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Abstract: Isotopically-selective consecutive two-stage infrared multiphoton dissociation 
(IRMPD) of halogenated difluoromethanes in the presence of scavengers produces 
carbon-13 over 95%. The reaction mechanism for the IRMPD of mixture of CHC1F2 

and HI can be explained by a series of first-order dissociation reactions and followed 
radical-scavenger reactions occurred in a continuous irradiation procedure. 
Furthermore, 13C enrichment at laboratory scaling-up level by the 13C selective IRMPD 
of CHC1F2/Br2 mixture has been investigated in a flow reactor. The 13C production 
rates, ,3C atomic fractions in the CBr2F2 products and ,3C depletions in the CHC1F2 

reactants at different flow rates and laser repetition frequencies were examined to 
optimize the parameters suitable for large-scale production of carbon isotope. The data 
obtained from the flow tests demonstrated a 40 mg h"1 production rate for CB2F2 at 65 
% carbon-13 by using a 40 W (4J, 10 Hz) laser beam focused with a lens of focal 
length 120 cm. If a reliable TEA C02 laser can be operated with 100 W (10 J, 10 Hz) 
output, the production rate of CBr2F2 for carbon-13 at 60 % can attain 200 mg h"1. The 
measurements of spatial profile of focused laser beam imply a 2 g h'1 production rate 
for the 60 % carbon-13 product for an incident power of 200 W (20 J, 10 Hz). 

Keywords: ,3C Enrichment, Infrared Multiphoton Dissociation, Isotope Selectivity 

1. Introduction 
13C is a very important isotope which has been widely employed as a tracer in areas 

ranging through chemistry, life science, medicine, environmental science, and biochemical 

synthesis. The current method of 13C separation by low temperature distillation manifests some 

drawbacks such as huge low temperature distillation tower and low separation coefficient, 

leading to a high cost. The investigation of the laser separation of 13C has actively progressed 

in the last decade. At present, the investigation in this area aims at applying laser enrichment 

process to practical production of carbon isotopes. For economic production of carbon isotopes, 

both high production rate and high concentration of carbon isotopes in product have to be attained. 

Halogenated trifluoromethane and chlorodifluoromethane were proved to bepresentative molecules 

for laser separation of carbon isotopes. Baranov employed a TEA C02 laser with a high repetition 
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rate of 90 Hz at 4J pulse'1 output energy to produce ,2C by the I3C-selective IRMPD of CF3I 

and obtained a production rate of 1 g h*1 for carbon-12 at 99.99 %.' In a scaling up ,3C separation 

by the IRMPD of CF3I, Abdushelishvili et al operated a 150 W TEA C02 laser at 100 Hz 

repetition frequency to irradiate a flow reactor for 2 minutes and obtained 16 mg of carbon 

with a I3C concentration of 12.4 %.2,3 Hackett et al demonstrated a production rate of 11 mg 

h"1 for carbon-13 at 70 % by IRMPD of CHC1F2 using 60 W output (6 J, 10 Hz) of TEA COz 

laser.4"6 More recently, Fuss and coworkers used a continuous-discharge C02 laser Q-switched 

at 8 kHz for 13C separation by IRMPD of CHC1F2.
7 However, the "Oenriched product with 

a 13C concentration as high as 90 % could be attained at an extremely low 13C production rate 

in a single irradiation procedure. 

There seems to be a general agreement that the two-stage enrichment process is necessary 

for practical ,3C separation and the product from the first-stage photo-decomposition ought 

to be transformed chemically into the reactant for the use of second-stage enrichment. It is 

better to directly produce the reactant which used in second-stage enrichment from the first-stage 

photochemical reaction. On the basis of this concept, we designed some reaction systems and 

obtained highly concentrated 13C over 90 % through the two-stage enrichment.8"15 The highly-

concentrated ,3C over 90 % was produced by the 13C-selective two-stage IRMPD of several 

difiuoromethanes in the presence of radical-scavengers. For some systems such as CBr2F2/HI 

and CHC1F2/HI, the two-stage I3C-selective IRMPD processes occurred in a single irradiation 

procedure, where the first-stage IRMPD of natural reactants produced 13C-enriched intermediate 

products which consequently occurred second-stage IRMPD to produce ,3C highly-enriched 

product. Both stages occurred consecutively in a continuous pulse irradiation process without 

the change of laser line and frequency and it was not necessary to isolate out intermediate 

product in the 13C enrichment process. 

