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DEUTERIUM ENRICHMEirFT VIA SELECTIVE DISSOCIATION OF FLUOROFORM-d 

WITH A PULSED CO2 LASER 

Fiuorufurrn~ undcrgocs muhiphoton dissochtbn when irmdhtcxt wirh a puised CO2 iavx and )ieIds DF by uniurolscukr 

climitntln_ Product znxd~sis by inrmc?l spectroscopy and -gas &rOm;ltO~rJphy shows thr?t this pror=ss can be uscrl to effect 

daterium anichnwnt_ A drurcrium cnrichmsnt facror ofgmtcr than 5000 is obrained in natural fluoroform. 

I_ Introduction 

Recognition of a limited supply of natural uranium 
for nutiear power reactors has @en dcuterium in- 
crowd attention for Its sppliation in heavy water 
reacton (HWR) employing 2 thorium cycIe and in 
deutcrium-tritium fusion reactors (DTR)_ Canada is 
prraentiy the major producer of deuterium in the form 
ofhezvy water, primarily fur use in their CAKDU rat- 
tvrs- Their projected production capacity of 3400 
metric tons of D,O per yezr by the early IPSO’s by 
use of the Girdler sulfide (GS) process is expected to 
be insufficient to meet demands for the mid-19903 
11 j_ The search for new means to separate deutcrium 
is prediatcd on the high npirrtl costs of the GS pro- 
cess and the tosicity of the Iarge inventories of H2S 
that tJle prowss requires_ 

A means of deutcrium enrichment which has poten- 
tial for larse-scaIe ztppfiation is reported here_ The 
technique is based vn the selective infraed mulripho- 
ton dissociation of Iluoroform~ (CF3 D)_ The infrared 
spectra of CF311 121 rind CF3D [3] habe been reported 
prc\iously_ ihe vs dc~eneratc C-F stretchins mode of 
CF,D occurs rit 975 cm-I_ 3 spectr.d retion accessible 
with the output from a tunable CO? laser. In fig_ 1 the 
Fourier transform infrared spectrum of this vibrationa 

’ prewat zufdr~s: Apphed Phorochrmistry Divixon, Los Ahmos 
Srientitic Laboratory. Los Ahmos. Xc-v >lc\iru 67545. USA. 

band is shown_ In addition, the infrared spectrum of 
CF3H in t!lis spectral range is given, along with the 
CO, laser frequencies. The weak band in CF; 11, cen- 
tered at 1015 cm-l, is attributed to ‘us (the v6 funda- 
mema frequency is 507.6 cm-‘). At the peak of the 
P-branch (970 cm-t), the CF;D absorption cross sec- 
tion is approximately 3.0 X IO-t9 cm?_ At this fre- 
quency, the absorption cross section of the 2~~ vibm- 
tion in CF3 H is about 4.7 X I 0mz3 cm?. which is 

smaller by ;I factor of 6300-Since Marling and Herman 
[4] have previousIy shown that in ;L multiphoton pro- 
cess the isotopic selectivity can considerabiy ehceed 
the ratio of the linear absorption coefficients, the large 
ratio obtained for CF,D/CF,H makes tluorvform ;u1 
e?ctremely attractive system for deuterium enrichment_ 

The use of fluoroform for Iser enrichment of deu- 
terium has additiontll advantages over other systems 
previously studied- Thermal decomposition studies of 
CF3fi in shock tubes [S] indiLae the dissociation and 
reaction channcIs to be 

CF H-+rCF 3 2 +HF , (I) 

followed by 

2:CF,+C2F, _ (3 

In the present study, direct unimolecuku elimination 
of DF is also observed. In addition, this appe;lrs to be 
the onIy accessible dissociation ch~nnei. Other laser en- 
richment schemes of deuterium [4,6] employing hydro- 
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Fig. I. Infmrcd spectra of CFsH sho\%ing the 3V.s band zt 

1015 cm-t .md CFsD showins the vs fundamentd at 970 

cm -I _ The CO2 Ix,er lines .we presented at the bottom for 

L~mpJrison. 

