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[57] ABSTRACT 
The instant invention relates to an improved process for 
separating a material into two or more parts in each of 
which the abundances of the isotopes of a given element 
differ from the abundances of the isotopes of the same 
element in said material. More particularly, the inven-
tion relates to a method for the isotopically selective 
excitation of gas phase molecules by multiple infrared 
photon absorption followed by a step wherein more of 
the excited molecules than non-excited molecules are 
converted to a chemically different form which may be 
separated by means known in the art. This invention is 
useful for, but not limited to, the separation of the prin-
cipal isotopes of uranium. 
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temperatures of about 2300° C. (in order to provide a 
ISOTOPE SEPARATION PROCESS uranium vapor having a sufficient concentration of 

This is a continuation of application Ser. No. 680,180, uranium atoms) and the laser emits light in the visible 
filed Apr. 26, 1976, now abandoned. region of the spectra. 

BACKGROUND OF THE INVENTION 5 ™ e "u^lf ^ ^ V23*6?? 
U"8F6 both absorb ultraviolet light and are reported to 

Related Applications do so to the same extent at all wavelengths in the UV; 
This application is related to U.S. patent application hence, UV excitation of UF6 does not satisfy the first 

Ser. No. 606,508 filed Aug. 21,1975, which is a continu- requirement of photochemical isotope separation. How-
ation in part of U.S. Ser. No. 570,849 filed Apr. 23,1975, 10 ever, UF6 will also absorb infrared light in the region 
which in turn is a continuation in part of U.S. Ser. No. around 626 cm-1 (the V3 band) and 189 cm-' (the V4 
408,669 filed Oct. 23, 1973, all in the name of Richard band). Both the V3 and vs, bands of U235F6 are shifted 
K. Lyon. Both U.S. Ser. No. 408,669 and the C.I.P.'s slightly toward higher energy with respect to the V3 and 
thereof are hereby incorporated by reference. v4 bands of U238F6 respectively, but the size of these 
1. Field of the Invention 15 shifts is small compared to the width of the bands; in 
The instant invention relates to an improved process other words, the infrared absorption spectra of U238Fg 

for separating a material into two or more parts in each and U235F6 do not exactly coincide, but they overlap at 
of which the abundances of the isotopes of a given all wavelengths so that if one isotope absorbs light, so, 
element differ from the abundances of the isotopes of to a substantial degree, will the other. Hence the infra-
the same material. More particularly, the invention 20 red excitation of UF6 by absorption of a single IR pho-
relates to a method for the isotopically selective excita- ton is a process of limited isotopic selectivity, 
tion of gas phase molecules by multiple infrared photon The second requirement for isotope separation is also 
absorption followed by selective reaction of said excited a matter of some difficulty for UF6. UF6 molecules 
molecules with a gaseous reagent to form a product which are excited by IR light are no different from 
which may be separated by means known in the art. 25 molecules which have received the same energy by 
This invention is useful for, but not limited to, the sepa- thermal excitation. whatever process the photo-excited 
ration of the principal isotopesiof uranium. molecules will undergo, those molecules which are 
2. Description of the Prior Art thermally excited to the same energy will also undergo. 
In order that the instant invention may be clear y This dilution ofthe photo.excited molecules with ther-understood, it is useful to review the prior art relating to 30 ^ molec£les wil, further decrease the isoto. photochemical isotope separation. U.S. Pat. No. J . f , 2,713,025 and British Pat. No. 1,237,474 are good exam- Preparation factor. 

pies of processes for the photochemical separation of U'S' fSer' No" 480,669 and the CIP's thereof teach a 
the isotopes of mercury. The first requirement for a mean* for overcoming the above-described difficulties, 
photochemical isotope separation is that one finds con- 35 n a ™ ^ photon excitation. Under a set of cnti-
ditions such that atoms or molecules of one isotope of a cal conditions, therein described molecules could be 
given element absorb light more strongly than do atoms irradiated so as to absorb several photons. Since the 
or molecules of another isotope of said element. Mer- exclted molecules thus formed contain the energy of 
cury is a volatile metal and readily forms a vapor of several photons the problem of dilution by thermally 
atoms. Said atoms absorb ultraviolet light at 2537 A. 40 edited molecules is minimized. Further, since several 
The absorption line of Hg202 is displaced by about 0.01 photons are absorbed, each in an isotopically preferen-
A with respect to the absorption line of Hg200. Since the tial manner, then the isotopic selectivity of the overall 
absorption lines are extremely narrow, one may by use excitation process is the result of compounding the 
of a light in a critically narrow wavelength region ex- selectivity the individual photon absorbtions and has a 
cite either Hg2°o or Hg202 without substantially exciting 45 substantial greater isotopic selectivity than single pho-
the other, depending on the exact wavelength used. ton absorbtion. The excitation step thus provides a 
The second requirement for a photochemical isotope means by which molecules containing one isotope may 

