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bstract
A novel two-stage approach is invoked for the laser enrichment of sulphur isotopes. It consists of sequentially photolysing SF6 at −78 ◦C in
he same cell with different lines of the CO2 laser in different stages. The requisite chemical link between the stages is facilitated by carefully
ontrolling the presence or absence of a scavenger during irradiation. Our results show that enrichment of S-33 is viable by such an approach.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Sulphur has four stable isotopes with the following natural
bundance:

32S : 33S : 34S : 36S = 95.0 : 0.76 : 4.22 : 0.014

Sulphur-33 (S-33) is required as a target material for pro-
ucing phosphorous-33 (P-33) in the nuclear reactor using the
eaction 33S(n,p)33P. Phosphorous-33 has, of late, emerged as
n important radioisotope for molecular biology and life sci-
nce research due to its special radiation characteristics vis-à-vis
hose of P-32 and S-35 [1,2] (Table 1). The present work deals
ith the feasibility of such an enrichment process by infrared

aser chemistry of SF6. Studies on isotopically selective, infrared
ultiphoton dissociation (IRMPD) of SF6 have been well doc-

mented in the literature [3–10]. While most of the works were
imed at enrichment of S-32 or S-34 isotopes, a few attempted
o enrich S-33 [5,9,10].

The ν3 absorption features of the two prominent isotopic vari-
nts 32SF6 (95%) and 34SF6 (4.2%) are separated by an isotope

hift of 17 cm−1 [11]. Various isotopic species, in principle, can
e selectively excited and dissociated by the appropriate fre-
uency of the CO2 laser emitting in 10.3 �m band (cf. Fig. 1).
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he isotope shift between the adjacent pair of isotopic species
ave been calculated to be 8.5 cm−1 [11]. There is a considerable
verlap between the absorption bands of these species and the
pectral features are not clearly resolved at room temperature.
revious attempts to enrich S-33 by direct excitation of 33SF6 in
single stage were not successful [9]. In all the enrichment runs
y IR MPD, the major species 32SF6 was selectively excited
nd dissociated in natural SF6 sample and the residual material
ecame enriched in S-33 and S-34 species [3–10]. Therefore, for
high degree of enrichment in S-33, a two-stage process would
e required:

Stage 1. In stage 1, 32SF6 is targeted and dissociated
selectively using a pulsed CO2-laser tuned at appropriate
wavelength and the product formed is removed.

32SF6 → 32SF5 + F → 32SF4 + F → products

The residual SF6 material recovered will be enriched in
S-34 and S-33 isotopes compared to the initial natural abun-
dance levels.
Stage 2. In stage 2 of the process, 34SF6 may be selectively

dissociated so that the residual SF6 is further enriched in S-33
isotope compared to that in stage 1.

34SF6 → 34SF5 + F → 34SF4 + F → products

mailto:partha@barc.gov.in
dx.doi.org/10.1016/j.jphotochem.2007.08.034
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Table 1
Properties of radioactive nuclei

Radioisotope Formation in the nuclear reaction Half-life (days) Nuclear decay reaction Maximum energy of β emitted (MeV)

P 32 32 32 32
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hosphorous-32 S(n,p) P 14.3
hosphorous-33 33S(n,p)33P 25.4
ulphur-35 34S(n,�)35S 87.4

It has been shown that IR laser chemistry of SF6 leads to
an array of products [3–9] through various secondary steps:

SF6 → SF5 + F(primary photodissociation) (1)

SF5 → SF4 + F(secondary photodissociation) (2)

SF5 + F → SF6(recombination) (3)

SF5 + SF5 → S2F10 → SF4 + SF6(dis-proportionation) (4)

It is necessary to prevent processes like (3) and (4) as they
egenerate SF6. It is also essential to trap SF5 which undergoes
imerisation to S2F10. The latter species is responsible for the
is-proportionation reaction (4) which regenerates SF6. Such
eactions are detrimental to the enrichment scheme as they lead
o poor decomposition efficiency.

