 usec/Torr), where P is the gzas pressure n the cell,
T is the delay time of retarding luminescence maxiim:.
with respect to the beginning of laser pulse. Hetarding lu-
minescence may be explained by dissociation of highly exci-
ted molecules as they reach the dissocciation limit owing io
V = V exchange during collisions after the lasexr pulsge is
over. Detailed studies on the kinetics of molecular lunines-
cence have veca carried out in works /6,7/ on 4Cl, and in
/8/ on SiF4 nolecules.

The essential features of this "instantaneous" lumines-
cence are that it is observed at an intensity of the resonant
IR field of about 109 W/cm2 and that it occurs simultaneously
with the laser pulse even though the iime between molecu-

lar collisions T 1 is much longer than the laser pulse.

col
t a pressure of Q.03 Torr the time bLetween molecular col-
. s Lo w~ .
lisions in 15C1 4 Lcoll = 1.3 usec. Therefore the provabi=-

lity of one collision during a laser pulse 'ZZ =40 nsec
equals 0.03, of two ccllisions = (0-03)2=10"3, ctc. So, the
collisional mechanism of wolecular excitation up to the
limit of disgociation during a laser pulse is couple-

tely excluded, and the appearence of an "instantareous"



luminescence siage is related 1o dissociatllicn 0L an isola-

-1 . -

ad molaciuile under only thie aetion of a Stl‘(}l;k; L~ leld

ol

due %o multiphoton absorption.

The offect of collisionless molecular dissociavion
in 8 atrony IR field has opened one morc possiosility Ior
photophysical action on molecules which wmay Le isotopically
gseleective provided the isobope shifi is well resclved in
the IR spectrum. The first experimenis on isotope separation
oy this method were run in work /1/ on 3013 molecules which
had twe nonoverlapping absorption bands of isoiopic molecu-—
les 103013 and HBClj. In these experiments the producis
of 3313 digsociation reacted with oxygen , with tiie result
that the slectron=excited radical BO was formed. The 50
radical has an iniense sysienm of lines, kunown as a o -wand,

10 3330. The isotope

with well-resolved oands for ' ~“BO and
shift in the luminescegnce spectrum of 30 is avout 30 3,
that facilitates the isotopic analysis of reactioi products.
The experiment in work /1/ was conducted thus: a CO,
laser wags tuned to the absorption Land of Dé node of either
Cie1, or 1501, molecules, and the line intensity for 10,50
and ﬂBO was studied. The experiment enployed toe natural
igotope mixture (108 s 1y 1 :4.32). The section of 20
luminescence spectrum at the transition (0.2) of the bvand
2[7'—"i27 was studied. The recording sysiem uade it

,
Ladld

posgivle to resolve time intervals 150 usec long wi

different sections of 30 luminescence pulse. Lecausge ol

C..’.

] -4
51118 1L

was possiuvle o study the selectivity ol LU



Tormation at the instants correspondin_ to uoth lnstania=-
neous and retarding luminescence stages in pure 0L

Iig.2.pregehis the sections of 30 3&&;‘“SCLEC soectinir

av 2 pulse maximum (it correspends b@ Jue resardil; stace
3 FRTa e TR & . L B I - ‘;0 3 '3 ’3 e §ode
in pure UCL ) during excitation oi u013 and SCL. {the

Ja = 10 Porwv). One can clearl; see that when Juniigs to the
10,
19501,

3C when tuning to 31301@. With further iucreacse

aveorphion cand of the 1050 radical ig foroed main-

11

L s
in the delay time of the tine interval uuder obLse.vaition
with regpect to the pulse laser up o 1.2 u sec, Hhat ig,
to the end of 50 luminescence pulse the spectzun did .o
materially change. So, the process of 10 formation duriig
the botl: stages is selective. On the basis of the data on

30 visible luminescence gpecirum the enrichment cocefficiean®

is evaluated, which equals (R.V.Ambartzumian of al AN FAE:
49
() = L2 LRET
' / “ " 10 - >
(“nol [ “Bch]
10,

5013 mnolecules are excited Ly the L(24) line of €C,

when
laser. The experiments, in which 30 luminescence is observed
in the oftf-focal region, have also provided support for the
presence of isotopically-selective chemical reactiocns /7, .

Important experimenis were run in work /9/ that has

10, 1,

displayed macroscopic separation of 3 and isotopes.

In these experiments the relative content of remaining

103013 and 118013 molecules was measured using the IX avsor—

ption spectirum of the residusl gas mixture. The results of

-



such experimenis are given in Fig.3. The last {(on thec lerd)
% g nde

IR gpectrum corresponds to unirradiated natural mixture or

4
1OBCIQ and 3*BCJ_ » Whilc the other specira are given o av=
-

3
gorption of the mixture irradiaited oy a 002 laser tuned to

the absorption band of 1OBC1, or “53013, 05,Cy DBy and

other molecules were ugsed 88 aceeptors. Il:: the casc of 02- ac=-
cepior the resultant 30 redicals reacted and formed the gtavle
product 5203 which was deposited on the walls as a white tuin
coating. The typical enrichment coefficient at low presgures
wag XK {103/33m )= 8, but its value decrecased sharply with
increasing pr;ssure of BCIB.

The experiments on sulphur isotope separation (X.V.Awbari—
zunian et al /2/) based on selective chemically=-irreversible
dissociation of one of the SFG isotopic molecules in a strong
IR field have given more conclusive evidence of the efficiency
and sinplicity of this isotope separation method. In these
experiments the reaction cell was filled with SFeaf natural
igotopic composition, and the 002 laser was tuned to a fre-

quency corresponding to the absorption maximum of either se

SF6
(99535) or 34SF6 (4,2%) . The natural mixture contained also 33SF6
(0,75,5) and 36SF6 (0.017%) molecules. In countrast to 6Clg, the
process of SF6 dissociation in a strong IR field is irrever—-
sicle, and there 1s no need to add radical acceptors. In sone
cases Hz, Hir and NO were used as acceptors. For all these
acceptors, as well as without them, the results obtained

were qualitatively the same. When the 002 laser frequency was

tuned to the maxirmum of 32SF6 abgorption oand at 947 o™t



(the line P(15) of o, laser) and the cell (SF. - 0,18 Torvr,
Hz - 2 Torr) irradiated oy 2'103 pulses, alnost 21l 325?5 LiO=
lecules disappeared from the mixture owing to selecilve dig-
sociation. The mass spectrum of SF;Pconeisted mainly oi lines
2

v

2
corresponding to ~

SF6 and 34SF6 molecules {(Fi;.4). The coef-

o

i
pY N
- q

ficient of avsorption by 348 isotope with respect o S was
evaluated {about 2200) from the ratio of mass line auplitudes
vefore and afiter irradiation. In analogous experinmentgs tie
coefficient of nmixiure absorpition by 368 with respect fo 325
was K{36/32) =~ 1200.

For physical isotope separation the resgidual gas was fro-
zen out of the cell under irradiation. The regults of enri-
chment measurcments by IR and mass gpectra of residual zas were
coincident.

In works /10,11/ the dependence of the enrichment coeffi-
cient on laser radiation intensity, gas pressure and pulse
aumoer was investigated in detail. The results of situdies on ihe
relation ovetwcen X{(34/32) and radiation intensity arc iisted
in Pig.5. The measurements were takegn in a focusgsed lager Lean
when the fadiatibn power was nonuniform in volume. For a beot-
ter understanding of power in volume the top scale presents
power values in the. focal region and the lower one P%;ives the

-y

value of averase power density defined as = whare
age I v aver /S’

P is incident power, V in the volume illuminated in the cell,
L is the cell length. It is clearly seen that the selectivity
of enrichmeni process is very responsive to the variaition of

laser radiation intensity.



Fir.6 illustrates the dependence of X(34/32) in the residual

(S ]

-

mixture on the initial pressure of SF,. in the cell at a varied

aumber of radiaiion pulses measured in work /10/. The value of

enrichient coefficient sharply decreases with P pressure asg expt%@

“# and reacies its peak at SF, pressures welow O, Lovu.
With increasing SFﬁ pressure the coefficient X teands vo uniiy,
“hat is, there is no enrichment. A decreagse in the ciricuuein
coePficient with increase in the pressure of SF6 may <C caused
Uy increasing contribution of nonseleciive dissociation of bF
due to thermal gas heating resulted by vibrational-transiational
relaxation of those excited molecules which do not reaci the
dissociation limit. At low pressures this effect is avsent,
gince the time of molecular wall diffusion secomes mmuch shorter
than that of V-T relaxmtion and the molecules become deactivated
thout heating the gas.