In the view of practical application for highly enriched l3C, the "C-selective IRMPD 

occurred in both CHC1F2/Br2 and CBr2F2/02 systems is attractive, because a relatively high 
13C production rate in the 13C selective IRMPD of CHC1F2 in the presence of Br2 could be 

attained when the 13C concentration in the CBr2F2 product controlled at 30 to 60 %, The previous 

works were generally conducted in small photolytic cell at static condition or in recirculating 

reactor. For large-scale 13C separation, the photophysical and photochemical effects at the 

flow state of feed gas should be examined to optimize the separation process. In the present 

work, laboratory scaling-up l3C separation are carried out by the ,3C-selective IRMPD of 

CF2HC1/Br2 mixtures. The tests were performed in a flow reactor and by using a industrially-
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reliable TEA C02 laser and industrial-grade CHC1F2. The effects of flow rate and repetition 

frequency on the ,3C production rate and 13C atomic fraction in the CBr2F2product were examined. 

The results from the scaling-up tests offer a further evidence that the "C enrichment process 

by IRMPD of CHC1F2/Br2 is a promising reaction system for the large-scale 13C separation 

if the C02 laser with a high output power is available. 

2. High Enrichment o{ 13C by Consecutive Two-Stage IRMPD 

The idea of isotopically-selective consecutive two-stage IRMPD has been put forward 

and applied to the production of highly-concentrated ,3C over 90 %. The "C-selective IRMPD 

of CBr2F2/HI, CC12F2/HI, CHC1F2/HI CClBrF2/HI, CBr2F2/Cl2 and CC12F2/Br2 mixtures has 

been studied.8,n'14 The mechanism of high enrichment of ,3C in these systems can be explained 

satisfactorily in terms of consecutive two-stage t3C selective IRMPD in a single irradiation 

procedure. The first-stage IRMPD of natural halogenated difluoromethanes produces the 13C-

enriched fJuorinated radicals (CBrF2, CC1F2 and CF2) which recombine with scavengers to 

form intermediate products. At the sequential irradiation of laser pulses, the intermediate products 

undergo 13C-selective IRMPD and 13C is highly enriched in final products. Isotopically-selective 

consecutive two-stage IRMPD of halogenated difluoromethanes produced carbon-13 at 95 % 

or higher. In CHC1F2/HI and CBr2F2/HI systems, the intermediate products such as CHIF2 

and CHBrF2 showed high ,3C decomposition probabilities at low laser fluence, resulting in 

high production yields. 

The IRMPD of a mixture of CHC1F2 and HI is firstly concerned with the photo-

decomposition behaviour of CHC1F2 in an intense infrared radiation field. It has been well 

established that the molecular elimination of HC1 is the only reaction channel in the IRMPD 

of CHC1F2 both at high and low pressures.4'5-16 The fragment other than HC1 is CF2 radical. 

In the presence of HI, the nascent CF2 radical inserts into HI to form CHF2I. Under selected 

irradiation conditions, the product CHF2I is significantly enriched with 13C because of the I3C-

selective decomposition of the parent molecule. 

It is very likely that the CHF2I produced at the first stage undergoes the ,3C-selective 

infrared multiple-photon excitation and the excited molecules beyond a critical energy threshold 

decompose into CHF2 and I in the sequential laser irradiation. We have also confirmed in the 

present study that CHBrF2 also decomposes into CHF2 and Br in the IRMPD. The CHF2 radical 

reacts with HI to form CH2F2. The ,3C-selective decomposition of CHC1F2 and CHF2I results 

in markedly high enrichment of ,3C. In fact, we could obtain the CH2F2 at a 13C-atomic 
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decomposition behaviour of CHCIF2 in an intense infrared radiation field. It has been well 

established that the molecular elimination of HCl is the only reaction channel in the IRMPD 
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In the presence of HI， the nascent CF2 radical inserts into HI to form CHF2I. Under selected 

IrradIation conditions， the product CHF21 is signiticantly enriched with J3C because of the 13C_ 

selective decomposition of the parent molecule. 