separation is that those atoms or molecules which are be heated more than molecules containing another iso-
excited by light undergo some process which the atoms toPe- The heated molecules may be converted to a 
or molecules which have not been excited do not un- 50 chemically different form by any means whose rate or 
dergo, or at least do not undergo as rapidly. A quantum selectivity are sensitive to temperature. Such means 
of 2537 A ultraviolet light imparts an excitation of 112.7 include chemical reaction with a second gaseous specie, 
Kcal/mole to the mercury atom which absorbs it. The photolysis and allowing the heated molecules to un-
number of mercury atoms which at room temperature dergo unimolecular decomposition. Said chemically 
are thermally excited to this energy is vanishingly small, 55 different form is then recovered and separated from the 
hence the atoms excited by light are not diluted by unconverted molecules in the final step by any means 
atoms excited by thermal means. Atoms of this high known in the art. 
excitation readily undergo reactions with H2O (as The instant invention is similar to the above-
taught in the U.S. parent) or with O2, HC1 or butadiene described invention but teaches an improved method 
(as taught in the British patent), said reactions not oc- 60 for carrying out the excitation step. The cited patent 
curring at room temperature with unexcited mercury. teaches that the excitation step is to be carried out with 
Uranium, however, is a highly refractory metal, boil- a single infrared laser operating at a single wavelength, 

ing only at extremely high temperatures. Thus use of said wavelength preferably within the R branch of an 
the above-described process with uranium atoms in- infrared absorbtion band of the molecules which con-
stead of mercury involves obvious difficulties. How- 65 tain the elements whose isotopes being separated. The 
ever, U.S. Pat. No. 3,772,519 teaches a process for sepa- cited patent in no wise teaches, shows or suggests that 
rating uranium by selectively exciting atoms of a Ura- there is an advantage to be gained by irradiating the 
nium atom vapor with a laser. This process operates at molecules at two different wavelengths. The improve-
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ment of the instant invention consists in the use of two 
infrared lasers or a single laser capable of emitting two 
different wavelengths. The molecules are irradiated 
first at a wavelength corresponding to an R branch of 
an absorbtion band of the unexcited molecules and then 5 
at a wavelength corresponding to a Q branch of either 
the same absorbtion band or a different absorbtion band 
of the excited molecules. This procedure provides an 
excitation step of improved isotopic selectivity as is 
demonstrated by the example below. 10 
Multiple photon excitation of the type required by 

the instant invention may only occur under a set of 
critical conditions. The molecules must be subjected to 
radiation at a power density of at least 104 and prefera-
bly at least 106 watts per cm2 per torr pressure of said 15 
molecules at the R branch wavelength. The total irradi-
ation time must be more than 10~10 seconds and less 
than 5X 10~5 seconds. Further, it is necessary that the 
irradiation be substantially sequential, i.e., the irradia-
tion at the wavelength corresponding to the R branch 20 
must be largely finished before most of the Q branch 
irradiation occurs. There is a further requirement that a 
second gas be present at a partial pressure of at least 5 
times the partial pressure of the gaseous molecules 
which contain the element whose isotopes are being 25 
separated. The reasons for this requirement are related 
to an effect called anharmonicity and the necessity for 
rotational relaxation to occur during the excitation pro-
cess as is described in the above-cited patent. 
In case of UFg, it is preferred to perform the first 30 

irradiation in the range of either 630 to 638 cm-1 or 190 
to 198 cm-1 and to perform the second irradiation in 
the range of either 1293 to 1285 cm-', 1159 to 1151 
cm-1, 628 to 620 cm-' or 188 to 180 cm-'. 
It is to be recognized that the second set of ranges 35 

above are for the Q branch excitation of the already 
excited molecules. As discussed below there is an effect 
called anharmonicity which causes the Q branches of 
excited molecules to lie at somewhat lower energies 
than unexcited molecules. 40 
It is preferred that the energies given the gaseous 

molecules in the R and Q excitation steps should be 
roughly comparable with the energy given in the Q step 
being somewhat less. Under some operating conditions 
the absorption coefficient for the Q branch of a given 45 
absorption band may be greater than the absorption 
coefficient for the R branch of that same absorption 
band. Under such circumstances, it may be advanta-
geous to perform the R branch excitation within one 
absorption band and to perform the Q branch excitation 50 
within another absorption band. Alternatively, this dif-
ficulty may be overcome by use of unequal pathlengths 
for the R and Q excitation laser beams or various other 
means known in the art. 