In Pig.6 one can see also the dependence of the enrichment
coefficient on the number of radiation pulses. It should ce
kept in mind that this dependence does not characterize the
selectivity of an elementary process of molecular dissociation
because it is governed by the portion of undissociated mole-
cules in the whole volume.|Qualitative analysis in the simplest
model of dissociation of a two-component isotopic molecular
nixture was carried out in work /10/. Let the initial concente
rations of molecules be Hao and Hbo’ and IR radiation pulses
are in resonance with the Hao molecules which contain the iso-

tope "a". Denote the dissociation rate of "a" nolecules oy



3

d. and thast of ™" Ly d. . The value d_ {d ) is dete:rined .y
3 i a J

volume=aversoed probavility of irreversiole dissociantion of

one meleculie "a" under the aciion of one pulse and ., fhe numuer

- B | .. 41 9 s sy ugmeie oy s
2f pulges por unit time. Since the moleculc "a" is .n seute:n

b4y
&

resonance with the field, d > dt’ and the molecula:r 4ig-

geciation gelectivity is determined evidently oy the celation
S: dj,é{é (3 22 1 covresponds to high selectivii, ). e

concentrationsg of "a™ and "b™ molecules decrease exponcilially

with $ime {or the number of pulses):

Ny =, eql-dyt]) ; My= Ny ep(-dt) (1

It is assumed that, as the source molecules ourn up and ihe
chemical composition and pressure of the gas mixture change, tle
values of dissociation rate remain constani. ALt low [ag presgu-
res, which are of mosi interest for high enrichment, this iz
quite & toleravle first approximation since the process cf dis-
sociation dspends mainly on IR field. In this case the coc{fi-
cient of residual gas enrichment with an isotope, accordin: to

6.1, equa‘ls*

(Z /( = e"P(”@"fa)"L €xpl3 ‘g‘f)(c 2)

The total Pressure of residual gas N=Il_ + li, varies thus:

A/ & (-dit] + &, ep(-d,t), e
where IIO =1, o+ ‘;;60 , 0; - Afz , d;___. 7/50_

the relative content of isotopic molecules in the source imixtu-

denote

'S

The enrichment coefficient of product molecules is



determined .y the relation:

5 Moy = 1/ 1- exp(-cl,+)
f(\:broa' = {V -—i‘/ -/1.43. = (c N
bo 5 jV;o 1{' EK;O{/"C/b ZLJ; {0.4)

With the degrece of decomposgition of source nixiure smell

( dd‘f ) fg/b‘{? << 1 ), wc have:

d.
'gg?md {%)=76i:5 (6.5)

thaiv is, the cnrichmeni of resulting molecules depends on i
desree of dissocisition selectiviiy of "a™ molecules.

Relaticns {(6.3) - (6.5) whow that at sxponentially deep
"ourning® of source molecules ™a¥ and "o® the small portion of
remaining molecules can oe enriched with tlie isotope ™o" as
muca as one waants. Fig.7 illustrates the time (or pulse nuli=
ver) variation fo cnrichment coefficients of remaining aad
resulting molecules for three different values of dissoclation
selectivity Tactor (S = 1.1 small, S=2 woderatc and S=10 Ligh
selectivity).

in the experiments descrived in works /2,10/ the coel{i-
clents of earichment oy sulphur isotepes K(54/32) and X (36/32)
were > 10° under sufficiently deep molecular burning (the
pressure of regidual SF; gas was below 1,5 of the initial oue).
Under deep molecular burning the enrichiemt coefficicnt of
reglidual gas is not equal, of course, to the coeificicnt of
molecular dissociation selectivity S, and the latter rust be
evaluated oy'ﬁhe use of (6.3) and (6.4), that is, the envi-

v

chment coefficiont X ¢/a) and variation of residual :as

resid (
preasure must oe measured simulitaneously.



P i A ISP S 5y - B R b [y - Py = B 3
coeificients Tou residual 3F .- sas and resuliing solecules
N = (=1
i ey ey e B PR . B b A T U P S
A% 9 compasasively hish pressure of 31, {10 Yorid wihen slce
‘ 5

earichment .agnitude is far from maxiuvwm possiLlo

Waes: approoching to the regime of deep woleculasr .uriin,

one can clearly observe an increase in AT&S{A Cod, o2y and

the beinning of decrease in K (32/34). “he value of

prod

xorsd (32/34) at the Leginning of irradiation produces at
onece %The value Tor the coefficient of )ZSFU dissocliatlion
selectivisy (at bP( pressure of 1.6 Torr 5=3.,). Ag the

presgure 1s decreased down to 0.2 Yorr, the dissociation

selectivity increases greatly and may be as higl a S>3 10.
saxinum possible 1sotop¢c selectivity in woleculaxr

dissociation is a proulem of principal interest io: isoLope

geparation. JSome idea aboui ithis is given oy the depen-

dence of X{33/32) and XK(34/32) on frequency detuning oi

’{ 2

“J”“¢ and B‘k&v avgorption cande with respect to the baund

of the JES”, nolecule under dissociatioa. This dependence
_iven in Pi .9 has been ovtained in work /10/. The enricii~
ment coefficlent increases exponentially with isotope siiift.

Luring deep Lurning, when K d ig related to the disso-

resi
ciation selectivity S oy (6.3), this corresponds ai leasi
to linear increase of S as the isotope 8hift between the
centres of wolecular absorption bands increages.

In the regive of deep vurning marked enrichuent na;

-2 attained eve. at very small dissociation selectiviiy »

This is confirried Ly the successful experiments /127 o



18703 and 39203 isotope separation tirough dissociation

of 0304 molecules by 002 laser pulses. The value of isoctope
snift in the vibrational oands of these isotopes is 1.3 cm'q,
that is much smaller than the absorption ovandwidii: (ikhe
half-width of the Q-branch of )é node for OsO4 ig 3-4 cm’3)¢
The enrichment coefficients obtained are aovout 12=15,0. I%

is noted in work /12/ that such low enrichment coefiicients
are due to a low power level of the CO, laser at tle P(2;
and R(2) lines {70 EW/cmz in the lens focus), Tor tie
enrichment coefficient increases exponentially witii inten-
sity (Pig.5).

Successful experiments on isotope separation in mace—
roscopic amounts (in the first experiwents /2/ the rate of
twenty—foid enrichment was 10‘4 sr/min using a simple TEA
CO, laser with its pulse power of 2 J and frequency of
1.5 Hz) drew the attention of many laoratories to this net-
hod. In particular, experiments on sulphur isotope
separation were reproduced in work /13/. Work /l4/ confirms
results of works /1,9/ on boron isotope separation and also
successful experiments on isotope separation of chlorine
(25% = enrichment) and carbon (624% - enrichment) throush
dissociation of CF,Cl, molecules, as well as silicon (1¢ ~
-enrichnent) through dissociation of SiF4 molecules. ..

is evident that the method can be applied to separation



of rather a _reat number of isotopes using accessible and
inexpensive IR radiation of molecular _as lasci's witi .lgn
efficiency .

The potentialities and practical sipnificance of tue
geparation metliod considered have grown ruch ore since tue
discovery /10,/ of the effect of sélective nolecular disso=

rey Y

ciation when acting with a sirong IR field on ver, weak
& o

molecular overtones (on SF; and CCI, molecules) . For exaup=-
le, when the compound vibratioas VE + ﬁé and 92 + Vj —‘QJ

of the oF, rclecule (the fundamental vibration @,} are
acted upon, the moleculec can uec @igsociated, aud tue disgo-
giation »atc drops as the square root of coupound .and

asity, that is, not too quickly. Analogous experinentsg

(o}

int
have veen conducted on CCl, uolecules. I uwas oco revealed
/17/ that souc conpaund visrations do not contrisuie to

isesociatlion, on othier molecules isotopically-cclcecetive dis-

o
34
[&]

iation nas ceecinl onserved with the coerfticicut oI carici-

L
Q
]

ment of resulting precducts with the isotope 1'jC veing vet-

ween 7 and 10. Thesc regults are of interest in understau-

din . the mechanism of mltiphoton avsorption by vivrations
o J

© polyjatowic olecules ac well as in widening the scope
Y

e

e}
of the isotope separation nethod for many other :olecules
whoge fundamental viovrational ocands of absorption coincide
with radiation frequencies of available highe~power IK lascrs.
Thus, the method of instantaneous selective molecular dis-
gociation in a strong IR field due to mmltiphoton ausorp-

tion seems to be very promising and efficient for isotope



separation ., the usc cof laser radiation.

-

Since wolecular dissociation in a stron; I fecld
needs a total radiation cnergy of 10-2C ¢V only, isobope

separation oy this method nay appecr o .o usciul with

resard to cner:y oven for larce-ccalc piccesscs ol enrdie
chrnient of such rare elements agc deuteriun. The disgsociation
ncleceuleg in g sironp Jield of 502 lager nalies it
pogsiile to use the method for molecules exiosting in the

nature In large anocuntg {(naltural gos).



7. ELECTRONIC PHOTOCHEMISTRY

-
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The chemical reactions of electronically excited atoms and
molecules have been an active subject of research for many years.
The first photochemical isotope separation was attempted by
Hartley et al/19/ in 1922. Since the energies of electronic
excitation are on the order of a chemical bond it is natural to
expect that molecular excited states will often be more reactive
than ground states. Recently the application of orbital corre-
lation diagrams/20,21/has considerably improved our understanding
of photochemical reactions and our ability to predict the rela-
tive reactivity of ground and excited states.