It is very likely that the CHF21 produced at the first stage undergoes the 13C-selective 

infrared mu1tiple-photon excitation and the excited molecules beyond a critical energy threshold 

decompose into CHF2 and 1 in the sequentiallaser irradiation. We have also confirmed in the 

present study that CHBrF2 also decomposes into CHF2 and Br in the IRMPD. The CHF2 radica1 

reacts with HI to form CHzF2・The13C-selective decomposition of CHCIF2 and CHF21 resu1ts 

in markedly high enrichment of 13C. In fact， we could obtain the CH2F2 at a J3C-atomic 
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concentrations high as 95 % by irradiating a 

mixture of 100 torr CHC1F2 and 20 Torr HI 

with the 9P(26) laser line (1041.28 cm"1) at 4 

J cm"1. The infrared absorption spectra of the 

CH2F2 and natural CH2F2 are presented in Figure 

1. When the pressure of HI is high enough, the 

mechanism for the two-stage IRMPD is as 

follows, 

CHC1F2 + rihv -» CF2 + HC1 (1) 

CF2 + HI -* CHF2I (2) 

CHF2I + rrihv -* CHF2 +1 (3) 

CHF2 + HI - CH2F2 + I (4) 

21 + M -» I2 + M (5) 

where M is a third-body. We could not detect 

C2F4 or C2H2F4 at [HI] > 10 Torr. Therefore, 

CF2 and CHF2 radicals are completely scavenged 

by HI in the pressure region of HI above 10 

Torr. 

In principle, a series of first-order 

equations holds for the depletions of the 

resonating molecule CHC1F2 and intermediate 

product CHIF2 with pulse number N. 

Figure 2 shows the 13C fractions for 

CHCIF2, CHF2I, and CH2F2 against N. The 

good agreement between the calculated kinetics 

curves and observed results supports the 

consecutive two-stage mechanism proposed for 

the present system. Figure 2 also shows the 13C-

atom concentrations in CHF2I and CH2F2. The 

concentration in CHF2I decreases rapidly as the 

photolysis proceeds. On the other hand, the 

concentration in CH2F2 retains a high value over 

90%, until 50% of ,3C in CHC1F2 is converted 
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Fig. la, b. Infrared absorption spectra of 
CH2F2 at a 13C atomic fraction of 95 % (a) 
and at a natural abundance (b). 
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Fig. 2.13C-atomic concentration (a) and ,3C 
fraction (b) vs. pulse number. Filled triangles, 
CHC1F2; filled circles, CH2F2; circles, CHIF2. 
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into CH2F2 and CHF2I. 

The intermediate product CHF2I showed high decomposition probability and ,3C selectivity 

at low laser fluence, resulting in high production yield and ,3C concentration over 95% in 

CH2F2. The isotopically-selective IRMPD of CHC1F2 in the presence of HI can restrain the 

back reaction and enhance the product yield of ,3C. The system is proved to be a promising 

candidate for the laser separation of carbon isotope. 

3. Scaling-up ,3C Separation by IRMPD of CHC1F2/Br2 System 

3.1 Effect of Flow Rate on the l3C Production Rate 

It has been well known that the nascent decomposed fragments in the IRMPD of CHC1F2 molecule 

are CF2 and HI. In the presence of Br2> the major product in the IRMPD of CHC1F2 is CBr2F2. 

C2F4Br2 and CBrClF2 may be produced in the case of low partial pressure of Br2 or excessively 

high laser fluence. The flow chart for the scaling-up tests is shown in Figure 3. The complete 
13C enrichment apparatus consisted of TEA C02 laser, feedstock mixer, flow reactor, pressure 

and flow controllers, gas collector, distillator and preparative chromatograph. 