Example 
A computer program was written to simulate the 

behavior of UF6 under infrared irradiation. This pro-
gram involved certain approximations as will be dis-
cussed, but it is believed that these computer experi- 60 
ments provide a valid comparison of the relative effec-
tiveness of the instant invention with respect to U.S. 
Ser. No. 480,669 and the CIP's thereof. 
Before describing the details of this computer model 

it is useful to outline the essential concepts involved. 65 
First, there is the concept of critical energy. Molecules 
of UFg are irradiated, absorb IR photons and become 
excited. When a UF6 molecule has absorbed enough IR 

photons so that its total energy (whatever initial vibra-
tion energy it had due to thermal excitation plus the 
energy of the absorbed photons) exceeds a critical value 
then the computer model considers that UF6 molecule 
to have been converted via the second step of the in-
stant invention. In practice the efficiency of second step 
conversion is apt to be less than 100% but this simplifi-
cation in no wise influences the comparison of the in-
stant invention with the cited prior art. 
Second, there is the concept of anharmonicity. When 

a molecule is vibrationally excited, its infrared absorp-
tion spectra are in general shifted toward lower energy. 
This effect is called anharmonicity. In the computer 
model it is assumed that the extent of this shift is propor-
tional to the total vibrational energy content of the 
molecule and independent of the distribution of that 
energy among the various normal modes of vibration. 
Again, this simplification is not believed to effect the 
comparison with prior art. 
Third, there is the concept of the thermal distribution 

among the vibrational states. As mentioned above, UF6 
vapor at room temperature is subject to substantial 
thermal excitation. The distribution of molecules among 
the ground vibrational state and the various vibration-
ally excited states may readily be calculated from the 
published vibrational frequencies of UF6 by use of the 
well known formulas of statistical mechanics. 
Finally, there is the concept of the absorption spectra 

of UF6 molecules in the ground vibrational state. The 
absorption spectra of UF6 which is observed at room 
temperature is the spectra of the thermal distribution 
among the various vibrational levels. One may, how-
ever, calculate the ground state spectra from the appro-
priate spectroscopic constants and the well known for-
mulas of molecular spectroscopy. 
In the light of the above concepts, the nature of the 

computer model may be explained. A set of irradiation 
conditions is specified as input to the computer. For 
these conditions the extent to which ground state UFs 
will become singly excited is calculated by use of the 
absorption spectra of ground state U238F6. From said 
ground state spectra the spectra of the singly photoex-
cited U238F6 molecules is calculated and this spectra is 
used to determine the extent to which singly photoex-
cited molecules become doubly excited molecules 
under the specified irradiation conditions. The com-
puter repeats this procedure as often as is necessary to 
determine the fraction of ground state molecules which 
are multiply excited to energies equal to or greater than 
the critical energy. This entire procedure is then re-
peated for U238F6 molecules in the various thermally 
excited vibrational states. In this manner, the computer 
determines the fraction of the thermal distribution of 
U238F6 which is converted by irradiation under speci-
fied irradiation conditions. From the known isotope 
shift, this calculation may be repeated for U235F6 and 
the selectivity of the excitation step determined. From 
the calculated isotopic composition of the UF6 molecule 
which are excited above the critical energy and there-
fore converted and from the calculated isotopic compo-
sition of the unconverted UF6 the separative work done 
(SW) is calculated by use of the well known formulas. 
The energy absorbed during the excitation step is calcu-
lated in electron volts (eV). The electron volt is a con-
venient and commonly used unit of molecular energy. 
The total energy used, however, is the sum of the en-
ergy absorbed during the excitation step and the energy 
absorbed during the conversion step. For the purpose of 
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this example it is assumed that the conversion step is 
R branch Energy density joules/cm2 SW/eV 

.04 .21 

.1 .35 

.3 .68 (max.) 

.4 .6 

.6 .45 

photodissociation using light of 3.66 eV, and the total 0 branch Energy density - 1.2 X 10~3.joules/cm2 

energy absorbed is calculated as the energy absorbed 
during the excitation step and 3.66 eV per molecule of 
UF6 converted. The computer model then calculates 
the efficiency of the isotope separation process, the 
separative work done per eV of energy absorbed in the 
excitation and conversion steps, SW/eV. 
The molecular constants necessary to do the above )0 

calculation have been accurately measured and re- PREFERRED EMBODIMENT 
ported in the scientific literature with two exceptions: Uranium ore of natural isotopic abundance is con-
the anharmonicity shift constant, X, and the change in verted to UF6 vapor by means well known in the art. 
rotational constant on excitation, AB/B. A value of Said UF6 is then irradiated by an infrared laser at a 
0.00253 cm-i shift per cm-i of excitation is assumed 15 power density of at least 106 watts/cm2 at a wavelength 
for the former. This value is compatable with the ob- between 630 and 636 cm-' for a time between 10-«> 
served shape of the room temperature absorption spec- and 5 x 10: sec°nds in the Prefnce of a sJ*?nd »»• 