Selective excitation of electronic states is possible for
most atoms and diatomic molecules. Herzberg /22/ 1lists spectra
of polyatomic molecules with as many as twelve atoms. Although
most stable polyatomic molecules do not have transitions with
well-resolved rotational structure and isotope shifts in the
visible and near ultraviolet there are many which do. There
are thus many elements for which isotope separation by elec-
tronic photochemistry may be possible.

For successful isotope separation one must find an absorb-
ing atom or molecule and a coreactant which do not react either in
the gas phase or on the container walls under the ambient
conditions. The excited state must react more rapidly than it
loses its excitation by radiation, by predissociation, by
energy transfer to molecules containing the undesired isotopes

or by quenching. Collisions of the excited molecule with the



coreactant should result in chemical reaction more often than
in physical quenching. The absolute reaction rate constant
should be large enough so that collisions with the coreactant
are the primary route of excitation loss at pressures low
enough so that pressure broadening does not degrade the exci-
tation selectivity. Finally, the reaction products must be
stable and may not undergo further reactions with the unexcited
molecules. If free radicals or other unstable molecules are
produced in the primary reaction step, they must be scavenged
chemically before any isotope scrambling reactions occur. It
is unfortunate that most of the photochemistry of small mole-
cules involves the formation and subsequent reactions of free

radicals /23/.

The photochemical isotope separation of Hg excited by the
253.7 nm resonance line has been successfully demonstrated
with a variety of reagents. Pertel and Gunning /24/ were

202

able to enrich Hg from a 30% natural abundance to 85% in a

mixture of Hg, HZO and butadiene. The kinetics of the photo-
chemical reactions of Hg are sufficiently complex that even
the extensive work of Gunning and his collaborators /24-34/
does not give a complete mechanism. Even so, many important
features of photochemical isotope separation are illustrated
by this work. Several primary processes are possible in

collisions between excited Hg and HZO:
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Hg* + HOH — THgOH + H (7.1)
—_— ngH + OH {7.2)

> ngO + HZ 5:7.3:}

—> 'Hg + OH + H (7.4)

—> 'Hg + HOH (7.5}

Isotopic entichment is possible only when ng is chemically
bonded in this first step as in (7.1), (7.2) or (7.3). The
quenching process (7.5) gives no chemistry at all. he
mercury sensitized dissociation of HZO (7.4) may well lead
to stable product molecules containing Hg, but there will be

no isotopic selectivity.
OH + "pg —— MHgoH (7.6)

—— "Hgo + H (7.7)

HgOH itself is not stable but reacts further to the final

product HgO. Isotopic scrambling could occur by

lggon +PHg— > Hg + PHgOH . (7.8)

H and HgH may play roles in the production of the final

product HgO. In pure Hg-HZO mixtures enrichment factors less

than 1.3 were found /24/. However, a separation factor of
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13 was found under the best conditions in mixtures of

Hg-H,0-C,H, /24/. From this observation it may be concluded

2
that the primary process is (7.1) or (7.2) and that butadiene
must react with H and OH and perhaps with HgOH or HgH in such

a way as to terminate most of the isotope scrambling processes
such as (7.6), (7.7) and (7.8). Reaction (7.3) must not

occur to a major extent since its products would be stable

without addition of butadiene.

Isotopic enrichment in diatomics has been carried out by
Harteck and his coworkers using atomic resonance lamps for
excitation. Excitation of NO with a Br lamp at 163 nm pro-
duced 14NlSN enriched by as much as a factor of 4 /35/. Photolysis
of CO with 206 nm light from an I lamp preferentially excites

13 18O about a factor of 30 more strongly than the

CO and C
abundant isotope. The spectroscopic selectivity was apparently
degraded by about a factor of six due to energy transfer between
CO molecules /36/.

Laser sources for photochemical isotope separation have
several advantages over incoherent sources. The number of
favorable chance overlaps between isotopic molecular absorption
lines and atomic resonance lines is severely limited. The
broad tunability and high ultimate resolution of dye
lasers gives a free choice of absorptions in the visible and
near ultraviolet and allows the highest possible selectivity.
For molecular transitions, especially of relatively rare
isotopes only a small fraction of the uncollimated light from
an incoherent source will be absorbed in a photochemical

reactor.
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Two successful schemes of photochemical enrichment have
been reported for the diatomic halogens. In work /37/ ortho—l2
was excited with the 514.5 nm line of an Ar laser. They
found that in mixtures with 2-hexene the ortho—l2 was reduced
to about 5% as a result of a 1 hr irradiation with a 0.2 W
laser. The kinetics were studied using the time dependence

of fluorescence which was proportional to the density of ortho-I,

molecules excited by the argon laser at 514.5 nm. The character
of time variation of fluorescence is shown in Fig.10. The flu-
arescence signal decreases by e times throughout 5 min and
then drops slowly over 60 min and becomes constant. The
fluorescence signal which is proportional to the density of
para-I2 molecules and excited by a weak test laser beam at the
wavelength of 501.7 nm does not change within the limits of
measurement accuracy. Thus, as the reactor is irradiated by

a laser, the excited ortho-12 molecules react with 2-hexene

and para —I2 remains :unreacted. Halogenation of olefins (2=
hexene) in gas phase follows the radical-chain mechanism /38/.
The process of direct addition of an excited iodine molecule

to the olefin X has been solved by excitation, however:

_ *

o-I, + X — X1, (7.9)
In this case the concentration of 0-12 must decrease expo-

nentially with time:
[""Iz,] O exp(-«t) (7.10)

The comparison of this dependence with the experimental one

shows that the beginning of reaction (several minutes) agrees
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2 . -
Torr/min. Since

well with mechanism (7.9) with K=1.5.10"
the concentration of para -12 igs practically constani during
reaction, it can be said with confidence that mechanism (7.9)
prevails over the radical-chain mechanism, for otherwise the

exchange reaction between I aioms and para-12 molecules in the

ground siate which runs rather quickly would mix effectively

the para-ortho modifications of 12 molecules:
I+ pL = 0 1,+1T (7.11)

There is one more experimental fact that confirms that the
contribution of radical-chain mechanism is very small. When
a cell with a mixture of I2 and 2-hexene is irradiated by the
argon laser line at 488 nm, which is shorter than the disso-
ciation limit, no distinct change is observed in the congent-
rationsgf 12. The non-coincidence of the whole experimental
curve ?ﬁ;g.lo) with dependence (7.10) may be explained by
the fact that the reaction of 2-hexene iodization is of a
higher order and occurs probably with the formationlof a
molecular complex /39/. The selective photochemical reaction
of ortho-12 molecules gtudied in work /37/, that is a newelevel
repetition.of experiment /40/ in prelaser selective photochemist-
ry, can be directly applied to iodine isotope separation.

gare et al /41/ have conducted successful experiments
on photochemical separation of 35¢1 and 31 isotopes through
gelactive excitation of I 3701 molecules by CW dye laser
radiation at 605.3 nm. Fig.11 shows the position of potential

curves of the ICl molecule whose spectrum has been comprehensi-
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vely studied in work /42/. This molecule does well for ex-
periments on selective photopredissociation because of poten-
tial curve crossing at 18000 cmfl, but in the experiments/41/
they excited the level U =18 of the state A lying 784 cm™ |
below the dissociation limit of the state X. The laser radi-
ation only excited therefore the I 37Cl molecules without
resulting in their dissociation. The excited molecules were
subjected to two reactions. In one case the I 37C1 molecules
reacted with trang- ClHC = CHCl forming cis-ClHC=CHC1l with
10% - enrichment by the isotope 3701. In the other case they
reacted with 1,2 - dibromoethylene forming trans - ClHC=CHC1

with 50% - enrichment by the isotope -/Cl.  In this work

the product molecules were collected

and analyzed using a gas chromatograph mass spectrometer
combination specially designed for isotope ratio work.
Cl enrichment has also been achieved by selective excita-

tion of ClZCS in mixtures with diethoxyethylene/43/. Mass

spectral analysis of the remaining C12CS after irradiation with
either 465;78 nm Ar’ or dye laser light showed the concentration
of 35Cl altered from its natural abundance of 75% to 64% or

80% depending on the isotopic species initially excited. The
photochemical quantum yield in this system was shown to be

as large as 0.5.

Photochemical isotope separation should be possible for
a wide variety of elements. The problems and constraints of
the method as well as its virtues are similar to those
discussed for predissociation (section 5). Research on iso-
topicélly selective photochemistry should not only yield some
practical separation processes but also a great deal of

information on photochemical reaction mechanisms.



