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ABSTRACT 
ISOTOPE SEPARATION BY SELECTIVE DISSOCIATION OF TRIFLUORO-

METHANE WITH AN INFRARED LASER 

High intensity infrared laser radiation of select-
ed wavelengths incident on gaseous trifluoromethane causes 
isotope-selective excitation and dissociation of the tri-
fluoromethane. The product compound or compounds, enriched 
in the desired isotope, can then be separated from the 
remainder of the gas. By this process, for example, infra-
red radiation of gaseous trifluoromethane using a CO2 laser 
provides enrichment and separation of deuterated compounds 
which are useful in certain types of commercial nuclear 
reactors. 
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DESCRIPTION 

ISOTOPE SEPARATION BY SELECTIVE DISSOCIATION OF TRIFLUORO-
METHANE WITH AN INFRARED LASER 
BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to enrichment and separa-

tion of hydrogen and/or carbon isotopes, in particular deu-
5 terium, by selective dissociation of trifluoromethane with 

an infrared laser. 
2. Description of the Prior Art 

Mosc elements, including hydrogen and carbon, 
occur in nature in the form of more than one stable isotope. 

10 For example, 0.015% of hydrogen atoms contain a neutron in 
2 

their nucleus. These "deuterium" (H ) atoms are almost 
chemically identical to H"*" atoms and are difficult to sepa-
rate by chemical means. However, it is well known that the 
absorption spectra of various isotopes of an element are 

15 different and that the absorption spectra of molecules com-
posed of such isotopes are different. Thus, in a collection 
of atoms or molecules containing more than one isotope, the 
atoms of one isotope can be excited without affecting the 
other atoms, provided that the difference in absorption is 

20 large enough and the range of photon excitation energy is 
small enough. Lasers are an attractive source of this 
excitation energy, since laser radiation is available with 
both high monochromaticity and high intensity. In recent 
years, several reviews of laser separation of isotopes have' 

25 appeared (See, e.g., Sov. J. Quant. Electron., _6, 129 (1976); 
j>, 259 (1976) and Scientific American 236, 2,86-98 (1977)). 
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Although isotopes find application in scientific 

research, medicine and industry, commercial interest in 
laser separation of isotopes derives largely from potential 
applications in nuclear power generation which employ ura-

5 nium fuel. For example, uranium occurs in nature with about 
23 5 0.7% U . In reactor fuel applications, it is generally 

235 
necessary first to enrich the U concentration. There is 
also, however, growing interest in "heavy water reactors" 
which operate with uranium which has not been enriched. 

10 These reactors, such as Canada's Candu reactor, require 
large quantities of heavy water. Some estimates project 
heavy water requirements for the nuclear industry to reach 
9 000 metric tons per year by the turn of the century. 
Accordingly, low cost schemes for separating deuterium are 

15 required. 
A key requirement for practical applications of 

laser separation of isotopes is an efficient, reliable, and 
inexpensive laser source. J.B. Marling, in U.S.P's 
4 029 558 and 4 029 559, issued June 14, 1977, discloses 

20 enrichment of deuterium and isotopes of carbon and oxygen 
based on selective predissociation of formaldehyde. This 
process requires the use of near ultraviolet radiation in a 
wave length range where inexpensive and reliable lasers are 
not available. Also, the formaldehyde must be recycled 

25 through the apparatus several times to obtain high deuterium 
purity. There is thus a need for a more efficient deuterium 
separation process. 

Robinson, et al., in U.S.P. 4 049 515, issued 
September 20, 1977, disclose a scheme for laser isotope 

30 separation by multiple photon absorption. The scheme 
involves irradiating a molecular species having at least two 
isotopes of an element with infrared laser light of a fre-
quency which selectively excites to a vibrational level only 
those molecules containing a particular isotope. The patent 

3 5 discloses two examples for which induced enrichment was 34 obtained; namely, the enrichment of S in natural SFK and 
1 1 • • B in natural BC13. However, the patentées disclose no 

way of selecting a candidate molecular species from the many 
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species which exist for any given element for which the 
process is applicable. When a molecule is subjected to 
infrared radiation in the manner taught by the patent, the 
isotopic shift is generally masked by other vibrational 

