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(54) ISOTOPE SEPARATION PROCESS 

(71) We, EXXON RESEARCH AND 
ENGINEERING COMPANY, a 
Corporation duly organised and existing 
under the laws of the State of Delaware, 

5 United States of America, of Linden, New 
Jersey, United States of America, do hereby 
declare the invention, for which we pray that 
a patent may be granted to us, and the 
method by which it is to be performed, to be 

10 particularly described in and by the following 
statement:-

The present invention relates to a process 
for separating a material into two or more 
parts in each of which the abundances of the 

15 isotopes of a given element differ from the 
natural abundances of the isotopes of the 
same element in said material. The invention 
is useful for, but not limited to, the 
separation of the principal isotopes of 

20 uranium. 
The invention more especially relates to an 

isotope separation process wherein, in a first 
step IR photon absorption is utilized to 
selectively excite one isotope of an isotopic 

25 mixture, and said excited isotope is 
converted in a second step to a form which 
can be recovered from said mixture. Such a 
process is described in U.S. Patents 
3,937.956 and 4,003.809 both to R.K. Lyon. 

30 In order that the present invention may be 
clearly understood, it is useful to review the 
prior art relating to photochemical isotope 
separation. U.S. Patent 2,713,025 and 
British Patent 1,237,474 are examples of 

35 processes for the photochemical separation 
of the isotopes of mercury. The first 
requirement for a photochemical isotope 
separation is that one finds conditions such 
that atoms or molecules of one isotope of a 

40 given element absorb light more strongly 
than do atoms or molecules of another 
isotope of said element. Mercury is a volatile 
metal and readily forms a vapour of atoms. 
Said atoms absorb ultraviolet light at 

45 2537 A . The absorption line of Hg2"2 is 

displaced by about 0.01 A with respect to the 
absorption line of Hg200. Since the absorption 
lines are extremely narrow, one may by use of 
light in a critically narrow wavelength region 
excite either Hg200 or Hg202. 50 

The second requirement for a 
photochemical isotope separation is that 
those atoms or molecules which are excited by 
light undergo some process which the atoms 
or molecules which have not been excited do 55 
not undergo, or at least do not undergo as 
rapidly. A quantum of 2537 A ultraviolet 
light imparts an excitation of 112.7 Kcal/mole 
to the mercury atom which absorbs it. The 
number of mercury atoms which at room 50 
temperature are thermally excited to this 
energy is vanishingly small, hence the atoms 
excited by light are not diluted by atoms 
excited by thermal means. Atoms of this high 
excitation readily undergo reactions with H2 55 
(as taught in the U.S. Patent) or with O2, HC1 
or butadiene (as taught in the British Patent), 
said reactions not occurring at room 
temperature with unexcited mercury. 

Uranium, however, is a highly refractory 70 
metal, boiling only at extremely high 
temperatures. Thus, use of the above-
described process with uranium atoms instead 
of mercury involves obvious difficulties. The 
most volatile form of uranium is UFe. U235Fe 75 
and U238Fe both absorb ultraviolet light and 
do so to exactly the same extent at all 
wavelengths in the UV; hence, UV excitation 
of UFe does not satisfy the first requirement 
of photochemical isotope separation, go 
However, UFe will also absorb infrared light 
in the region around 626 c m - 1 (the V3 band) 
and 189 c m - ' ( t h e v4 band). Both the v3 and 
V4. bands ofU2 3 5Fs are shifted slightly toward 
higher energy with respect to the V3 and v* 
bands of U238Fe respectively, but the size of 
these shifts is small compared to the width of 
the bands; in other words, the infrared 
absorption spectra of U238Fs and U235Fs do 
not exactly coincide, but they overlap at all go 
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wavelengths so that if one isotope absorbs 
light, so, to a substantial degree, will the 
other. Hence, the infrared excitation of UFe 
by absorption of a single IR photon is a 

5 process of limited isotopic selectivity. 
Since the means of staging isotope 

separation are well known, this limited 
selectivity may still be useful; however, the 
second requirement for isotope separation is 

10 also a matter of some difficulty for UFs. UFe 
molecules which are excited by a single 
photon of IR light receive a small amount of 
energy and are only slightly different from 
unexcited molecules. Thus, if one is to 

15 convert the excited molecules while leaving 
the unexcited molecules unconverted, a 
conversion means is required which is highly 
selective with respect to the energy content 
of the molecules. 