8. VIBRATIONAL PHOTCCHEMISTRY

The rate of a chemical reaction may be Substantially
enhanced by vibrational excitation of the reactant molecules.
Gibert /44/suggested this as a method for isotope separation
in 1963. Gurs /45/later hypothesized that by using an infrared
laser source uranium separation might be achieved. In 1970
Mayer et al. /46/reported deuterium enrichment following

vibrational excitation of methanol—Br2 mixtures with an HF

laser. In a chemical reaction aNbond in one of the reactant

molecﬁles is ﬁsually broken and‘; neﬁ bond fofmea to mﬁké
products. It is thus natural to expect that vibrational
éxcitation of the bond to be broken will cause the reaction
to proceed more rapidly. If a large fraction of the energy
of an exothermic reaction appears as vibratiocnal excitation
of the products, then the rate of the reverse, endothermic
reaction, will be greatly increased by vibrational excitation
/47-49/. In the last few years the effect of vibrational
excitation on chemical reaction rates has been observed
experimentally /50-69/4nd treated theoretically in some detail

/47,48,53/. More references appear in recent reviews /70,71/.

In this section we will discuss the important general

features of the method for a very simple reaction scheme.
Several possible methods of excitation are described. The
kinetic scheme and practical limitations on isotope separation
for the reaction HCl(v = 2) + Br are discussed in detail.

Other examples of atom-diatom reactions as well as several



more complicated systems are presented.
A simple reaction scheme for isotopically selective

photochemistry is shown.

AB + hv —— a*s’ (8.1)
it kr i

AT+ c—X5 a + 1mC (8.2)

M

it ko i

AAB" + M—=— A'B + M (8.3)
» k .

als™ + ap ¥V, alp 4+ ant (8.4)

Ko
AB + C —— A + BC (8.5)

The laser photons, hv, selectively excite a single isotope of
AB to a particular vibrational level. These molecules react,

(8.2) with reagent C. The laser-enhanced rate constant, kL,

applies to reaction of a particular vibrational level.

Usually the rate constant will be the same for the AB+

produced in (8.4). Two relaxation processes, (8.3) and (8.4),
compete with reaction (8.2). In(8-3),.AiB+ loses some or all
of its vibrational excitation and no longer reacts with C
at a rate equal or comparable to kL. This decreases the
quantum efficiency of the overall process. The collision

partners, M, include the reagents AB and C as well as the

products A and BC and any other species present in the

1.

system. When AR collides with AB, the AB molecule may be

excited to the reactive state ABT,(8-4),and subsequently

react by (8.2). The result is isotopic scrambling. This may
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be minimized by increases in the concentration of C relative
to AB.

The thermal reaction between AB and C, (8.5),will produce
products BC as long as the reagents are mixed. The thermal
population of AB%, with vibrational energy E, is given by a
Boltzmann factor and thus

kL/kT < exp (E/kT) (8.6)

To the extent that other states of AB react kL/kT will be
smaller. Or put another way, in the very probable case that
the vibrational excitation is not completely effective in
reducing the activation energy kL/kT will be less than

exp (E/kT). The non-selective product, BC, reaches a concen-

tration k [AB}[C]tprocess, where tprocess is the total

time durlng whlch the reagents are mlxed In many 51tuatlons/72/

the value of k /k required is proportlonal to the separation
is i i limitation
factor needed and to tprocess. This is a serious limil
on infrared photochemical schemes. If the excitation is by a
single photon of CO2 laser light near 1000 cm—l, modest
separations would be possible only if tprocess were in the
microsecond range. If the reagents are to remain mixed for
many seconds, several thc>usan<514cm"l excitation energy is
required. For many systems it will be necessary to reach
overtone and combination levels. Theoretical analysis of

the simple kinetic scheme above and of more complete schemes

‘may be found in references /71-77/.
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A wide variety of excitation processes may be used. The
infrared active fundamental vibrations of a molecule may be
excited by absorption of a single photon. (See sec. 4 for a
discussion of thermal.effects and the rotational energy trans-
fer bottleneck.) Absorption coefficients are usually between

1072 and 10 cm™t

torr-l. Excitation of combination and over-
tone bands gives two or more quanta of vibrational excitation
on absorption of a single higher energy photon. This may give
larger values of kL/kT and may greatly increase the ratio
kL/kVV (see below). The disadvantage is that the optical
absorption cross sections decrease by nearly two orders of
magnitude for each additional quantum of vibrational excita-
tion.

Higher vibrational levels may also be reached by step-
wise excitation thrgugh one or more intermediate levels
/65,78/. This is particularly convenient when the molecule
te be excited may be made to lase. Arnoldi and Wolfrum /65/

35Cl from v = 0 to v = 1 and

used an HCl laser to excite H
then to v = 2. If rotational relaxation is fast compared to
the pulse length and if the laser energy approaches saturation,
then a substantial fraction of the molecules which reach

v = 1 will be pumped to v = 2. The scheme is clearly more
practical than use of an optical parametric oscillator to

pump v = 0 + v = 2 directly. A large-scale, fastflow separator

might utilize high-power c.w. lasers.
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Raman excitation may also be used /58,61,69,79/. It is the
only method for excitation of vibrations with zero transition
dipole (e.g. homonuclear diatomics). Two lasers tuned such
that their frequency difference is equal to the vibration-
rotation frequency can strongly excite gases when powers
approach 108 W/cm2 /79/. Unfortunately, the overall conversion
of laser energy to molecular excitation is not efficient.

Raman excitation of N, has lead to isotope enrichment /61,69/.

2
-The selective multiphoton excifation of vibrational

levels discovered recently /1,2/ and especially direct observa-

tion of excitation of high vibrational levels at comparatively

6 _ 107 W/ cmz) /10-12/ give us one

moderate intensities (10
more and, probably, the only effective method for direct
excitation of levels with their energy of several eV.
Though the method is used now mainly for direct molecular
dissociation, it cén be applied, no doubt, with success to
selective vibrational photochemistry of highly excited mole-
cules.

Vibration-vibratidn energy transfer processes may
occasionally be used to advantage. The fundamental level of

a molecule may be excited, and subsequent

AB(v = 0) + hv » AB(v = 1) (8.7)

2AB(v = 1) < AB(v = 2) + AB(v = 0) + AE (8.8)
AB(v = 2) + AB(v = 1) T AB(v = 3) + AB(v = 0) + AE (8.9)
V »- V transfers (8.8& 8.9)will po}ulate higher levels. Because

of anharmonicity these reactions are exothermic and at low

~
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translational temperatures have equilibrium constants much
greater than 1. Thus, molecules are pumped up to high
vibrational levels/74,77,80/. In such a system the AE's for

heavy isotopes favor their excitation even more strongly.

AB(v = 1) + TAB(v = 0) 2 AB(v = 0) + *AB(v = 1) + AE  (8.10)
AB(v = 1) + 'AB(v = n) 2 AB(v = 0) + ‘AB(v=n+i) + AE  (8.11)

In fact, the laser excitation need not even be isotopically
selective /61/. Isotope separation in N, - O2 mixtures has
been reported for vibrational excitation with an electrical

discharge /81l/. Dubost, Charneau, Abouaf-Marquin and Legay /82/
have excited CO dilute in Ar at temperatureé near 10° K.
Excitation of 12CO by a frequency-doubled pulsed CO2 laser,
was followed by V + V energy transfers. In times less than
1 msec energy was transfered to higher vibrational levels
and to heavier isotopes. In samples with concentrations of
natural abundance CO in Ar between 0.003 and 0.01 there were
more l3CO and C180 moleéules excited than 12ClGO. The selecti-
vity is greater than 100. Vibrational levels as high as v = 7
were observed. There are clearly possibilities for selective
reaction with such high excitation. Under most circumstances
the effect of V -~ V transfers Eqg.(8.4) will be to destroy the
isotopic selectivity provided by the laser rather than to
create a selectivity not provided by the laser.

Energy transfer from vibration into translation and‘rotation

destroys all of the selectivity of the laser excitation, both

with regard to isotope and chemical species. Even though this
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excitation is completely thermal, reaction products may be

quite different from those obtained by heating the vessel

walls. This is particularly true when a c.w. laser beam

of a few mm diameter passes through a cell of a few cm dia-

meter containing pressures of a few torr or greater. Many ex-
periments have been performed under such conditions /46,51,52,75/.
In such a case the gas in contact with the wall remains cool

while the center may be heated above 1000°K /83-85/. The rates of

homogeneous gas phase reactions are accelerated while wall-

catalyzed reactions are unaffected.
The isotopic separation using the process
H'Cl(v = 2) + Br - HBr(v = 0) + Cl (8.12)
i i
Cil + Br2 + "ClBr + Br . (8.13)
provides an excellent example of isotopic separation kinetics

/65,66/.Competing processes of interest include:

H'Cl(v = 2) + Br -~ H'Cl(v = 1) + Br (8.14)
- Hicl(v = 0) + Br (8.15)
H'Cl(v = 2) + HCl(v = 0) - HXCl(v = 1) + HCL(v = 1)-102cm 1(s.16)
HCll + M > HCL(v = 0) + M (8.17)
wici(v = 2) + HCL(v = 0) - HiCl(v = 0) + HCL(v = 2) (8.18)
el (v = 1) + HCL(v = 0) »HC1(v = 0) + HCl(v = 1) (8.19)

HCl (thermal) + Br - HBr + Cl (8.20)
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Rates have been measured for many of these processes /64,66/.