A Lumonics 841/1 C02 TEA 

laser was used for the scaling-up ,3C 

isotope separation. The pulse consisted 

of a initial spike of 100 ns (FWHM) and 

a 7 [is tail containing 70 % of the total 

energy. The beam pattern of the laser 

was a square of 30x30 mm. The laser 

could be reliably operated at a pulse 

repetition rate up to 10 Hz and the 

maximum output energy of the laser was 

>1 

Lumonics 
841 Laser 

» 

P 
Trap 

Row Reactor 

Fig. 3. Flow diagram of separation procedure for pilot 
test. A: lens; B: power meter; C: pressure meter; D: 
buffering bottle; G: flow controller; M: pressure 4.5 J pulse-1. The laser beam was 
m e focused into the centre of a flow reactor 

by a KC1 lens with a 120 cm focal length. The focal spot at beam waist was about 0.48 cm2. 

The main part of the flow reactor was a cylindrical glass draft-tube of length 60 cm 

and diameter 3.0 cm, which located in the centre of a large cylindrical glass tube (length, 

200 cm; diameter, 6.5 cm). The function of the draft-tube is to restrain feedstock material 

as much as possible to flow through the effective decomposed zone. The volume of the flow 

reactor was 6 1. 
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Fig. 3. F10w diagram of separation pr∞edure for pi10t 
test. A: lens; B: power meter; C: pressure meter; D: 
buffering bottle; G: flow controller; M: pressure 
meter. 

A Lumonics 84111 CO2 TEA 

laser was used for the sca1ingぺlp13C 

isotope separation. The pulse consisted 

of a initia1 spike of 1∞nsσwmのand
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maximum output energy of出el出erw出

4.5 J pulse-1. The laser beam was 

focused into the centre of a flow reactor 

by a KCllens with a 120 cm foca11ength. The focal spot at beam waist was about 0.48 cm2. 

The main part of the flow reactor was a cylindrical glass draft-tube of length 60 cm 

and diameter 3.0 cm， which located in the centre of a large cylindrical gIass tube (1ength， 

200 cm; diameter， 6.5 cm). The function of the draft-tube is to restrain feedstock material 

as much as possible to flow through the effective decomposed zone. The volume of the flow 

reactor was 6 1. 
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The production rates of 13CBr2F2 and ,3C atomic fractions in the CBr2F2 products at 

different flow rates of the feed material were examined at a constant laser output energy of 

4.0 J per pulse at 9P(18) laser line, 1048.66 cm"1. The laser fluence at the focal waist was 

about 7.5 J cm"2. In these experiments, the mixtures of CHC1F2 and Br2 were flowed through 

the reactor at different flow rates. The total pressure of the feed mixture was 22 Torr and 

the ratio of CHC1F2 to Br2 in-the mixture was 4 : 1 . The laser repetition frequency for these 

runs was constantly 5 Hz. 

Figure 4 presents the net production rates of 13CBr2F2 and the 13C atom fractions in 

the CBr2F2 products as a function of flow rate of the feed material. The l3C atomic fraction 

in the CBr2F2 product was not seriously affected by flow rate and remained at 50-70 %. However, 

the net production rate of l3CBr2F2 could be obviously affected by flow rate of the mixture 

although the data in the figure shows a little dispersal. High ,3CBr2F2 production rates appeared 

to be attained at moderate flow rates. Either excessively high or low flow rate was not favourable 

for high production rate of ,3CBr2F2. The irradiation at low flow rate corresponded to low 

production rate of 13CBr2F2. We consider that at low flow rate the CHC1F2 reactant underwent 

more laser pulses, as a result, relatively low production rav. <y CBr-F2 might be attained because 

the dependence of ,3C production rate on irradiated pulse number obeyed exponential relationship. 

In fact, the ,3C depletions in the CHC1F2 

reactants changed from 20 % to 3 % with 

changing flow rates from 10 Torr 1 min"1 to 

30 Torr 1 min"1. However, it is unexpected 

that at excessively high flow rate the ,3CBr2F2 

production rate showed a somewhat drop. 

