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Abstract 
 
This report describes the feasibility studies for macroscopic separation of carbon isotopes (~ 50 % 
enrichment level) by infrared multiphoton dissociation (IRMPD) of Freon – 22 (CF2HCl) using a 
10Hz pulsed carbon dioxide laser in a large volume (~ 300 litre) photochemical reactor (PCR).   
 
After a general introduction to the objective, the importance of characterization studies with a 10 Hz 
CO2 laser is brought out before large scale operation in the PCR is carried out. The laboratory scale 
results obtained in a small cell with a lower average power (0.5 W) CO2 laser is verified with a 
higher power (10 W) laser under optimal conditions. Such an exercise helps in understanding of any 
anomalies of the results and for applying the appropriate corrective measures while scaling up.  
 
The report deals with the design details, fabrication, installation and commissioning of the major 
components of the setup namely laser system, photochemical reactor, low temperature distillation 
unit and preparative gas chromatograph for realizing the targeted task. 
 
It further describes the standardization methodology of a sensitive analytical technique using 
quadrupole mass spectrometry (QMS) to ascertain the C2F4 product quality (i.e. enrichment). A pre 
– concentration method for separating C2F4 from CF2HCl using gas chromatography has been 
developed for very low- level mass spectral analysis. During this exercise, an indigeneous QMS 
developed in VPID (erstwhile MS & ES) has also been benchmarked by comparing its performance 
with a commercial QMS unit.  
 
The report gives in details the operational experience of carrying out the large scale enrichment task 
in a batch process. The modular PCR employing a multi - pass refocusing Herriott optics for 
efficient photon utilization and gas blower arrangement for gas circulation during laser photolysis 
has given a typical production rate of about 10 mg / hr for total carbon with a 13C isotopic purity of 
~ 40 %. It further indicates the scope of future possibilities with a high average power CO2 laser. 
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Chapter 1 – Introduction 
 
 

1.1  Objective 
 
The element carbon has eight isotopes ranging from C-9 to C-16. Among these, we are 
concerned with the separation of only those which have stable nuclei, viz, Carbon–12 and 
Carbon–13. The minor isotope C–13 with a natural abundance of 1.1 % has many important 
applications. It is a valuable tracer in chemical, biological and environmental science [1-3]. A 
number of C-13 labelled compounds like urea, glucose, fructose, triolein are extremely useful in 
the medical diagnostic investigation of various body organs. In these, the compound, fed orally 
to a patient, undergoes metabolism giving rise to CO2 which is collected from the exhaled breath 
for isotopic analysis. By measuring the C-13 to C-12 ratio of the collected sample, the health 
condition of the organ can be readily evaluated. For example, using C-13 urea, an early detection 
of Helicobacter Pylori is possible[4]. This organism is responsible for the stomach ulcer which 
when not detected can lead to stomach cancer. By using 13CO2 , 13CH3OH and 13CF3Br as 
working media, we can have isotopically labeled gas lasers extending the tunable range in the 
near and far IR region. 
 
When a C-13 enrichment campaign is carried out, the residual material becomes progressively 
richer in C-12. For example, when 99 % of the initial C-13 is removed, the C-12 atom 
percentage rises to 99.99 % . Pure C-12 has interesting applications in materials science and 
technology. It has been shown that a synthetic diamond crystal made from highly enriched C-12 
has 50 % better thermal conductivity than that of the best quality natural diamond containing 1.1 
% of C-13 [5]. Such material has potential uses as a heat sink in microelectronics. Further, 
solvents enriched in C-12 find applications in NMR spectroscopy. 
 
The emerging market for medical applications of C-13 is projected to be in the range of 100’s of 
kg per year [6]. The current world production of C-13 at 99% concentration is only a few tens of 
kg and is based on the cryogenic distillation of carbon monoxide [7]. Since the elementary stage 
separation factor is extremely low, a very large number of  stages are needed and the 
equilibration time takes several months . Further, the process is quite capital intensive.  
 
1.2  Laser Isotope Separation Schemes 
 
In late seventies, several groups all over the world investigated the IR laser chemistry of 
trifluorohalomethanes [8-12] using a pulsed carbon-di-oxide laser. The C-F stretching mode of 
these species has a well resolved isotopic shift of about 25 cm-1 for the carbon isotopes which 
can be readily excited by a pulsed CO2 laser. The C-13 selective infra-red, multiple photon 
dissociation (IR MPD) of these simple molecules is as follows : 
 
                             9.6 μm band 
 13CF3X        13CF3    +    X         (1)    ( where X = I, Br and Cl )  
 
 2 13CF3         13CF3

13CF3    (2) 
 

13CF3 +  X        13CF3X   (3) 
 
      X  +   X                X2    (4) 



 
2

C-13 enrichment in the product, C2F6, was successfully demonstrated at very low pressures and 
low temperature. There are, however, some major disadvantages with this system. Since the rate 
of formation of the product in step (2)  nearly equals  the rate of recombination of the dissociated 
fragments in step (3), the overall dissociation yield is very low. Operation at higher energy 
density (fluence) to increase the yield severely degrades the enrichment factor. Also, the product 
throughput is quite small as the substrate pressure is less than 1 Torr. 
 