The rate constant for removal of HCl{v = 2) by Br is given

by

k + k + k = 1.8 x 10—12 cm3 molecule-1 s«ecnl

12 714 15
Of this total approximately 70% is (8.14). The remaining 30%
is most probably the desired reaction (8.12). Thus 30% is an
absolute upper limit on the quantum yield. The quantum yield
is further decreased by processes (8.16) and(8.17) .The rate of
(8.16)places an upper limit on useful values of the ratio of

HCl1l to Br concentration. Since

-1

12 cm3 molecule-l sec ,

k16 = 3.3 x 10

Br pressures should be at least double the HCl pressure.

For (8.17)the most important collision partner is Br,;

Br
17

-1

14 3 molecule™! sec

2

k = 3.3 x 10

for HCl(v = 1) and is probably about twice this value for the
v = 2 > 1 transfer. Br concentrations should therefore be
greater than 2% of Brz. The rate of the isotope scrambling
reaction (8.18)has not been measured. Since it involves

the exchange of two vibrational quanta in one collision, it
will probably be at least one order of magnitude glower than

(8.19) for which

k.. =1.9 x 10°* cm? molecule ™! sec”?

19

In a system where the concentration of v = 0 and v = 1 are

comparable isotopic scrambling by(8.19) followed by the reverse

(8.21)

(8.22)

(8.23)
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of (8.16)gives natural HCl(v = 2) which then reacts by (8.12) to
scramble the separation. The thermal rate k20 may be calculated
from the measured rate of Cl + HBr and the equilibrium constant

-1

23 cm3 mo].ecule_l sec (8.24)

Kan = 3 x 10

20
Thus k /k. is greater than 1010
127720 )
Arnoldi, Kaufmann and Wolfrum/65/ report separation factors
greater than two for this reaction system. They used an HC1
pulsed chemical laser to sequentially excite from v = 0 to

v =1 to v = 2. For equal pressures of Br and HCl a separation

factor of 2 was observed. This sets the limit for k18

12

+ k.. + k.. =5 x 10°12 cm® molecule™? sec 1@.25)

k < k + k 15 16

18 — 712 14

The efficienéy of the processes with respect to the infrared
laser is limited by the ratio klz/(k14 + k15)' by the ratio
klZ(Br)/(kIG +vk18)(HCl) and by the molecules excited only to
v = 1 and not on to v = 2. For good separation Br atoms éhould
be at higher pressure than HCl. Effective use of this reagent
requires excitation of a substantial fraction of the desired
isotope. An upper limit on total reagent pressures will be
set by

Br + Br + M > Br, + M (8.26)
In many cases it will be useful if the laser pulse duration
is long compared to the chemical lifetime of HCl(v = 2),

1

[(ken + k., + kls)(Br)]- .

12 14
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To complete a useful separation the reagents and products
must be physically separated at a low cost before the system

returns to thermodynamic equilibrium. The scavenging reaction

(8.13),

-1

10 3 molecule™! sec (8.27)

k13 = 1.2 x 10

is so fast that there is no problem with competing processes

such as:
i i
Cl + HC1 - B Cl1 + cC1 (8.28)
i i
Cl + HBr - H'Cl + Br (8.29)

On the longer timescales, 1072 to 102 sec, of distillations
or selective condensation from the reaction mixture, care
must be taken to prevent thermal reaction (8.20)and both homo-
geneous and wall-catalyzed reversal of the separation by

Processes such as

1c1Br + HBr - HCl + Br,. (8.30)

It is likely that the attempt/66/ to isolate enriched 37¢1
using this system failed because o0f(8.30). It should be noted
that surface catalysis often gives changeslin activation

energy much larger than can be induced by single infrared

photons.
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Raman excitation of nitrogen in air at liquid nitrogen

temperature has been reported by Basov et al./61,69/ to produce

NO enriched 100 times in 15NO. This might result from

.1..

2 + O > NO + N

N

An electrical discharge produces NO enriched by 10 times /81/.

The V + V energy transfer pumping mechanism is presumed to

cause the selectivity.
More édmplex chemical reactions have been induced by

infrared lasers /57,59,67,68/. In one case pumping of

BCl., molecules by a focussed pulsed CO2 laser, which probably

3

excites high vibrational levels (see § 6), separation of boron

isotopes was achieved /86/. In the reaction BCl3 + st

(or DZS) 15% enrichment of lOB in 10 hours irradiation was

found. The reaction of CH3OH—CD3OD

mixtures with Br2 induced by a c.w. HF laser was reported to
be isotopically selective/46/. Several aspects of these
results have been criticized and the report has not been
confirmed. Careful studies of the dependence of rate on
vibrational excitation have been done for /57,59/

NO + 03 - NO2 + 02

The attractive feature of vibrational photochemistry for
isotope separation is the promise of using low energy IR
photons from an efficient molecular laser to get a good yield
of product. Since 1 mole of photons at 3,000 cm—l is 10.2
kWh and some IR lasers are about 10% efficient, processing

of bulk chemicals might even be economic. There are many

(8.31)

(8.32)
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problems to overcome: thermal reaction rates, vibrational

energy transfer, surface catalyzed reactions, fixed frequency
sources and so on. The methods which rely on V - V transfer

to enhance the excitation of heavy isotopes /61,69,74,77,82/ appear
quite promising for systems with anharmonicities and isotopic
shifts larger than kT at temperatures where the vapor

pressure is sufficient. C,N and O are excellent possibilities.
Heavier elements such as S appear less promising. For heavier
elements the high field selective infrared excitation and

dissociation (Sec 6) appear most promising at this time.



9, Atomic photodeflection

Selective deflectiion of atoms of a particular isotope is
based on the effeci of resonant light pressure on gases dis-
covered by P.N.Lebedev /87/ or, from the quantum standpoint,
on the effect of momentum transfer fiw/c as an atom absorbs
a th? photon. The value of atomic velccity build-up in the
direction of the photon is much smaller than the average the-
rmal velocity. For example, when a photon is absorbed at the
D-line of Na, AY = 2 cm/sec. Therefore experimentally this
effect can be observed using a well-collimated atomic beam
with its transverse velocity ?{L <z A?f , the collimated
light beam perpendicularly oriented. Photodeflection of atoms
(Na) in a beam was first observed in a very fine experiment as
far back as 1933 in work /88/. With the advent of tunable
lasers this effect became not only observable but also the
subject of discussion on its application ito isotope separation
on a practical scale. It is probable that the first suggestion
on the use of light pressure in selective pumping of gases,
including those of a particular isotopic composition, was put
forward in work /89/. The separation scheme suggested in
this work employs not only atomic beam deflection but also the
effect of selective light pressure in low-pressure gases in
a two-chamber vessel (Fig.12 a). Laser light acts as an optical
pump pushing forward resonant atoms (circles) into chamber 1
without acting onmonresonant atoms (points). As a result, the
concentration of resonant atoms appears to be somewhat higher

in chamber 1 than in chamber 2. Later isotope separation by
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the use of light pressure was suggested both for beam geo-
metry (in works /90,91/) and mixtures (in work /90/).

Assume that an atom absorbsg the resonant radiation from
a collimated light beam and then reemits it isotropically in

any direction. Then in the light beam direction it is acted

upon by the force.

F = ﬁjzl'c?f/z zta;c /az/z (9.1)

where I is the beam intensity, é is the resonant absorption

cross-section, sat 32 is the probability of atemic occupation
in the i-th level of a resonant-with-field transition. If the
field intensity is high enough, gd ’ approx:unates /2

-1
whereas their difference tends to( o b[z) /1"’ ) J
bwy
28

depending on the P~ rate of particle relaxation from excited

is the intensity of trans:.tlon saturation

where St =
. 2
state 2 to ground state 1. So, with I >> I_ ., and ’ai ]’o =1

the force acting on an atom tends to the constant:

_. _ Tw
F.Wx =5 [ (9.2)

The physical meaning of expression (9.2) is very simple.

During each photon reemission the atom acquires a momentum
with “w/c_ . The number of such reemissions is determined by
the ’K rate of atom relaxation to the ground state, and the
multiplier 1/2 appears due to the fact that the atom spends
one half its time in ground state 1.

If an atom interacts with a light beam ofa diameter
during T a/'lf , 1t acquires the velocity AV in the
light beam direction and is deflected at the angle AW
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Pig. 12 b):
(rig b) o - i“w N o ﬁ"w

[

4¥ = 7T 20 My T 2¢ el 0 93

where 2&} igs the average atomic velociiy in a beam determined

by the temperature Z; of the atomic beam source. For allowed
sransitions with ¥ =10% sec™, &= 1 em, T = 107 °K ana
2 eV an atom in a light beam can execute 103—104 photon re-
emissiong and be deflected at the angle Af,ﬂ::ér'o , that is
quite observable. It is evident that, for obgservation to be
possible, the angle divergence of atomic beam Zfshould not
exceed the angle of deflection ¥ .

