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(57) Abstract

Selection criteria are disclosed for choosing a coreactant RX that will improve the isotope separation in laser-activated
chemical reactions which may proceed by the steps: IMY + hVp - IMY* (Laser Activation of Isotopic Materials), RX +
hVy, - RX* (Laser Activation of Coreactant), IMY* + RX(*) — (IMY*: RX®) 5 IMX
tion). The step of coreactant activation can be important in some exchange reactions but unsncessary in others, That is for
some laser-activated chemical reactions, the second step may be absent. The selection criteria are based on the relative mag-
nitudes of the bond-energies and therefore vibrational frequencies in the molecules
forming a Vanderwaals-like attachment complex. Also, the upper and lower limit
speeds are defined. It is shown further that it is necessary to restrict suitable RX
IMX product that does not participate in subsequent chemical reactions which cause isotope scrambling. The employment
of a second auxiliary coreactant is recommended in certain cases if its interaction
crease the latter’s reaction rate and/or if it can scavenge the product IMX, thereby negating any subsequent isotope scrambling
reactions of IMX. The auxiliary coreactant should not react, or only slowly react, with the reactants IMY or RX. By applica-
a small group of suitable chemical coreactants are identified which give improved Ura-

tion of the selection criteria to UFg,
nium isotope separations.

(ENRICHED UF)

+ RY (Chemical Exchange Reac-

IMY and RX, and the requirements for
of tolerable thermal (non-laser) reaction
candidates to those species which yield

with the complex (\MY*:RX™ will in-
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IMPROVED ISOTOPE SEPARATION PROCESS

TECHNICAL FIELD

This invention relates to an improvement in isotope
separation processes that ezploy a selective pPhoton=induced energy
level transiticn of an isotopic molecule containing the isotope to

5 be separated and a chemical Teaction with a chenically reactive
agent to provide a chenmical compound containing atoms of the
desired isotopa. The invention discloses certain molecular
attributes which if Possessed by a chemically reactive agent used
in the aforementioned Process, make it more effective and the

10 isotope separation more economical,

BACKGROUND ART
The applicaticn of lasers for isotope separation has been
the subject of nany studies and development Programs in the last
15 two decades. 1In particular, the separation of U-235 and U=-238,
needed for nuclear Teactor fuel, has receaived considerable
attention and has led ¢to three distinct approaches. These
approaches use lasers to cause isotope-specific ionization (AVLIS),
dissociation (MOLIS), or activation of a chenical reaction
20 (CRISIA).
In the AVLIS approach, which is a&n abbreviatien for
Atomic Yapor laser dsotope Separation, isotopic metal ig vaporized
(usually by means of electron guns) and the vapor is irradiated by

two ultraviolet or three visible Superimposed laser beanms at two
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or three different wavelengths. In one AVLIS scheme applied to the
separation of Uranium and developed by the U.S. DOE at the Lawrence
Livermore Laboratory, a copper vapor laser is used as the primary
source of (green) laser photons. Dyes are used to convert these
photons to certain visible frequencies required for efficient
three-step selective excitation and ionization of U-235 atoms. The
selectively ionized U-235 ions are next removed from ﬁhe U=-238/
U-235 vapor by electromagnetic fields. This process is discussed

in "Laser Spectroscopy and its Applications,” edited by L.J.

Radziemski, R.W. Solarz, and J.A. Paisner; Marcel Dekker, Inc. N.Y.

(1987), at pages 235, et seq., hereinafter “Laser Spectroscopy.”

In the MOLIS technique, which is an acronym for MOlecular
laser Isctope Separation, gaseous isotopic molecules are employed
instead of metal vapors. For example, in a Uranium enrichment
technique developed by the U.S. DOE Los Alamos Laboratery, gaseous
Uranium Hexafluoride (UF,) is used and irradiated with two or three
successive 1l6-micron laser photons causing isotope-selective
excitation of **UF, to the 2V; or 3V, vibrational level as stated
in Laser Spectroscopv, at pages 459, et seg, The 2V, or 3V,-
excited ®°UF," is next irradiated with an ultraviolet (UV) laser
bean causing it to dissociate to UF; + F. Instead of using a UV
laser beam, the isctope-selectively excited 3UF," can be
dissociated by a second high-energy 16-micron infrared (IR) laser
pulse which causes nulti-photon absorption and dissociation. Thus,

25 some MOLIS schexmes use two or three isotope-selective 16-micron IR

laser pulses followed by a UV laser pulse, while others use two or
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three isotope-selective 16-micron IR laser pulses followed by a
high-energy second (red-shifted) 16-micron Pulse that causes
dissociation by multi-photen absorption.
In CRISLA, which stands for Chemical Reaction by Isotope
Selective Laser Activation, one laser beam is used which irradiates
a gaseous mixture of the isotopic molecule to be separated (e.g.;
UF,) and a coreactant RX. In the case of UF,, for example, as
described in U.S. Patent No. 4,082,633, a mixture of UF, and a
suitable coreactant RX is isotope-selectively irradiated by 5.3
micron CO laser photons in an intracavity reaction cell. In this
process, ““UF, is preferentially excited over %F, to the 2V,
vibrational excitation level. The excited **UF," molecules react
much more rapidly with the coreactant RX than unexcited UF,,
resulting in a Uranium-bearing reaction product that is enriched
in #%,
Both MOLIS and CRISLA depend upon vibrational molecular
isotope shifts of hot-banded absorption contours. The overlap of
the isotopic bands is generally smaller, the colder the irradiated

gas is. This means that higher separation factors are obtained at

20 lower temperatures. However, UF, has a very low vapor pressure at

the desired lower temperatures, causing throughputs to be very low.
To overcome this problem in the MOLIS Process, a mixture of UF, and
a carrier gas such as Heliunm, Argon, Nitrogen, Hydrogen, or

Methane, is usually used and supercooled in an expanding supersonic

25jet. the jet is then intercepted by a lé-micron laser beam at a

point where the UF, is still gaseous but far below its normal
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condensation temperature. Although supersocnic jet-cooling could
also be used in CRISIA, because of the higher isotope shift at

= 5.3 micron used in CRISLA, arrangements that require only
static or limited adiabatic-expansion cooling are usually adeguate.

5 In Uranium enrichment by the CRISIA technique, the preferred
wavelength is 5.3 micron at vhich the isctope-shift between the
335p, and P'UF, absorption bands is three times larger than at 16
micron. On the otherhand, the uir. absorption cross-section at 5.3
nicron is 10,000 times less than at 16 micron.

10 The lasers used in the AVLIS and MOLIS Uranium enrichment
schemes are pulsed so that di:gorcnt frequencies are absorbed at
different times with time frames and intervals that range from
nanoseconds to milliseconds. In Uranium enrichment with CRISIA,
on the otherhand, only one (or two) continucus-wave (CW) laser

15 beam(s) is (are) employed and no time-gating is required. The
result is that the laser systems used in CRISLA are much simpler
and less costly than those used in AVLIS and MOLIS. On the -
otherhand, CRISIA requires the use of a suitable chemical reaction
which adds cost and complexity to the subsequent physical

20 separation of product and unreacted UF,. The proper choice of an
effective coreactant in CRISLA is, therefore, desired so that a .
more efficient process is obtained.

In CRISIA, chenical energy is used for most of the
separation work, whereas in AVLIS and MOLIS, all the energy

25 provided for separation is photonic. The attractiveness of CRISLA
over AVLIS and MOLIS is in part due to the fact that chemical
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energy is generally less expensive than laser photon energy. The
techniques of photon-induced ionization and dissociation used in
AVLIS and MOLIS rely on straight-forward extrapolations of earlier
developed scientific knowledge. For this reason, investigations
of these laser isotope.enrichment processes were completed earlier
than CRISILA.

The desired coreactant in the CRISLA process is a
coreactant RX which in its complexed state with a Uranium-bearing
laser-excited molecule UY", that is in the molecular complex UY":RX,
shows a high reaction sensitivity to the vibrational excitation of
the bond U-Y. 1In gcertain particular cases, the photon energy
E, = hV; pumped into UY' is insufficient to overcome the reaction
barrier energy E,, that is E, < E,. However, if in this case
E, < E, < 2E, it is essential that the coreactant RX also absorb a
laser photon E; = hV, so that the total pumped energy in the complex
UY:RX" is doubled to 2E, and reaction is promoted. In addition to
z_-eaction sensitivity, it is important that the isotope-carrying
product formed in a CRISLA reaction does not engage in subsegquent

chemical scrambling. Therefore, it has long been desired to define

20 certain essential molecular properties and selection criteria for

RX that will ensure efficient isotope-selective laser-induced
reactions of the complex UF":RX or UF,":Rx' and the formation of
UFX products that undergo 1little or no subsequent chemical
scranmbling. Application of these selection criteria to all

25 reactable RX molecules, greatly restricts the number of RX

molecules that are useful in particular applications of the CRISLA
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‘process. Thus, by employing coreactants from this limited

predefined group, considerable improvements in thé CRISIA process
result. The selection criteria can be equally applied to the
CRISLA enrichment of isotopes cther than Uranium.

DISCLOSURE OF INVENTION

- Accordingly, it is an object of the present invention to
provide improvements in the application of the CRISIA laser isotope
separation process.

It is another object of the present invention to provide
2 process for the selection of chemical coreactants RX that will
lead to an improved CRISIA isotope separation process when used
with an isotopic molecule ‘My.

Illustrations are provided for the application of the RX
selection criteria to the isotope separation of #3Ur,/2%UF, (that is

for 'M-y = 'UF,-P) and specific molecules RX are identified which
yield improved CRISLA enrichments of Uraniunm. However, the
criteria afe general and can be applied equally well to the
separation of other isotopic molecules such as 'zrF,, 'zrey,, ‘2rer,,
‘WFé, and many other volatile halides. As utilized herein, the pre-
superscript "i" is used on an atom to indicate that different
isotopes exist which one wishes to separate.

- As discussed below in greater detail, there are seven
criteria which must all be satisfied by a coreactant RX in order
to achieve an improved CRISIA process utilizing the steps:
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My + nY, - 'My°(aV) ' (1)
RX + bV, = Rx'(hV,) (I1)
My'(ny) + rx™ - ('my*:rx™)* = Mxs + RY (1II)

Here hY, represents the laser photon and photon energy

with frequency V,. as explained heretofore, Step (II) may not be
required and RX need not be excited in the complex ('MY":Rx‘")* to

cause significant reaction except for certain particular cases.
It is clear that the coreactant RX must perform efficiently as
indicated by the overall reaction (III), or else the resulting
isotope separation will be poor. For example, if the reaction is
too slow or if other reactions dominate, the resulting isotope
effects will be uninteresting. For an improved CRISLA process it
is therefore desirable to cheose an efficient coreactant RX.

The first four criteria fer choosing a suitable Rx
molecule are defined in U.S. Patent No. 4,082,633 and constitute
a preselection process. The remaining three criteria are applied
after the preselection pProcess of the first four steps.

As indicated in step (A) of Figure 8, in choosing RX one
must begin with the group of Chemicals that do react with ‘MY. For
example, for 'MY = 'UF,, molecules such as N, 0,, €O,, etc. do not
react and can be left out in the first RX population selection.,
A nmore severe restriction is criterion (B), which elininates all
molecules RX from population "av that strongly absorb photons at

the laser wavelength to be used for the CRISIA process. However,
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according to the principles of the present invention, in some
applications a mild absorption by RX may sometimes be advantageous.

Step (C) rejects species RX that are totally solid,
having vapor pressures well below 10 torr at roem tenperature.
This selection step is necessary :j.ncc the substitution reaction
(II) must take place in the gas-phase to be effective. Step (D)
eliminates RX molecules that could react with ‘MY but would require

an amount of energy injection for the activated complex (‘My:Rx)'

which exceeds the energy E_ pumped into the 'MY molecule alecne or
2E, pumped by the laser into 'MY and RX both. Laser-induced gas-
phase reactions of "My" with RX must, of course, obey the law of
energy conservation. At the end of step (D), one still has a very

large class of possible coreactants RX, a few of which are listed

in Table 1.

. ¥
Ticl, - sieBr, sicl, GeCl, GeH,
BCl, SiBr,F,.. siclr,.. HBr AsH,
NoCl AsCl, Cr0,Cl, HCl CH,
NOBr sncl, 50,1, Sig, B,

The elimination of inefficient species RX from Step “D” reactants
such as those shown in Table 1, is one of the objects of the
present invention.

It has been found that reactants whose thermal rates of
reaction k, exceed the value given by equaticn (24) below, are poor
candidates for an efficient CRISLA enrichment process. Typical
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values of (k,)m for the case of 'UF‘ isotope enrichment with a co

laser are (k). = 1 sec’’ per UF, molecule. The rate constant k,

should not be too small either or the production rate of enriched
product becomes unattractively small. PFor the CRISLA enrichment
of 'UF, with a CO laser this lower limit on X, is typically

(X;)ain = 20 sec’'. Thus as applied to the CRISIA enrichment of 'UF‘

with a CO laser, Step (E) in Pigure 8 states that 107 s k £ 1z,
This criterion eliminates the first column and the species H, and
CH, in the last column of coreactants listed in Table 1 because k,
is larger than 1 s™' for species in the first column and k, iz less
than 10 s™' for coreactants in the last column with desirable
coreactant partial pressures of p, < 1 torr. The thermal reaction
rates k; of AsH, and GeH, in the last column of Table 1 as well as
SiH, are usually also less than 10° s, However, these reactants
may be laser-excited by reaction (II) causing their effective rate
of reaction with UF, to be increased to an acceptable level.

The upper value of k; = 1 5" for the CRISLA enrichment of
UF, is only an example and depends on the laser power and 'UF‘
absorption cross-section as indicated by equation (24). Feor higher
laser powers and absorption cross-sections (attainable at lower
temperatures), the maximum allowable value for kX, may be as nuch
as 10° ' or higher. TFigure 4 illustrates the boundaries of
allowable thermal reaction rates of suitable CRISLA corsactants to
be used for the enrichment of UF,. For the CRISLA enrichment of
other isotopes 'MY, other upper and lower limits for k, apply of
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course as determined by equations (24) through (26) set forth
below.