Subsequently, two viable schemes were developed. The first one developed at the National 
Research Council, Canada [13-15] is good for getting 50 % enrichment at macroscopic levels. In 
this, 13CF2HCl at its natural concentration in chlorodifluromethane, undergoes IR MPD giving 
rise to difluorocarbene, CF2 and hydrogen chloride, HCl. The ultimate end product is 
tetrafluoroethylene, C2F4 with a     C-13 atom fraction of 50 %. 
 
                                   TEA CO2 laser 

 13CF2HCl                   : 13CF2   +   HCl    (5) 
 
2  : 13CF2           13C2F4     (6) 

 
Although this system is capable of giving higher enrichment levels in a single stage, it is at the 
cost of  product quantity. 
 
The second one, known as Lausanne – Zurich (L – Z) cyclic scheme [16,17], makes use of a two 
stage, closed chemical cycle and is very useful for getting high enrichment level. If we need a 
product with better than 90 % C–13 enrichment in a single stage from the initial 1.1 % level, we 
would require a dissociation selectivity, α, better than 800. Such conditions exist only at very 
low pressures giving rise to very low throughput. In the L – Z scheme, the problem is split into 
two parts. Stage 1 aims at a large throughput limiting the enrichment to about 50 %. The product 
from stage 1 is recovered and employed in stage 2 leading to higher enrichment. Following is 
the IR laser chemistry of L – Z scheme : 
 
 
Stage 1 : 
 
                               TEA CO2 laser 
Natural 13CF3Br         Enriched 13CF3Cl   +    Br2   (7) (α = 90) 
                                      Cl2 
 
 
Stage 2 :    
                               TEA CO2 laser 
Enriched 13CF3Cl         Highly enriched 13CF3Br + Cl2    (8) (α = 9) 
                                       Br2  
 
 
The L – Z scheme, by employing an appropriate halogen scavenger in the first stage, overcomes 
the recombination problem encountered in the neat CF3X MPD (vide infra, Step (3)) resulting in 
better dissociation yield. It also helps in closing the chemical cycle to obtain a product which 
will be a useful starting material in the second stage for further enrichment. 
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1.3  Evaluation and optimization of laboratory scale separation 
 
We made a comparative study of both the systems [18]. Our results showed that both the 
systems consume a similar amount of energy to get a product with about 65 % C-13 content. 
The CF2HCl system, however, has better photon utilisation compared to the halogen scavenged 
system when the enrichment is limited to 50 % level. An important finding of our energy 
absorption studies was that the energy consumption for separating a C-13 atom (about 1.5 keV) 
by the laser chemistry is nearly similar to that by the cryo distillation of CO [7]. 
 
The experimental details of the laboratory scale preparation of the C-13 enriched materials at 
BARC [18,19] under optimized conditions are summarized in Table 1.1. Using these conditions, 
laboratory scale quantities of different enriched materials have been obtained. 
 
 
1.4 Macroscopic production scheme and targets 
 
Fuss et al [20-22] have demonstrated the large scale separation of both C-13 and C-12 isotopes 
using a Q – switched CO2 laser in the isotopically selective photolysis of CF2HCl and He 
mixture. For achieving this, they converted an industrial CW CO2 laser into a mechanically Q – 
switched system which emitted 250 ns duration pulses of a few mJ energy at 5 - 10 kHz 
repetition rate. For the C – 13 enrichment, the process involved the irradiation of material at a 
total pressure of 150 Torr (1 : 9 CF2HCl : He mixture) in a circulatory cell for a large number of 
batches over two weeks which ultimately isolated 25 gram of total carbon at 50 % C – 13 
enrichment from an overall processing of about 29 kg. For the C – 12 case, 4 moles of 
chlorodifloromethane was processed in all over a period of two weeks to yield CF2HCl 
containing a C – 12 atom fraction of 99.99 %  
 
Based on our experience, we took up the project for macroscopic separation of carbon isotopes 
by IR laser chemistry using a pulsed CO2 laser with the following targets (cf. Table 1.2). Figure 
1.1 gives the schematic of the set up that was used for the scale up studies for realizing our 
objective. 
 