20 There is the further difficulty that since the 
energy provided by photon excitation is 
small, molecules may be thermally excited to 
the same energy level. Thus, if a group of 
molecules each absorb an IR photon, these 

25 molecules which were photoexcited with 
isotopic selectivity will be diluted with 
molecules produced by unselective thermal 
excitation. The photoexcited molecules will 
rapidly disappear but the thermally excited 

30 molecules are continually replenished. Thus, 
as time passes after the excitation the 
dilution of selectively excited molecules with 
unselectively excited molecules increases 
and in order to minimize this undesirable 

35 dilution it is clearly necessary that the time 
lag between excitation and conversion be 
small. 

If the irradiation conditions are such that 
the molecule is caused to absorb more than 

40 one infrared photon then the molecule will 
be excited to an energy level well above that 
populated by thermal means. In fact, the 
molecule may be excited to the dissociation 
limit. 

45 To achieve an absorption of more than one 
photon, at least two limiting factors have to 
be overcome. First, the excitation process 
has to be faster than the various molecular 
relaxation processes. Second, a process has 

50 to be devised which helps to overcome the 
anharmonic character of molecular 
oscillators, namely anharmonicity. The 
solution to the first problem is to restrict the 
excitation pulse width to a time shorter than 

55 the relevant relaxation times. There are a 
number of solutions to the second problem. 
The aforesaid U.S. patents 3,937,956 and 
4.003.809 teach a means by which 
anharmonicity may be overcome. This 

60 means is the use of a second gas which 
promotes rotational relaxation between the 
absorption of IR photons. Another way is to 
use a laser which emits not at a single exact 
wavelength but a finite range of wavelengths, 

65 such that anharmonicity to n-levels is 

overcome. Finally, an absorption of more 
than one photon can be achieved as the result 
of power-broadening, where the power-
broadening limit is established by the 
threshold for laser induced breakdown in the 70 
particular gaseous species, or mixtures of 
gaseous species, and by the requirement that 
the isotope selectivity of the exciting radiation 
not be impaired. The present invention 
teaches yet another way that anharmonicity 75 
may be overcome and an absorption of more 
than one photon, with additional isotope 
enrichment, achieved compared with single 
photon absorption. 

According to the present invention, a 80 
method of separating the isotopes of an 
element, said method being applied to a 
gaseous compound of the element, which 
method comprises the steps of (i) subjecting 
molecules of said gaseous compound 85 
simultaneously to two infrared radiations of 
different wavelengths, the first radiation 
having a wavelength which corresponds to an 
absorption band of said compound, which in 
turn corresponds to a mode of molecular 90 
motion in which there is participation by 
atoms of said element, and the second 
radiation having a power density greater than 
10s watts per cm2, thereby exciting molecules 
of said gaseous compound in an isotopically 95 
selective manner, this step being conducted in 
such manner that the excited molecules either 
receive a level of energy sufficient to cause 
them to undergo conversion by unimolecular 
decomposition or they receive a level of 100 
energy sufficient to cause them to undergo 
conversion by reaction with molecules of 
another gas present for that purpose; and (ii) 
separating and recovering converted 
molecules from unconverted molecules. 105 

Suitably the first radiation is sufficiently 
intense to excite the molecule to enable the 
absorption of the second radiation, but is 
below intensities which produce power 
broadening detrimental to isotope selectivity. 110 
Thus, desirably, the first radiation has an 
intensity between 100 watts per cm2 and 10s 

per cm2. 
The said first radiation may be called the 

resonant radiation because its wavelength 115 
must correspond to an absorption band of 
said molecules which in turn corresponds to a 
mode of molecular motion in which there is 
participation by atoms of said element. If the 
said gas phase molecules are UFs then it is 120 
preferred to use a resonant radiation in one of 
the following wavelength ranges: 1880 to 
1852 cm-1, 1300 to 1280 cm-1, 1170 to 
1143 cm-1,636 to 613 cm-1 and 196 to 186 cm-
1. There is no high power requirement for the 125 
resonance radiation. 

The said second radiation may be called the 
off-resonant radiation and for it high power is 
required, specifically the power density of off-
resonant radiation to which the molecules are 130 
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subjected must be greater than 10s watts per 
cm2 , preferably greater than 107 watts per 
cm2 and more preferably greater than 108 

watts per cm2. 
5 The result of carrying out the process of 

the present invention is that there will be 
absorption of more than one IR photon. 

There is no required relationship between 
the wavelength of the off-resonant radiation 

10 and absorption bands of the molecules, 
hence any high power laser may be used. 
However, it is preferable that the frequency 
of the high power radiation should be close to 
a resonance of the molecule excited by the 

15 low power radiation. Because of their high 
efficiencies the COa, CO, HF and DF lasers 
are preferred. It is also preferred that the 
time during which the molecules are subject 
to irradiation be less than 1 0 - 5 seconds, 

20 more preferably less than 1 0 - 6 second and 
most preferably less than 1 0 - 7 second. 