Even with a value of the rate constant k, that falls in
the right range defined by Step "E,"™ many coreactants still within

5 Step "E" fail to provide isotope-selective reactions. The usual
reason is that these coreactants fail to satisfy Step "F" of Figure
8, namely that the vibrations of the bonds to be broken are in
excess of the laser-excited largest bond vibration of My, as
mentioned most H-bonds have high dissociation energies and

10 vibrational frequencies Vu 2 2000 cm’' which are more than three
times larger than V,, = 625 cm'. For that reason, the molecules
RX = HBr and HCl in Table 1 are poor contenders for use in a 'Ur,
+ RX CRISIA enrichment process.

Of the remaining molecules also satisfying Step "F," it

15 is found that their employment in a CRISIA reaction does generate
an isotope effect, but in the case of ‘m‘6 the primary product ’U?,x
in reaction (III) often exchanges efficiently with the depleted 6?5'
molecules:

19 'UFgX + UFg - 'UF, + URX (IV)

20 This is particularly true if X = Cl in reactions (III) and (IvV).
Thus the isotope separation produced in (III) is quickly undone in
(IV) unless one can remove 'UF,X (but not UF,) from the
UF/RX/UFX/RF mixture more rapidly than reaction (IV). It has been

found that in some cases, the problem arising from (IV) is less
25severe if X = Br in (III) and (IV) since the product 'UFBr is
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unstable and decomposes quickly to 'Ur, and Br, with retentien of
zmost of the isotope specificity. Thus the last Step "G" of Figure
8 reqm;ires an investigation of the product mx vhose result
reflects itself in the selection of the compound RX.

In addition to isotope scranmbling exchange reactions such
a8s (IV), other chemical reaction mechanisms can be at work that
Promote isotope scrambling. For exazple, investigations of the
Teactant SiBr, reveals that products of this coreactant can
initiate chemical scrambling of isotopes through the steps:

X,

10 '0R,(av,)" + siBr, - ['or:sier]t - ‘oree™ o SiBryFt (v)
* % * * *

11 UF6 + SiBr,p® o [vF :siBrF)t o UEBr + siBr,r,(™ (V1)
L ] h » » d

12 UFy + SiBr,r,™ o [Ur,:sia:,r,‘ nt - UFBr¢™ + SiBrF,™ (VII)

k‘
13 UF + siBrRy™ <« [UF,:simcr,™)t o UFBr'™ + sip (VIII)

It has been found that ky « Xy, ky, k, so that for each isotope-

15 Selective laser-excited 'WUF,” in (V), three non-isotope-selective

20

products UF,Br are produced in Steps (VI) through (VIII). For this
Teason, SiBrFy is a better Coreactant for Uranium enrichment than
SiBr,, since only one product UFsBr can be formed in the laser-

controlled reaction:

'uF (hY,)* + SiBrFy - [ur,’:siBrr,]t - UF,Br + SiF, (Ix)

In conclusion, it is necessary in the final selection Step "G" to
consider all subsequent chenmjical isotope scrambling effects of both
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the products 'MX and Ry. 1In the example of the pre-selected UF, +
SiBr,F,., reactions, this leads to SiBrF; as the final preferred
coreactant choice.

In some applications, an even more efficient separation

process may be achieved, according to the principles of the present .

invention, by utilizing an auxiliary reactant. Step "H" in Figure
8 illustrates the criteria of such an auxiliary reactant. Briefly,
the auxiliary reactant GL is selected as one which complies with
Steps "B" and "C" of Figure 8, as described above, and which:
'~ (a) Rapidly scavenges and stabilizes the product 'Mx;
and/or
(b) Catalytically increases the formation rate of
enriched product produced by the primary reactants 'MY and RX via
briet Vanderwaals attachments to either one of them or to the

complex ['UF,":RXx‘”] and/or by interactive collisions with
['vr":Rx"]; ana

(c) Do not react excessively with MYy or Rx.

It will be appreciated that the molecules RX nay or m'ay
not be laser-excited depending on the particular parameters and
products utilized and the particular application. a high degree
of photen absorption by the reactant RX at the laser frequency ¥V,
is not desired (Step "B," Figure 8). However, some absorption by
the reactant RX may be desirable in particular cases.

The selection process outlined by Figure 8 and discussed
in more details below, greatly diminishes unnecessary and costly
experimentation to £ind an efﬁcieht coreactant RX and, if desired,

L
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an auxiliary reactant GL, for use in the CRISIA separation of ey,
The application of criteria (A) through (G) or "an through "H" to
the CRISIA enrichment of 'U!; has resulted in the selectiocn of
nvaral. Coreactants such as SiBrP; and the combinatien 81iE,
s (primary) <+ HBr (auxiliary) that make the CRISIA process
commercially competitive with other laser-isoctope separation
processes.
Certain aspects of the CRISIA process particularly and
laser-isotope separation characteristics in general have been
10 described in: -
(a) U.S. Patent 4,082 1633, "High-Mass Isctope Separation
Process and Arrangement," by J.W. Eerkens; april 4, 1978;
(b) "Ln:::_I59:9ns_nn:1shmsn:_sz_n:ininm_hx_:hs_sxlsna
Brocess (Vol. I)," by J.W. Eerkens; Report IT-87-006, Isotope

15 Technologies; Sept. 1987;

(c) "Li1s:imss‘_22nu15:1sn:‘_Anﬂ.Ah&Q::&ienﬁ_gz_:&uLJh
and gv,_Vj.b_mi_g_nLim," by J.W. Eerkens; Report IT-88-010,

Isotope Technologies; Aug. 1988;
() "MMHMMMM.' by
20 3.W. Eerkens, Nuclear Engineering International (Great Britain);
June 1989 issue, p.48;

(e) "mmmummm." by J.W.

Eerkens, Report IT-88-003R, Isotope Technologies; March 1988;

(£) "mmﬁmm“mmw." edited

25 by L.J. Radziemski, R.W. Solarz, and J.aA. Paisner; Marcel Dekker,
Inc. N.Y. (1987).
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BEST HODt FOR CARRYING OUT THE INVENTION

4._Introduction
Prior to a description of the preferred exbodiments of
the present invention, a discussion is given of the physical ana
5 chemical processes associated with the practice of the inventien.
Such a discussion provides a zore coxprehansive undei:standiaq of
the techniques associated with the practice of the present
invention so that those skilled in the art may be norﬁ fully
apprised thereof. |
10 Generally for successful CRISLA isotope separations, a
gas-phase chemical substitution or exchange reaction is desired
which can be written:

13 MY + 0V, - My, (12)
14 (Laser Excitation)

15 MY® + RX » ('MY":RX)* - 'x + RY (

16 (Y/X Exchange Reaction)

Additionally, as noted above, it may also be advantagcous_
to have laser photon excitation of the reactant RX. In such
applications, there would also be the reaction defined by the

20 equations:
21 RX + h\’t - RX" (2a)

22 My" + R - ('MY':RX")* = 'Mx + Ry (2b)

The phot:on absorption strength of reaction (2a) should not greatly
exceed and preferably be of the same order of magnitude as the
25 absorption strength in reaction (12) in such applicatiens. 1In
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these relations 'M is part of the molecule that contains the

isotope to be separated (e.g. 'M = 'UF). The activateda complex

("my*:rRx)* in (1b) or (2b) undergoes an energetically favered
exchange of X and Y. The symbol bV, in (1a) and (2a) Tepresents
5 the las;r- Photon energy with frequency V, in the customary manner.
The simplest CRISIA reactions are those in which X and
Y are two different halogen atoms such as X = ¢1 er X = Br and
Y= PF. For example, for UF, the following exothermic exchange
reactions with RX = QX,~X can occur:
10 'UFs-F" + Qcly-cl - 'uRy-c1 + QCl,-F , (3)
and:

12 'UFg-F" + QBry-Br - 'Un,-Br + QBr,-F (4)

For Q = si, Ge, or Sn, the reaction speed is moderate while for
Q = C, the reaction is endothermic and no reaction occurs at room
15 temperature. For Q = Ti, the reaction is fast. 1Instead of Qx,,
mixed halogenated species are alge possible in (3) and (4) like
QFCl, QF,Cl,, QFCly, QFyBr, QF;Br,, QFEr,, QFC1Br,, QFBrCl,, QF,ClBr,
etc. 1In addition, the substitution of I for Br in these compounds
might constitute a possible coreactant. However, many iodated
20 gaseous molecules are unstable at Toom temperature and dissociate
giving off I, or IX.
Other much-studied exothermic reactions as indicated in
United States Patent No. 4,082,633 are:
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1 ‘O + EX - UFX + EF (X = Br or 1) (5)
) ‘oz’ + QB, = UF,QE, + EF - 'UF, + Qu,r + BHF (62)
3 ‘ory + OB, ~ 'URE + QT - 'UrEF + OE;F (6b)

In cquiticns (6a) and (6b), Q is 5i or Ge. Aadditional halegen-

5 exchanging reactions with UF, exist invelving coreactants such as
Q0 X, and QOX,. Some of these will be discussed later. Instead of
halogens, in cther CRISIA schezes, Y and X night respresent -H, -CO
(cazbonyls), -BH;, -NE,, -5iB,, -5i0E, -CH,, -COH (ketones) or other
moieties in addition or in place of the halogens.

10 Aside from X/Y substitutions reactions (1b) or (2b),
other possible gas-phase reactions are:

12 ' + R~ (My":R)* - ‘M + RY (Y-stripping reacticn) (7)

13 My* + RZ - ('MY":RZ)* - MYR + 2 (R-stripping reaction) (8)

14 'my* + Rz = ('"My":R2Z)* - 'MyR2® (s)

15 (Permanent Attachment/Rearrangement Reaction)

Examples of reactions (7) through (5) with 'MY = UF, are:

1 UF, + NO = UF; + NOF (20)
18 UF, + SF, = UF, + SF, (112)
19 UF, + AsFy = UF, + AsF, (11b)
20 UF, + NOF = NOUF, (12a)
21 UF, + NOC1 = NOUT, + iCl, (12b)

Experizents with reacticns (10) through (12) showed
reactions (1la) and (11b) to be too slow and (10), (12a), and (12b)
to be too fast. As explained later, because of this, such
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Teactions are usually not suitable in crisia applications of UF,
enrichment that use (preferred) 5.3 micron cO lasers. The criteria
for selection of attractive coreactants Rx in a UF, CRISIA process
develoéed below apply theretofc Primarily to exchange reactions
(1b) or (2b). For purposes of illustration, the description herein
shows the application of the invention to Uranium isotope
separation of 'UI-“. However, it should be understood that the RX
selection criteria can be readily extended to the CRISIA separation
©f other natural or radicactive isctopes such as 'Pu, 'zr, ana '1,
using suitable volatile molecules 'Y or 'HX.Y,, where X and/or Y are
halogens (F, C1, Br, I), -H, =CO (carbonyls), -BH,, -NH,, ~CHy, -COH
(aldehydes), -sion (siloxanes), or any other suitable atom or group
of atoms.

To determine the type of coreactant RX which will leag
to a commercially attractive CRISIA process, it is necessary to
exanine CRISIA physics in some detail. As described below, the
uPper and lower limits for the thermal reaction rate of RX + UF,
are established by an analysis of the expression for the enrichment
factor a. This greatly limits the class ©of gaseous molecules RX
that react with gaseous UF;. Of the group of gaseous RX molecules
that fall within the reaction speed limits, there are only certain

ones whose reaction rates are speeded up when they encounter, for
example, CO-laser excited UF,’(3V;) molecules. The attributes of RX

molecules that fall in this set are discussed in Section 3. In
Section 4, additional restrictions on sujtable coreactants are

discussed which are due to subsequent chemical SCrambling of
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enriched product nmolecules. Section 5 below describes the
selection process for the auxiliary reactant GL. Finally, in
Section 6, a summary is given of all the requirements that make a
RX coreactant be an attractive candidate for a commercially viable
CRISLA -process.

2. CRISIA Enrichpent Factor and Reaction Speed Restrictions.
For a clearer understanding of the important CRISIA
operational parameters, Figure 1 shows one possible arrangement of
a UF, CRISLA process. A carbon monoxide (CO) laser is u;.d to
illuminate an intracavity reaction cell (IC) filled with gaseous
Uranium Hexafluoride (UF;), a coreactant RX, and possibly an inert
carrier gas (A) such as Ar, N,, He, Ne, Kr, Xe, or other suitable
gas. The UF, (+ A) and the coreactant RX (+ A') are injected
separately into the IC through two different nozzle or orifice
banks as shown, and flow at a2 pre-selected speed through the IC
while being irradiated by CO laser photons. These photons induce
isotope-selective reactions as described above causing the
production of enriched product UFX which has different
physicochemical properties than UF,. The UFgX product is removed

from the (UF, + RX + A) gas stream by precipitation on the IC walls

and in the product collectors labeled A or B in Figure 1. The
depleted UF, together with remaining RX, A, and RY is next passed
on to the tails collectors 'A' or 'B' where the depleted UF, is

25 separated from the coreactant RX, the carrier gas A, and the

product RY. The gaseous components RX, RY, and A are next
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separated from each other and reconditioned for reuse in the CRISIA
process as described further in United States Patent 4,082,623,
In the case of RY, the chemical is first reformed back to RX for
reuse.

