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[57] ABSTRACT 

The instant invention relates to a process for separat-
ing a material into two or more parts in each of which 
the abundances of the isotopes of a given element dif-
fer from the abundances of the isotopes of the same 
material in said material. In one embodiment, the in-
vention relates to a method for the isotopically selec-
tive excitation of gas phase molecules by multiple in-
frared photon absorption followed by selective dissoci-
ation of said excited molecules by the absorption of a 
single photon of visible or ultraviolet light. This inven-
tion is useful for, but not limited to, the separation of 
the principal isotopes of uranium. 

11 Claims, 2 Drawing Figures 
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Figure I 
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ISOTOPE SEPARATION PROCESS 

FIELD OF THE INVENTION 
The instant invention relates to a process for separat- 5 

ing 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 mate-
rial in said material. In one embodiment, the invention 
relates to a method for the isotopically selective excita- 1° 
tion of gas phase molecules by multiple infrared photon 
absorption followed by selective dissociation of said 
excited molecules by the absorption of a single photon 
of visible or ultraviolet light. This invention is useful 
for, but not limited to, the separation of the principal 1 5 

isotopes of uranium. 

BACKGROUND OF THE PRIOR ART 
In order that the instant invention may be clearly 

understood, it is useful to review the prior art relating 2 0 

to photochemical isotope separation. U.S. Pat. No. 
2,713,025 and British Pat. No. 1,237,474 are good 
examples of processes for the photochemical separa-
tion of the isotopes of mercury. The first requirement 
for a photochemical isotope separation is that one finds 2 5 

conditions such that atoms or molecules of one isotope 
of a 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 vapor of 
atoms. Said atoms absorb ultraviolet light at 2537 A. 30 
The absorption line of Hg202 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 a light in a critically narrow wavelength region excite 
either Hg200 or Hg202 without substantially exciting the 35 
other, depending on the exact wavelength used. 

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 not un- 40 
dergo, 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 tempera-
ture are thermally excited to this energy is vanishingly 45 
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 H 2 0 (as 
taught in the U.S. Patent) or with 0 2 , HC1 or butadiene 
(as taught in the British patent), said reactions not 5 0 

occurring at room temperature with unexcited mer-
cury. 

Uranium, however, is a highly refractory metal, boil-
ing only at extremely high temperatures. Thus use of 
the above described process with uranium atoms in- 5 5 

stead of mercury involves obvious difficulties. The 
most volatile form of uranium is UF6. U235F6 and U238F6 
both absorb ultraviolet light and do so to exactly the 
same extent at all wavelengths in the UV; hence, UV 
excitation of UF6 does not satisfy the first requirement 6 0 

of photochemical isotope separation. However, UF6 
will also absorb infrared light in the region around 626 
cm - 1 (the v3 band) and 189 cm - 1 (the v4 band). Both 
the v3 and i>4 bands of U235F6 are shifted slightly 
toward higher energy with respect to the v3 and v* 6 5 

bands of U238F6 respectively, but the size of these shifts 
is small compared to the width of the bands; in other 
words, the infrared absorption spectra of U2:!8F6 and 

122 

2 
U235Ff) do not exactly coincide, but they overlap at all 
wavelengths so that if one isotope absorbs light, so, to 
a substantial degree, will the other. Hence the infrared 
excitation of UF« by absorption of a single IR photon is 
a process of limited isotopic selectivity. 

The second requirement for isotope separation is also 
a matter of some difficulty for UF6. UF6 molecules 
which are excited by IR light are no different from 
molecules which have received the same energy by 
thermal excitation. Whatever process the photo-
excited molecules will undergo, those molecules which 
are thermally excited to the same energy will also un-
dergo. This dilution of the photo-excited molecules 
with thermally excited molecules will further decrease 
the isotopic separation factor. 