We consider that at high flow rate the stream 

of CHC1F2 molecules was irradiated by 

relatively few laser pulses, as a result, few 

excited 13CHC1F2 molecules are easily 

quenched by more cold bath molecules, Fig. 4. Effect of flow rate on »C production rate. 
3 Pressure of CHCIF2 and Br2 were 18 and 5 Torr, 

leading to a decrease in the l3CBr2F2 respectively, laser line, 9P(18); fluence, about 
7 T cm'2 

production rate. Another more possible J v • 

reason why the i3CBr2F2 production rate at high flow rate was dropped may be that the pressures 

along the reactor had a gradient. This is because that the flow rate was controlled by a pin 

valve, the pressure at the effectively photoly tic zone might be decreased as flow rate was increased. 
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The production rates of 13CBr2F2 and J3C atomic fractions in the CBr2F2 prωucts at 

different flow rates of the feed material were examined at a constant laser output energy of 

4.0 J per pulse at 9P(l8) laser line， 1048.66 cm-I
• The laser fluence at the focal waist was 

about 7.5 J cm-2. In these experiments， the mixtures ofCHClF2 and Br2 were flowed through 

the reactor at different flow rates. The to凶 pressureof the feed mixture was 22 Torr副ld

the ratio of CHCIF'l to Br2 in. the mixture was 4 : 1. The laser repetition frequency for these 

runs was constantly 5 Hz. 

Figure 4 presents the net production rates of J3CBr2F2 

the CBr2F2 products as a function of flow rate of the feed material. The 13C atomic fraction 

加出eCBr2F2 product was not seriously afft倒吋byf10w rate and remained at 5Cト70%. However， 

and the 13C atom fractions in 

the net production rate of 13CBr2F2 could be obviously affect凶 byflow rate of the mixture 

although the data in the figure shows a little dispersal. High 13CBr2F2 production rates ap戸ared

to be attained at moderate flow rates. Ei出erexcessively high or low flow ra旬 wasnot favourable 

for high production rate of 13CBr2F2・Theirradiation at low flow rate corresponded to low 

production rate of J3CBr2F 1・Weconsider that at low flow市tethe CHCIF2 reactant underwent 

more加erpulses，ぉar，邸ult，relatively low production ra¥.，_冷 CBr1F2might be attained b民au田

the dependence of J3C production r蹴 onirradiated pulse number obeyed exponentia1 relationship. 
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In fact， the 13C depletions in the CHCIF2 

reactants changed from 20 % to 3 % with 

changing flow rates from 10 Torr 1 min-1 to 

30 Torr 1 min-1. However， it is unexpected 

出atat excessively high flow rate the 13CBr2F2 

production rate showed a somewhat drop. 

Weconsider出atat high flow rate the s紅白m

irradiated by was of CHCIF2 molecules 

40 o relatively few laser pulses. as a result， few 

Fig. 4. Effect of flow rate on 13C production ra也.

Pressure ofCHClF2 and Br2 were 18 and 5 Torr， 
resp民 tively.laser line， 9P(18); fluence， about 
7Jcm・2

easi1y are molecules J3CHCIF2 excited 

molecules， 

13CBr2F2 the 

more cold bath 

m decr:伺se

quenched by 

a to l回 ding

more possible 

reason why the 13CBr 2F2 production rate at high flow rate was dropped may be that the pressures 

along the reactor had a gradient. This is because that the flow rate was controlled by a pin 

Another rate. production 

va1ve， the pressure at the effectively photolytic zone might be d民 reasedas flow rate w:ぉ incr回 sed.
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PULSE REPETITION FREQUENCY (Hz) 

3.2 Laser Repetition Frequency 

Increasing the pulse repetition 

frequency of the laser up to its maximum 

of 10 Hz is an effective way of getting a high 

production rate of ,3C. The effects of laser 

repetition frequency on the ,3CBr2F2 

production rate and ,3C atomic fraction in 

the CBr2F2 product were examined at a 

constant flow rate of the feed CHC1F2/Br2 

„ . „ „ . . „,, , . ., mixture. Figure 5 shows the effects of laser 
Fig. 5. Variation of 13CBr2F2 production rate with 
laser repetition frequency. Laser line, 9P(18); repetition frequency on the production rate 
fluence, 7 J cm2; flow rate, 18 Torr 1 min"1. o f , 3 ^ ^ ^ , 3 C a t o m i c f r a c t i o n i n t h e 

CBr2F2 product. The data were obtained under the irradiation at 4.0 J pulse"1 at 9P(18) laser 

line for a constant total pressure of 22 Torr ([CHClFJitBrJ =4:1). Apparently, the irradiation 

at high pulse repetition frequency may cause a diabetic expansion of gas and temperature rise 

of the bulk gas, leading to a loss of isotope selectivity. At the present flow conditions, however, 

this was not the case. A high ,3C atomic fraction exceeded 65 % in the CBr2F2 product could 

be maintained under the irradiation at a pulse repetition frequency of 10 Hz, and, in the meantime, 

the ,3C production rate was not dropped at high pulse repetition frequency. These facts verified 

that high laser repetition frequency up to 10 Hz is favourable for the high 13C production rate. 