Fuss and Schmidt [12] have used a mixture of
aO/triethyleneglycol (Trigol) while Baranov et al. [5]
ave used BaO/triethanolamine mixture for scavenging SF4
nd HF based on the following chemical steps:

F4 + 3BaO → 2BaF2 + BaSO3 (5)
HF + BaO → BaF2 + H2O (6)

2O + BaO → Ba(OH)2 (7)

ig. 1. Absorption spectrum of natural SF6 recorded at a resolution of 0.2 cm−1

O2 laser lines superimposed on SF6 spectrum.
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P(-�) S 1.71
33P(-�)33S 0.249
35S(-�)35Cl 0.167

Besides reactions (1)–(4), irradiation also produced a number
f species such as SOF2, SO2F2, SiF4 which were identified by
heir characteristic IR features. The formation of these species
ould be attributed to the secondary reactions of SF5 and SF4
ith moisture adsorbed on the cell surface. In the present paper,
e have first examined the possibility of using various reactive
ases such as H2, O2 and Cl2 as scavengers. The idea was two
old, viz., (i) to investigate the efficacy of these species in trap-
ing the primary photoproducts, viz., SF5 and F radicals and (ii)
hether we can obtain a useful stage 1 end product which will
elp in closing the chemical cycle for stage 2.

We have also tried using a mixture of NaOH/triethyleneglycol
Trigol) during the photolysis of neat SF6 and checked its
ffectiveness in trapping a number of primary and secondary
hotoproducts.

Further by cooling the substrate gas during photolysis,
otational structure effects and hot bands absorption can be min-
mized to improve upon the process selectivity [5,9]. Therefore,
R MPD of natural SF6 was carried out at dry ice temperature
−78 ◦C) in order to enrich the S-33 considerably.

In IR laser chemistry, it has been demonstrated [13,14] that
two-stage process is more beneficial than a single stage pro-

ess to achieve very high isotopic enrichment levels (>90%).
owever, closing the chemical cycle between the two stages is a
on-trivial issue. Sometimes starting material for stage 2 photol-
sis is obtained from stage 1, physically separated and employed
n stage 2 [13]. In some fortuitous cases, the intermediate product
btained undergoes in situ photolysis absorbing laser radiation at
he same frequency as that of the starting material and produces
he end product highly enriched with the targeted minor isotope
14]. In the present context, we have adapted a novel two-stage
pproach. It consists of sequentially executing the photolysis
rocess in the same cell in situ with different lines in differ-
nt stages. The requisite chemical link between the stages is
acilitated by carefully controlling the presence or absence of
cavenger during the irradiation. Our results indeed show that
-33 enrichment is realizable by such an approach.

. Experimental

Photolysis with the 10 P(20) line of a 10 W pulsed CO2
aser (Macro Optica) was carried out with neat SF6 as well as
F6/scavenger mixture using tail-free, 100 ns FWHM pulses at
oom temperature. The pulse energy was typically about 1.5 J
nd was focused by a BaF2 lens (f = 75 cm) into the centre

f a cylindrical Pyrex cell (length: 50 cm, volume: 467 cm3)
hich had provision for IR analysis. Before and after photolysis,

2SF6 absorption was measured at 947.359 cm−1 for pressures
ower than 0.5 Torr of SF6 and at 949.288 cm−1 for higher pres-
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Our studies on the suitability of various reactive gases such
as H2, O2 and Cl2 as scavengers gave some additional inter-
esting results. While the species like H2, O2 and Cl2 were
effective in trapping SF5 and F, many new volatile by-products
46 P. Mathi et al. / Journal of Photochemistry an

ures while 34SF6 absorption was monitored at 930.244 cm−1 by
nfrared spectrophotometry (Jasco 460 Plus and Bomem DA8).
he uncertainty in these measurements is ±1%. From the extent
f decomposition in each species after a certain number of
ulses, the specific decomposition rate d(x), can be obtained
sing the expression:

(x) = 1 −
(

N(x)

N0(x)

)1/n

; x = 32SF6 or 34SF6 (8)

here N0(x) and N(x) represent the number of a particular iso-
opic species initially and after “n” pulses of irradiation.

When the laser is selectively tuned to excite and decompose
2SF6 species in natural SF6 sample, residual SF6 becomes pro-
ressively depleted in 32SF6 and gets enriched in 34SF6 and
3SF6. From the measured specific decomposition rates for each
sotopic species, dissociation selectivity, S, in a typical run is
btained as the ratio:

= d(32SF6)

d(34SF6)
(9)

The residual enrichment factor, β34, for S-34 isotope with
espect to S-32 is calculated from the equation:

34 = (34SF6/
32SF6)after photolysis

(34SF6/32SF6)before photolysis
(10)

In the preliminary studies, a U-trap containing NaOH pel-
ets suspended in Trigol was attached to the photolysis cell as

side arm. Subsequently, a scavenger trap with provision for
tirring the NaOH/Trigol slurry kept in a 250 cm3 flat bottom
ask was used. The detachable trap was directly mounted to the
ell body at a distance of ∼42 cm from the cell entrance. The
arger photolysis cell had an overall volume of 1505 cm3 with
n irradiation path length of 64 cm. This trap design was found
o be superior to the U-trap used in the earlier investigations.