The process of the instant invention is schematically 
illustrated in FIG. 1. This process is applicable to isoto-
pic separation of uranium isotopes using UF6 but is by 
no means limited thereto. Hence, in FIG. 1 let A desig-
nate a molecule containing an atom of the lighter iso-
tope of some element whose isotopes we desire to sepa-
rate and let B designate the corresponding molecule 
containing the heavier isotope of said element. The 
ways in which a molecule may contain energy are 
called the degrees of freedom. It is well known that 
molecules have three different kinds of internal degrees 
of freedom, rotational, vibrational, and electronic, 
That is, a molecule may contain energy by spinning 
about its axis, it may contain energy because its atoms 
are vibrating against each other, and it may contain 
energy by virtue of having one or more of its electrons 
in higher energy orbits. 

All of these forms of energy are quantized, that a 
molecule may hold "only certain discrete amounts of 
energy in each of these forms. In general, for a given 
molecule the rotational quanta will be the smallest and 
the electronic the largest. A molecule containing the 
absolute minimum posssible energy would be said to be 
in the ground electronic, ground vibrational, ground 
rotational state. Because rotational quanta are very 
small, rotationally excited states are populated even at 
very low temperatures. Hence in FIG. 1 the ground 
vibrational state of the ground electronic level is shown 
not as a single line but as' a band because within the 
ground vibrational, ground electronic state the mole-
cules are distributed among many rotational levels. 

The instant invention is a three step process, the first 
step being that the molecules to be isotopically sepa-
rated are irradiated with a high power infrared laser 
under a critical set of conditions described hereinafter. 
The effect of this irradiation is to cause molecules of A 
and B to absorb IR photons and be progressively ex-
cited from the ground vibrational state to the first ex-
cited vibrational state, to the second excited vibrational 
state, to the third excited vibrational state, etc. It is to 
be noted that spacing between the vibrational levels of 
A and B is not exactly the same, although the differ-
ence in spacing of the levels is small compared to their 
width. Thus both A and B absorb the infrared laser 
radiation, but depending on the wavelength of the laser 
one will do so faster than the other. Hence, the isotopic 
selectivity of the absorption process is compounded as 
molecules are progressively excited up the vibrational 
ladder. Further, the total vibrational energy given the 
molecule is that of several infrared photons; hence the 
molecules are excited to levels but little populated by 
thermal means and dilution of photoexcited molecules 
by thermally excited molecules is minimized. 
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It will at once be realized that if A and B are polya-
tomic molecules they have several vibrational degrees 
of freedom. UF6, for example, has 15° of freedom, but 
because of its symmetry only six normal modes of vi-
bration. Thus, to specify the vibrational state of UF6 
one must specify how many quanta of vibrational en-
ergy are in each of these six modes. The ground state 
would be designated UFS (0,0,0,0,0,0). If the IR laser 
were tuned to the v3 band of UF S , the sequential exci-
tation process shown in FIG. 1 would be described by 

UF6 (0,0,0,0,0,0) + hv » UF6 (0,0,1,0,0,0) 
U F 6 ( 0 , 0 , 1 , 0 , 0 , 0 ) + H V > U F 6 ( 0 , 0 , 2 , 0 , 0 , 0 ) 
U F 6 ( 0 , 0 , 2 , 0 , 0 , 0 ) + HP » U F G ( 0 , 0 , 3 , 0 , 0 , 0 ) I t i s 

well known that UF 6 has many low energy vibra-
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2 5 

3 0 

35 

4 0 

tional states which at room temperature are sub-
stantially populated. Hence, the sequential excita-
tion process shown in FIG. 1 is not the only such 
process occurring but is merely a representative of 
many similar processes. 

The second step of the instant invention is the irradi-
ation of the molecules to be isotopically separated with 
visible or ultraviolet light from a second laser. It is to be 
done under a set of hereinafter described critical condi-
tions. Let there be a critical vibrational energy content, 
Er, such that molecules with greater than said vibra-
tional energy content may absorb photons from said 
second laser and become electronically excited while 
molecules with less than said critical energy either do 
not absorb or absorb said photons more slowly. The 
molecuules in said excited electronic state undergo a 
chemical reaction which the molecules in the ground 
electronic state undergo more slowly if at all. 

Thus in the first two steps of the instant invention, A 
and B are converted with isotopic selectivity into some 
chemically different substance. The third step of the 
instant invention is the recovery of said substance by 
any of the means known in the art. 