3.3 Spatial Profile of Focused Laser Beam and Optimization of Enrichment Process 

Laser fluence can significantly affect the decomposition probability. A change of laser 

fluence from 4.8 J cm'2 to 5.5 J cm"2 for the 9P(14) laser line decreases the decomposition 

yield by about a factor of 4. In the present flow tests, the laser beam was focused by a lens 

of focal length 1.2 m and the laser fluence along the axis direction of the flow reactor was 

extremely inhomogeneous. This laser fluence profile just provided a very short zone around 

the focal centre for the effective photolysis of CHC1F2. The short effective photolytic zone 

restricted the total 13C production rate. The spatial profile of laser fluence can be theoretically 

calculated on the basis of focused condition of laser beam. We examined the fluence distributions 

on different transverse areas for the lenses with different focal lengths of 1.2 m, 1.7 m and 

2.2 m and the normalized fluence distributions are shown in figure 6. The focal spots for these 

three lenses are 0.52, 1.20 and 1.95 cm2, respectively. The effective photolytic zone for the 
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3.2 Lωer Repetition Frequency 

Increasing the pulse repetition 

frequency of the 1ぉerup to its maximum 

of 10 Hz is an eff記tiveway ofge凶ngahigh 

production rate of 13C. The effects of laser 

問 petition 仕equency on the 13CBr2F2 

production rate and t3C atomic fraction in 

the CBr2F2 product were examined at a 

constant flow rate of the feed CHCIFiBr2 

mixture. Figure 5 shows the effects oflaser 
Fig. 5. V釘iationof13CBr2F2 production rate wi出
laser repetition frequencyo Laser line， 9P(18); repetition frequency on the production rate 

fluence， 7 J cm・2;flow rate， 18 Torr 1 mino'. of t3CBr2F2 and 13C atomic fraction in the 

CBrzF2 product. The data were obtained under the irradiation at 4.0 J pulseot at 9P(18) laser 

line fora constant total pressure of22 Torr ([CHCIF;J:[Brz] =4: 1). Apparently， the irradiation 

at high pulse repetition frequency may cause a diabetic expansion of gas and temperature ri記

of the bulk gas， leading to a loss of isotope selectivity. At the present flow conditions， however， 

this was not the case. A high 13C atomic fraction exceeded 65 % in the CBr2F2 product could 

be maintained under the irradiation at a pulse repetition frequency of 10 Hz， and， in the meantime， 

the 13C production rate was not dropped at high pulse repetition frequency. These facts verified 

that high laser repetition frequency up to 10Hz is favourable for the high 13C production rate. 

3.3今atialProfile o[ Foc，ωed Laser Beam and Optimization o[ Enrichment Process 

Laser fluence can significant1y affect the decomposition probabi1ity. A change of1aser 

fluence from 4.8 J cm・2to 5.5 J cm-2 for the 9P(l4) Iaser line decreases the decomposition 

yield by about a factor of 4. In the present flow tests， the laser beam was focused by a lens 

of focal length 1.2 m and the laser fluence along the axis direction of the flow reactor was 

extremely inhomogeneous. This laser fluence profile just provided a very short zone around 

the foca1 centre for the effective photolysis of CHCIFz・Theshort effective photolytic zone 

restricted the to阻1¥3C production rate. The spatiaI profile of laser fluence can be theoretically 

calculated on the basis of focused condition of凶erbeam. We examin凶出efluence dis住ibutions

on different transverse areas for the lenses with different focal lengths of 1.2 m， 1.7 m and 

2.2 m and the normalized fluence distributions are shown in figure 6. The focal spots for these 

three Ienses are 0.52， 1.20 and 1.95 cmヘrespectively.The effective photolytic zone for the 
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lens of focal length 1.2 m is estimated 

to be 10-15 cm long around the focal 

point. Under this focal condition the 
,3CBr2F2 production rate was determined 

to be 40 mg h'1 when a laser output power 

of 40 W (4J, 10 Hz) was used for the 

irradiation. Obviously, this tightly focused 

laser beam is not favourable for high 

production rate of "C. 