5 modes or, if unmasked, has a magnitude .lower than that 
required for practical isotope separation. In addition, it 
has not been possible to precisely predict the manner in 
which a molecule will dissociate or react with other species 
when subjected to high intensity infrared radiation. Hence, 

10 no general method can be given for devising a laser-chemical 
reaction system which will effect removal of the desired 
isotopic species. As a result, it has heretofore been 
impossible to predict which isotopes may be separated 
practically by multiple photon absorption of infrared laser 

15 radiation. 
Currently, deuterium is enriched by production of 

deuterium oxide a n isotopic exchange process be-
tween hydrogen sulfide (H~S) and water. The overall 
exchange mechanism can be described by 

20 HDS + II20—s* fI2S + HDO . 
Using this technology, an enrichment factor, 

defined as the ratio of concentration of deuterium in the 
product to its concentration in the starting material, 
between 3 and 16 is obtained in the various stages of 

25 enrichment. The final deuterium content in the water using 
this exchange technique is on the order of 6%. Deuterium 
enrichment to 99% may then be achieved by distillation. To 
increase the deuterium content to 6% in a single stage 
requires an enrichment factor of 425. 

30 Recently, Marling and Herman have reported disso-
ciation of CF^CHCl^ (refrigerant 123) using infrared radia-
tion from a C02 laser with 1400-fold enrichment of deuterium 
concentration in a single step (Lawrence Livermore Labora-
tory Preprint UCRL-81799, September, 1978). However, 

35 enrichment factors decreased both with increasing irradia-
tion intensity and with increasing gas pressure. Thus, the o 
maximum 3 of 1400 was achieved with an intensity of 10 J/cm 
and gas pressure of 0.067 kPa. Increasing the beam intensity 
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2 
to 110 J/cm decreased 3 to 27; then increasing the gas 
pressure to 3.3 kPa further reduced 3 to 4. To be effi-
cient, a deuterium separation process should be operable at 
high beam intensity and high gas pressure. 

5 SUMMARY OF THE INVENTION 
In accordance with the present invention, a process 

for obtaining compounds enriched in a desired isotope of an 
element selected from hydrogen and carbon comprises exposing 
subatmospheric pressure gaseous trifluoromethane containing 

10 said desired isotope and one or more other isotopes of the 
same element to infrared laser radiation of a predetermined 
frequency, which selectively dissociates trifluoromethane 
molecules containing said desired isotope of said element 
without substantially dissociating trifluoromethane mole-

15 cules containing other isotopes of said element, thereby 
producing a dissociation product enriched in said desired 
isotope, and separating the resulting dissociation product 
enriched in said desired isotope from the remainder of the 
gas . 

20 In this specification and the appended claims, the 
term "trifluoromethane" (TFM) refers to a mixture of CF3H 
and CF^D, the latter constituting about 0.015% of the total. 
The process of this invention is particularly useful for 
separating deuterium compounds from gaseous TFM. TFM is 

25 irradiated with a CO2 laser at an appropriate infrared 
wavelength. The CF3D absorbs the radiation and dissociates 
according to 

CF3D — : C F 2 + DF 
and 

30 2SCF2 ^ C 2F 4 
CF^H absorbs negligible radiation and undergoes little or no 
dissociation. The product DF is separated from the remain-
ing gas by conventional chemical methods. If necessary, 
conversion of DF to D20 for reactor applications can also be 

35 accomplished readily by well-known methods. The process has 
several advantages over the currently used commercial 
separation process. Greater efficiency is achieved, with 
demonstrated enrichment factors in excess of 5000 in a 
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single step. The costly exchange towers required in the 
H2S - H 20 method can thus be eliminated. Furthermore, the 
toxic working medium (K^S) in the present commercial process 
can be replaced by a material of low toxicity; viz., TFM. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. 1 is a graph showing part of the infrared 

absorption spectra of CF3D and CF3H. 
Fig. 2 is a perspective view, partially cut away, 

depicting an apparatus useful in the practice of this 
10 invention. 

Fig. 3 is a cross-sectional view depicting an 
alternative apparatus useful in the practice of this 
invention. 