From the above description, the instant invention is 
readily distinguished from the prior art. Thus U.S. Pat. 
No. 3,443,087 teaches the separation of U235F6 from 
U238F6 by selectively exciting one of them with an infra-
red laser then ionizing said excited molecules with 
ultraviolet light and recovering the ions by means of 
electric and/or magnetic fields of chemical reactions. 
In a review entitled "Photochemical Isotope Separation 45 
As Applied To Uranium" (Union Carbide Corporation 
Nuclear Division, Oak Ridge Gaseous Diffusion Plant, 
Mar. 15, 1972, K-L-3054, Revision 1, page 29), Farrar 
and Smith discuss the abovementioned patent and 
comment unfavorably on the practicality of the pro-
posed second step of photoionization. As an alterna-
tive, they suggest photodissociation. However, both 
U.S. Pat. No. 3,443,087 and Farrar and Smith explicitly 
teach that each UF6 molecule undergoing the photoex-
citation step acquires an energy corresponding to one 5 5 

infrared photon. Thus, neither Farrar and Smith nor 
U.S. Pat. No. 3,443,087 teach, show or suggest the use 
of multiple IR photon absorption. 

British patent No. 1,284,620, German patent No. 
1,959,767 and German patent No. 2,150,232 teach the 
use of infrared radiation of excited molecules, said 
excited molecules to undergo some chemical reaction 
which the unexcited molecules undergo more slowly. 
The energy given the molecules during the infrared 
excitation step is explicitly taught to be the energy of a 65 
single IR photon, and these references neither teach, 
show, nor suggest the use of multiple infrared photon 
absorption. 

5 0 

60 

It is to be recognized that excitation by multiple in-
frared photon absorption is entirely different from re-
peating the step of excitation by single infrared photon 
absorption. The conditions necessary to achieve excita-
tion by single infrared photon absorption are merely 
that molecules be irradiated with infrared radiation of 
an appropriate wavelength. A set of critical conditions 
must be maintained if multiple infrared photon absorp-
tion is to occur. Multiple infrared photon absorption 
requires the use of a high power infrared laser, specifi-
cally said laser must emit at least 104 watts per cm2 per 
torr pressure of the gas which contains the isotopes that 
are being separated. Further, the time the gas mole-
cules are subjected to this high power infrared radia-
tion must be between 10~10and 5 X 10 - 5 seconds. Thus 
if the sum of the partial pressures of A and B is 2 torr, 
a power density of at least 2 X 104 watts/cm2 is re-
quired. Failure to use at least this critical power density 
will have the result that the time required for the multi-
ple photon excitation process will not be short com-
pared to the average interval between collisions of A 
and B molecules. During such collisions, transfer of 
vibration excitation may occur, with the result that the 
excitation process loses its isotopic selectivity. 