The preferred mode of conversion is 
unimolecular decomposition, i.e. the 
irradiated molecules receive sufficient 

25 energy that they decompose. It is, however, 
within the scope of the present invention that 
the irradiated molecules receive an amount 
of energy which is insufficient to cause 
decomposition but which causes them to 

30 react with some other gas phase molecule 
also present in the irradiated volume. 
Examples of the various chemical conversion 
processes the selectively excited molecules 
can undergo are described in the Lyon 

35 patents mentioned above. 
The simplest description of the 

combination excitation conversion step is in 
terms of sequential process. The resonant 
radiation causes an isotopically selective 

40 excitation of the molecules. The excited 
molecules have a greater density of 
vibrational states available for further 
excitation than do the unexcited molecules 
and therefore more readily undergo 

45 absorption of the high power off-resonant 
radiation leading to their decomposition. 
High power off-resonant radiation means in 
the context of this application radiation 
which is not absorbed by the fundamental 

50 molecular vibration. This description, 
however, implies that the high power off-
resonant radiation does not influence the 
absorption of the resonant radiation. It is 
within the scope of this invention to operate 

55 under conditions such that said implication is 
valid but it is also within the scope of this 
invention to use conditions such that the high 
power off-resonant radiation interacts 
significantly with the absorption of the 

60 resonant radiation without impairing isotope 
selectivity. It is further within the scope of 
this invention that the high power laser off-
resonant radiation in the context of direct 
absorption of the radiation may inelastically 

65 scatter according to a Raman process such 

that the equivalent of multiphoton vibrational 
excitation is achieved. In the presence of the 
large photon yield this may approach a 
stimulated scattering process with a cross 
section larger than observed at lower yields. 70 
Due to the high density of states of the 
molecules a resonant Raman scattering 
process may prevail. 

From the above description, the instant 
invention is readily distinguished from the 75 
prior art. Thus, U.S. Patent 3,443,087 teaches 
the separation of U235Fs from UZ 3 8F± by 
selectively exciting one of them with an 
infrared laser then ionizing said excited 
molecules with ultraviolet light and g0 
recovering the ions by means of electric 
and/or magnetic fields or chemical reactions. 
In a review entitled "Photochemical Isotope 
Separation as Applied to Uranium" (Union 
Carbide Corporation Nuclear Division, Oak 85 
Ridge Gaseous Diffusion Plant, March 15, 
1972, K-L-3054, Revision 1, page 29), Farrar 
and Smith discuss the above-mentioned 
patent and comment unfavourably on the 
practicality of the proposed second step of 90 
photoionization. As an alternative, they 
sugget photodissociation by single UV 
photons. 

British Patent 1,284,620, German Patent 
1,959,767 and German Paent 2,150,232 teach 95 
the use of infrared radiation to selectively 
excite molecules which then undergo a 
chemical reaction which the unexcited 
molecules undergo more slowly. Only one 
example of such a reaction is given, the i q ( 
thermal decomposition of U(BH»)4. 

In all the above references the energy given 
the molecules in the photoexcitation step is 
explicitly taught to be that of one IR photon, 
while as the result of carrying out the process iQf 
of the present invention the molecules will be 
given the energy of more than one IR photon. 

There are also publications disclosing 
multiple IR photons. In the aforesaid U.S. 
Patents a process is taught in which molecules 
are excited in an isotopically selective manner 
by resonant infrared radiation at a required 
high power density of at least 104 watts per 
cm2 per torr pressure of the gaseous 
compound which contains the element whose u< 
isotopes are being separated. The isotopically 
selective decomposition of SFe by resonant 
radiation at power densities of 109 watts per 
cm2 has been observed and reported in 
journal articles by Ambartzumian et al n r 
(Soviet Physics JETP 21, 375, 1975) and by 
Lyman et al. (Applied Physics Letters 27, 87, 
1975). All these references share the common 
requirements that the user must supply a high 
power laser which operates at a resonant Yli 
wavelength, i.e. the high power laser has to 
operate at a wavelength dictated by the 
molecules. The present invention is clearly 
distinguished from, and is advantageous with 
respect to, these references in that the high 131 
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power laser may operate at whatever 
wavelength permits the most efficient laser 
operation. It is well known that the efficiency 
and expense of generating high power 

5 infrared radiation is sensitive to the 
wavelength at which the laser must operate. 
This difficulty is greatly reduced in the 
present invention since the resonant 
radiation, i.e. the radiation which must be 

10 matched to the molecules comprising the 
isotopes which are to be separated, needs to 
be generated only at low power. 
Example 

Uranium ore of natural isotopic 
15 distribution is converted to UFe by means 

well known in the art. Said UFe is 
simultaneously irradiated with infrared low 
power resonant radiation in the wavelength 
range 636 to 613 c m - 1 and with infrared 

20 radiation from a CO2 laser at a power density 
greater than 108 watts per cm2, for a time of 
less than 1 0 - 5 second, whereby the UFs is 
decomposed in an isotopically selective 
manner. 