Fig. 4 is a graph of the absorption spectra of a 
15 CF^H/CF^D mixture before and after irradiation with a C02 

laser. 
Fig. 5 is a graph of product C^F^ as a function of 

initial concentration of CF-^D. 
DESCRIPTION OF PREFERRED EMBODIMENTS 

20 This invention comprises a laser-based process for 
separating desired isotopes of carbon and/or hydrogen from 
gaseous trifluoromethane (TFM). It is particularly suitable 
for deuterium separation, and the description that follows 
is primarily concerned with that application. Broadly 

25 speaking, gaseous TFM is irradiated with a high intensity 
infrared laser (such as a CO^ laser) to selectively disso-
ciate the CF^D constituent to produce deuterium fluoride 
(DF) and difluoromethylene radicals (:CF2). The predominant 
(99.985%) CF^H species is substantially unaffected by the 

30 laser radiation and undergoes little or no dissociation. 
:CF2 radicals subsequently combine with one another to yield 
tetrafluoroethylene (C^F^), a stable and valuable by-product. 
Hence, DF is produced preferentially and may be removed from 
the system, resulting in deuterium enrichment. 

35 The process of this invention meets the two basic 
requirements for a practical laser deuterium separation 
system. The first is isotopically selective absorption of 
laser radiation, preferably at a wavelength emitted by an 
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efficient, reliable, and low-cost laser. The second re-
quirement is that the excited molecules dissociate, react, 
or undergo some other secondary change which makes them 
easily separable from the unexcited molecules. 

5 The dissociation of CF^D requires about 250 kJ/ 
mole, which could in principle (provided that the selection 
rules were obeyed) be provided by a photon in the blue 
region of the electromagnetic spectrum. However, even if 
there were appreciable absorption in the blue and if it were 

10 sufficiently isotope-selective, lasers providing radiation in 
that region have low reliablity and efficiency compared with 
infrared lasers. 

In multiphoton absorption, the mechanism of the 
present invention, the energy for dissociation is provided 

15 by the (selective) absorption of many infrared photons in-
stead of a single blue photon. Since the infrared photons 
must be absorbed in a time period which is short compared 
with the lifetime of the intermediate vibrational excited 
states, there is a threshold beam intensity which must be 

20 exceeded if dissociation is to be achieved. However, very 
high intensities may cause dielectric breakdown in the 
irradiated gas. For example, CC>2 laser dissociation of CF^D 
in the preferred embodiment of this invention employs an 

2 intensity of at least about 5 J/cm but preferably not 
2 

25 higher than about 110 J/cm . (Both threshold and maximum 
intensities decrease with increasing gas pressure.) Multi-
photon absorption might be considered unlikely in general, 
because the spacing of successive vibrational levels between 
the ground state and dissociation level changes. Thus, a 

30 photon whose energy matches the gap between the ground state 
and first excited level would not match the energy gap 
between the first and second excited levels nor the gap 
between adjoining higher levels. Although the mechanism is 
not completely understood, it is believed that multiphoton 

35 absorption can only operate in the case of large molecules 
(as here), where the high vibrational levels are closely 
spaced and only the lower transitions are isotopically 
selective. The process is further enhanced by Stark broad-
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ening of the vibrational levels caused by the high electric 
field associated with the intense laser radiation. 

In the infrared spectrum of CF^H, the degenerate -1 C-F stretching frequency vc(e) occurs at 1152 cm . The 
~> -1 5 corresponding frequency in CF3D occurs at 975 cm . Fig. 1 

shows the spectra of these two molecules in the region 
of the CF^D v j. fundamental with an arbitrary vertical sepa-
ration for clarity. At the bottom of the figure, the CO2 
laser frequencies are shown. The weak band in CF-̂ H, cen-

10 tered at 1015 cm-1, is attributed to 2 v g (507.6 cm-1). At 
970 cm-1, corresponding to the peak of the R-branch, the 

-19 2 CF3D absorption cross-section is 2.98 + .04 x 10 cm . 
At this frequency, the CF^H cross-section is, 4.7 _+ 1.7 x 

— 23 2 
10 cm , which is lower by a factor of 1/6300. Thus, we 

15 irradiate TFM at 975 + 50 cm-1 to achieve strongly selective 
absorbtion in CF-jD. 