The second requirement for a multiple infrared pho-
ton absorption is the presence of a second gas, the 
partial pressure of said gas being at least 5, preferably 
between 5 and 100,000 times the partial pressure of A 
and B. Said second gas may be any substance chemi-
cally different from A and B, but H2, N2, 0 2 , He, Ne, 
Ar, Kr and Xe are most preferred. The reason said 
second gas is needed is subtle and relates to an effect 
known as anharmonicity. The levels of the vibrational 
ladder shown in FIG. 1 are not exactly uniformly 
spaced but become slightly closer together as one goes 
up the ladder. This effect is known as anharmonicity, 
because for a perfect harmonic oscillators the energy 
levels would be uniformly spaced. It is also well known 
that a molecule in a given rotational state J may absorb 
infrared radiation and go the next higher vibrational 
level and either rotational level quantum number J + 1, 
rotational level quantum number J, or rotational level 
quantum number J - l . Hence for a group of molecules 
in a thermal equilibrium distribution, there are three 
distinct absorption processes and the infrared absorp-
tion band is composed of three branches, the R branch 
(transitions in which the rotational quantum number 
increases by 1), the Q branch (transitions in which the 
rotational quantum number is not changed), and the P 
branch (transitions in which the rotational quantum 
number decreases by 1). The effect of anharmonicity 
upon the process of the instant invention is as follows: 
Let the infrared laser emit radiation of wavelength X. 
Let said wavelength X be within the R branch of an 
infrared absorption band of A and B. There will be 
some rotational quantum number J such that molecules 
of A in the ground vibrational state may absorb radia-
tion of wavelength X and be raised to the first excited 
vibrational state "and rotational state J + 1. However 
because of anharmonicity, molecules of A must be in 
some rotational state other than J + 1 in order to ab-
sorb radiation of wavelength X and go from the first to 
the second vibrational state. Thus a means by which 
molecules may change their rotational state is needed. 
Any molecular collision may cause rotational relax-
ation, i.e. put molecules back into a thermal distribu-
tion among the rotational energy levels, but if said 
collision is between A and B molecules transfer of 
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vibrational excitation may also occur. This would have second step laser should operate in thfe range 2400 A to 
the effect of destroying the isotopic selectivity of the 4600 A. 
excitation process. Accordingly, it is the teaching of The time during which molecules Of the gas which 
this invention that a second gas be provided as speci- contains the isotopes being separated are subjected to 
fled above in order that rotational relaxation may occur 5 radiation from the second step laser must be between 
during the sequential excitation process. 10~10 and 5 x 10~5 seconds. Further, the total time the 

The sequential excitation process may occur if the molecules of the gas which contain the isotopes being 
above critical requirements are met, if said process is to separated are subjected to radiation during both the 
have an optimum isotopic selectivity other require- first and second steps of the instant invention must be 
ments must be met. The first of these requirements 1 0 between 10-10 and 5 X 10~5 seconds; however, it is not 
relates to the degree of conversion achieved in the first necessary that the first step be completed before the 
step. If nearly all of the irradiated A and B molecules second step is begun. 
are excited to vibrational energies such that they may An apparatus suitable for the performance of this 
undergo step 2, then the product collected in step 3 will invention is shown in FIG. 2. The infrared laser (1) 
have nearly the same isotopic composition as the start- 1 5 m u s t b e operated in accord with the teaching of this 
ing material and only a poor isotope separation will be invention concerning minimum power density, and 
achieved. On the other hand, if an extremely low de- optimum energy density. There are numerous IR lasers 
gree of conversion is used, the molecules which are k n o w n m t h e a r t a n d o n e m u s t b e chosen which can be 
isotopically selectively excited by infrared radiation „„ adjusted to emit radiation within, the R branch of an 
will be substantially diluted with those which are nonse- 2 0 i n f r a r e d absorption of the gas which contains the iso-
lectively excited by thermal means. Hence there clearly t o P e s b e , n g separated. For operation on UF., one may 
exists an optimum conversion for the first step of the u s e a n H F l a s e r w h , c h c a n e m l t a t 6 2 9 } 6 c m • T h e 

instant invention. The energy density to which the A v , f b l e o r ultraviolet laser may be a dye laser tuned to 
and B molecules are subjected must be controlled to „ whatever wavelength is desired. 
achieve said optimum conversion. The optimum energy 2 5 ™ e object labeled 3 is a mirror transparent to mfra-
density depends to some extent on the exact wave- r e d h g h t

u
 b u t reflecting visible or UV light. By this 

, tT1 , , . .. . r J . . . means, the output light beams from lasers 1 and 2 are length which the IR laser emits, but it is preferred that . ' v , ® , , , . , . .i ° , , , r . . , , made colinear. The light beams pass through window 4 the molecules undergoing isotopic separation be sub- . ° . . . p , • ,_ . • . i , n _ , • , , , .. and into a vessel containing the gas which contains the jected to no less than 10 J joules/cm^ nor more than . . . , „ , ? t . . , , . , , , , . .. „ * » r
 3 0 isotopes to be separated. The time that molecules of 103 joules/cmz during the performance of step one of . , r .. ,. . - . . . , . ^ ' . . said gas are exposed to radiation from the lasers may be the instant invention. ,. . ~ , , r

 c . n . _ u « . • ,, • j , j limited by any of several means. The gas may be flow-The optimum wavelength for the infrared laser de- SQ ^ ^ o l e c u l e s a r e s w e t i n t ( f a n d J u t o f t h e 
P f " I s o n m o l e c u l e , s be.ng used. If A and B are i r r