The ,3C production rate in a flow 

reactor should depend on both effective Fig. 6. Normalized spatial distribution profiles of 
photolysis zone where decomposition of I a s e r fluence along laser-beam direction for three 

, . , . , ^nses with 1.2, 1.7 and 2.2 m focal lengths, 
reactant shows high yield and staying time 

of reactant molecules in which reactant flows through the effective photolysis zone. If the effective 

irradiated zone can be extended by ameliorating focused condition, i.e. by using a lens with 

a long focal length of 1.5-3 m and high laser output energy up to 10-20 J pulse-1, the 13C 

production rate can be significantly enhanced. If the fluence at focal centre keeps a constant 

value for the three lenses with focal lengths of 1.2, 1.7 and 2.2 m, the effective photolysis 

zones and staying times can be expended 10 and 5 times for the focus geometry of 1.7 m focal 

length, and 50 and 10 times for 2.2 m focal length, respectively, in comparison with 1.2 m 

focal length. We estimate that by using 100 W (10 J pulse'1, 10 Hz) and 200 W (20 J pulse"1, 

10 Hz) laser output, the production rates for carbon-13 at 50-60 % easily attain 200 mg tr1 

and 2 g fr1, respectively. 

In the present scaling-up 13C separation, we have experimentally investigated 13C enrichment 

parameters by IRMPD of the CHC1F2 in the presence of Br2 and demonstrated a production 

rate of 40 rag h"1 for CBr2F2 at 60 % carbon-13 atomic fraction by using a industrially reliable 

TEA C02 laser. A analogous l3C production rate of 2x10^ mg pulse"1 was obtained at 6 J pulse"1 

laser energy.17 Indeed, CHC1F2 is a representative molecule for 13C separation because of 

some advantages such as high isotope selectivity, relatively high working pressure and plenty 

supply as a potential CFC alternative. However, in the 13C-selective IRMPD of CHC1F2 high 
13C production rate can be attained only at an incident laser fluence higher than 6 J cm"2. If 

a commercial TEA C02 laser with a high laser pulse energy as high as 10 J or 20 J could 

be available, high 13C production rate would be attained by the 13C-selective IRMPD of 
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Fig. 6. Norma1ized spatial distribution profiles of 
laser fluence along laser-beam direction for thrl偲

Ienses with 1.2， 1.7 and 2.2 m foca11engths. 

of reactant molecules in which reactant flows through the effective photolysis zone. If the effective 

irradiated zone can be extended by ameIiorating focused condition， i.e. by using a lens with 

a long focal length of 1.5・3m and high Iaser output energy up to 10-20 J pUlse-t， the 13C 

production rate can be significantly enhanced. If the fluence at focal centre k民 psa constant 

value for the three lenses with focal1engths of 1.2， 1.7 and 2.2 m， the effective photolysis 

zones and staying times can be expended 10 and 5 times for the focus geometry of 1.7 m foc叫

Iength， and 50 and 10 times for 2.2 m focaI length， respectively， in comparison with 1.2 m 

focaI Iength. We estimate that by using 100 W (10 J pulse.1， 10 Hz) and 200 W (20 J pulse-t， 

10 Hz) laser ou甲ut，the production rates for carbon-13 at 50・60% easily attain 200 mg h-1 

and2gh・1，respectively. 

h出epresent配aIing'叩 13C記戸ration，we have experimenta1Iy inv1剖 ga'凶 13C凶 chment

parameters by IRMPD of the CHCIF2 in the presence of Br2 and demonstrated a production 

rate of 40 mg h-1 for CBr2F2 at 60 % carbon-13 atomic fraction by using a industrially reliable 

TEA C021aser. A analogous 13C production rateof2xlO-4 mg pulse-I was obtained at 6Jpulse-1 

laser energy. 17 Indeed， CHCIF2 is a representative molecule for 13C separation because of 

some advantages such as high isotope selectivity， relatively high working pressure加 dplenty 

supplyas a potential CFC alternative. However， in the 13C-selective IRMPD of CHCIF2 high 