Lxrrbons have reported more than one dissociation 
channels Also, the DF generated upon CF,D dissocia- 
tion is easily removed from the feed material stream 
by, for instance, reaction with NdF_ Heating of the re- 
sulting NnDF2 would then yield the enriched DF_ 

3. Experimental 

Due to the inherent experimental difficulty in col- 
lecting and analyzing small quantities of DF (or HF) 
gas because of its extremely high chemical reactivity, 
two Indirect approaches xvere taken to evaluate reac- 
tions (I) and (2) and to determine the isotopic selec- 

tivity_ The two approaches were to monitor infrared 
fluorescence from vibrationally hot DF or HF upon 
CO, laser irradiation of CFjD or CF,H, and to deter- 
mine C7 Fq formation by infrared spectroscopy and 
gas chromatography. 

The CF;D used in these experiments was obtained 
from Merck, Sharp, and Dohme of Canada, and had a 
specified isotopic purity of 9S.9%. This purity w.rs 
confirmed by mass spectrometric analysis_ The CF;H 
was obtained from blatheson Gas Company. 

2 I_ DFjluorexcm P 

It is known that CO2 laser irradiation of vinyl 
fluoride produces vibrationally exited HF even under 
collisionless conditions [7] _ In the present study DF 
fluorescence is observed upon CO7 laser-induced disso- 
ciation of CF3D_ A line-tunable L&iionics model 203 
CO, TEA laser tuned in all cases to the R(14), 10 6pm 
transition (97 1.9 cm-l) was used to irradiate the 
samples. The laser output pulses, having a fwhm pulse 
width of 150 ns and a pulse energy of 900 mJ, were 
focused by a 17-5 cm focal length N&l lens into a 30 
cm long pyre-x ceII equipped with NaCI end windows. 
A liquid nitrogen cooled_ photovoltaic InSb detector 
orthogonal to the Iaser beam w.rs used to monitor in- 
frarcd fluorescence. The detrctor was equipped with 
either a 3_04-3_9? mr b.mdpass filter to isolate DF 
emission, or a 2.09-2.73 ~111 filter to monitor HF 
fluorescence_ The InSb detector signals were amplified 
and introduced into a Biomation S 100 transient re- 
corder-Trxor-Northern 575X signal averager combina- 
tion for averdgmg. 

A second approach for determining the degree of 
deuterium enrichment possrble via selective dissociation 
of CF, D was based on product analysis by infrared 
spectroscopy and gas chromatography. Infrared spectra 
of individual sampies of CF,H and CF3D and mixtures 
of these two materials were recorded with a NicoIet 
model 7199 Fourier tmnsform infrared spectrometer_ 
A 15 cm Iong glass cell fitted with &Cl windows ,md 
containing samples at pressures ranging from approsi- 

mately 0.1 kPa to I3 kBa WJS used_ These samples were 
subsequently irradiated with 900 ml pulses and the 
infrared spectrum WJS then re-recorded. 

135 
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Qurtntitative an3Iysis of irr3dhted sampIes ~3s 3ko 

mztde by g3s chromatognphy. A Hewlett-Packard 

model 5S4OA gzts chromatognph equipped with 3 IO 
ft Poropak Q coIumn ~3s employed- The coIumn 
temper;lture w3.s m3int3ined 3t 40°C. A He carrier flow 
of 30 cm5/min was used_ These conditions yielded 
retention times of 6_7min for CF3D and CF3H 3nd 

9-1 min for C&F,_ Rehtive CC sensitivity of C2F4 to 
CF+ W;IS 72/I _ The detection limit for C,F, w3s 
found to be equiv3lent to 3 C2F4 partial pressure of 
IOe3 Pa in the irrxliation cell (cell volume = 3SS cm3)- 