6
a d i a t e d v o l u m e i n a t i m e o f , 0 - 5 s e c . o r l e s s . T h e 

°P® r a tI°? , a s e r ',s l n ! h e / I
a n 8 e 55 irradiated volume may be made very narrow by focus-

O Z U t o 6 4 5 c m - ; ( t h e K b r a n c h o t t h e . * D a n a o t u i ^ j . t h e , a s e r s 
so that molecules diffuse out of said vol-

or m the range 189 cm 1 to 204 c m - 1 (the R branch of u m e i n a n a e t i m e o f 5 x [ 0 -5 s e c 0 n d s or less. The 
the V4 band). In general, one may use the R branch of , a s e r s m a y b e p u l s e d ; e a c h pulse lasting less than 5 X 
any vibrational band, provided that said band corre- 1 0 - 5 s e c o n d s . x h e t i m e b e t ween pulses should be 
sponds to a normal mode of vibration m which there is 40 g r e a t e r than 10~3 seconds 
participation by atoms of the element Whose isotopes it 
is desired tb separate. The R branch is preferred be- PREFERRED EMBODIMENT 
cause it is preferred to selectively excite A, that is to Uranium ore of natural isotopic distribution is con-
selectively excite molecules containing the lighter of v e r t e d t 0 U F ( , v a p o r b y m e a n s w e l l known , n t h e a r t 
the isotopes being separated. The reason for this is 45 Said UF6 is placed within the photolysis cell of the 
related to anharmonicity. As a molecule is progres- apparatus shown in FIG. 2. The temperature of said cell 
sively excited up the vibrational ladder, its absorption ; s jn the temperature range 200°K to 400°K. The partial 
spectra shifts toward lower energy. Thus, if the infrared pressure of UF6 in said cell is preferably in the range 
laser is operating on the low energy edge o f the absorp- lO"4 to 100 torr. Said cell also contains a gas chosen 
tion band, the P branch, the rate at which molecules 50 from the group hydrogen, nitrogen, oxygen, helium, 
will absorb IR radiation increases as they go up the neon, argon, krypton and xenon at a partial pressure of 
vibrational ladder, but the isotopic selectivity of said 5 to 100,000 times the partial pressure of the UFS. If 
absorption decreases. Conversely, if the laser is operat- helium, neon, argon, krypton or xenon or mixtures 
ing in the R branch, the rate of radiation absorption thereof are used as the second gas, then a third gas is 
decreases but .the isotopic selectivity increases. This is 55 a i s o added to the photolysis cell at a partial pressure 
a more favorable situation for the overall separation. preferably less than or at most equal to the partial 

In FIG. 1, E, is shown as three times the energy of a pressure of UFe. Said third gas is any substance which 
vibrational quanta. Et. may be greater or less than this will react rapidly and irreversibly with either UF5 radi-
without going beyond the scope of this invention. cal or atomic fluorine, examples of such substances 

The laser used in the second step must supply pho- 60 include hydrogen, the gaseous hydrocarbons, e.g. C , to 
tons corresponding to the difference between the en- Ci0, e.g. alkanes, alkynes, aromatics, alkenes, etc., HCl, 
ergy required for the chosen photochemical process HBr, HI, and H2S. 
and E,.. The wavelength at which the second step laser The above mixture of UF6 with said second and third 
operates thus depends on the molecule which contains gases is subjected to irradiation by an IR laser and a UV 
the isotope being separated, the photochemical process 6 5 laser. Said IR laser is preferably operated in a pulsed 
chosen, and the desired value of E r. In the case of UF6, mode, the time between pulses being at least 10 - 3 sec., 
it is preferred that the photochemical process should be and the pulse duration between 10~10 and 5X10 - 5 sec-
photodissociation, UF6+/ii, >UF 5 +F and that the onds. The power density of light from the IR laser to 
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which said gas mixture is subjected preferably is at least 
104 watts per cm2 per torr of partial pressure of UF6 and 
the energy density per pulse preferably is not less than 
I 0 - 3 joules/cm2 nor more than 103 joules/cm2. The 
wave length of the IR laser preferably is in the range 5 