Alternatively, one can excite two other CF3D 
vibrational bands which are well separated from any CF,H -1 7 bands. One of these occurs at 2150 cm and is a combina-

20 tion band of v4 (1202 cm-1) and v 5 (975 cm-1). The other 
occurs at 2405 cm - 1 and is also a combination band, 
These bands can be accessed by other infrared lasers? e.g., 
frequency doubled C02 or a DC1 or HBr laser can excite the 
2150 cm - 1 band (at 2150 + 100 cm"1) and a HBr, HCl or DF 

25 laser can excite the 2405 cm 1 band (at 2405 + 100 cm 1). 
However, the strength (absorption cross-section) of each of 
these bands is lower by a factor of 1/90 as compared with 
the 975 cm"1 band excited in the preferred embodiment. 
Consequently, the efficiency (photon utilization) would be 

30 considerably lower . 
In general, once the deuterium-containing mole-

cules have been excited, they (or enriched product mole-
cules) must be separated from those which have not been 
excited. In the present process, the excited deuterium-

35 enriched molecules dissociate into stable products (C2F^ and 
DF) which can be removed from the mixture by conventional 
chemical methods; for example, by cryogenic separation. 

The deuterium-depleted gas can be readily redeu-
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terated by known processes. For example, redeuteration can 
be accomplished by H-D exchange in alcohol using an alkoxide 
catalyst, as described by Andreades (J. Amer. Chem. Soc. 86, 
2003 (1964)). The alcohol, in turn, exchanges rapidly with 

5 water, which is the deuterium source. 
An apparatus suitable for the practice of this 

invention comprises (a) a source of monochromatic infrared 
radiation, such as a CC^ laser, (b) optics for adjusting the 
radiation beam size and divergence properties, (c) a cell 

10 into which the gaseous TFM may be introduced and from which 
the irradiated gas may be removed, and (d) means for 
reflecting the beam several times within the cell. Examples 
of suitable apparatus are depicted in Figs. 2 and 3. 

The apparatus in Fig. 2 includes a multipass cell, 
15 indicated generally at 10, for optimum utilization of 

photons in the infrared multiphoton dissociation of TFM. 
The cell includes two curved mirrors 12 and 13 mounted on 
flanges 14 and 15. These mirrors may be planar, spherical, 
ellipsoidal, or any combination thereof, whichever is opti-

20 mal for coupling the input radiation to the gaseous TFM. 
The flanges are connected in turn to the main body 11 of the 
cell by vacuum tight, flexible metal bellows 16 and 17, 
respectively. Micrometers 18 and 19, mounted on the flanges 
and contacting the main cell body, permit precise orienta-

25 tion and spacing of the mirrors, the orientation and spacing 
adjustments being facilitated by the flexible bellows. 

The cell also includes means 20 for introducing 
TFM gas and means 21 for removing irradiated gas, which com-
prises a mixture of TFM, C_F., and DF. The irradiated gas A Ht 

30 passes to means (not shown) for separating the compounds, 
which may comprise, for example, a chromatographic separa-
tion column. 

The optical system comprises one or more lenses 
22, either spheric or aspheric. These lenses adjust the in-

35 put radiation beam 23 to the desired size and divergence. 
These beam characteristics are determined in combination 
with the selection of the curvature of mirrors 12 and 13 to 
induce maximum absorption of the radiation by the TFM while 
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maintaining a high power density.path length product for 
the beam throughout most of the cell volume. The adjusted 
beam 24 is coupled into the cell through a transparent 
portion 25 of mirror 12. The rest of the mirror is coated 

5 for maximum reflection at the wavelength of the laser being 
used. The entire surface of the second mirror 13 is coated 
in a similar fashion. By adjusting the orientation and 
spacing of the mirrors, the laser beam may be reflected 
several times, as shown generally at 26, over a significant 

10 portion of the cell volume while maintaining a high power 
density. 