3_ Re~.~fts 3nd discwsion 

Initi3I experiments involved irradiating individual 

s;Imples of CF,H and CF;D_ Infmred spectra were 
recorded prior to 3nd following irmdiarion_ Sznples of 
CFjD showed 3 signitkmt decreztsc in CF3D conozn- 
tration sfter CO2 ker irr;ldhtion_ The band intensities 
dropped uniformly by 40% for 5000 I3ser pukes and 
85% for 20000 p&es_ Spectra of the irr3diated CF3D 
3Jsu revealed the appertr3nLT of3 strong band 3t I337 

Lm - t which is assigned to the CF? asymmetric stretch- 
ing vibration (vg) ofCsFJ [S] _ Eu comp;lring these 
spectra with 3 reference spectrum of C?F,, the r3tio 
of the CF;D decomposed to the C2F, formed W;IS 
found to be approximately 2 : I, consistent with the 
prediction of reactions (1) and (1)_ As anticipated, no 
DF was observed in the irradiated szunple spectr3, due 
to its re3ction with the &ss ceII_ Samples of CF,H 

showed no apparent cbangs in the infr3red spectrum 
after irr;ldiation_ Bred on the CIF, detection Emits, 
via infrtlred spectroscopy. the ker decomposition of 
CF3H, ifJny, w3s Iess th3n I/1000. 

Mixtures of CF,H 3nd CF,D, ran+g in ratio from 
1 r L to 30: 1, were 3Iso irradiiated- Sample pressures 
were front O-1 to I.3 kP3_ In al1 ases no detectable 
change in CF$i b3nd mtensities was observed, while 
the CF,D b3nd intensities were reduced considerably_ 
The presence of C,F, ~3s noted by the appearance 
of the band 3t 1337 cnrt _ TypiaI spectra of 3 mixture 
before and 3fter irr3dhtion are shown in fig_ 3. 

Since the activrtrion energy for the eIimination of 
HF from CF3H is 290 f 6-7 M/mole [9] and the disso- 
c&ion energy is 335 = IO WmoIe [IO] ) approximately 
55 M/mole is available for p3rtitioning among the - 
deg,rees of freedom of the products_ Hence, the produc- 

tion of vibrationally excited DF or HF might be ex- 
pected_ indeed, when samples of CF,D in the pressure 
mnge from 0.003 kpa to 1.3 kP3 were irradiated, fhtor- 
escence in the 3.04-3.99m region was observed. This 
DF fluorescence ~3s chamcterized by an instantane- 
ous risetime (within the detection limit of 3,us) and a 
decay time which was dependent on the CF,D PreS- 
sure. A fluorescence curve obtained from 3 3.3 P3 
sample of CF,D is shown in fig. 3- Since approxi- 

mately 05 collision occurs at this pressure, the pres- 
enaz of 3 risetime which follows the detector re- 
sponse suggests that vibrationally excited DF is pro- 
duced in 3 direct, unimolecular elimination- 

Irrridiation of CF3H showed HF fluorescence in the 
spectral region of 2-I 7-2.83 m_ For a 13 kF’3 sample 
of CE3H, the normalized, relative HF intensity was 
Iower by 3 factor of I/19000 compared with DF 
fluorescence from 3 I-3 kP3 sampIe of CF3D_ I- fIuo- 
rescenaz from Iower sllmpIe pressures were difficult to 
masure due to detector limitations. Since the relative 
br3nching r3tios for DF(u= I) and HF(u= 1) are not 
known, the DFjHF fluorescence intensity ratio of 
19000 can onIy be construed 3s an upper bound to the 
dissociation selectivity- 

In further pursuit of 3szertaining CF,H decomposi- 
tion. 3 g3s chromatogr3phic investigrttion w3s under- 
taken_ Samples of CF3D at OS3 kP3 cont3ined in 3 
&I of 288 cm3 volume were irradiated and analyzed 

by gas chrom3togqhy- A C2F4 yield commensurate 
with reaction ch3nneIs (I) and (3) w3s found. No other 
products were detected_ An identic3I experiment per- 
formed with CFsH showed no CzF4 formation- With 
3 C-,F, detection limit of IOe3 Pa, an enrichment f&c- 
torof >SOOOO would be predicted from these two 
studies. However, 3 discrepancy arises when note is 
made of rhe fact that naturally occurring CF3D in 3 
053 kPa sample ofCF32i (0.015% or 8 X 10-2~3) 