5 The laser excitatien of UF, by reaction (1) is zade
isotope-selective in the CRISIA process by cparating, for exazple,
the CO laser on one of its strong lines at 1876.3 cn™. UF has a
tertiary 3V, absorption band arcund this frequency as shown in
Figure 2. The 'UF, ana Py, pands of 3V; are isotope-shifted by

101.85 c@’'.  ©On the Q-slopes of thess bands, Z%gr, absorbs more
strongly than Z%Ur,. At 1876.3 @', the abserption cross-section
ratio differs by a factor of 2 to § depending on temperature. In
general, the colder the gas, the higher the cross-section ratio is.
Figure 3 shows the calculated variation of I, = o(®*ur) /o (Piur)),

15as a function of temperature using a lumped-lower-vibration (LLV)
band model that was fitted to experimental measurements. This
calculated value of ., is based on smoothed absorption band
contours. The real value of {53 2y be higher, particularly at the
lower temperatures, due to sharp holes in the actual band spectra

20and the fact that the IC exerts fine-filtering action. as
described in United States Patent 4,082,633, this can force lasing
action to breakout at those freguencies of the many allowed ultra-
zonochromatic rescnator lines of the €O laser whers Biyr, absorption
Peaks are avoided and whers Z'Ur, spectral holes exist.

25 The laser photon of frequency ¥, = 3V = 1876.3 cu™ is
stored in the asymmetric stretch vibration of F-UF; which is the
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bond to be broken in the rearrangement process of the activated
complex in reaction (2), (3), or (4). For many coreactants the
stored 3hY; energy is insufficient to promote significant
enhancexent of the reaction. However, for certain sgpecial
> compounds of the RX to be selected and identified below, the v,
vibrational excitation is efficiently redistributed in the
activated complex and drives it over the reaction barrier.
Provided that the laser-absorbed energy can cause barrier
penetration, it is shown in Section 3 below that the reaction rate

10 ky(sec™ per UF, molecule) of laser-excited UF,” is enhanced over the

reaction rate k; of an average non-laser-excited UF, by the factor:
z, 1
12 8, = k/k = 7 exp(tV /xk1) = 7 exp(2700/1) (13)

Here p, is a factor which depends on the reaction activities of the
V,, V,, and ¥, vibrations of UF, in the associated complex UF,':RX'.
15 This factor equals p, = 3 under favorable circumstances and P = 56
in the worst case. The parameter Z, is the partition function of

the reaction-active vibrations which equails 2, 1. At T = 225°K
one cbtains 6 = 1.6 x 10’/p.. In the most favorable case for which

Ao = 3, 6 has the value 5.4 x 10° (at T = 225°K). Equation (13)
20 shows that a very slow thermal reaction rate will also cause a
relatively slow reaction rate for laser-excited UF,.  The
implications of (13) and the conditions under which it applies will

be examined further below.
For a fuller understanding of the molecular parameters

25 that dictate the effectiveness of a CRISIA coreactant RX, it is
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necessary first to examine the analytical expression for the
isotope separation factor @, of the CRISIA process. As we shall
see, this factor contains the thermal reaction rate k;, that is the
reaction rate of the coreactant RX with non-laser-excited UF,. The

5 higher the value of a, is, the better the isotol;c separation will
be.

The basic separation factor @, of a Uranium enrichment

Process is generally defined as g, = [’U/‘U],M‘JPU/'U]"“. in the

linit that the product cut @ = Product/Feed = 0. Here and in what

10 follows we shall abbreviate all isotopic superscripts and
subscripts 238 and 235 to 8 and 5 for simplicity. fThe factor a,
depends on the physics of the molecular separation kinetics.
Different separation Processes (e.g. Diffusion, Ultracentrifuge,
etc.) have quite different @,'s wvhich depend on certain microscopic

15 molecular constants and imposed conditions of operatien.

For the CRISLA process, @, can be expressed by the

relation:
iga . "s‘f’nﬂq"'k-r. k:.s"""-r_ Sk + X - $ss Nk + Xy (14
20 Tefulg t Ky Ky + XKy k + kK nky + Xk,

Here o; and Oy are the photon absorptien cross-sections (cmz) for

*UF, and %UF, at the laser frequency V| = 1876.3 cm™ and ¢, is the

intracavity bi-directional laser flux (photens em™2 s'). we already

defined the cross-section ratio !,3 = 0y/0,. The effective laser-

25 induced reaction rate k, and the molecular lager absorption rate k,

are related by:
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1 k, = X, s per UFJ, ' (15)
Eere X, can be shown to equal:

-
X, = ¢ = 2.67 x 10" "—l: , 8" per vF,, (16)

w W

in vhich P, is the bi~-directional CO laser power (Watts) and A is
the IC tubs cross-section (cm’). Note that in (14), k; = ¢,05 and
kg =90 = k. That is X = Xk, is normalized to the %7,
population.

10 A very important quantity in the CRISIA process is the

quantun efficiency e vhich relates k teo k, in egquations (14) and
(15). It is defined by:

13 ks X
14 Ng = = 17)
15 h+tk+kl+k+a t+tk+k
Here the various rate paraneters X; with I = R, V, W, S are defined
by:
18 X, =  Reaction Rate of lLaser-Excited UF,’, s per UF,".
19 k, =  Collisiocnal Rate of Deexcitation of UF, (3Vy) + X =
20 ur,’(2V,) + ¥, s per UF,".
21 kX, =  Wall Deexcitation Rate for average UF,, s’ per UF,’.

21 X, =  Scrambling Rate of 'Ur/ (3V%) + UF, - ‘'vr(2V) +
23 vr, (V). s per ur,’.
” A, =  Spontanecus Emission Rate of UF,'(3V)) - UF,(2Vy) +

25 h’,, ." per UF‘.C
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Usually &, and k, are negligible compared to X, k,, and X, so that
the second simpler expression in (17) applies.
Often it is easier to write 7y in tu.'msj of collisicnal
interaction probabilities T, or numbers of collisicns 2z, = (T7,)!
5 wvhere I = R, V, §. 1In terzms of probabilities, the rates X, Xy
and Xx; can be vritten as the product of collision rate k. and the
probability T,. 1In a reaction mixturs with components ur,, RX,
and carrier-gas A, one has:

9 =k M+, +5)=x/iz1 +5,+2)} , s (18)
10 k=X T, =x/z, ,s! (19)
ke WO+ n7 o n/n) = x5 4 v /) L s 20

Assuning a typical aversged collision cross-section and reduced

mass, and a texmperature of T = 225°K, the collision rate is found

to be approximately:

15 ke = 5 x 104 p, . (torz) |, UF,” collisicns s (21)

In (18) through (21), Peot ™ Pa + Py + Py i3 the total pressure of
the CRISLA gas mixture in torr and Ty = Pue/Pixr T, = B/Py, where

it assumed that the mixture is conposed of carrier gas A,
coreactant RX, and UF,.

v

20 Substituting (18) through (20) in eguation (17), the
latter can be rewritten in the form:

22 1+ +r 1+, +1 -t

23 " [1 + 2, ( — ‘,, - ) (22)

2 z, 2,02+ 5, + 1,7
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Typically one night have Z, = 10° to 10 collisions, 2, = 10t
collisions; Zg; = 10° collisions; I, ~ 1; and r, ~ 0.1. Then from
(22), 0.003 g 5, < 0.2.

Returning to expression (14) for ¢,, it is clear from an
inspection that the maximum value that ¢, can reach is a, = &,
which is achieved vwhen k; << k; = nk,. Also note that the minimum
¢, value is a, = 1 which occurs for k, >> k. For typical CO laser
povwers, k, = 1 to 30 s'. Then assuring fq = 0.03 we have k, = 0.03
to 0.9 s°'. From (14) it is clear then that the thermal rate k; for
a suitable coreactant RX should have a value k, < 0.03 to 0.9 s’'.
For stripping and attachment/rearrangement reactions such as (10),
(11), and (12), one commonly finds thermal rates of K, = 10 to 10°
s torr™ (RX) per UF, molecule, or k; = 10? to 10° s™! for a typical
ten torr of RX. Clearly even with one hundred percent quantum

efticiency'(nq = 1) which gives k, = 10 5!, the factor a, would still

be close to 1, that is there would be no isotcpe separation.

The above illustration clearly shows that to achieve
useful isotope separation, there is an upper limit on the allowabie'
rate k; of the thermal reaction of RX + UF,, namely:

(ke = ko = gk, 4 8™, (23)

where k, was given by (16). It equals k, =3 s! for typical values
of P = 2000 Watts and A, = 3 cm’. Now Nq and k; are related by
equation (13) that is n, = n.(k;). Solving explicitly for X = (k)
from (13) and (23) yields:
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ky + kg "
(s = X, = 0 (24)
L

w N

From equations (23) or (24), it is clear that the laser
5 Power and therefore X, should be high encugh £o that X, exceeds

O, + x)/6,. As statea, k, = 3 s typically, while ky + X, ~ 2000

s and @, - 10, This gives (s = 2.8 87", 12 k, is smaller than
0.2 s°! go that (24) becomes negative, it does not nean that there
can be no isotope Separation. According to (14), the separation
10 factor a, could still be large in this case if },, is large encugh.
However if (24) is negative, @ = 1 would be less than half the
Daximum value at a, = §,. If cne sets the maximun value for k,
equal to k, as in (23), one makes the assunption (somewhat
arbitrarily) that a reduction of @ = 1 by more than a factor of
Dtvo from its maximum value of { - 1 is considered to be
economically unsatisfactory. An alternative criterien is to

consider the thermal reaction rate k, to be teo high when it
exceeds the rate k,. Thig speed limit (k, < k) and the limit (2;35
are both illustrated by the dotted lines and arrows in figure 4,
20 which shows a plot of e, versus k.
A very low thermal reaction rate k; = 0 for RX + UF, might
at first appear to be attractive. However becauge of relation (13)
between the thermal reaction rate and the laser-induced reaction
rate, k, cannot be too low since then the isotope productien rate
25would become too 1low. Equation (17) shows that the quantum '
efficiency T becomes poor if k, = 6.k, becomes small compared to k,
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and k;. For example, if 75, would equal say n, = 10" and if x, = 3
s' (B, = 2 xW, A, = 3 cx’), then k = 3x10° 5°! = 0.26 day’'. This
means that it would take 2.7 days to get 50% of the UF, reacted!
It n, = 107, a 503 reaction would take place in 8.0 minutes
instead.

It appears reascnable to take Nq ™ Nquin = 0.003 as the
lowest quantum efficiency that still gives a commercially
interasting CRISIA process. From (13) and (17) one obtains then
for the minimum allowable thermal rate:

kv + kt ngin nquln .1
(k'l’)ﬂn - (-;L-—) '(1 _ nmi'\)” o, )(kv + ks) ¢ 8 - (25)

Thus the value of k; should be in the range:

Nepin' @ £ — < (1 - q) (26a)
kA

where the dimensionless parameter g egquals:

X, + X (kwk,) (-hﬂ)
q = = Po c P — (26b)

6.k, k,

Figure 4 illustrates the requirement that the value of
X, be linited more clearly. As shown, if k;, or ¥; = k,/k, beccmes

too large the separation factor a, becomes small, while for small
values of Xk,, the reaction becomes too slow and inefficient. Aas

shown in the insert of figure 4, in terms of the parameter g, and
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X%+ the process factor a, = (7, Z,. + X,)/ (g +X) ang
ne= @+ qf %)

The parameter g contains the deexcitation rate (kv + k)
of excited UF,’(3V;) which is often not precisely known. Experiments

indicate that the relaxation of UF,"(3V,) requires hetween 100 and

10,000 collisions (depending on the gas mixture), for which q, has
a value between 10 and 0.1 respectively, if X, = 10 sec’! ang Peor ™

10 torr. Figure 4 shows that if UF'(3V,) relaxation has the most

pessimistic value of 100 collisions, one can still achieve good
isotope separation by increasing the intracavity laser power from
3 ki to 30 XW thereby increasing k, from Xk, = 10 5™ to k, = 100 s
and lowering q, by a factor of 10. Intracavity circulating powers
©f P, ~ 30 kW are achievable with current state-of-the-art laser
technology. There is also scme uncertainty regarding the parameter
f. vhich can raise or lower the value of g,. By using q, in figure

4, the curves for @, are general, and can be used whatever the
values of P, or (k, + k;) turn cut to be.

Because of the restrictions (26) on k;, one finds that
most (usually rapid) stripping and Trearrangement reactions like
(7), (8), and (9) are too fast and that the slower exchange
reactions (2) are preferred in CRISLA. Even if CO lager powers
were to be increased ten-fold over Present state-of-the-art values,

that is if x, = 1000 5™, most stripping and attachment reactions
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with typical values of k; >> 10° 5 would still be unsatisfactory
for consideration in CRISIA.

MWMWMM

According to reaction rate theories and in agreement with
experimental observations, gas-phase chemical exchange reactions
such as (1b) or (2b) must have a finite hesitation or atonic
rearrangement time during the encounter of the two reactants. This
requires the brief existence (many vibrational perieds long) of an
associated complex of the two reactant molecules. During the
existence of this associated complex (also Called a Vanderwaals
complex), energy is internally transferred to Tearrange atoms and
to break bonds. The bonding changes occur by the redisttibution
©f electrons that readjust at speeds 10° - 10° faster than the
motions of the atomic nuclei.

For two reactant molecules to form an associatea
Vanderwaals complex in a collisional encounter and to remain
attached after the encounter, it is necessary that they shed their
relative kinetic energy and .store this into vibrational energy.
Otherwise they bounce off each other and fly apart again in an
"elastic collision™ as illustrated in Figure 5. The relative

kinetic energy of a gaseous molecule at room temperature is on the
order of 200 cu™' (~0.025 eV). In the case of UF, or ancther heavy

Polyatomic molecule, such kinetic energy is readily stored into one
of several low-energy vibrations by so-callead Tv (Translation-to-

Vibration) transfer collisions. The Teverse events (VT transfers)
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occur alsc with equal frequency. For example, the v = 186 e,
Vs = 200 o', ang Vi = 143 en”' fundamental vibrations of UF, are
readily excited and deexcited in ten or so collisions. as shown
in Reference (e), for a Vanderwaals attachnent event, the molecules
should have a relative translation energy less than ~2 cm'l, mpe
possibility for such an occurrence exists: (a) for a small fraction
of the Maxwell-Boltzmann distribution; and (b) Quring a TV transfer
event where mv, - xT.