r TTT? T. • J ^ . „ .„ , r , c said second gas having a partial pressure 5 times the 
ra° U?6- 11 ,1S assumed. thf has a value of ia, *e of gaid ̂ substantially sequentially to 
0.0015. This value is within the physically reasonable said irradiation irradiating said UF6at a wavelength of 
range for quantities of this kind. It is not believed that 619 to 623 cm3' i, the total time of both irradiations 
the comparison between the instant invention and the being less than 5xl0~5 seconds, whereby the mole-
cited art would be influenced by the use of approximate cules containing the lighter isotope of uranium are pref-
values of X and AB/B. erentially excited, and then preferentially converting 
It is also to be noted that as an approximation the 25 said excited UF6 molecules by any means whose rate or 

computer model assumes that complete rotational equi- selectivity are sensitive to temperature and separating 
librium is maintained throughout the excitation step and said converted UF6 from UF6 which is either uncon-
that such effects as stimulated emission and vibrational veTtf 01 has been converted to some chemically differ-
deactivation are negligible. Again, it is not believed that ^whaTis claimed is-
these approximations would influence the comparison 30 L A^ettodtf separating the isotopes of an element, 
between the instant invention and the prior art. said method b d n g applied to a gaseous c o m p o u n d of 
Table 1 shows the results of a typical set of computer said eiementj and said method comprising subjecting model calculations. Other calculations have been done molecules of said compound to radiation from an IR 

on the efficiency of R branch excitation as taught by laser at or about a predetermined frequency within the 
U.S. Ser. No. 408,669 for a variety of irradiation condi- 35 wavelength range corresponding to an R branch of a 
tions. The data shown are typical of the best results vibrational absorption band of said gaseous compound, 
which the computer model predicts for R branch exci- said vibrational absorption band corresponding to a 
tation as taught by U.S. Ser. No. 408,669. The separa- m°de of molecular motion in which the said element 
tion efficiency calculated by the computer model under ̂  participates, whereby the molecules containing the ligh-
exactly comparable conditions shows a large and sur- ter lsotoPe ^topes are preferentially excited and 
prising improvement for the combined R branch Q sequentially absorb more than 1 quanta of IR radiation, 
f ? , x- irradiating said gaseous molecules at a second predeter-
branch excitation as taught by the instant invention. mined wifvelen|th with an IR laser> said second wave-

TABLE 1 length corresponding to a Q branch of the same or a 
45 different vibrational absorption band of said gaseous 

Physical Constants of UF6 used in Computer Model compound, said same or different vibrational absorption 
Rotational Coupling Constant, B,=0.0558 cm-1 band corresponding to a mode of molecular motion in 
Coriolis Constant S=0.20 which the said element participates, whereby the mole-
Anharmonicity=0.00253 cm-Vcm-1 cules containing the lighter isotopes are further prefer-
Wavelength of 1/3 band=626 cm-1 50 entially excited, then preferentially converting the ex-

Irradiation Conditions used by Computer Model cited molecules by any means whose rate or selectivity 
Critical Energy Eer,/=3756 cm-' is sensitive to temperature and separating said con-
Temperature =300° K. verted molecules from the molecules which are either 
Wavelength of R branch radiation=637 cm-1 „ unconverted or have been converted to some chemi-
WavelengthofQ branch radiation=620.5 cm-1 55 cally different product. 

Results of Computer Model Calculations 2" ™ e method of °lalfm 1 where,n sald Sase°us com-AT j. . • j ttt- , T> . u • pound is a compound of uranium. A. Irradiation of UF6 only in R branch as taught by 3 T h g method of claim 2 wherein the p o w e r density 
cited prior art. of said flrst irradiati0n is at least 106 watts/cm2. 

60 4. The method of claim 3 wherein said compound of 
uranium is UF^. 
5. The method of claim 4 wherein said first wave-

length is in the range of either 630 to 638 cm-1 or 190 
to 198 cm-1. 

65 6. The method of claim 5 wherein said second irradia-
tion is in the range of either 1293 to 1285 cm-1, 1159 to 
1151 cm-1, 628 to 620 cm-1, or 188 to 180 cm-1. 

B. Irradiation of UF6 first in R branch followed by Q * * * * * 
branch Irradiation 

Energy density, joules per cm2 SW/eV 

.2 .05 

.4 .11 

.6 .12 (max.) 
1 .11 
4 .06 