25 The low power resonant radiation should 
suitably be sufficiently intense to excite the 
molecule to enable the absorption of the off-
resonant high power radiation. The low 
power radiation intensity should not exceed 

30 values which produce such power 
broadening that isotope selectivity is lost. 
For the V3 transition of UFs, 636-613 c m - 1 , 
this intensity is limited to the range of 100 
watts per cm2 to 10s watts per cm2. 

35 The high intensity radiation should 
suitably be at a frequency and have an 
intensity such that it does not contribute to 
the power broadening to the detriment of 
isotope selectivity achieved by the low power 

40 radiation alone. It is preferable that the 
frequency of the high power radiation should 
be close to a resonance of the molecule 
excited by the low power radiation. 

The wavelengths, bandwidth, energy, 
45 pulse width and pulse temporal character of 

both the low power and high power radiation 
have to be adjusted to provide maximum 
yield at optimal isotope separation. 

The decomposed molecules are then 
50 recovered and separated from the 

undecomposed molecules thus forming 
isotopically enriched and depleted uranium, 
said separation and recovery being done by 
any means known in the art. The techniques 

55 of staging isotope separation are well known 
and should greater depletion of the depleted 
uranium or greater enrichment of the 
enriched uranium be desired, the separation 
process may be repeated according to the 

tin well known techniques. 
WHAT WE CLAIM IS:-
1. A method of separating the isotopes 

of an element, said method being applied to a 
gaseous compound of the element, which 

65 method comprises the steps of (i) subjecting 

molecules of said gaseous compound 
simultaneously to two infrared radiations of 
different wavelengths, the first radiation 
having a wavelength which corresponds to an 
absorption band of said compound, which in 70 
turn corresponds to a mode of molecular 
motion in which there is participation by 
atoms of said element, and the second 
radiation having a power density greater than 
106 watts per cm2, thereby exciting molecules 75 
of said gaseous compound in an isotopicaily 
selective manner, this step being conducted in 
such manner that the excited molecules either 
receive a level of energy sufficient to cause 
them to undergo conversion by unimolecular 80 
decomposition or they receive a level of 
energy sufficient to cause them to undergo 
conversion by reaction with molecules of 
another gas present for that purpose; and (ii) 
separating and recovering converted 85 
molecules from unconverted molecules. 

2. A method as claimed in claim 1, 
wherein the first radiation is sufficiently 
intense to excite the molecule to enable the 
absorption of the second radiation, but is 90 
below intensities which produce power 
broadening detrimental to isotope selectivity. 

3. A method as claimed in claim 2, in 
which said first radiation has an intensity 
between 100 watts per cm2 and 106 watts per 95 
cm2. 

4. A method as claimed in any preceding 
claim, wherein the irradiation in step (i) is 
conducted for a time less than 10-5 second. 

5. A method as claimed in claim 4, in 100 
which the irradiation time is less than 10-7 

second and the power sensity is greater than 
107 watts per cm2. 

6. A method as claimed in claim 4, in 
which the irradiation time is less than 10-6 105 
second and the power density is greater than 
108 watts per cm2. 

7. A method as claimed in any preceding 
claim, in which said second radiation is 
provided by a CO2, CO, HF or DF laser. 110 

8. A method as claimed in claim 7, in 
which said second radiation is provided by a 
CO2 laser. 

9. A method as claimed in any preceding 
claims, in which said gaseous compound is a 115 
compound of uranium. 

10. A method as claimed in claim 9, in 
which said compound of uranium is UFe. 

11. A method as claimed in claim 10, in 
which said first radiation is in one of the 120 
wavelength ranges of 1880 to 1852 cm-1,1300 
to 1280 cm-1, 1170 to 1143 cm-1, 636 to 
613 cm-1, and 196 to 186 cm-1. 

12. A method as claimed in claim 11 in 
which said first radiation has a wavelength in 125 
the range of 636 to 613 cm-1. 

13. A method as claimed in claim 1 and 
substantially as herein described. 

14. Isotopes whenever separated by the 
method claimed in any preceding claim. 130 
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K.J. VERYARD, 
15 Suffolk Street, 

London SW1. 
Agent for the Applicants. 
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