Intermolecular attractive forces between two gaseous
molecules always exist. This can cause molecules to be trapped in
the intermolecular potential well if they have 1ittle relative
kinetic energy or if they loese nearly all of their relative
kinetic energy in a Tv transition. Unless a reactive molecular
Tearrangement process occurs, the associated complex usually
dissociates again into its original constituents after a few
collisions with other molecules.

For a chemical exchange reaction like (1b) or (2b) to
Proceed during the association 'MY:RX, it is nhecessary that thére
be sufficient activation energy in the complex to Push it over the

reaction barrier. Since activation energies range typically from
0.2 to 1.2ev (~1600 to 10,000 cen”'), it is clear that the average

thermal kinetic energy of 0.025 ev (~200 en") is not sufficient to
induce a reaction after its storage as vibration in the Vanderwaals
attachment. The most Probable scenario for an attachment followed
by a reaction is a collision in =hich both reactant molecules are

already vibrationally excited (in previous collisions) to a fairly
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high level. 1In the attachment collision, additional vibrational
energy (~200 cz') is transferred to the vibration "warehouse" of

the complex, but, as stated, this quantity is small and
insignificant compared to the vibrational energy that was already
5 present, '

The probability of finding reactant =molecules with
various levels of vibrational excitation is as set forth below.
The result also provides the probability that two coreactant
molecules which collide and attach have sufficient total

10 vibrational energy E, to induce a chemical reaction. Thermal (non-
laser-induced) reactions such as (1b) are studied first and then
reactions with laser-excited molecules will be examined. The main
goal is to establish the relaticnship between the average thermal
reaction rate k; and the reaction rate k, of laser-excited species

15 which have been pumped to a particular vibrational level.

The probability of finding a polyatomic molecule in the
gas which is excited to the v,-th vibraticnal level of the e
vibration with fundamental fregquency V, is given by:

19 w(v,) -v, hY,
20 £(vy,) = (=] exp (27)
21 Zw | kT

In equation (27), w(v,) is the statistical weight of the v,
vibration level and Z,, is the vibrational partiticn function of
'MY. For brevity E, = v, hY, will be written for the energy stored

25in the a vibration of the first reactant molecule 'HY, and E, = v‘h\’,

-
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for that stored in the secend molecule RX. The total vibraticnal
energy stored in a molecule ‘MY is then:

E, = :z = hZ(v V) (28)

Similarly for molecule RX one hu°

E = ; E, = h;(v‘v‘) (29)

Here the v, and vV, have cne of the values 0, 1, 2, 3, «.. The total
vibrational energy of two reactant molecules that form a complex
is of course E, + E,.

Clearly there are zany possible values for E, and E,
depending on what combinations of v, and V, are present. The v,
and v, of a particular combination of Ve's and v,'s in an encounter
of a particularly excited molecule 'MY" and a particularly excited
molecule RX' are designated by Ve and Vy» For example for My = = UF,
and RX = SiCl,, one might have Vip ® 0 vy = 35 vy =15 Vi = 5:
Vsj ™ 27 Vg = 4 for the six normal vibrations in UF,, and
Vi ® vy =1 Vi ™ vy = 0; Viy ® vy = 1; Vi ™ Ve =3 for the
four nermal vibrations in SiCl;. Here we relabeled the fo‘ur
vibrations V,, V,, Vy, ¥, in sici, to V7 Yy ¥, Vi to avoid
confusion when we examine all ten vibrations in the associated
complex UF,":SiCl,". The corresponding total energies with these
sets of vibrations j are clearly E =E, + E,; = ( + z‘j)

the vibrational quantum numbers were restricted to say v, £ 5 and

Vs S 5, one would have (5 + 1) = 60,466,176 combinations j for the .

ten vibrations.
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In the discussion up to this point, ihcrc has not been
considered the effect of possible degeneracies of the vibrations.
It can be expected that reaction of RX with a molecule UF,” that has
vibrational excitation 3V; = V¥, + ¥V + V; distributed over the
three different axes a, b, ¢ of UF,, will be dAifferent than
reaction with UF,’ with 3V, = 3V, in vhich all of the V; vibratiocnal
energy is stored n;ng one axis in UF,. 1In accounting for such
differences, it is convenient to relabel the degenerate vibraticns
and enunmerate then separately. That is, for the six vibrations of
UF, and the four vibrations of §iCl; (of which many are degenerate)
the 24 vibrations [V, Voo Vv Var Voo Vaer Yoo Voo Veer Vs Vs
Vser Ver Voo vul;:rc' and [V, Y Vi, W, Vaor Ve Vawr Vipe Viedercu
shall be relabeled V,, V,, ....., V. Instead of 6" cozbinatiens
there are 6 = 4.74x10" combinaticns, if the v_' are restricted to
v,! € 5.

By treating all degenerate vibrations as separate
vibrations, the probability of finding molecule ‘MY with total
vibratiocnal energy E,; and molecule RX with total vibrational energy.

E,; may be expressed as:

2E,) = 2" exp[-Tr0)/(x)) (30)
£(e,) = 7" exp(-Tloyh9)/ ) ()

Then the probability £(E) of finding total energy E, =E, +E, in

25the associated complex is:
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; f‘!;) - f(E.,)-(t(Eu) -z, Zy" "‘P('g(vc')h"c-)/ (k'.l")) ' (32)

It is assumed that low-energy TV attachment probabilities are
uneffected by the internal excitea states of the collision
partners. Theorstically this is 4 good firsgt-crder assuxption.
In (32), the summation o' ig cver all the renumbered vibrations o
from 'MY ana g frem RX of the combination sat J. Degenerate
vibrations are counted separately in this sSuz as discussed in the
Ur,’:54c1,° exazplae. By doing this, the statistical veight w(v,) of

10 each vibrational level is unity in equatien (27), thus Pernitting

15

20

25

the evaluation of sizple sums in the exponentials of (30) = (32).
The 2., and Zyw in (30) - (32) are the vibrational partition
functions of molecules 'MY ana Rx.

IZ all atomie bonding interactions vere precisely known

in the cozplex UF,’:54C1,", there could be constructed so-called

LEPS (-Londcn-ty:ing-?olanyi-suo) Potential surfaces as a function

of the separation and relative oricngation ©of the atoms in the
Zolecules UF, and SiCl,, and the Complex UF{':SiCl, for example.
Then, in Principle, there could be calculated on a computer the
ocutcome o©f possible Cl/F substitution Teactions for variocus
relative Xxinetic velocities ©f Ur, and §iC1, and aifferent
vibrational lcadings 3§ in the Urisicl” complex. 7o date, such
computer calculations of a Teaction have only been done for one
vibrational mode and a total of three atons (Reactions AB + C~
AC + B), using estimated 1rps surfaces. The extension to twelve

atoms with (eriginally) tventy-four non-degenerate vibrational
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nmodes i3z far beyond the scope of present computer models, even if
many simplifying assumptions are made.

If there were some rule which predicted what combinations
b ) wouid proceed to reacticn and if these were labeled as the
reactive combinations j = r, the total thermal reaction rate of the
substitution reactien 'MY + RX - 'MX + RY would be given by:

X, = );:(z,) C 0D - (ke . s (33)

Here £(2,) is given by (32) (with § = r) and (x)ex is the collisional

encounter rate of 'MY and RX. For the case that My = UF,, (k)i is
given by (21) with p,, replaced by the RX partial pressure p,.
TT,,(xT) is the attachment probability or TV transfer probability
for storage of the relative kinetic energy XT between the colliding
coreactants into a low-level vibration of UF, or SiCl, as discussed
above. For UF,:RX reactions, TT,.,, ®£ 0.01 - 0.1 typically.

There is one rule which greatly limits the number of -
reactable combinations j = r. This is the conditien (suggested by
reaction rate measurements and by Eyring's theory) that a certain
ninipun activation energy (E,),;, = E, is required for an associated
complex to pass over the energy barrier and to proceed to an atonic
Tearrangement. This means that in the finite sum (33), only terms
with E, > E, need to be considered, and because of the exponential
dependence of f(E,) on E, only terms with E, - E. need to be

retained in the sum.
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There are many sets J with total eneréy E; that would
nmeet the conditien E; = E; but vhich do not belong to the reactable
group j = r., In principle, LEPS-based computations would be able
to determine which combinations of J with 2, ~ E, can react. For
a X/Y substitution reaction (1b) or (2b), it is reasonable to
assume that vibrational energy E, concentrated along the bona M-y
and vibrational energy E, stored along the bond R-X is nost
effective. For example for UF, the vibration V; with fundamenta)
frequency 93 = 625 cm'! provides most energy along one of three
possible axes that contain the bond UFy=F, while for siCl, most
vibrational energy for pPossible severance of a c1 atom would be
provided by the ¥ = 619 cn™' fundamental. These bond vibrations
are illustrated in figures 6 and 7 for Sicl; and ur,, respectively.
Thus, if E.  is the measured (or estimated) activation energy for

the UF, + SiCl, reaction, the sets § = r with E; = hlv,V, + v, V]

where @; =4, 5, or 6 and ﬁj = 19, 20, or 21, and for which 1-:, - E, .
are expected to be most effective. Here we used the expanded
humbering system in which V,, = Voo Vg = 9, Vs, = ¥V, for uF,, and
Vi, =V Vy, m VY, Y, m \’2,. for sici,.

It is possible that certain wagging and scissoring
vibrations like ¥, V;, VY, of UF, and V2, ¥, of SiC1, will help (or
hinder) the cl/F exchange reaction in the associated complex in
which V; of UF, and/or v of SiCl; is multiply excited. For

temperatures T > 150°K, the low~energy vibrations (\’. < 200 ex™') in

UF, and sicl, are almost always excited (to 2 < v, < 5) and their
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effect on the reaction is averaged. (The same comment applies to
rotational states.) This holds also for laser-pumped reactions.

The possibility does exist that high-level excitations (v.r vy 2 5)
with E; -~ E, of combinations of ¥,, ¥, V, in UF, and V, and V, in
sicl, (with no excitations of Vo ¥, ¥ in UF, ana ¥,, Vs in sicl)

can contribute to the chemical reactien rate, but these
contributions are probably small. From V,ViT transfer theory (Ref.
2¢c), it is found that VV transfer probabilities decrease with
increasing nunbers of vibrational quantun changes (by factors of
10 = 100 for each additional quantum change). Since in a chemical
rearrangement of the associated complex, internal Vv qQuantun
transfers occur also (together with changes in bend strengths with
attendant changes in the vibrational trcqgency) , one can expect
that the most efficient reaction~promoting energy loadings are
those with the fewest number of vibrational quanta while still
satisfying the condition E} = E.. For the UF, + SiCl, case this
means that multi-level excitations of the V,, V,, V; vibratiens of
UF, and the V,, ¥; vibratiens of SiCl, will be much more effective
than nulti-level excitations of V,, V,, ¥, in UF, and ¥,, ¥, in
sici,.

Because exact LEPS-based reaction calculations for two
attached vibrationally-locaded polyatomic zolecules are presantly
izpossible, educated approximations will be made based on the above
discussions. The combinations J =1 are linited to sets of

25 vibrations that contain only the high-energy vibrations. Then the
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thermal reaction rate Xk, for a case such as UF, + SiCl; can Be

estimated from the expression:

-E,
ky = k»;:ﬂp—)“kg[’.b exp-);) (34)
where:
1)
Ky = T (R . 57 per 'my (35)
z.v zbv

The parameter O, in (34) is the effective statistical weight of
all reactable combinations of excited levels. Approxinaie
expressions for /J.b under various limiting assx'.mpticns are given
below. |

The activation energy E, in (34) can usually be obtained

experimentally. Theoretically it should equal:

E, = E, +E-h[v__"+vh] (36)
where v,, is the ninimum nuzber of quanta of the highest-energy
reaction-generating vibratien e, in My that yields hv.\’” =
Similarly, v, is the nminipum number ©f quanta in RX such that
hv”\)‘r = E,. If there exist several reaction-promoting vibrations
a, with energies close to each other, then ‘\3” in (36) is the
averaged value of the fundamental fregquencies of these vibraticns

(e.g. V, = 666 ™!, V, = 533 en™!, Vy = 626 e’ in UF, with v, = 608

ex'). similarly, for RX, an average value V, may 2pply (e.g.

1 -

V, =424 o', ¥, = 615 c@' in sicl, with V, = 522 ).
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Experinentally, only E, = Z, + E, are usually nsasured and not E,
and E, separataly. In principle 2, and E, can be quite different
and without additicnal information, cne can have several fits of
the sun of their values and of Ve 2nd v, to the xzeasured value for
E,. Tor exazmple, if it is found that the experimental activation
energy E, & 0.35 eV = 2300 cz!, and \7, ® €00 ez, 9,, = 500 e,
then a possible 2it is Va ® 3, Viu = 2. The preblem of how to
estimate Z, and 2 separately is discussed belov.

The statistical weight Pu ©f Teactable cozmbinatiens 14
vibrational excitations can under one approximation (Case dA) be

expressed by:

(v..+n.,-=)s) .((v..u.,-z): -

Po= o fos (v_!(n., - ) Val(n, = 2)1 J

(Case A)

In equation (37), as before, v, and Via 2T¢ the minizum number of
vibrational quanta in the vibratiens e and £, o1 'MY and RX trat
can induce resction, when PTesent in ¢he associated cemple:f
'MIRX.  The n,, are the total nunber of bigh-energy vibrations e,
including degeneracies, that can cause reacticn with Vae Nuzber of

quanta. For exazple, if for UF, ve assuzme that the V; (= 666 ™),

V; (= 533 @), ¥ (= 626 cz"') vibrations can a1y contribute to
Teaction, we have n_ = 142+ 3 =6 since the V, vibration has
degeneracy &, = 1, V, has &, = 2, ana Vybhas &, = 3. mhae is, under
this assumption, vibrational combinations 1ike v, + 2V, + Vy;
Vi, + Yy, + 29, ; 3V, + Vu1 4V, etc. have an equal probability of
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inducing reaction if the energy criterion E, = ‘hv.:)..,. requires
Va ™ 4. 1In this case, A in (37) would egual L = 126, Thus, yA
is the statistical weight or total number of Possible different
combinations of storing four quanta in the vibrationg \ P Vor Vs,
Vier V5, and v, .