should h3ve decomposed to yield I.6 X IO-’ Pa C, F4 
which is well within the CC detection limit_ It W;IS 
postuhted thnr CF2 radic& were being lost by mecha- 
nisms other than recombination to form vrtpor phase 
C7F4 _ These mechanisms may include loss of CF, to 
c& walIs or formation of nonvolatile polymers_ Iideed, 
C, F4 itself undergoes efficient polymerization_ This 
postulate w3s checked by irmdiatingmixtures of CF3D 
3ttd CF,H at 3 constant total pressure of 053 Wa_ The 
ratio of C7F4 formed to the initi31 CF3D concentmtion 
dropped fyom 033 at 0.53 kP3 of CF,D, to 0.06 at 0.1 
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Fig. 2. intkrcd spectra of a 4 I 1 mixture of CFsH : CFsD before (Ieft spectrum) and after (right spectrum) CO? I;irer irradirttion. 
No change in the CF3H band intensities is derect&bIe follo\iing irradiation.while .I substantial drcrezse in the CF,D b.md intensities 
occurs. Also. following irmdtition C~F.J formation is indicated by the appcxmce of the band at I337 cm-’ _ 

TIME - 

Fii_ 3. Infrared fluorescence sigml obtained upon CO2 Ltser 
irrddktion of 3.3 Pa of CF3D_ The fluorescence is from vtS.?ra- 
tiontlly excited DF and exhtbits .m instantaneous risethne 
within the detector response time. 

Pa CF,D (all CF,D pressures take into account the 
natural abundance in CF;H)_ In addition, this ratio did 

not drop monotonically, but showed evidence of 

leveling-off at the lower CF,D pressures. These data 
are shown in fig_ I_ A model which incIudes fonstion 
of CF, via dissociation of both CFjD and CFxH, as 
well as recombination to form C, F4 and loss via other 
mechanisms has been developed--This model fits the 
dissociation data obtained and allows an enrichment 
factor to be determined- 

-4 tixture containing initial concentrations [CF,D]o 
and [CF;Hlo is irradiated with IV laser pulses. Each 
her pulse causes a fraction p of the CF3D tc be de- 
composed and a corresponding fraction y of the CF3H 
to be decomposed. The concentration of CF? radicaIs 
produced with the 12th laser pulse is then 

ICFzIrr ‘P(1 -W-t W-3D10 

+ y(l- y)n-1 lCF;H]o _ (3) 

237 
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1 and the upper d3shed curve is obtained if both CF2 
:osses and CF3H decomposition 3re omitted. An esti- 
mate of 5200 for the deuterium enrichment factor is, 
therefore, obtained from the ratio p/y_ 

Fii_ -?_ CzFa t~ormztion as a funcrion of initkd CF ,D presrure 
in mhrurrrs with CF# 11: a consl=nt tocal pressure of 053 
IrR 4 are experimental data points. the solid curve is a Ieast 
sqtnrrr tit of the data to cq_ (6). tb lower dotted ~xrrve is ob- 
tain& if no CFllI decomposition is assumed. and the upper 
dotted curw is obtained if both CF3ii decomposition zmd CF2 
10~ mwhznisms are omirted. 

After e3ch puke_ the CF, r3dicrttIs combine at a rate 
kt to form C2F, rend 3re lost by other mechanisms 3t 
3 total m&e I$_ Accordingly, 

d ICF,J,Jdr = -k, tCF& - k, [CF& (4) 

3nd 

d [C2F&!d(i’ = ;kt [CF& _ (5) 

By soiving eqs. (4) and (5) and sumnling owx *V Irrser 
pukes. the tot31 concentration of C2F, is given by 