For low temperature experiments, a stainless steel cell (73 cm
ong; volume 231 cm3) was designed and fabricated with pro-
ision for IR analysis. The cell was kept in a wooden box and
acked with dry ice with proper thermal insulation. The entire
ssembly was aligned with the CO2 laser using a He–Ne laser.
hotolysis of natural SF6 at ∼0.3 Torr was done by 10 P(18) line

n stage 1 and the residual, enriched sample was further irradiated
n the same cell in stage 2 at appropriate laser frequency with
00 ns tail-free pulses. Another important modification incor-
orated in the metallic cell was the provision of an isolation
alve between the cell and the scavenger trap. This feature was
ery useful in controlling the exposure of the photolysed mate-
ial to scavenger during the run as and when required. In the
rst stage, for example, all the photoproducts like SOF2/SO2F2
ere allowed to react with NaOH/Trigol scavenger during the

un and the end product was only residual enriched SF6. In the

econd stage photolysis, access to the scavenger was turned off
nd the laser was selectively tuned 33SF6 excitation/dissociation
esulting in direct enrichment of S-33 in the photoproduct, viz.,
O2F2.

F
t
=
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. Results and discussion

.1. Stage 1 photolysis studies at room temperature

For any LIS scheme, parametric variation studies are essential
o fix the optimum experimental conditions for maximizing the
issociation selectivity, S and enrichment factor, β for a desired
sotope. Generally the data base for S and β are generated as
function of energy fluence, substrate pressure, pulse duration

nd focusing geometry. When the minor isotopes S-33 and S-34
et enriched in residual material by the selective targeting of the
ajor isotope S-32, both S and β strongly depend on the con-

ersion extent. Therefore, the (N/N0) ratio was measured in all
he parametric studies as a function of the number of pulses in
ach experimental run for both S-32 and S-34 species. From the
lopes of semi-log plots of (N/N0) versus number of pulses, aver-
ge specific decomposition rates d(32SF6) and d(34SF6) during
he run were obtained (cf. Fig. 2 for a set of typical plots at dif-
erent SF6 pressures). These “d” values were used to estimate
he S and β values using Eqs. (9) and (10), respectively. The
verall uncertainty in S values given in Table 2 is estimated to
e ±5%. The results follow the general trend reported in the
iterature [3–10] that photolysis of natural SF6 at ∼0.3 Torr with
0 P(20) line by tail-free pulses at ∼6 J cm−2 resulted in more
avorable decomposition of 32SF6 compared to that for 34SF6. At
igher pressures or in the presence of any scavenger, the 32SF6
ecomposition extent was found to decrease due to collisional
rocesses. Such processes also led to lower values for the disso-
iation selectivity. The frequency variation studies on neat SF6
hotolysis showed that 32SF6 burning was relatively higher for
rradiation with 10 P(18) line compared to those obtained for 10
(20) and 10 P(16) lines.
ig. 2. Semi-log plot of (N/N0) vs. number of pulses for neat SF6 (room
emperature) photolysis at different pressures. Fluence = 6 J/cm2 and laser line
10 P(20).
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Table 2
SF6 IR MPD parametric studies at room temperature

Details of parametric studies Experimental condition Dissociation selectivity, S

Pressure variation (neat SF6, 10 P(20), 100 ns pulses, ϕ = 7.0 J cm−2) 0.2 Torr 21
0.3 Torr 22
0.5 Torr 15
1.0 Torr 12

Fluence variation (10 P(20), 100 ns pulses, 0.3 Torr, f = 75 cm) ϕ = 5.0 J cm−2 12
ϕ = 6.3 J cm−2 18
ϕ = 7.0 J cm−2 22
ϕ = 7.5 J cm−2 15

Focusing geometry variation ((f: lens focal length), 10 P(20), 100 ns pulses, 0.3 Torr) f = 50 cm 87
f = 75 cm 23
f = 100 cm 13

Details of parametric studies Scavenger Dissociation selectivity, S

SF6–scavenger studies (total pressure for 1:5 mixture: 1.8 Torr) Nil (neat SF6: 0.3 Torr) 23
H2 16
O2 10
Cl2 21