I the UF, reaction were able to Proceed via excitation
©f a nunber of quanta v, = v; of the triple degenerate V, vibration
only and by no other vibrations, it would be found that

Te =S =3, anda p, = (v, + g, - DAvi)e - 1)1} - ¥(vs; + 1)
(v3 + 2) which is equal to the usual statistical weight of a triply
degenerate vibration excited to level v. 1f sinmilarly only one

particular vibration in RX would be effective for reaction, there

would be obtained for the general Case B:

Ver + dcr - 1)!) ((vﬁr + dlr = 1)!)
* ¢ (38)
Veelld, = 1)1/ v !(4,, - 1)1 b

one (degenerate) a. only
one (degenerate) B, only

fub'/’.' /’b'(

(Case B)

vhere 4, and d, are the degeneracies of the reaction-sensitive
vibrations a, and f,. For example, if Ve = ¥ in UF, and V. =V, in
sicl,, ana ir V3(UFs) = 4, and V3(SiCl) = 3 is requirea for a
reaction, one would have [a ™ 15 and o = 10 so that L ™= 150.
Even more restrictive assuzptions may be made than (38)
about the reactability of a loaded vibration, such ag assuming that

only "stacked" quanta in one vibrational axis can be operative.
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That is, it can be postulated that only say E, = 3hV), with v, = 3
is effective to cause a reaction, and not say Z, = h(Vy, + Vg, + V)
with vy, = 1, v = 1, vy, = 1 in vhich esach of the three F-U-F axes
has one quantun of vibraticnal anergy. If the same rastricticn of
one reaction-active vibraticn Ve in zolecule RX is assumed, the
wveight Lo would ke, in this case:

Po= fa' o Cer " & (39)

© stacked vibrations of g, enly
stacked vibrations of g, enly

(Casa C)

where 4, and d, are the degeneracies of vibrations g, and #,. For
exazple, there could be @, = 327 &, =3 inUF, and 8, = 1; ¢, = 1 in
sicl; so that f, = 3. 1In this last case (vhich shall be called
Case C), the statistical weight [ i independent of the
vibrational levels v, and v,.

The partition functions Z, and Z, to be used in equatien
(35) depend also on whether Case A, B, or C is applicable in a
particular reaction. Since it is assuzed in these three cases éhit
low-energy vibrations have little or no effect on reaction, it is
necessary that the partitiocn function for the vibrations a, is used
in the presence ©f any gquantum-level cozbinatiens of the low-
energy vibrations (Reference (e)). In -such a situation, for the

Cases A, B, and C¢
|
ar

(Case A)
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z,= 2z °, (40b)
(Case B)
= Zer ' (40c)
(Case C)

with similar expression for 2, with g substituted for a. The
partition function z,, is given by:

kT

since in most cases of interest hV, > 3xT, %y £1.05 = 1, Thus,
as was done in equation (13), 2, m 1. Similarly, usually %, = 1.
It is very difficult to determine, in general, which of
the above three possible expressions (Cases A, B, or C) for P
applies in a particular reaction. It would appear that Case A is
too inclusive, while case ¢ is probably too restrictive. As shown
below, it is very important to know what [ is in a CRISiA
Teaction. Unless hard data are available, the best that can be
done is to calculate /[» for the three Cases A, B, and C in order
to establish an upper and lower limit. For example, if v = 3, it
would be found for reactant UF,” that fo = 56 in case a; o= 10 in
Case B; and £, = 3 in Case C, assuning that \)., = V; for Cases B and
C. 1If, instead, v, = 4, it is found that fs = 126 for case A; P
= 15 for case B; and 5, = 3 for Case C. For sicl.’ there is
cbtained, similarly, (assuming Y, = 424 co™! and ¥, = 619 en! to be

reaction-active) /’u = 20 in Case a, Lo = 10 in case B, and fr=3
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in Case C if v, = 3; and p, = 35 in Case A, (o = 15 in case B, and
£, = 3 in case c it Ve = 4. Fere ve assume that in Cases B and C
only the triply degenerate V; vibration of SiCl, is reaction-
active.

As nmenticned above, the low-energy vagging and scizsoring
vibrations ¥;, ¥, V; of UF, wvhich are almost always excited in an
average UT, ‘molecule at temperatures above 100°K, proba.bl} promote
the reaction of an activated complex (with sutficient energy E,
from the high-energy vibratiens), by providing bending moticns that
help the X for Y substitutioen. Thus, even though the energy quanta
in ¥, ¥, V¥, are insufficient to give adequately high (and
directed) activatien energies, they probably help to increase the
possible reacticn channels of the activated complex (UF:sicl)* by
their motions. It will be appreciated that UF, and §iCl; have been
utilized for purposes of illustratien. Similar considerations
would apply for utilization of coreactants Other than SiCl, and/er
other isotopic molecules.

In the case that a laser excites a reactant ‘My (to:::
exaople, the 3V excitation of UF, with a co laser), the reactien
rate k, of laser-excited 'MY' must be known. Assuming that the

laser energy hV, - E, and that it is placed in a reaction-active

vibration (e.g. V; of UF,), this rate can be found from the thermal

rate by dividing ; by the fraction £(hV) = £(v_hV,) in the thermal

population that has energy hV, = v, hV, .. One cbtains:
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Xy ( zvexp(ny,/ kT)) ( exP(th/ XT)

) f%(v;t) /ok(v;L)

)k,. " per my"(ny),
(42)

z(nv,)

Laser photons excite optically-active molecular vibrations aleng
only one molecular axis (e.g. 3% in UP) and no other (degenerate)

vibrations, whereas the rate Xk, is based on collision-produced

Populations that can excite all degenerate vibrations of a
reactable one (e.g. vyVy,, vyVy, v ¥, in UF) as well as other
(possibly non-cptically-active) reactive vibrations (e.q. v,\’,,
VaVaur VaVy in UF). wWith T = 225°x, fo = 10, and 1V, = 1876 cn”,
equation (42) yields, for exanple, J:‘/):r = 1,6x10°,

The result (42) which can also be expressed as equation
(13), shows that the reaction rate of laser-pumped UF, mpleculcs
can be increased by several orders ©f magnitude, provided that the
laser-excited vibration is the dominant reaction-active vibration
in the activated complex and E, ® hV,. For fluorine-substitution
reactions of UF,, it is clear frem Figure 7, that the Vy vibration
should be the mest Teaction-active. This has indeed been borne out
by experiments on the reactions UFg + RX = UFX + RF in which the
normal vibraticnal quanta bV, of RX were of the same order of
magnitude and not larger than twice the quantunm h\’, = 625 en’! of
UF,. For example, the coreactants QX F;., with Q = s4, Ge, or sSn and
X =2Cl, Br, H, or I (if stable) which have normal vibrations
v, < 2v, (V, = ¥ for UF,), show, indeed, laser-enhanced reactions
when the Vy vibration of UF, is multiply excited. 1n the dimer
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cooplex, the original monomer vibrational frequencies are shifted
due to orbital bonding changes. If (V) dimer -~ (V) dimer, near-
Tescnant quantum transfers between the a and § vibrations can
occur.

If, on the other hand, the R-X bond normal vibration v,
©f RX is much larger than twice the normal vibratien V, =V, of UF,,
which is laser-pumped, it is found that (multiple) quantum
excitation of the \? vibration in UF, does not efficiently promote
reaction in the UF :RX' complex. For example, for RX = HCl or HBr,
V, = 2991 cu™’ and 2645 em, respectively, which compares to 9 -

625 cu’' of UF,, which is CO laser-excited to 3V (= V). The thermal
reaction UF, + HX = UFX + HF with X = €1 or Br appears to be
controlled by collisionally excited HX'(v=1) and not by Ur,’(3V; or

V). If it is assumed that E, - bV ~ hv, - hV, and Ve = 1, while

E; = hV, with v, = 1, it is found for laser-excited ur,’ (V)

reactions with HX that:
% exp(nvy/x)

X A

Here it is assumed that Case A applied, (with v = 21, n, = 6), so

= 0.2 exp(899/T) = 11, for T = 225°K (43)

that £, = 5 according to eguation (37). If, in the UF, + HX
reaction, a2 mininum of three high-energy quanta were needed in UF,

and cne in HX, this ratio would instead equal ky/k, = (1/56)
exp(3nV, /kT) = 707 at T = 225°K, since for v = 3, Z,. = €, one has

A = 56. Experimental data on UF, + BEX reactions with X = Br or
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Cl suggest, however, that only one or two high-ehargy vibrational
excitations (v; = v, = v; = 1 or 2) in UF, are sufficient to induce
reaction, provided EX in the complex UPF,:HX is once excited
(v, = 2).

5 ' If (43) applies and if 3@3 is excited in UF, by a CO laser
in a UF, + HX reaction mixture, the effect on the isotope-specitic
reaction rate is equivalent to providing only 1¥y excitation it
Ve =1 and E, = 1hV;. Multiple quantum excitations of the V

3
vibration in one UF, will not increase its reaction rate in this

10 case. 1In fact, each 3V; laser-excitation of 'ur, to 'ur’(3V,) can,
in subseguent Vv scrambling transfers, produce two non-isctope~-

selective excited UF,'(V,) molecules. That is, each isotope-
specific 'Ur,"(3V;) that decays to 'oF,’(¥,) and reacts is accompanied

by two reacting UF,"(V;)'s which are not isotope-specific. Thus, not

15 oniy is NMq Very small because of (43), but a parasitic scrambling
term k; = 2 },,k,. must be added to the denominator and hunerater of
equation (14). Unless !,, >> 2, equation (14) shows that in this
case a -+ 1 so that there is no isotope separation.

It may also be possible in some reactions that E, = 4h9

20 = 4hV; say, and that hV, falls short of E, by one quantum hV, = hV,.
In that case, the reaction rate of 3V-laser-excited | UF," molecules

is given by:

v,
exp —

f‘ (44)

- | exple/xn) o [
ggz glavy,:V) ——P. g(av,V,:V,) exp‘ = )
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Here g(av,Y,:V,) is the fractien of UF, molecules in the gas that are
resonant to the photon absorption transition Avﬂ. - QL + Avﬁ,

and E, = hV, + av,hV,. Often (fortuitously), the facter g( avy,:V,)

- exp(- avV/XT) and in that case one finds that k,/k; again reduces
to (13).

From the considerations presented above and fre:c
experimental data, it appears that the most efficient laser-
induced CRISLA reactions occur when vibrational freguencies of the
bends to be broken in R-X do not exceed the normal vibrational
frequencies cof bonds to be broken in the molecule M-y by more tharn
a facter of 2. | It is known from VV transfer theory that
vibrational quantum exchanges inside the activated cozmplex are zmost
efficient in that case because of near-resonance. Since X-for-Y
aton exchanges should be enhanced if internal VV transfers 2are
pre=oted, reaction should also be most efficient then. The puspes

laser energy h’\)L should preferably be deposited in the highest-

energy bond-breaking vibration of the reaction complex (MY:Rx)' and

" one should have hY, = E,. This means that if one wishes to separate

the isotope ‘M via the CRISLA technique, the highest vibration \?c
in 'M-Y whose bond is to be broken should be of the same order of
magnitude (not more than a factor of 2) as the vibration 9, of the
coreactant R-X bend. That is, the more suitable CRISLA partners

RX for use with UF, have ¥, - ¥, (= ¥;) or E, - E,. This also means

that E, 5 2E, = zm)L. Then approximately half (or less) of the

required activation energy E, is provided by collisionally-prepared
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RX" and half (or more) by laser-excited 'UF,’(3%;), if RX does not
absorb any laser photons (see below).
Hydrogen bonds in compounds such as HX (X = Cl, Br) have
vibrations 9, > 2000 cm’'. Therefore, from the rule \’. - 0,, the
5 simple two-component HX + UF, reaction with laser-excited UF,’(3V,)
and ¥, = ¥; = 625 cn™' is not expected to be very efficient, as borne

out by experiment. Of course, one or more hydrogen atoms (e.g. a

-QH, or -QH; group with Q = C, si, Ge) can be present as part of a
larger coreactant molecule. A single Q-~H bond then need not be
10 directly invelved in the rearrangement reaction with UF, if bond
changes occur through collective motions and/or in another part of
the coreactant molecule. For such coreactants, the comments about
the inefficiency of H-bond coreactants do not apply.
As mentioned, the most suitable CRISLA coreactant
15 partners RX for UF, provide half of the activation energy which is
collisionally prepared. Instead, a second laser, or the same €O
laser that prepares isotope-specifically excited UF", could be used

to produce and enhance the desirable excited RX population for use
in the reaction of the activated complex [UF,:RX']'. This is

20 particularly true if the total activation energy E, is closer to
2hV)L than hQL. The laser-generated reaction rate k, and the quantum
efficiency N would, in this case, be enhanced and laser
controlled. An interesting example is DBr which does absorb at
several CO laser wavelengths near 1876 cm’'. Two different laser

25 frequencies obtainable from the same CO laser, that is a “two-
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celer™ CO laser would be needed in this case, since the 1876.3 cp”

line which is best for UF, misses the DBr lines. However, the co
laser lines at 1872.3 cn™ and 1880.3 cm™! coincide with the Re3 and
R-4 lines of DBr and could be used to prepare a DBz’ (v = 1)
background gas. Other examples are SiH,, SiBrp;, and sicir whou
binary bands (V, + V,), (V, + V,), and (% + V) respectively absorb
the same 1876.3 ez €O laser line used to excite UF,’(3Vy).