620 to 645 cm"' or 189 to 204 cm - 1 . The UV laser 
preferably operates in the range 2400°A to 4600°A. 
The UV light from said laser passes through the photol-
ysis cell colinearly with the light from the IR laser. The 
UV laser is preferably operated in a pulsed mode, the 1 0 

time between pulses being at least 10 - 3 sec. and the 
pulse duration less than 5 X 10 - 5 sec. The light pulses 
from the UV laser should occur at the same time as or 
within 5 X 10 - s sec. of the light pulses from the IR laser. 

The photolytic cell may be operated as either a batch 1 5 

or continuous reactor. In the former case the gas mix-
ture in the reactor is subjected to enough laser pulses to 
produce the desired degree of photodecomposition of 
the UF8, then the undecomposed UF6 which is depleted 
in U235 and the product of the photodecomposition 2 0 

which enriched in U235 are recovered by any of the 
means well known in the art. Should a higher degree of 
enrichment be desired, then by means well known in 
the art the photodecomposition product may be con- 2 5 
verted to UF6 and the process of the instant invention 
repeated. Likewise, if the undecomposed UF6 is not 
depleted to the desired level, further depletion may be 
achieved by repeating the process of the instant inven-
tion. The techniques of staging isotopic separation so as 
to achieve desired levels of enrichment in the product 
and depletion in the tails are well known. Once the 
desired enrichment level is reached, the product may 
be made into nuclear reactor fuel rods by the methods 
well known in the art. 35 

What is claimed is: 
1, A method of separating the isotopes of an element, 

said method being applied to a gaseous compound of 
said element, said method comprising subjecting the 
molecules of said compound to IR radiation at a prede- 4 0 
termined frequency by means of an IR laser, said gase-
ous compound being irradiated by said IR laser at a 
power density of at least 104 watts per cm2 per torr 

,956 8 
pressure of said gaseous compound for a time of be-
tween 10~10 and 5X10 - 5 seconds and wherein a second 
gas is present along with said gaseous compound, said 
second gas partial pressure being at least 5 times the 
partial pressure of said gaseous compound, whereby 
the molecules containing the lighter isotope or isotopes 
are preferentially excited and absorb more than one 
quanta of IR radiation, subjecting said gaseous mixture 
to radiation at the second predetermined frequency 
within the visible or ultraviolet spectrum, said second 
predetermined frequency being selected to convert 
said excited molecules to a form whereby they may be 
separated from the nonexcited molecules, and separat-
ing said converted molecules. 

2. The method of claim 1 wherein said visible or 
ultraviolet radiation source is a visible or ultraviolet 
laser. 
. 3. The method of claim 1 wherein the excited mole-
cules are photodissociated by said visible or ultraviolet 
laser. 

4. The method of claim 1 wherein said second gas is 
selected from the group consisting of hydrogen, nitro-
gen, oxygen, helium, neon, argon, krypton and xenon. 

5. The method of claim 4 wherein said gaseous com-
pound is subjected to IR light at an energy density of 
between 10 - 3 joules per cm2 and 103 joules per cm2. 

6. The method of claim 5 wherein said gaseous com-
pound is subjected to radiation from said visible or 
ultraviolet laser for less than 5 X 10~5 seconds. 

7. The method of claim 6 wherein said IR laser oper-
ates at a wave length corresponding to an R branch of 
a vibrational absorption band of said gaseous com-
pound. 

8. The method of claim 6 wherein said gaseous com-
pound is UF6. 

9. The method of claim 8 wherein said IR frequency 
ranges from 620 to 645 cm - 1 . 

10. The method of claim 8 wherein said IR frequency 
ranges from 189 to 204 cm - 1 . 

11. The method of claim 8 wherein said second pre-
determined frequency ranges from 2400 to 4600°A. 

* * * * * 
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