~C~F&=~W-(~--LW [CF,DI, 

*~(l-y~-~[CF~tlj~jj, (6) 

xbhere k = kz[kI _ Eq_ (6) ~3s fit by 3 kxst-squares 
proLxxIure to the data 3nd is shown by the solid curve 
in t<g_ 4. The c&ulattut KI~ICS for the pammeters were 
~=~1_14r:a3s)x la--r~y=(1_i9+a_i’73)xIa-S. 
ztnd k = (727 k 0.92) X 10-6 P3_ The lower dashed 
curve is obtained if no CF3H decomposition is assumed 

Other possible reaction me&misms not explicitly 
covered by the model include the reaction of CF2 
radicals with CF,H, 

:CF~+CF3H+C~HFg*-+C~Fq+-HF_ (7) 

Politanskii [9], however, showed that reaction (7) 
does not occur in vapor, bulk reactions_ He detected 
pentafhxoroethane, not as a result of reaction (7), but 
from further conversions of C7F4 and HF on his reac- 
tor walk 

Another possible retlction which m3y effect the 
formation of HF is energy tmnsfer between excited 
CF3D nnd ground-st3te CF,H, followed by additio& 
photon 3bsorption of the CF3H, Ie3ding to decompo- 
sition, 

CF3Di •i- CF$i + CFjD -I- CFJHT , 

CF,Hi + rzrzv + :CF7 •i- HF _ 
(8) 

Although eq. (3) does not distinguish CF,H decompo- 
sition by MPD from the above bi-moIecul3r process, 
the p3mmeter r represents 3 net effect of both pro- 
cesses averaged over the given oper3ting conditions- 
This is e&Iy seen by noting that the inclusion of resc- 
tion (8) necessitates the addition of a product term 
to equation (3)_ For simplicity, we drop the pulse num- 
ber not3tion, JZ, nnd write 

[CFJ =P[CF3Dl +rlCF,IIl +G[CF,DJ [CF,H]_ 

(9) 
Since CF,H decomposition is considerably Iess than 
that of CF3D, the determination of y and 0 is influenced 
onIy at low CFjD concentrations- Denoting [CF3D]/ 
[CF3H] = R < I, eq. (9) can be written 

[CFJ = fl[CF,D] + y’( I+ Q’R) [CF3H] - 00) 

Averaging y’( I + Q’fZ) over the approximate region 
10-a < R < 10e2, then y from eq. (3) =y’( I+ IO-~&: 
3nd the enrichment f3ctor p/y Z= fi/y’(l f IO-zo’)_ 
Hence, at lower CF,D concentrations, such as in natu- 
ral fluoroform, the true enrichment factor, flfr’( I+ 
RQ’). m3y be somewhat higher than 53-00; and, 3t high 
CF,D concentrations, it rn3y be somewhat Iower- 

23s 
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4. Conclusions 

We have demonstrated the enrichment of deuterium 
via selective CO2 laser dissociation of the CF3D con- 
stituent in CF,H with a CO, laser *_ Time resolved in- 
frared fluorescence studies of the DF product molecule 
indicate direct eIhnin~tion of vibrationally excited DF 
from the parent species. A comparison of DF and HF 
fluorescence intensities yield an upper bound of 
19000 for the dissociation selectivity of CFjD over 
CF,H st a pressure of 13 kPx Furthermore. an evalua- 
tion of C2F, production in mixed samples of CF,D 
and CF,H lead to a minimum enrichment factor of 
approximately 5000 in natural fluoroform. This value 
for the enrichment factor is substantially larger than 
that (-1400) reported for deuterium enrichment via 

multiphoton dissociation of 2?_-dichloro-1,1-l- 

triff uoroethme [4] _ The enrichment in this letter sys- 
tem has been reported to drop dramatically at pressures 
greater than 0.1 kPa whereas in the present work the 
enrichment factor using fluoroform was derived at 
0.53 kpa total pressure_ Hence, selective Iaser dissocia- 
tion of fluoroform-rl may provide the basis for an im- 

* Note added in proof: After the completion of this work, it 
\\;1s brought to our attention th.tt the .mthors of ref. [?I hare 
initkted tier studies on CF3H and will publish their results 
in Chennczd Physics Letters. 

proved deuterium enrichment scheme which could be 
scaled to commercial size. 
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