The main advantage of co-excitation of the Coreactant is
that reaction rates can be enhanced which will increase process
yield mes. However, we shall show that the isotope separation
factor cannot be enhanced and may even be decreased. That is, in
certain cases, isotope separation would be suppressed. Algo, if
one laser and one laser frequency is used to excite both ‘MY ana
RX, which is the preferred enbodiment in coexcitation, the
absorption cross-section of RX should not be excessive. It should
be less or of the same order of magnitude as the absorption by vy
and not exceed it by several orders of magnitude.

' The separation factor e, (see eguation (14)) for

reactions with laser-excited RX" and UF,” is:

o 1+ (45)
where:
. (1) (x,) (x:) (k.'+k.+x,) o
- — - d . —— = — . = e .
L k'.. k‘ ﬂq' k'. k‘ cl, L (‘6)

and:
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o = (k' +k + k) /x, (47)

Here k' is the reaction rate of laser-excited Rx' vith non-laser-
excited UF, and k," is the rate of RX' with laser-excited UF,'. The

superscripts ° in the above expressions denote conditions with
laser-excited RX" (as well as UF,", of course) and no superscript
Tefers to reactions with Rx.

Usually 6" = k,'/k," s ¢ _= ky/k; (See equation (13)) since
both J;” and k,” will increase by the same factor Lo exp(nV, /xT) 12
the same laser photons h\?,_ can be absorbed by RX and by UF,, and
if E, ~ E, - E,/2 ~ hV,. However, the factor e = (k' + k, + k)/x,
in equation (47) could increase undesirably so that u° > p ir
k' >> (x, + k). For high values of e,, one wants u or p" to be as
small as possible, of course. Thus, unless k(x<P) is increasea

correspondingly or k,” is not too large in comparision with k, + Xk,

15 there is no advantage gained by laser-excitation of the coreactant

20

The assumption that k' and k,” increase by the same factor
A" exp(hV, /xT) is only correct if the total threshold energy E, for
reaction by the activated complex [Ur":Rx"] satisfies the condition
E. = 2hV and E, - E, - E/2. It is assugea that the laser photon
energy for resonant excitation of RX and UF, are the same or of

about the same ragnitude. 1If E, - hV,, that is, if the chemjical
reaction can be promoted equally well by a laser-excited RX" as by
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a laser-excited UF,’, then 6 < @, since a large portion of the
laser-induced reactions would no longer be isotope-specific.
Particularly if there is more RX than UF; in the CRISLA reaction
mixture and/or if the laser photon absorption cross-section for RX
is much larger than that for UF,, one can cause 6 - 1 if RX is
alsc laser-excited. In conclusion, it is clear that laser-
excitation of RX should be avoided if RX'(IN,_) reacts equally well
with unexcited UF, as with laser-excited UF, .

In spite of the fact that the value of ¢, cannot be
improved by laser-exciting RX, as mentioned there can be process-
flow advantages sometimes, provided, of course, that eL' = 6, and cL'
= c,. If the thermal reaction rate k;, of an otherwise promising

coreactant is low and therefore k, = 8.k, 7, = k/(k, + k, + X;), and

= n_ Kk, are also low, one can increase k,, 1., and by laser-
q A q

exciting RX. The reaction cell residence time which is

proportional to k‘" , would then be decreased (by the factor fb"-

exp(hV,/kT)) and thus the throughput through the cell increased.if

the coreactant RX is also laser-excited besides UF,. Although
different lasers for exciting RX and UF, could be considered, for

an industrially attractive CRISLA process, the most advantageocus
situation in this case (with 6" = 6, and ¢ = ¢) would occur if RX
and UF, would abscrb the same CO laser photons. In this case, one
could also use smaller RX/UF, ratios, which would mean less

circulation (= less cost) of RX. How much less RX is needed and

how much the residence flow-through time can be reduced will depend
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on the laser-photon absorption cross-section ratio of RX and UF,.
In general, the macroscopic absorptien I, = 0,'n for RX and UF, in

this case should be of the same order of magnitude for maximum

efficiency and to avoid excessive depression of the intracavity

circulating power.

4._Chemical Scrazbling problenms

Even with an effective CRISIA coreactant Rx(” reacting
with laser-excitea 'My" by: 7

MY+ RO o eyt RY™, (48)

the enriched product I'mx can subsequently undergo isotope-

scrambling reactions and reverse chemical reactions such as:
X+ My - [x™emy]t = ey + Mx (49)

M+ RY = [MX:RY) - My + Ry (50)

Reaction (49) would undo the isotope separation that was just

.achieved by transferring the substitute X atom to non-isotope-

selected MY feed molecules, while reaction (50) reverses the
isotope-selective reaction (48) completely. Because energy is
liberated in the excthermic reaction (48), the product molecules
"M ana RY in (48) are often vibrationally excited. This is
indicated by the superscript ™, The parentheses in the
superscript ‘) gignify that the molecules may or may not be
excited. Because of this excitation, reactions (49) and (50) can

be promoted if the liberated energy is not quickly relaxed ana
dissipated.
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For example, under certain operating conditiens the
enriched product molecules 'UF,X (X = €1, Br, E) can react
efficiently in the gas phase with UF, by the exchange reaction:

'orx™ + UF, - ['orx:vr]t - ‘UF, + UFX (51)

The 'UFX™ in this reaction may not only be excited due to the
excthernicity of reaction (48) but also due to absorption of €O
laser photons used to excite 3Vy in UF,. The 3V, vibratiemal
absorption bands of UF,Cl and UZ,Br appear to partially overlap the
3¥; band of UF,, for example.

on UFgX-covered walls, another chemical scrambling

reaction can take place:

'WFX™ + UFX:Wall - ['UFX:UFgX:wall]t = 'UF, + UF:Wall + %, (52)

Both reactions (51) and (52) destroy earlier isotocpe-selsctive
changes and are clearly undesirable. Of the products UFCl, UFEr,
and UFH, it appears that gaseous UF,Cl is fairly stable in the gas
but prone to underge the wall reaction (52). UF;Br on the other
hand seens to experience both reactions (51) and (52) and thc.
reaction (53) discussed below. UFH probably transforms into the
strongly-bound complex UF:HF. It appears to be stable and
sopewvhat volatile, unless or until it breaks up into UF, + HF on
the wall. The infrared gas-phase spectruzm of the product UF,Cl can
be seen for minutes in a UF, + RC1 reaction, while UF,Br is cbserved
to "live" eonly for fractions ©of seconds after its formation in a

UF, + RBr reaction. With UFH an absorption band centered at 557
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cn”' is seen which is attributed to UF:HF and which persists for
seconds after the gas-phase formation of UF,H « UF,:HF.

In addition to the undesired 'U/U isotope exchange

reactions (51) and (52) , reverse gas-phase reactions can occur for
UF X such as:

TEXT + oxr, - [TRXXE ' - UE + ox, 1, (33)

Reaction (53) is particularly favorable if ‘UF,X emerges in an
excited state in the exothermic reaction (48) or if ’Ur,x absorbs
CO laser photons.

Still another problem may be encountered if the chosen
coreactant is, for example, QX;. In this case, several undesirable

side-reactions could occur directly after the first (desirable)

step:
'R (aV)" + ox, ~ ‘urx™ + QxX,F  (+ AE,) (54)
UFg + Q%F ™ ~ URX!™ + Qx,F,™ (+ aE,) (55)
UFg + Q%F,” = UFX™ + oxF,™ (+ AE,) - (56)
UF, + QXFy™ = URx™ + gF, ™ (+ &E,) (57)

Here Q might be Q = si, S1i,0F,, CF,Si0, Ge, Sn, while X = Br, €1, I,
or H. Many I-carrying compounds are very unstable and therefore
X = Br, Cl, or H in most practical cases. For Q=s5i, and X = Br,
the heat of reaction 8E, = 0.8 eV for example. The rates Keso Xgy)
and k;, of reactions (55), (5€6), and (57) are usually much faster
than k,, of reaction (54) because the molecules QX F,.. are polar

while QX, is not. The heats of reaction AE, liberated in (54) -
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(57) can also contribute to the rapid secondary reactions (53) and
(55) = (57), once reaction (54) is initiated by a laser photon
absorption. Since only reaction (54) is isotope-selective and
induces (55) - (57) which are not isotope-selective, the isotope
separation effect is considerably diminished. 1In fact, it is not
difficult to show that the separation factor a, given by equatien
(14) is changed in this case to (not considering the losses by (51)
- (53)):

(350 +32) x + X
a, = (58)

(+38) k + K

where f, is the fraction of product molecules QX.F, " in reactions
(54) - (57) that initiate a secondary reaction. If, for example,
£, =1, {3 =2 2and s = k/k =1, the value of a, = 1.20 instead of
@, = 1.50 for the case that £ = 0.

If reactions (55) - (57) do present a problen (i.e.

f. ¥ o), one can avoid them by using only QXF; as a coreactant and
not QX;. Then only one reaction can take place:

'or (V)" + oxFy » 'WFX™ + QF,™, (59)

which is isotope-specific. The fully fluorinated product QF, can
do no further harm.

The above difficulties in the CRISIA isotope separation
of 'UF‘ can be directly generalized to the CRISIA separations of
other isotopic molecules 'MY of course. Three distinct problenms

due to secondary chemical scrambling reactions are clearly evident:
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(1) 'M for M isotopic exchange reactions.
(2) Reverse reactions due to reaction heat and/or laser
photon absorption by hex.
(3) Laser-driven non-isotope-specitic secondary
reactions of QXF,., reactant products with 'My.
As nmentioned, Item (3) can be avoided by employing a coreactant
that has only one atom X to exchange. The first two scrambling
reactions may be unimportant in some cases if the product molecule
hex quickly undergoes a second different (not reverse) reaction
with the coreactant RX. For example, in the case of 'UF,X"’, the
latter may in addition to (or instead of) reaction (53) experience

the reaction:

'EX® + oxF,, - VX, + Q%4 Fyup (60)

followed by:

'WF,X, + M or Wall ~ 'UF, + X, + M or Wall (61)

Here the unstable molecule UF,X, decays rapidly to ultrastable solid
UF, and X, either in a gaseous collision or on the wall.
Unfortunately, reaction (60) is usually not very much faster than
reactions (51), (52), or (53). only if ke >> kg0 Xsar kgy, would
the undesirable reactions (51), (52), and (53) be suppressed.

S._Auxiliary Reactants

Instead of relying on the primary coreactant RX or *2. & JU
to provide satisfactory removal and physical separation of the
enriched product 'MX of 'URX via reactions (60) and (61), it has

been found advantagecus to employ a second coreactant such as HBr
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or QBr, to speed up the proeduct formation rate and the preduct
scavenging functien. Two possible reaction effects can be
envisioned by adding a secondary reactant like, for example, HEr.
One effect is that (with sufficient HBr) the following reaction is

promoted:

BEr + 'OFX’ - [uEr:'vr X' - HP + ‘or xBr, (62)

Here 'UFXEr subsequently decays quickly to solid 'UF, 2nd BrX
(x==®, €1, Br) by (61). Thus, isotope scrambling and other
secondary chemical reactions of 'UF,X' is preempted. For this
secondary reactant approach to be successful, it is essential that
the secondary reactant can act speedily on UF X, but does not react
excessively with UF,. A CRISLA process using UF,X instead of UF,
and EBr, in which CO laser photons preferentially excite ‘Ur,x night
a2lso be considered. However, it has been found that UFX
(generated directly upstrean of the IC from UF, and TiX,, for
exazmple) gquickly reconverts to a large extent to UF, because of
reaction (52). In addition, as discussed in Section 3, coreactants
in which H bonds are to be broken appear not to be very sensitive
to the 3V, excitation in UF,. It is possible that this may be
different from the 3V, excitaticn in UF,X. However, exploratory
CRISLA experiments with UF X + HBr mixtures have shown virtually no
isotope-sclecti;n effects. In place of HBr, ancther coreactant
such as 0X.F, Day give better results. Here Q = 8i and X = Br,

¢cl, or H, for example.
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Although HBr reacts moderately fast with UF,, it is
expected to react almost a hundred times faster with UF,X"’. This
is because the flucrine bonds in UP,X are weaker than in UF, and
because UFX is polar which will enhance the attachment rate.
Particularly if UF,X = UFsBr, the rate k,, of reaction (62) appears
to exceed the rates Ksys ke, and kg of (51), (52), and (53) in the
presence of sufficient HBr. Thus, before freshly formed 'ur,Br’
can undergc reactions (51) - (53), HBr will quickly scrub it out
by reaction (62).

The second effect of a secondary reactant such as HBr is

believed to be a Speed-up or enhancement of the rate of reaction
of the activated complex [vr,:0xF "], That is, it appears that

in the case of HBr additive, the following steps take Place:

‘UFG' A QX.F‘.-",-’ [{UFG':QXIFG-O(.’]’ (63)
['ur:0xF,, ] + HBr — [2Br:'vr " 0x,F, ] (64)

UFX + X, ,F,, + HBr (65a)
[uBr:'vr, :oxF, ) =

UFXBr + QX, ,F,  + HF (65b)

In these reactions X = H, Br, or Cl, or some other radical group
mentioned above. The strong dipolar field of HBr superimposed in
the new complex of (65) speeds the reaction. Because the complex
['vr:0%,F, ] formed in (63) by laser-excited UF," and QX,F,. ",
lives through scme 10 collisions, it is very likely that it will
encounter several HBr molecules (if HBX/UF, 2 1 to 10) during its

lifetime. It then can undergo a Vanderwaals attachnent collision
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such as (64) followed by the decays (65a) or (65b), or it
experiences a local electric field excursion during one collisional
encounter with HBr resulting in its disscciation by routes (6sa)
or (65b). Without interaction with the highly polar HBr molecule,
the complex ['UF,":0X,F, ] will disscciate by the following possible

pathwvays after about 10 collisions:
Imr,-;QX.r‘..c'»]’ /,'UF“" * T (Thermoneutral)  (66a)
orx™ + ox 7, " (Exothermic) (66b)
Without HBr, the probability for the desired pathway (66b) may enly
be on the order of 0.01 to 0.1, while avenue (66a) occurs 90% to
99% of the time. In the presence of HBr on the other hand, the
initial complex in (66) may be "kicked" by the HBr electric fielad
pulse into the exothermic reaction (66b) with almost 100%

certainty.