SF6/NaOH system NaOH (SF6: 0.3 Torr) 11
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2 process of selective burning of 34SF6 was not quite successful
as the average pulse energy obtained for the weak 10 P(38) line
was only 0.3 J as against 1.1 J for 10 P(18) line.
F6/NaOH/Trigol system

ere observed from the IR spectra taken after photolysis.
hese included SOF2 (hydrolysis product from SF4 with traces
f moisture), SO2F2, S2F10, SF5Cl and SiF4. SiF4 formation
as traced to the attack on SiO2 present in pyrex glass by F

toms. Therefore, physical isolation process for the residual SF6
nriched in S-33 and S-34 species for subsequent use in stage 2
ecame more difficult. Also, some of these products were found
o have spectral interference with the bands of measurement
specially near 34SF6 absorption. All these problems could be
ircumvented by the use of NaOH/Trigol mixture for scavenging
F5/SF4 and other secondary products which provided cleaner,
esidual SF6 enriched in S-33 and S-34 isotopes free from any
ther volatile products.

In three separate batches, 0.3 Torr SF6 was irradiated in the
67 cm3 cell with built-in NaOH/Trigol trap and more than
0% of 32SF6 was burnt and residual SF6 samples from three
atches of irradiation with 10 P(20) line were collected together
nd the FTIR spectrum (cf. Fig. 3) of the combined material
as recorded at 0.2 cm−1 resolution. The relative abundance of

2SF6:33SF6:34SF6 of this enriched sample was estimated to be
0:10:70%.

.2. Stage 2 photolysis studies at room temperature

Stage 1 photolysis was done in several batches in order to
ollect a sizeable quantity of residual SF6 enriched in S-33 and
-34 for subsequent use in stage 2. But the repeated cryogenic

ransfer operations of very small quantities of gases resulted

n collecting appreciable quantity of moisture along with the
nriched material. Our purification attempts were not success-
ul. Therefore, both first and second stages of the enrichment
rocess were attempted in a single batch using the same cell

F
l
l

NaOH/Trigol (SF6: 0.3 Torr) 19

ithout involving any material transfer process under cryogenic
onditions. For the stage 1 process, 0.3 Torr of natural SF6 was
hotolysed by 10 P(18) line in the Pyrex cell with 16,700 pulses.
t the end, the residual sample had an isotopic composition
f 11:8:81% for 32S:33S:34S, respectively. There was a loss of
50% in the inventory of 33SF6 at the end of stage 1 photolysis.

n order to target the S-34 species in stage 2, laser was tuned to
0 P(38) line. After 21,500 shots, final composition was found to
e 20:14:66, respectively, for 32S:33S:34S. Apparently the stage
ig. 3. Absorption spectrum of natural SF6 (thin line) and enriched SF6 (solid
ine). Three batches irradiated at room temperature. Pressure = 0.3 Torr, laser
ine: 10 P(18), fluence = 6 J/cm2.
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.3. Photolysis studies at low temperature

Molecular vibrational transitions spread out over a large
ange owing to the rotational structure and hot bands [15]. In
act, for heavier elements, the overlap is so serious that the iso-
ope shift is not resolved at room temperature. Even for light and

iddle mass elements like Sulphur, it can lead to poor selectivity
or both excitation and dissociation steps. Such rotational struc-
ure and hot bands absorption can be minimized to obtain better
rocess selectivity by cooling the substrate gas during photoly-
is. Therefore, we investigated the IR MPD of natural SF6 at dry
ce temperature (−78 ◦C). The experimental details and results
btained are summarized in Table 3.

From these results, the following conclusions could be drawn.
he appreciable loss seen in the desired isotopic species, viz.,

3SF6 when photolysis was done at room temperature can be
inimized by working at low temperature which gave rise to bet-

er dissociation selectivity. Our efforts to obtain a final residual
F6 highly enriched in 33SF6 were not successful as we ended up
urning it completely during stage 2 removal of 34SF6. Fig. 4 for
xample shows the spectrum obtained for a residual SF6 highly
nriched in S-34. From this important observation we realized
hat it would be advantageous to selectively dissociate 33SF6 in
tage 2 rather than the removal of 34SF6. Such an approach has
wo advantages, viz., (i) the inherent loss of S-33 associated with
he excitation of 34SF6 using a red-shifted absorption frequency
ill be absent (ii) the line 10 P(26) required for 33SF6 disso-

iation has better laser efficiency than 10 P(38) used for 34SF6
emoval.