The apparatus in Pig. 3 includes a light trapping 
cell, indicated generally at 30, for use in the separation 
of isotopes such as deuterium and hydrogen by infrared 

15 multiphoton dissociation of TFM. The apparatus comprises a 
long tube 31 either provided with a reflective coating 32 
(thickness exaggerated) on its inner surface or a highly 
polished inner surface for optimum reflectivity at the 
laser wavelength employed. The tube has a flared opening 

20 33 at one end which is also highly reflective. The tube is 
sealed at its other end by closure 34 which also has a 
highly reflective inner surface. A laser beam 35 is 
focused by optical system 36 through a window 37 attached 
to the flared end of the tube. This optical system may 

25 comprise one or more lenses or a raster of square focusing 
prisms whose foci are coincident with the input plane of the 
cylindrical tube 38. The flaring 33 permits efficient coup-
ling of converging radiation 39 into the cylindrical tube. 
Inside the tube, the laser beam is reflected from the walls, 

30 maintaining a high power density and efficient light trap-
ping. A small reflecting mirror 40 may optionally be placed 
adjacent to the focusing optics to reflect back nonabsorbed 
radiation 41 emerging from the cylindrical tube. 

Introduction of the TFM and removal of the irra-
35 diated gas are accomplished by ports 42 and 43, respective-

ly, in the light trapping cell. The irradiated gas, compris-
ing a mixture of TFM, C 2

F4' and DF, passes through port 43 
to physical separation means (not shown) such as a chromato-
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graphic column. 
The CC>2 laser, either pulsed or CW, is particu-

larly well suited to provide the infrared radiation of 
appropriate wavelength and adequate intensity for the 

5 multiphoton selective absorption process of this invention. 
The invention may, however, also be practiced with any 
infrared laser which provides a frequency which selectively 
excites certain isotopes and which provides intensity in 
excess of the required threshold intensity. Among such 

10 lasers are HBr, HC1, DC1 and DF lasers. 
Although operation at reduced or elevated tem-

peratures is possible, it is most convenient to operate at 
room temperature. 

The following examples are presented in order to 
15 provide a more complete understanding of the invention. The 

specific techniques, conditions, materials, and reported 
data set forth to illustrate the principles and practice of 
the invention are exemplary and should not be construed as 
limiting the scope of the invention. 

20 Example 1 
Runs were carried out on isotopically pure 

samples of gaseous CF3D (>99%D) with pressures of CF3D in 
the range 0.003-1.33 kPa to show that CF3D was dissociated 
when irradiated. A pulsed C02 laser was operated on the 

25 R(14), 10.6 ym transition (971.93 cm™1). Pulse energy was 
560 mJ and the laser output was focused into the center of a 
cell 4 cm in diameter and 15 cm long. The focusing lens was 
made of N a d with a focal length of 17.5 cm. An InSb infra-
red detector equipped with a 3.04 y m to 3.99 y m bandpass 

30 filter (the region in which DF exhibits fluorescent emis-
sion) was placed against a fluorescence port on the cell 
normal to the cell axis. In all cases florescence was 
observed upon irradiation of the CF^D with the CO2 laser. 
The fluorescence signal was characterized by an instanta-

35 neous risetime (within the detector response limitation of 
-v0.5 ys) and a rather slow decay. (Decay times were shorter 
at higher pressure because of radiationless deactivating 
collisions.) The fluorescence demonstrates that DF was 
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eliminated from C F 3 D anc^ that some of the DP was produced 
vibrationally excited. The fact that an instantaneous 
risetime was observed in the fluorescence signals, even at 
the lowest pressure studied, indicated that DF was elimin-

5 ated directly, rather than being formed in a sequential 
reaction. 

Example 2 
Another run verifying dissociation of CF^D was 

carried out as followss A 0.203 kPa sample of pure CF^D 
10 was irradiated with 20 000 laser pulses using the apparatus 

and conditions of Example 1. An infrared spectrum of this 
sample was then recorded. A new infrared band was observed 
at 1337 cm-1 which is attributable to the v^ vibrational 
fundamental of C^F^. Quantative analysis of the band inten-

15 sities showed that the number of moles of C 2F 4 formed was 
equal to one half the number of moles of CF^D dissociated. 
These observations substantiate dissociation of CF3D into 
CF2 and DF and recombination of the :CF2 radicals to yield 
C2F4-