The reason why the presence of, for example, HBr is

believed to exert the effects described by (64), (65), and by (62),
is that both the rate of production of enriched 'UFX (ana/er ‘ur)
product as well as the degree of isotopic separation are enhanced
when some HBr is added to UF, + QOXF,. ' reaction mixtures. If ,
reaction (66b) is efficiently induced by HBr, it is possible that
reaction (65a) followed by (62) is not very active. In other
words, it is possible that 'UF‘ is formed almest directly from the
[vr’:0x.F,. " :HBr] complex by (65b) ana decomposition of UF XBr by
(61) with 'UF, and Brx as final products.




WO 91/14488 ' PCT/US91/01940

-50~

Instead of the secondary attachment of HBr to the

activated complex [r,;":ox.F, ], it is possible that the following

alternate steps leading to the triple complex [EBr:UF,":Qx F, ]* can

occur as well:

5 HEr + UF,” —— [#Br:Uz,']* (67a)

6 OXF, " + [HBr:ur,7]t - [eBr:Ur:0x F, ]t (67b)
or

g HBr + QXF.,") — [HBr:oxF, ] (682)

9 UF,’ + [EEr:oxF, ]t — [#Br:0x.F,..:UF, ]t (68b)

10 Steps (67b) and (68b) Yield the same final complex as step (64),
and the ensuing decays should be as ¢~ cribed by (65a) and (65b).
Again it is possible that Steps (67b) and (68b) only occur during
the lifetime of one collisional encounter without the formation of
a longer-lasting Vanderwaals complex prior to the decays (65a) and

15 (65b).

We have used HBr only as an example. Many other
auxiliary reactants GIL such as, for exanmple, QBr,, QBr K, ., Qcl,,
QClH, ., QBrF, ., or QClLF,., with Q = si, ce, Sn, may be equally
effective.

20 In conclusion, the CRISLA enrichment of 'wy with a
suitable coreactant RX may sometimes be considerably improved if
2 secondary coreactant GL is added to the CRISLA gas mixture which
catalyzes or enhances the rate of formation of isotopically

enriched product after an attachment complex is formed or by



WO 91/14488

10

15

20

25

PCT/US91/01940

-§0-

electric field impulse kicks of the complex ['MY":RX‘™] in collisions
with GL and/or which rapidly scrubs out the enriched product
chemical 'MX, before the latter can undergo any undesirable
secondary scrambling reactions. Whersas, the best coresactant RX
is selected on the basis of its reactability given in Sections 2
and 3, the secondary rnaetimt GL must be chosen so as to aid the
rate of preduction and removal of the enriched product ‘Mx. It
should not significantly react with pure 'MY alone.

If the scrubbing agent GL only acts to remove product 'MX
by reactions like (62) and is not involved in the reaction coﬁplex
such as reaction (64), GL may be injected into the outflowing
laser-irradiated CRISLA reactants stream cutside the intracavity
irradiation cell (IC), as this gas mixture leaves the IC. 1In this
way there would be no interference of the action of GL with the
laser-induced reaction. Also in this case, instead of adding
gaseous GL to the primary CRISIA reactant mixture, another approach
is to operate at low IC pressures (Pu: < 0.1 torr) and to use a
surface agent for scavenging hex. That is, back reactions c;r
chemical scrambling of the product 'MX can be inhibited on the IC
walls by use of a specially prepared wall material or surface agent
such as activated Ni, Cu or C which quickly converts 'MX to a more
stable chemical form (e.g. 'UF). By keeping the IC pressure low,
the product 'MX can diffuse to the wall with little or no
obstruction and is immediately converted there to the more stable

chemical form. Like a gaseous auxiliary agent GL, a surface agent
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should, of course, have no or little effect on the feed molecules

MY (e.g. UF) and primarily act on product molecules 'Mx (e.g.

'UFyX). Instead of collection in the IC, the desired surface action

may be effected outside the IC by rapid passage of the irradiated
CRISLA gas nixture of 'xx, MY and RX through a scrubber with

Plates, tubes, or saddles whose surfaces contain the special agent
that quickly reduces 'Mx (e.g. 'UFX) to a more stable form (e.q.
'ur, ana x).

If, on the other hand, the auxiliary agent GL is critical
in promoting a reaction like (62), it must be present in the IC and

be thoroughly mixed with 'MY anda Rrx while this mixture is being
irradiated. Usually it is desirable to have high throughputs, ang,

therefore, higher IC operating pressures (P > 0.2 torr). In that

case, it is also hecessary that the agent GL be gaseous and
intimately mixed with ‘MY and Rx to effectively suppress reactions

like (51) - (53), even if it does not participate in reactiecns 1ike
(64) and (65).

&.__conclusions
Some general conclusions can be drawn that follow from
the analytical review of UF, CRISLA reactions given above. One
important finding is that coreacant molecules HX can be expected
to give unsatisfactory 'UF, enrichments if the cmrsra process is
driven by only one laser quantum with energy 3 hv; = hV, < 1876
' (co laser). This is because of the fact that the frequency of
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the hydrogen bond vibratien (V,.)., = 2000 cu’'. Consequently, if

this bond is to be broken in the activated complex of a
rearrangement reaction such as (2), the necessary energy can
usually not be quickly and efficiently channeled to it from the
V, = 625 cu’! vibrational quanta that are pumped up in UF,’ through
two-quau;un' (the most probable) internmal VV transitions. The
ninimum number of quantum changes in a VV-transfer is two since at
2 minimum one quantunm is 1ost‘ by one vibration while a second
quantum is gained by another vibration. Only in pure VT or TV
transitions is there a one-qguantum change in the "warehouse of
vibrations." Multi-quantum transfers would be required to feed the
9, > 2000 cm’! vibration. Such multi-quantum transfers are less
probable by factors of 100-10,000 over two-quantum transitions.
Thus, it is found that the slow gas-phase reactions of UF, with EX
molecules which would appear to be attractive candidates according
to equation (24), are not attractive. The slowness of the reaction

is due to the requirement that activation energy be provided by
once (or higher) thermally excited HX'(v, 2 1) species in the gas
whose population is approximately equal to the small fraction
exp(-v,hV,/kT). Since excited molecules HX (v, 2 1) control the

reaction with UF,, only laser-pumping of HX could cause the

reaction to become laser-driven. The laser-pumping of ‘UF,
(necessary if one wishes to enrich 'U) appears rather ineffective

in promoting the reaction of 'UF‘ + HX. Also, 6, is probably small

for this reaction (see the discussion surrounding equation (43)).
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Many early attempts to promote CRISLA enrichment with UF, + BEX
reactions gave disappointing results.
The rule that emerges is that only if the vibrations in

8 coreactant molecule RX can easily accept quanta from UF,’ in the
activated complex ['UF,":Rx]', can laser excitation of 'UF, be
effective in promoting a reaction.: This is the case vwhen
Ve = %(UF) - V(R%) or g, - &, - E./2 vhich means that RX must be a
molecule with fairly heavy atoms. This also means that some of
such preselected reactants RX may fortuitously have one or more
vibrations Bys B3y «.., such that one of itg binary or tertiary
absorption bonds has (hV,, + hV,) - bV, or (v, + 1y, + hYp) - my,.
Here hV, = 3nV, = 1876 cm’', for example, for the CO-laser driven
isotopic excitation of UF,. Such an accidental coincidence of a
weak absorption of hV, by RX occurs, for exazple, for SiH, with
(Y, + 1Y) - 1876 co'. This may be used advantageously to improve
the effective reaction rate of SiH, by Promoting reaction over the
complex [UF,:SiH’] during laser irradiation instead of [UF,":siK,]
as discussed above.

In addition to the desirability that v, ~ V,, the complex
formation rate which is controlled by the Vanderwaals attachment

probability of UF,/RX collisions should be reasonably high. This

condition is usually satisfied autematically since most heavy

polyatomic molecules have wagging or scissoring vibrations with

frequencies close to room tenperature ('r = 290°K = 200 cm''; see
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also Figures 6 and 7). Although the intermolecular potential well
depth controls the attachment rate (see Reference e), the fregquent
loss (- 10 collisicns) of most of XT in TV collisions will enhance
the Vanderwaals attachment rate considerably.

Ancther general conclusion is that coreactants RX
suitable for CRISIA enrichment of UP, should not react too fast
under thermal conditionsg, but also not be too slow. The criteria
of whﬁt constitutes a reaction that is “too fast® or “too slow"
were de:inea by equations (24), (25), and (26). Figure 4
illustrated the speed limits.

Finally, it is often found to be beneficial to use a
secondary reactant labeled GL. The reactant GL must rapidly remove
the enriched product molecules 'Mx by converting 'MX further to a
more stable species before it can back-react or scramble the
desired ‘M isctopes by additional chemical exchange reactions. GL
should not react excessively with 'My or RX, of course. Scme

highly polar coreactants GL (such as HBr) may also promote and
speed up the desired reaction of the attachment complex [Rxt": iy*)

by kicking it during a collision with its strong dipolar or
quadrupolar electric field or by superimposing such a strong field

in the new transient complex [GL:Rx™:'MY"]* formed atter a
collisicnal encounter. A triple complex may alternatively be
produced by a first association of GL with RX™ to form [eL:rRxt"]

followed by the latters attachment to or interaction with UF,.
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The restrictions on RX discussed in the previous sections
allows one to narrow the nunmber of economically attractive
coreactants to a relatively small group. Figure 8 summarizes the
selection process that leads toa commerically suitable coreactant

5 RX. The first four selection steps (A) - (D) shown in Figure 8 are
relatively obvious and were discussed earlier in Reference (a).
Steps (E) and (F) are newver discoveries vhich, taken together with
Steps (G) ana (m), Yield an efficient primary crisia coreactant
and possibly a Secondary auxiliary reactant.
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BRIEF DESCRIPTION OF THE DRAWINGS

The above and other embodiments of the present
invention may be more fully understood from the following
description and the accompanying drawings wherein similar
reference characters refer to similar elements throughout
and in which:

Fig. 1 is a schematic diagram of the process
equipment associated with one embodiment of the present
invention; '

. Fig. 2 is a graphical representation of the photon
absorption characteristics associated with the isotopic
molecules in one embodiment of the present invention;

Figs. 3A through 3C is an additional graphical
representation of the representation of the photon
absorption characteristics associated with the isotopic
molecules in one embodiment of the present invention;

Fig. 4 is a graphical representation of the isotope
separation factor as a function of chemical reaction rate
in one embodiment of the present invention;

Fig. 5 is a graphical illustration of the pre-
reaction attachment process of coreactant RX with UF6 in
one embodiment of the present invention;

Figs. 6A through 6I are graphical representations
of the molecular vibration characteristics associated with
the isotopic molecules in one embodiment of the present
invention;

Figs. 7A through 7F are graphical representations
of the molecular vibration characteristics associated with
the coreactant molecules in one embodiment of the present
invention; and
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FIG. 8 is a schematic diagram illustrating the selection
procedure required to obtain effective and suitable coreactants RX
auxiliary coreactants GL for use in a commercially attractive
CRISIA isotope enrichment process.
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1. Ina process for separating predetermined isotopic
molecules from a mixture of chemically identical but
isotopically different molecules, to obtain a
concentration of the predetermined isotope wherein the
molecules comprising the mixture have a lower
rovibrational energy state and a higher rovibrational
energy state with photon-inducible transitions between
the lower rovibrational energy state and the higher
rovibrational energy state, and the photon frequency for
the photon-inducible transitions between the lower
rovibrational energy state and the higher rovibrational
energy state of the predetermined isotopic molecules is
different from the photon frequency for the photon-
inducible transitions between the lower rovibrational
energy state and the higher rovibrational energy state of
the other chemically identical but isotopically different
molecules in the mixture, the improvement comprising the
step of:

selectively reacting the predetermined isotopic
molecules having a preselected vibrational frequency in a
first physicochemical state and at the higher
rovibrational energy state with a first chemically-
reactive agent to provide a chemical compound at a second
physicochemical state different from the first
physicochemical state and containing atoms of the
predetermined isotope, said step of selectively reacting
the predetermined isotopic molecules further comprises
the step of selecting said first chemically-reactive
agent to have:

a first predetermined reaction speed range with
said isotopic molecules bounded by a maximum speed of
said first chemically-reactive agent which is not greater
than (k;),,. where (k;),,, is determined by:

PCT/US91/01940



WO 91/14488 PCT/US91/01940

34
3

w

36

37
38
39

40
41

42
43
44
45
46

A U W Ny e W N e

R C RN

-69-

ky + ks, Nemin
(k‘f)uin = e B a = (kv + ]%) , s’

! 1= % 8

-e

a minimum reaction speed not less than (Kr) min
where (kq;),, is determined by:

Ky +
(k‘l')-nakn' ~ r 8

8

-1

a first predetermined vibrational frequency;
and in which said second pPhysicochemical state is
substantially free of scrambling reactions of the
chemical compound.

2. The process defined in Claim 1 wherein said first
predetermined vibrational frequency of said first
chemically-reactive agent does not exceed, by a factor
greater than about 2, the preselected vibrational
frequency of said rovibrational energy states with said
photon inducible transitions of said predetermined
isotopic molecules.

3. The process defined in Claim 1 and further
comprising the step of:
reacting said chemical compound at said
second physicochemical state with a second chemically-
reactive agent capable of rapidly scavenging said
chemical compound at said second physicochemical state.