The first successful experiment on isotope separation
by means of atomic photodeflection was run in work /92/ with

a beam of barium atoms used. The resonant iransition 632 1SD—

1

- 6s6p 'P, at 553.5 nm was used;its isotope hyperfine structure

1
is extremely small /93/. The addition of neutrons

to the filled neutron shell (in the sequencg of isotopes from
13‘4Ba to 13BBa) with the magic number N=82 changes the nuclear
charge distribution very little and so the isotope ghift is
extremely small. The hyperfine structure components for the
line of Bal are divided by an interval of no more than 30 lHz,
that is mach smaller than the Doppler width which is 10°MHz.
Therefore, to produce isotopic selectivity of excitation, an
atomic beam should be used (the degree of beam collimation

is about 1/200). The lifetime of the excited state |

P1 is
8.4 nsec, and in the time of light beam crossing ?32:10—4 sec

an atom must reradiate photons from the beam, which causes
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transition saturation, 104 times. Actually this does not

occur because Ba atoms have a high probability for ra-
diative transition from the excited state 1P1 to the lower
metastable stafe 1D2. The ratio between probabilities of
return to the ground and metastable states equals 60, and

so the maximum increase of atomic transverse velocity due to
light pressure is equal to‘60—£: = 45 cm/sec. Such selective
deflection of Ba atoms during ;;lective excitation of a par-
ticular isotope has been observed through mass spectral analy-
sigs of deflected atoms. Pig. 13 presents some results of
experiment /92/ 138, (71.66%) is the main isotope of Ba in
the natural mixture. During selective excitation of 137Ba

one can observe an increase of its mass peak, while during
selective excitation of a component of the hyperfine structu-

13639. an increase in the mass peak of 135Ba can be

re of
observed simultaneously that points to overlapping of two
spectral components.

An apparent disadvantage of the photodeflection method
is that an enéﬁy?ﬁo should be consumed to deflect an atom by
a small angle, that is, to increase its energy by a negligible
value equal to the recoil energy which in the relation 32§?t2
is smaller than the photon energy. Therefore in work /94/ a
method is proposed for effective return of the energy absorbed
by atoms. In this work atomic excitation and its return to
the ground state are done by the method of fast adiabatic

passage under the action of two counter-running light pulses

with variable frequency. The first pulse whose frequency
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scanning (chirping) rate through the atomic absorption line
complies with the condition /395,96/:
/9_@_ « ué 2

% | (?') (9-4)
transfers the atom into the excited state with transfer of
the momentum %%ﬁ , and the counter-running pulse carries
back the atom to the ground state in the same stimulated
(not spontaneous) way with transfer of the same momentum.
T+ is assumed that a considerable profit in energy can be
obtained provided the conditions for using a considerable
portion of pulse energy when propagating along a sheet atomic
beam are met /94/. The authors of work /92/ are optimistic
about energy consumption in the method of photodeflection for
isotope separation as well as about the elaberation of the
méthod for isotope production on a commercial scale. This
opinion, however, should be taken with care since the method
of light photodeflection demands that matter should be
prepared in a very specific state, that is, in the form
of a well-collimated atomic beam in high vacuum, in addition
high-quality coherent light with controlled parameters should
be used. The main thing in this case, of course, will not be
expenditure of energy but the price of | the

equipment for producing atomic beams and highly coherent

lager light.
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10. Economics and Engineering of Laser Isotope Separation.

The isotopic enrichment of 235U for electrical power generation
in nuclear reactors is by far the most economically important
objective of laser isotope separation. World fuel requirements for
nuclear reactors between now and the year 2000 are estimated to be
approximately 6 million tons of U3O8' Enrichment cost estimates
for processing this ore amount to approximately 150 billion S$USA.
An efficient laser enrichment séheme could cut these costs to a
small fraction of this amount. Large quantities of DQO are needed
for heavy water nuclear reactors. The current world production
capacity of somewhat greater than 106kg/yr is probably not sufficient.
However, it is hard to conceive of a laser separation process
costing less than the current price of $1 per mole D atoms
(or $1 per 10 Gr. D,0). |

The simple and effective method of isotope separation with IR
radiation of low-price CO2 lasers discovered recently (§ 6), which
probably can be applied to separation of hydrogen and deuterium

isotopes, has offered possibilities of solving this problem as well.
The economic importance of separating isotopes of other elements with
laser methods is neither so obvious nor so pressing as that for

235U. The total annual world sales of separated isotopes other than

235U or D is less than $5 million. The importance of enriched isotopes
of other elements lies not in present uses but in the possibility
of new uses in science, medicine and technology, uses which are likely

to develop only if high volume, low cost sources of isotopes are

availlable.
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The economic and industrial scale of the 235U enrichment problem

is beyond the scope of the normal consideration of laboratory
scientists and therefore deserves some additional perspective here.
In considering the urgency of this problem it is well to bear in mind
that the cost of enrichment today is approximately 6% of the total
cost of nuclear power production. $150 billion over 25 years is not
so large when compared to the recent $50 billion increase in the
price of oil sold in one year. Nevertﬁeless the magnitude of

the challenge to research scientists, to engineers and to

industry to develop some of the untested scientific ideas described
above into practical methods, from there into pilot plants and on to
a multibillion dollar industry is enormous. Success is by no means
certain. The magnitude of the industry can be illustrated with a
few figures from the U.S. nuclear industry. A typical light water

9

reactor produces 10° watts. It requires processed fuel from 600

tons of U308 ore for an initial charge and an annual use of 200 tons.

235U from a natural abundance of

235

The fuel is enriched to about 3%
0.75%. The depleted ore is discarded with 0.2 to 0.3% U remaining.
The enrichment is carried out in large gaseous diffusion plants.

One such plant handles about 20,000 tons of UF6 annually. Such a
plant consumes 2.ux109 watts of electricity. The construction cost

of the plant is about $2.8 billion and the power plants to go with

i+ about $1.5 billion. The U.S. currently anticipates the need to put
new plants of this magnitude into operation each 18 months beginning
in 1984. Such a plant is now being built in France. There are

N

several countries perfecting gas centrifugeutechnology. This may

-
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cut enrichment costs by 10-30%. The Becker nozzle process has

entered the pilot plant stage and in time might lead to significantly

lower costs, perhaps a factor of two.
The potential of laser processes for cost reduction is illustrated
by the fact that gaseous diffusion uses 5 MeV of electrical energy

for separation of each 235U atom. The overall enrichment cost 1is

235
about $5. per gram U. -

The energy requirement for a laser process can be less than iO eV
of photons per atom of 235U, a few keV of electricity for standard
visible laser efficiencies. Chemical processing of the ore or
vaporization of solid samples requires a similar amount of energy,
5-10 eV divided by the natural abundance of 0.0075. The power
costs of an ideal laser system would be negligible. However,

235U per year, a perfectly efficient use

to produce the 90 tons of
of photons at 500 nm requires an average power of 3kW. Realistically
tens of kW will be needed. Existing tunable laser systems in the
visible operate with only a few watts of power and systems in the
ultraviolet are even less powerful. A great deal of laser
engineering or preferably some fundamentally new laser systems are
crucial to the ultimate success of laser separation of uranium. If
such lasers can be built for orders of magnitude less than the cost
of diffusion plants, not only will laser enrichment be very cheap

but we may have some very useful laser systems for other areas of
science and technology. The very high selectivity inherent in most

235

laser separation schemes makes it likely that the U discarded

238

with the U would be greatly reduced. This would reduce the

raguirement for new ore by as much as 40%.



At the present time it is not at all clear which method of laser
separation of uranium will be the least expensive. An infrared
photochemical method requiring only the use of one of the efficient
lasers already.developed could be very cheap indeed. However, no
such scheme currently appears to be feasible. The two-photon
ionization method can clearly be used to enrich uranium. But the
cost of such a system for commercial production could be very high.
T+ is clear that a great deal of research on possible methods is
needed in order to select the best one. It is likely that the first
laser method to go into commercial production would not be the final
one.

To reduce the price of heavy water ?roduction is of great impor-
tance /98/. Today the cost of heavy water (100 dollars/kg) amounts
to 25% of the total cost of a heavy-water reactor ($100 million/1,000
tons). If the cost of deuterium enrichment is reduced by several
times, it will be economical to construct natural-uranium and heavy-
water reactors.

The economics of production of a variety of stable isotopes is
illustrated in Table 1. Tor the relatively small amounts of
material produced other than uranium and deuterium the most efficient
methods are fractional distillation or counter current chemical
exchange for the lighter elements and magnetic deflection (mass
spectroscopy) for the heavier ones/99/For laser separation a lower
1imit on cost is set by the photon energy used. This is only 0.1 kWh
for one mole of photons at 3,000 X. If the overall efficiency of

conversion from electrical energy to laser photons and finally to
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separated product is 10-3, then the electrical energy cost per mole

is about $1. In the near future and for small scale production
the capital cost of lasers and the cost of labor will doubtless be
far larger than energy costs. Nevertheless the possibility of large

reductions in isotope cost is clear.