13C production rate can be attained only at an incident laser fluence higher th加 6J cm-2. lf 

a commercia1 TEA CO2 laser with a high laser pulse energy as high as 10 J or 20 J could 

be available， high 13C production rate would be attained by the 13C-selective IRMPD of 
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CHC1F2/Br2 mixture. At present, prevalent commercial TEA C0 2 lasers can reliably operated 

at a output energy below 7 J. Therefore, for the ,3C separation in CHC1F2 system, laser beam 

must be tightly focused and resultant short effective photolytic area limits the photon utilization 

efficiency. Instead, we had better use a near parallel laser fluence profile to extend the effective 

photolytic area. In this case, correspondingly, we have to choose a proper candidate which 

can be decomposed at low laser fluence and produce high ,3C production rate for the practical 
,3C separation. We consider that this may be a new investigation direction in ,3C separation 

by IRMPD. 

References 

1. V. Yu. Baranov: IEEE J. QE-19, 1577 (1983) 

2. G. I. Abdushelishvili, O. N. Avatkov, V. N. Bagratashvili, V. Yu. Baranov, A. B. Bakhtadze, 

E. P. Velikhov, V. M. Vetsko, I. G. Gverdtsiteli, V. S. Dolzhikov, G. G. Esadze, S. A. Kazakov, 

Yu. R. Kolomiskii, V. S. Letokhov, S. V. Pigul'skii, V. D. Pis'mennyi, E. A. Ryabov, G. I. 

Tkeshelashvili: Sov, J. Quantum Electron. 12, 459 (1982) 

3. O. N. Avatcov, A. B. Bakhtadze, V. Yu. Baranov, V. S. Doljikov,I. G. Gverdtsiteli,S. A. Kazakov, 

V. S. Letokhov, V. D. Pismmenyi, E. A. Ryabov, V. M. Vetsko: Appl. Opt. 23, 26 (1984) 

4. M. Gauthier, C. G. Cureton, P. A. Hackett, C. Willis: Appl. Phys. B 28, 43 (1982) 

5. M. Gauthier, A. Outhouse, Y. Ishikakwa, K. O. Kutscheke, P. A. Hackett: Appl. Phys. B 35, 

173 (1984) 

6. A. Outhouse, P. Lawrence, M. Gauthier, P. A. Hackett: Appl. Phys. B 36, 63 (1985) 

7. W. Fuss, J. Gothel, M. Ivanenko, K. L. Kompa, W. E. Schmid: Zeitschrift fur Physik D 24, 47 

(1992) 

8. P. H. Ma, K. Sugita, S. Arai: Chem. Phys. Lett. 137, 590 (1987) 

9. S. Arai, K. Sugita, P. H. Ma, Y. Ishikawa, H. Kaetsu, S. Isomura: Chem. Phys. Lett. 151, 516 

(1988) 

10. S. Arai, K. Sugita, P. H. Ma, Y. Ishikawa, H. Kaetsu, S. Isomura: Appl. Phys. B 48,427 (1989) 

11. P. H. Ma, K. Sugita, S. Arai: Appl. Phys. B 49, 509 (1989) 

12. P. H. Ma, K. Sugita, S. Arai: Appl. Phys. B 50, 385 (1990) 

13. P. H. Ma, S. Arai: Chin. Sci. Bull. 35, 14 (1990) 

14. P. H. Ma, K. Sugita, S. Arai: Appl. Phys. B 51, 103 (1990) 

15. K. Sugita, P. H. Ma, Y. Ishikawa, S. Arai: Appl. Phys. B. 52, 266 (1991) 

16. Aa. S. Sudbo, P. A. Schulz, Y. R. Shen, Y. T. Lee, J. Chem. Phys. 69, 2313 (1978) 

17. I. Deac, V. Cosma, D. Silipas, L. Muresan, V. Tosa: Appl. Phys. B 51, 211 (1990) 

— 1005 — 

CHCIFiBr2 mixture. At present， prevalent commercia1 TEA C021asers can reliably operated 
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