The above idea can be conveniently accomplished by care-
ully controlling the exposure of irradiated material to the
cavenger in different stages of photolysis. The aim of carrying
ut the runs with and without scavenger, respectively, in stages 1
nd 2 is twofold. In stage 1, when the S-32 species is selectively

urnt, photoproduct, SO2F2 (predominantly enriched in S-32)
eeds to be trapped by the scavenger leaving only the resid-
al SF6 (enriched in S-33 and S-34 species) in the gas phase.

Fig. 4. Spectral feature of highly enriched 34SF6.
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ig. 5. Natural SF6 before photolysis (32S:33S:34S = 95:0.76:4.22). Enriched
F6 after stage 1 photolysis at −78 ◦C (32S:33S:34S = ∼0:12:88).

owever, during stage 2 photolysis in the same cell, scavenger
rap has to be kept isolated so that formation of the end product
O2F2 (enriched in S-33) is facilitated.

In one such run (cf. Run #7 in Table 3 for details), ∼99.6% of
nitial 32SF6 was selectively burnt in the presence of scavenger
cf. Fig. 5). When this material was further irradiated in situ
sing 10 P(26) line in the absence of scavenger, ∼39% of 33SF6
as found to be decomposed while there was no measurable
issociation in 34SF6 after 900 shots (≤1%). Fig. 6 represents
he overlay spectra of a single batch of sample before and after
tage 2 photolysis in the 975–900 cm−1 region to demonstrate
he disappearance of 33SF6 band. Our efforts to look for the
ignatures of S-33 enriched SO2F2 and SOF2 products by their
haracteristic IR bands reported in the literature [16] were not
uite successful as these products’ quantity was not enough to

et a good S/N ratio. However, Figs. 7 and 8 qualitatively high-
ight the difference in IR spectral features in the SF2 asymmetric
tretching region of SO2F2 depending on the selective excita-
ion/dissociation of 32SF6 or 33SF6. It would have been ideal to

ig. 6. IR spectra of photolysed SF6 after stage 1 and stage 2 (irradiation at
78 ◦C for both stages). (1) Enriched SF6 after stage 1 photolysis at −78 ◦C

32S:33S:34S = ∼0:12:88). (2) Enriched SF6 after stage 2 photolysis at −78 ◦C.

β

F
t

ig. 7. Typical spectral details of enriched SO2F2 product (laser selectively
uned to 32SF6 in stage 1).

easure the individual isotopic composition in SO2F2 for esti-
ating the value of S and β for stage 2. This was not possible as

he product quantity was very low (∼30 × 10−9 mol). We, there-
ore, estimated the relative S-33 and S-34% composition of the
roduct obtained in stage 2 using the following methodology.

The measured d(33SF6) value for 39% decomposition after
00 pulses was 5 × 10−4. There was no measurable decompo-
ition in 34SF6. Assuming a 1% decomposition for the same,
(34SF6) was 1 × 10−5. This resulted in a S value of 50 for
tage 2. As the minor isotopic species, 33SF6, was targeted, the
roduct enrichment factor, βproduct(33/34), will be same as the
issociation selectivity S in stage 2:

( )

product

33

34
= (33SF6/

34SF6)stage 2

(33SF6/34SF6)stage 1
= 50

ig. 8. Typical spectral details of enriched SO2F2 product (laser selectively
uned to 33SF6 in stage 2).
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Using the value for (33SF6/34SF6)stage 1 obtained from our
xperimental results in stage 1, the relative % composition of
3S:34S in the product formed in stage 2 was estimated to be
2:8%.

Though we could not directly measure the individual isotopic
omposition in SO2F2, we have shown that by burning almost
ll the 32SF6 in stage 1 and targeting 33SF6 with good selectivity
ith respect to 34SF6 in stage 2, it is possible to obtain a final
roduct in stage 2 with a high S-33 content.

. Conclusion

In summary, we have investigated the enrichment of S-33 iso-
opes using the IR laser chemistry of SF6 by systematic variation
f experimental parameters like, substrate pressure, temperature,
cavenger, laser frequency and fluence. Adapting a novel two-
tage scheme, high enrichment in S-33 has been realized by the
ppropriate choice of parameters and experimental conditions in
uccessive stages. Further studies are needed to address issues
ike S-33 production rate under optimized conditions.
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