Work on formaldehyde suggests two situations where laser
enrichment may most easily be applied to advantage. The rare isotope

17 16

0 is intermediate in mass between 0 and 18O. As a result

distillation techniques do not produce cleanly separated material.
Formaldehyde predissociation could provide an effective method of
removing 17O from mixtures enriched by distillation. Another

application could be to increase the sensitivity of 1L+C dating.

The carbon in the sample to be dated would be converted to formaldehyde ar

selectively laser photolyzed to convert all luCHZO to 1

behind a maximum amount of 12CHZO. Both of these applications

uCO and leave

would become economically feasible at process costs which would be

13 18

too high for mass production of C or 0.

In view of the extensive research required for the development
of methods of sepération for any one element and the likelyhood that
the optimum process will be different for each element, 1t is |
important to identify now those isotopes which are most likely to be
of value in new applications. Some applications for Cuy N and O are
already being explored since their prices are relatively low. C
and O could be used as monitors of body functions such as

metabolism. Nitrogen depleted 15y is being used in fertilizer tracer
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studies at the University of California, Davis. Labeled natural

15 17,18

products may be prepared by feeding simple l3C, N or 0

containing food to plants or animals. Such work traces biochemical

pathways and can produce labelled compounds almost impossible to

.
make in the laboratory. The isotopes 13C and *80 may be used extensive-

.
ly in CO2 lasers 1in two aspects. *30 may be successfully used in simple

laser devices for measurements of the isotope ratio 130/120
12
(" “co,

in geology for oil prospecting. Carbon and oxygen isotopes

and 13C02 lasers) /100/ which find wide application

may be used in CO, lasers with eleetric discharge /101/ and
optical /102/ pumping to widen the region of frequency tuning.
The isotope 4OK, that is a natural radioactive isotope, is
necessary for agricultural investigations. We suspect that the
production of some important materials such as 348, 57Fe,480a,
etc. will be developed provided their cost is reduced by

gseveral orders of magnitude. We should mention the problem of

isotope separation recently considered by Gross /103/, the

isotopes which are important for nuclear metallurgy, 5OTi
in particular, as important construction material for nuclear

reactors.
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TABLE 1. Current Stable Isotope Prices
(approximate)

Natural Enriched Price
Isotope Abundance % Abundance (US $/mole) Method
Chemical

D 0.015 99+ 1 Exchange

L3¢ 1.11 96 10° Distillation
174 0.037 40 10° Distillation
37¢1 25 30 6x10" Calutron®
“8c4 .185 95 10° Calutron
57Fe 2.19 90 2x105 Calutron
[ 50 99 3%10° Calutron
196Hg .15 48 108 Calutron
235y .75 3 103 - gas diffusion

2 Mass Spectrometer at Oak Ridge, Tenn., U.S.A. 99/
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11. Conclusion

In the present review we have made an attempt to consider
systematically the main methods of laser isotope separation
already demonstrated in research laboratories. They form the basis
for further progress not only in science but also in industry.
We hope that in the near future other methods will be elabora=-
ted since nowdays, when the energy crisis begins affecting the
living standard of peoples and the progress in technology, some
scientists in many countries consider studies into laser isotope
separation to be an urgent and important problem. rRecently,
when our review was being written, several interesting papers
had been published making a good start to new methods. Lately,
for example, the first isotopically selective photochemical
reaction of dissociation has been conducted in a solid phase
at low temperatures /104/. Quite recently some schemes have been
proposed for isotope separation based on heterogeneous chemical
reactions /105/, condensation of vibrationally excited molecu-
les /106/, deflection of vibrationally excited molecules in a
nonuniferm electric field /107,108/, possible selective mole-
cular ionization with IR radiation /109/, etc. We think it
would be untimely to discuss these methods in more detail here
before their experimental careful checking; so we limit our-
gselves with this mention only.

Finishing the review we would like to stress that the meth-

ods of selective photophysics and photochemistry being deve-
loped for laser isotope separation will far exceed the limits
of this problem from the principle and practical standpoints.

In essence, the question is & new approach tomaterials technolo-
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gy at the atomic-molecular level where one may manipulate directly
with atoms and molecules of particular sorts using a laser,

that is, produce macroscopic amounts of matter "by one atom,

by one molecule"™. Let's discuss briefly the possibility of

laser production of highly pure substances, laser separation

of nuclear isomers and selective detection of single atoms and
molecules as such wider applications.

Production of pure substances. To produce a highly pure

substance by the methods of selective laser photophysics we
can apply selective ionization of atoms and selective disso-
ciation of molecules. The first method seems to be rather
promising since it is very, universal and flexible.

Well chosen scheme of selective atomic photoionization
under the action of two (or more, in principle) laser beams with

gspecifically tuned frequencies makes possible the ionization

2

gec with the radiation
2

of each atom in the time T = 10~

power at each frequency being about 10° W/cm“. When the radi-

ation energy is completely spent on the atomic photoionization

with f; ~ 7-8 eV and the light beam cross-section is of 1 cm2

>
this c;;;esponds to about 1/2 mole of a substance ionized se-
lectively per hour. Thus, a laboratory setup is capable, in
principle, to separate about 1 ton of a substance in a year.
Therefore the method of selective atémic ionization in combi-
nation with tunable 10 - 100 W output dye lasers may

by considered as a rather efficient method of fine separation

of substances at atomic level.
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Laser purification of substances by the selective lonization
method /110/ is no different from isotope separation in the
principle of operation but necessitates a higher coefficient
of separation (enrichment) within one cycle, over 103, say e
This‘is quite practicable, since when atoms of different ele-
ments are separated there is no resonance charge transfer that
limits the selectivity of the isotope separation method. Such
a method has a number of substantial advantages compared to exis-

ting methods of substance purification based on the difference
between specific chemical and physical properties of substances
under purification and impurities.

Firstly, the method has an extremely high potential sele-
ctivity. The degree of purification, as the desired element is
cleaned of any impurity, is no less than 103. This value depends
on transfer of charge arising when an ion of the desired ele-
ment comes into collision with a neutral atom of the impurity.
In principle, by reducing the atomic density in the beam we
may attain a separation selectivity of about 106, the effi-
ciency therewith drops respectively. For example, should a
commercial material with its purity of 157% be taken for puri-
fication it may then be cleaned up to 10-10% by the method of
selective atomic ionization.

Spcondly, the method is very universal. Any element no
matter what its physical and chemical properties (temperature
of fusing and boiling, reactivity, etc.) can be selectively
ionized‘by properly choosing frequencies of tunable dye lasers.

If there is a substance to be cleaned of one or more specified
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elements it is possible in this case to ionize selectively
only impurities and to remove them from the atomic beam of the
substance. Under these conditions the efficiency of the method
is maximum while expemditures of light energy are minimum.
Thirdly, the method is rather adaptable for directly pro-
ducing substances in form of films as well as those of complex
composition. The ion beam may be directed over the surface of
the substrate to produce a pure film (see Fig. 14). Independent
selective ionization of two or three different elements at a
time in different beams and collection of their ions on the
same substrate seems to be feasible. Thus, it is possible to
obtain films of complex atomic compounds and to control their
composition by intensity of ionic currents. The whole process
of selective atomic ionization, ion extraction from a beam and
theéir deposition on the substrate may be accomplished in a
high vacuum. It doesn't require a contact between the substance
under purification and any reagent or material, except for
a substrate for which a material without unwanted impurities
may be used.
The development of lasers of visible and UV range with
tunable and controlled frequency, with a high mean power and
a long service time form the basis for successful elaboration
of the method. Laboratory experiments require average powers
of 1-10 W, while pilot industrial setup will consume 102-103 w.
These will be CW or pulsed lasers with a repetition pulse rate

of about 10 kHz and higher.
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Separation of radiactive isotopes and nuclear isomers.

Selective laser photophysics methods have an extremely
high selectivity and allow manipulation of atoms by means of
light and electric fields without direct contact. So,
in perspective it is possible to apply these methods for tech-
nology at atomic-molecular level of waste of radioactive
industry {(nuclear reactors). It is important not only for
technology, but also it is a quite new approach for prepara-
tion of inversion of nuclear level populations by using
laser separation of excited (isomer) and unexcited nuclei
/111/. 1t is possible to hope for an important contribution
of selective laser photophysics methods to the y-laser

(status of this problem has been considered in works /112,113/).
The estimates given in work /114/ show that, to realize

this way of development of the Y- laser, we should prepare

a concentrate of excited nuclei during a fairly short time

(10-2 - 102 sec), though the absolute amount of a radioactive
substance may be as small as 10-8 gr. The necessity of pre-
paring a concentrate of excited nuclei forces us to give up
the schemes that directly use the excitation of the sample
iftself. In this case it is difficult to obtain simultaneously
nuclear-level population inversion and the excitatiom of a
significant fraction (several percent) of one sort of nuclei
relative to all the other sorts in the target. It seems expe-
dient to use selection of the nuclei of desirable composition

in the excited level.
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Fig.15 shows a possible theoretical scheme of the) -laser
which complies with the stated requirements. When the target
is bombarded.by a stream of neutrons, a relatively small number
of excited nuclei is produced. The excited nucleli are extracted
from the target by, for example, rapidly vaporizing the target
with a pulse of laser radiation. The next problem is how to
extract rapidly the nuclei of a given composition in the excited
gstate. For this purpose, the method of selective photoioniza-
tion of atoms is, in our opinion, suitable. The existence of
the isomeric structure in atomic spectra allows selective laser

excitation of only atoms with excited nucleiAof a particular
<

composition. For this purpose the wavelength of the laser should
coincide with the optical absorption line/x: belonging to the
atom with an excited nucleus M* of the desired composition.
The subsequent separation of the excited atomslzf(M*) is
accomplished by photoionizing them with an auxiliary laser pul-
gse. After the simultaneous irradiation of the products of vapo-
rization of the target by laser radiation at two wavelengths
A{and A , ions J (M *) of a given isomer Li* only are produced
which can be gathered by the electromagnetic focusing system
and depesited on a charged filament.