20 Example 3 
A series of runs was performed on CF3H under con-

ditions otherwise identical to those in Example 2 (i.e., 
20 000 560 mJ laser pulses, laser tuned to the R(14), 
10.6 Um transition, 0.203 kPa sample pressure). Infrared 

25 spectra following irradiation revealed no dissociation of 
the CF^H. This observation implies that large deuterium 
enrichment can be realized in mixtures of CF3D and CF3H, 

Example 4 
A mixture containing 19.9% CF3D and 80.1% CF^H was 

3 0 prepared. A 0.267 kPa aliquot of this sample was introduced 
into the 15 cm long sample cells of Example 1 and an infra-
red spectrum recorded. The sample was then irradiated with 
20 000 laser pulses and another infrared spectrum recorded. 
Comparison of band intensities before and after irradiation 

35 showed a significant increase in transmission of the CF3D 
vibrational bands with no discernible change in the CF3H 
bands. In addition, a C2F^ band appeared in the irradiated 
sample. Similar runs were carried out on a 0.533 kPa sample 



113Z482 
- 1 2 -

of the CP^D/CF^H mixture to determine whether significant 
enrichment could be obtained at higher pressures. Again 
(Fig. 4), no discernible change in CF3H band intensities 
was detected, while CF-̂ D band transmissions increased and a 

5 ^2^4 kand appeared. 
Example 5 

Another series of runs was performed in which 
irradiated samples containing various mixtures of CF^D and 
CF^H were analyzed using gas chromatography (GC). Ten 

10 separate mixtures were made, each having a total pressure of 
0.533 kPa, with the pressure of CF3D ranging from 0.533 kPa 

— 5 
to 8 x 10 kPa (naturally occurring CF3D in CF3H). Each 
sample was irradiated with 5000 900 mJ laser pulses using 
the apparatus and conditions of Example 1. The GC analyses 

15 showed that the amount of £°riIie|3 w a s a constant frac-
tion of the starting amount of CF^D, except at very low 
pressures of CF^D, where the fraction was lower. If any 
significant amount of CF3H were dissociated, the fraction of 
C 2F 4 would have increased at the lower CF3D pressures. The 

20 decrease observed was attributed to a small loss of :CF2 
radicals to the chamber walls. These data are shown in Fig. 
5. Considering the detection limits of GC measurements in 
determining the amount of C2F4 f°rined, a lower limit on the 
ratio of CF-̂ D dissociation to CF-jH dissociation is 5200. 

25 Moreover, this high enrichment factor was achieved at a gas 2 
pressure of 0.533 kPa and incident intensity up to 100 J/cm . 
As indicated above, such high gas pressures and incident 
intensities permit efficient deuterium separation. Prefer-
ably, however, operation is at pressure below about 20 kPa 2 

30 and intensities below about 110 J/cm to prevent dielectric 
breakdown in the gas. 

35 
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I claim: 

1. A process for obtaining compounds enriched in 
a desired isotope of an element selected from hydrogen and 
carbon which comprises exposing subatmospheric pressure 

5 gaseous trifluoromethane containing said desired isotope and 
one or more other isotopes of the same element to infrared 
laser radiation of a predetermined frequency, which select-
ively dissociates trifluoromethane molecules containing said 
desired isotope of said element without substantially 

10 dissociating trifluoromethane molecules containing other 
isotopes of said element, thereby producing a dissociation 
product enriched in said desired isotope, and separating the 
resulting dissociation product enriched in said desired 
isotope from the remainder of the gas. 

15 2. The process of claim 1, wherein said desired 
isotope is an isotope of hydrogen. 

3. The process of claim 2, wherein said desired 
isotope is deuterium. 

4. The process of claim 1, wherein said desired 
2 0 isotope is an isotope of carbon. 

5. The process of claim 1, wherein said subatmo-
spheric pressure is less than about 20 kPa. 

6. The process of claim 1, wherein the laser 
source is a C02 laser. 

25 7. The process of claim 3, wherein said predeter-
mined frequency is selected from frequencies of 975 + 5 0 cm-1, 
2150 + 1 0 0 cm~l, and 2405 + 100 cm"1. 

8. The process of claim 7, wherein the laser 
source is a C00 laser which provides infrared radiation at -1 30 a predetermined frequency of 975 + 50 cm 

35 
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