4. The process defined in Claim 3 wherein said second
chemically-reactive agent is chosen to be capable of
stabilizing said chemical compound at said second
physicochemical state.
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5. The process defined in Claim 3 wherein said second
chemically-reactive agent is chosen to be capable of
increasing the formation rate of said chemical compound
at said second physicochemical state.

6. The process defined in Claim 4 wherein said second
chemically-reactive agent is chosen to be capable of
increasing the formation rate of said chemical compound
at said second physicochemical state.

7. The process defined in Claim 4 wherein said second
chemically-reactive agent is chosen to be substantially
free of excessive reaction with said first chemically
reactive agent and substantially free of excessive
reactions with said predetermined isotopic molecules at
the first physicochemical state.

8. The process defined in Claim 5 wherein said second
chemically-reactive agent is chosen to be substantially
free of excessive reaction with said first chemically
reactive agent and substantially free of excessive
reactions with said predetermined isotopic molecules at
the first physicochemical state.

9. The process defined in Claim 6 wherein said second
chemically-reactive agent is chosen to be substantially
free of excessive reaction with said first chemically
reactive agent and substantially free of excessive
reactions with said predetermined isotopic molecules at
the first physicochemical state.

10. A process for separating U from a mix of 2gF,
and #’UF,, to obtain a chemical compound in which the
ratio of **U to U is higher than in the mix, the process
comprising the steps of:

combining the mix of ®*UF, and *°UF, with at least
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6 one type of reactant molecules which is selected from a

7 group consisting of:

8 GeCl,, GeH,, SiBr,, SicCl,, SiH,, SiOH,F,, and
9 SiOH;, to form a mixture thereof;

10 exposing the mixture to electromagnetic energy of

11  at least one predetermined wave length which is absorbed
12 more strongly by UF, than by **UF,, in the presence of
13 at least one type of polar molecule to cause the 23yF, to
14 go from a first physicochemical state to a second

15 physicochemical state where the 23UFs combines with the
16 reactant molecules at a higher rate than does 28R, to

17 form the chemical compound; and

18 separating the chemical compound from the

19  mixture.

11. The process as defined in Claim 10 including the
further step of:
fluorinating the separated chemical compound with
at least one of a group consisting of:
Fz, ClF;, and IF, to produce a mixture of
*“UFs and UF; at the higher ratio.

O U W N

12. The process as defined in Claim 10 wherein the at
least one type of reactant molecule is SiH, and the polar
molecule is HBr.

W N

13. The process as defined in Claim 10 wherein the
type of polar molecule is chosen from a group consisting
of:

HBr, HI, HCl, SiBrH,, SiBrF,;, SiClH,, and SiClF,
which type of polar molecule is present as a catalyst.

N & W N

14. The process as defined in Claim 10 wherein the
type of polar molecule is chosen from a group consisting
of: “

HBr, HI, HCl, SiBrH,, SiBrF,, SiClH,, and SiClF,

=W N
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which type of polar molecule is present as a scavenger.

15. The process as defined in Claim 10 wherein the
type of polar molecule is chosen from a group consisting
of:

HBr, HI, HCl, SiBrH,, SiBrF;, SiClH,, and SiClF,
which type of polar molecule is present to prevent back
reactions of the chemical compound to UF;.

16. The process as defined in Claim 10 wherein the at
least one reactant is SiH,, wherein HBr is the polar
molecule present, and wherein the reaction is:

“UF," + SiH,' + *HBr" —> [®°UF,*:SiH,*] + ‘HBr" —
[P*UF,":SiH,"] * ["BrH'] —> ‘HBr" + Reaction Products.

17. The process as defined in Claim 16 wherein the
Reaction Products are:
235UF55iH3(') + HF —> Z”UF,,(*) + SiﬂaF(') + HF.

18. The process as defined in Claim 16 wherein the
Reaction Products are:
PYFH™ + SiHF™ — PR sHF™ + SiEF™.

19, The process as defined in Claim 10 wherein the
electromagnetic enerqgy whose at least one predetermined
wave number is about 1876 cm’l.

20. The process as defined in Claim 10 wherein the
separating step is performed by cooling the chemical
compound until it changes phase.

2l. A process for separating **U gas from a first
gaseous mixture of #*UF, and *’UF,, to obtain a desired
chemical compound containing U, comprising the steps
of: A

mixing the first gaseous mixture of #*UF, and
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“®UF, with reactant molecules in gaseous form to form a
second gaseous mixture;
subjecting the second gaseous mixture to

w W 9 o

electromagnetic energy of at least one predetermined wave
10  length which is absorbed more strongly by #’UF, than

11  %UF,, said step being performed in the presence of at

12 least one type of polar molecule, the electromagnetic

13  energy causing the ’UF, to go from a first

14  physicochemical state to a second physicochemical state
15 wherein the "“UF, combines at a higher rate than 28yF,

16 with the reactant molecules when the polar molecules are
17 present to produce a chemical compound containing atoms
18 of %U; and

19 separating the chemical compound from the second
20 gaseous mixture.

22. The process as defined in Claim 21 including the
further step of:
fluorinating the separated chemical compound with
at least one of a group consisting of:
F,, ClFy, and IF,.

L® LI N PV N RS

23. The process as defined in Claim 21 wherein the
Teactant molecules are SiH, which are reacted in the
3 presence of HBr molecules.

1 24. The process as defined in Claim 21 wherein the
polar molecules include HBr molecules which are present
3 as a catalyst.

1 25. The process as defined in Claim 21 wherein the
2 polar molecule is chosen from a group consisting of:
3 HBr, HI, HCl, SiBrH,, SiBrF,, SiClH,, and SiClF,.

26. The process as defined in Claim 21 wherein the
polar molecule is chosen from a group consisting of:
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3 QX,, QXH,,, and HBr, HCl, and HI, where Q = Si,
4 Ge, or Sn, and X = Br, Cl or F.
1 27. The process as defined in Claim 21 wherein the
2 reactant molecules are SiH,, wherein the polar molecules
3 at least include HBr, and wherein the reaction is:
4 Bur," + SiH,™ + 'HBr- —> [P°UF,*:SiH*'] + ‘HBr —>
5 [*UF,":SiH,"] * ["BrH'] —> ‘HBr" + Reaction Products.
28. The process as defined in Claim 27 wherein the
Reaction Products are:
3 PUF,8iH," + HF —> yF," + SiH,F™ + HF.
29. The process as defined in Claim 27 wherein the
Reaction Products are:
3 ZPUFH™ + SiHF™ —> POUFHF™ + SiHF™.
1 30. The process as defined in Claim 27 wherein the

2 electromagnetic enerqgy whose at least one predetermined

3 wave number is about 1876 cm:.
1 31. Uranium product which is enriched with 2y beyond
2 what is available in nature which is obtained by the
3 steps of:-
4 reacting uranium with fluorine to produce a first
5 gaseous mixture of ®UF, and 2UF,;
6 mixing the first gaseous mixture of *UF, and
7  P°UF with reactant molecules in gaseous form to form a
8 second gaseous mixture;
9 subjecting the second gaseous mixture to
10 electromagnetic energy of at least one predetermined wave
11  length which is absorbed more strongly by 2°Ur, than B4R,
12 in the presence of at least one type of polar molecule,
13 the electromagnetic energy causing the ”’UFG to go from a
14 first physicochemical state to a second physicochemical
15 state wherein the ®’UF; combines at a higher rate than
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“8UFs with the reactant molecules when the polar molecules
are present to produce a chemical compound containing
atoms of 2°y;

separating the chemical compound from the second
gaseous mixture;

fluorinating the separated chemical compound; and

oxidizing the fluorinated chemical compound to
produce said enriched uranium product.

32. The uranium product as defined in Claim 31
wherein the reactant molecules are SiH, which are reacted
in the presence of HBr molecules.

33. The uranium product as defined in Claim 31
wherein the polar molecule is chosen from a group
consisting of:

HBr, HI, HCl, SiBrH,, SiBrF,, SiClH,;, and SiClF,.

34. The uranium product as defined in Claim 31
wherein the first reactant molecules are SiH,, wherein the
polar molecules at least include HBr, and wherein the
reaction is:

BoUF," + SiH," + *HBr~ —> [¥°UFs":SiH,*] + *HBr- —>
[®°UF¢":SiH,"] - ["BrH'] —> 'HBr" + Reaction Products. °

35. A process for separating predetermined isotopic
molecules from a mixture of chemically identical but
isotopically different moleculés, to obtain a
concentration of the predetermined isotope wherein the
molecules comprising the mixture have a lower
rovibrational energy state and a higher rovibrational
energy state with photon-inducible transitions between
the lower rovibrational energy state and the higher
rovibrational energy State, and the photon frequency for
the photon-inducible transitions between the lower
rovibrational energy state and the higher rovibrational
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energy state of the predetermined isotopic molecules is
different from the photon frequency for the photon-
inducible transitions between the lower rovibrational
energy state and the higher rovibrational energy state of
the other chemically identical but isotopically different
molecules in the mixture, the improvement comprising the
step of:

selectively reacting the predetermined isotopic
molecules having a preselected vibrational frequency in a
first physicochemical state and at the higher
rovibrational energy state with a first chemically-
reactive agent to provide a chemical compound at a second
physicochemical state different from the first
physicochemical state and containing atoms of the
predetermined isotope in the presence of polar molecules,
said first chemically-reactive agent having:

a first predetermined reaction speed range
with said isotopic molecules bounded by a maximum speed
of said first chemically-reactive agent which is not
greater than (k;),,, where (k;),,. is determined by:

k‘\I + ks ' nﬂil’l N nmin (kv . ks) ' 5'1

eL nquin e!.

(kl’) min ©

-
14

a minimum reaction speed not less than
(K1) ain Where (Kkp),;, is determined by:
Ky + kq
(kf)-x - kA = ’ 3.1
&

;7 and
a first predetermined vibrational frequency in
which said second physicochemical state is substantially
free of scrambling reactions of the chemical compound.

36. The process as defined in Claim 35 wherein the
polar molecules are chosen from a group consisting of:
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QX,, QX H,., and HY, where Q = 8i, Ge, or Sn,
X=8Br, ClorF, and Y = Br, I, or Cl.

37. A process for Separating predetermined isotopic
molecules from a mixture of chemically identical but
isotopically different molecules substantially as
hereinbefore described.
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1. ALL SPECIES RX THAT DO NOT HAVE A
STRONG ABSORPTION BAND AT THE
CRISLA LASER FREQUENCY V) .*)

1.SPECIES RX THAT ARE GASEOUS OR
WHICH FORM VAPORS WITH REASONABLE
VAPOR PRESSURES(p=10-3 TORR) AT
REASONABLE TEMPERATURES (T<600°K). |

1.SPECIES RX WHOSE REACTION WITH

IMY IS EXOTHERMIC, THERMONEUTRAL ,
OR ENDOTHERMIC WITH AHZh U, .

1. SPECIES RX WHOSE REACTION SPEED
WITH TRY FALLS WITHIN THE LIPPER AND
LOWER BOUNDS DETERMINED BY
EQ. (24) AND £R. (25)

1. SPECIES FOR WHICH THE V/BRAT/IONAL
FREQUENCY OF THE R-X BOND /5 LESS THAN
OR APPROXIMATELY EQUAL TO THE VIBRA -
TIONAL FREQUENCY OF THE iM-Y BOND.

1. SPECIES R¥Y WHICH FORM REACT/ION
PRODUCTS THATDO NOT PARTAKE IN
SUBSEQUENT CHEMICAL 150TOPE
SCRAMBLING REACTIONS,
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ALL SPECIES Ry THAT REACT Wi7H G4ASEoUS

MY (e.q. UF,) By

2.

SPECIES RX THAT HAVE S7TRONG
ABSORPTION BANDS 47 7ie CRISLA
LASER FREQUENCY Yy *).

. SPECIES RX THAT ARE SOLID AND

ALL OTHER Rx THAT DO NoOT
FALL /N cATEGOR Y c-2.

- SPECIES RY WHOSE REACT/ION

WITH iMy 15 £A/p OTHERMIC W)Tw
LdHr2hY,.

$SPECIES RY WHOSE REACTION SPEED

- THAN THE VAL UE DETERMINED BF £Q, (25).

WITH IMF IS HIGHER THAN THE VAL uve
DETERMINED R YEQ. (24) OR Lowep

- SPECIES FOR Wi icH THE VIBRAT/ONAL

FREQUENCY OF THE R-X BOND ExccEDS
THE VIBRATIONAL FREQUENCY OF THE
'M=-Y BOND BY A FACTOR OF
APPROXIMATELY 1.2 OR MORE,

- SPECIES RXY WHICH FORM REACTION

PRODUCTS THAT MAY SUBSEQUENTLY

EXPERIENCE CHEMICAL SCRAMB!L ING
REACTIONS WHICH DIMINISH 1SO0TOPE
SEPARATION.

FIG 85
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AUXILIARY REACTANTS GL WHICH OBEY

(B.1) AND (C.1), AND WHICH :

(A)RAPIDLY SCAVENGE AND STAB/L/ZE
PRODUCT MX; AND JOR

(B) INCREASE THE FORMATION RATE OF

ENMNRICHED PRODUCT PRODUCED
BY THE PRIMARY REACTANTS
YWY AND Ry AND

(C) DO NOT REACT EXCESSIVELY WiTe

MY OR R .

|

ECONOMICALLY ATTRACTIE
COREACTANT RX AND (POSS/BLY )
AUXILIARY REACTANT GL .

* V| IS THE FREQUENCY AND £, =hV);

THE ENERGY OF THE LASER PHOTONS

USED INTHE CRISLA PROCESS , MILD
ABSORPTION AT Vi BY RX MAY BE TOLERABLE
OR EVEN BENEFIC/AL IN SOME CASES
PROVIDED THAT CONDITION (F)APPLIES
AND LASER -EXCITED RX*DOES NOT REJCT
EQUALLY FAST WITH LASER~EXLITED

UFe ¥ A4S WITH UNEXCITED UFy.

F1G. 8¢
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