The limitation on gas density due to resonant charge exchange
leads to a limitation on the maximum number of atoms which
can be sgsorted per unit time. The estimates presented in work,/114/
show that the scheme osf ¥ - laser (Fig.15) with laser
sorting of excited nuclei through selective photoionization

is quite realizable with real physical parameters.
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Selective detection of atoms and molecules. The methods

of selective laser photophysics may solve the problem of phy-
sical extraction of chosen specific sort of atom or molecule

from a mixture of other atoms (or moleculeé) which have the

same chemical properties. Of course, a first and more simple part
of this problem is selective detection of single atoms and
molecules. In particular, for this aim it is especially

convenient to use the method of selective two-step photoionization.
Attention was given to this fact even in the first work /115/,
and then it was stressed in /116/.

The method is particulandy simple in the case of atoms. As
shown in §3, gelective excitation and subsequent photoioniza-
tion of each particular atom in the mixture is secured by the
gelection of not only proper frequencies but also intensities
of laser beams. This method, in principle, may provide detec-
tion of single atoms, but, unlike that of fluorescence, it
ig a "destructive" method of detection. It is advisable to
ugse it, for instance, to detect atoms in metastable states the
probability of fluorescence for which is small and relatively
a low power is needed for photoionization (especially with an
external electric field present). It goes without saying that
the photoionization method of selective atomic detection has
a very imgrtant advantage over all other methods, that is
jtg ability to extract a detected atom with the aid of external
electric and magnetic fiels.

After the Pirst experiment on selective ionization of RbD
atoms had been conducted in our work /1157 (é:ﬂ, the method

was successfully applied in work /117/ to detect Na atoms in
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a beam. It is clear that the elaboration of methods of selective
photoionization toc separate isotopes and purify substances will
give birth to the new speciroscopic method of detection and
exiraction of particular atoms from a mixture,

Selective ionization of molecules by laser radiation is in
principle of particular importance. The point is that the problem
of detecting microscopic amounts of molecules by physical met-
hods is quite difficult and practically has not been solved
for complex molecules /118/. The mass-speciral analysis is now
-a common method for detection and identification of complex
molecules but its sensitivity is inadequate and there is prac-
tically no selectivity of detection for complex molecules which
differ only in spatial structure. Therefore the development of
new methods to solve this problem is very urgent to-day. The
method of selective molecular ionization by laser radiation
may be used as the basis for the so-called laser mass-spectro-
meter /119,120/. A laser with the tunable frequency W, exci-
tes selectively the vibrational (and electronic for certain
molecules) state of molecules. Due to such an excitation the
edge of the molecular photoionization:band lying usually in the
VUV region is shifted by a small magnitude. The second (VUV)
‘laser brings about molecular photoionization, and its fre-
quency is selected in the area of a maximal slope of the
photoionization band edge. In this case preliminary selective
excitation of the molecules by the tunable laser even by

comparatively a small value(ﬁexc.:: 0.1 - 0.5 ev results in a
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marked change of the photoionization cross-section (10_1 - 10-2%
with regard to the molecular distribution over the rotational
states), that is a change in the photocurrent. Photoions are
sent then into a common mass-spectrometer which measures the
mass spectrum, i.e. i = f (M/e). In addition to this, with
this version of mass-spectirometer we can ﬁeasure the photocur-

M/

rent magnitude for a given wvalue of e as the function of the
tunable laser frequency(&ﬁ. In this case the IR spectrum of
microquantities of complex molecules is measured since, with
the!&% frequency and that of molecular absorption coincident,
the molecules pass into the excited state and hence the ionic
photocurrent amplitude varies. The laser mass-spectrometer with
selective molecular ionization, instead of the usual nonselec-
tive ionization by an electron beam (or by continuous YUV
radiation), will produce at the same time the optical (IR and
visible) spectrum of absorption and the mass spectrum. This
method enables one to obtain information on the spatial struc-
ture of molecules with the same mass, etc. The first successful
sxperiments on molecular photoionization carried out in work
/121/ using a simple and efficient VUV H, laser at 1600 A /122/

demonstrate the practicability of such laser selective detec-

Xxx® tors for complex molecules.
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Fig. 1« Excitation scheme of molecular gas (BC13) fluorescence
with a focussed pulse 002 TEA laser: A - fluorescence fronm
the focal region; B - fluorescence from the off-focal (sha-

ded) region.
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Fig. 2. Emission spectrum of BO at the transition (042) of the band

1013013 ang 1

10

2
M1 —*2. during excitation of BCl,. At top
3

the sections of emission spectra of BO (dashed line) are

given schematically (from work /1/).
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Fig. 3. iR absorprOn spectrum for the band vg of the isotopic
natural mixture of BCl3 molecules: a) the isotopic mixture
before irradiation; b) after irradiation at the absorption
frequency of 1OBCIB; c) after irradiation at ihe absorption
frequency of 113013. Hixture composition: 8013 - 0.44 Torr,
air -'ffrorr (work /9/).
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Fig. 4. A part of the mass spectrum of SF6 (ionic fragment SF;):
a) the natural mixture before irradiation; b) after irra-

diation with 2°10° pulses of CO, laser at the line P(16)
(from work /2/).
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Fig. 5. Dependence of the enrichment coefficient K (348/325) on
radiation intensity (the upper scale = the infensity in the
focus, the lower scale - the average intensity in the
region under irradiation). The pressure of SF6 is 0.32 Torr,

the number of irradiation pulses is 450 (from work /10/).
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Fig. 6, Dependence of the enrichment coefficient K(34S/32S) of re-

sidual SF6 gas on the initial pressure of SF6. The number
of irradiation pulses is: A - 50, O - 100, @® - 200, O - 40
{from work /10/).
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Fig. 7. Calculated dependences of the enrichment coefficient of re-
sidual gas K. ..q (b/a) (solid curves) and of product mole-
cules Kprod (a/b) (dashed curves) on time (or the number
of pulses) during selective dissociation of "a" molecules
in a two-component mixture with different values for the

dissociation selectivity coefficient S (from work /10/).
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Fig. 8. Experimental dependence of the enrichment coefficient of
residual gas K and product molecules Kopod OB the

resid
328F6

number of irradiation pulses during dissociation of

molecules in the natural mixture with the initial pressure

of 1.6 Torr (from work /10/).
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Fig. 9. Dependence of the enrichment coefficient on the isotope
shift value for a léser—excited vibration. The pressure in
the cell: 0.18 Torr of SF¢ + 2 Torr of Hy. Irradiation:

1 - 100 pﬁlses, line P(12); 2 -400 pulses, line P(12);
3 - 2000 pulses, line P(16) ( from work /10/).
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Fig. 10. Time dependence of ortho-I2 fluorescence excited by the
intense line 514.5 nm and of para-I2 excited by the weak

probe line 501.7 nm an argon laser (from work /377).
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Fig. 11 . Scheme of lower potential curves of ICl molecules (from

work /41/).
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Fig. 13. The mass spectrum of the natural mixture of Ba isotbpes
(solid lines) and photodeflected Ba atoms (dashed lines)
during resonant action of laser radiation on the hype-
rfine structure components'of the 137Ba. isotope (a) and

135Ba and 13633 atoms (b) (from work /92/).
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F&g.14; Possible scheme for preparation of films of highly pure

composition during sedimentation of B* ions produced by

the method of two-step selective ionization of atoms of

the B sort in a beam when mixed with oiher atoms.
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Fig. 15. Possible scheme of a ‘(f— laser on high-rate decay nuclear
isomers employing laser sorting of excited nuclei
Mk+l:l - target of Mk atoms; 2 - beam of slow neutrons;
3 - laser beamfor evaporation of surface layer of target;
4 - laser beam for excitation of A(Mk:l) atoms ;
5 - laser beam for ionization of excited atoms A(Mk:l);
6 - collecting systéﬁ; 7 - filament of atoms with excited

nuclei Mkil; 8 - stream of evaporated atoms. (from work

/114/) .