Laser and accessories include the pulsed CO2 laser source and various optical elements like 
windows, grating, mirrors, lenses etc, also detectors for energy and temporal profile 
measurements. The photochemical reactor, which has been indigenously developed, includes 
Herriott multipass refocusing (MPRF) optics in flow configuration with internal gas blowers for 
gas circulation during the laser irradiation, control valves, pressure and vacuum transducers etc. 
Product separator includes a home-made cryogenic distillation set up and a commercial 
preparative gas chromatograph for isolating and purifying the enriched photoproduct from the 
bulk residual reactants and other side products. Diagnostics include Fourier transform Infrared 
spectrometer, Analytical gas chromatograph and a Quadrupole mass spectrometer. Feed includes 
gas handling system with purifier etc. The design details of the constituents and the results will 
be discussed in the subsequent chapters.  
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Figure 1.1  Block diagram of the general schematic 
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Table 1.1 Macroscopic production of carbon isotopes : optimum parametric conditions 

 
 Substrate Reactor 

Volume 
(Litre) 

Pressure 
(Torr) 

Laser 
 line 

Fluence 
(J/cm2) 

Reaction 
Volume 

cc / pulse 

Product 
isolated 

Extent of C 
– 13 

enrichment 
Single 
stage  

CF2HCl 1  100 9P(22) 4 0.4 C2F4 50 % 

 
Two 

stages 
 

Stage 
1  
 

 
CF3Br / 

Cl2 

 
20.6  

 
50 

(1: 4) 

 
9P(32)

 
3.6 

 
0.55 

 
CF3Cl 

 
50% 

Stage 
2  
 

CF3Cl / 
Br2 

0.126  21 
(1 : 6) 

9P(8) 1.7 0.022 CF3Br > 95% 

 
 

( Experimental conditions common to both stages ) 
 
100 ns tail free pulses were used for all the experiments. 

Analysis : Gas chromatography (GC) & Mass spectrometry 

Product separation : By cryogenic distillation followed by GC (batch process ) 

 
 
 
 
 

Table – 1.2 Macroscopic separation of Carbon isotopes : System details 
 

System Species enriched Enrichment level 
 

Neat CF2HCl 
 

Carbon - 13 
 

50 % 
 

Neat CF2HCl 
 

Carbon - 12 
 

99.99 % 
Two stage 

Closed chemical 
cycle 

 
Carbon - 13 

Better than 
95 % 
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Chapter 2 – Characterization Studies with 10 Hz CO2 laser 
 
 
2.1 Need for characterization studies 
 
After various parametric and optimization studies on carbon – 13 laser isotope separation (LIS) and 
some experience on the laboratory scale enrichment [1 - 4], we started working on the macroscopic 
level enrichment using a large photochemical reactor (PCR) of 280 litre volume and a 10 Hz pulsed 
CO2 laser.  
 
Before carrying out the runs on a very large scale, it was necessary to check up with the 10 W laser 
our previous results obtained under optimum conditions with a 0.5 W CO2 laser on the neat CF2HCl 
[1]. This has been shown to be a favourable system when the C – 13 atom fraction in the product is 
limited to 50 % starting from an initial natural abundance of 1.1 %. 
 
                                 TEA CO2 laser 

 13CF2HCl          13CF2   +   HCl  (1) 
 
2  : 13CF2            13C2F4    (2) 

 
 
Although the infrared multiple photon dissociation (IR MPD) of CF2HCl, in principle, can give rise 
to higher enrichment levels in a single stage, it is possible only at the cost of product quantity. The 
system, however, offers a much higher throughput at moderate enrichment levels as the C- 13 
selective IR MPD can be performed at tens of Torr pressure level and the photon economy is 
excellent [5 - 7]. 
 
Normally a low average power (low repetition rate) laser is employed for basic parametric studies in 
the IR laser chemistry. In order to carry out a production run in the laser isotope separation, one has 
to use a higher average power (higher repetition rate) laser. These two lasers can have 
characteristics very different from each other. For example, aspects like difference in the temporal 
structure, spatial energy distribution, beam waist, spectral width etc of the two lasers can have a 
profound influence on the decomposition extent and isotopic selectivity. Moreover, in some cases, 
the high repetition rate lasers may deliver pulses of lower energy content and necessitate the use of 
tighter focusing compared to that employed in studies with lower repetition rate lasers. Such 
geometric factors can give rise to lower irradiation volumes and correspondingly lower throughput. 
Because of these reasons, it is essential to carry out validation experiments before any large scale 
photolysis runs are attempted. The present work describes such a study and makes use of a model to 
understand the difference in the results obtained for irradiation with two different lasers. Our results 
confirm that when a small cell experiment with a low power laser is translated for large scale 
photolysis with a high power laser, the scale up need not be linear with respect to the repetition rate 
of the high power laser for various reasons described above. 
 
2.2 Methodology 
 
Photolysis was carried out at room temperature in pyrex cells (50 and 100 cm long, volume 473 and 
766 cc respectively) fitted with BaF2 windows using two independent line tunable commercial CO2 
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lasers (Laser # 1, Lumonics, 0.5 W (1 J, 0.5 Hz) and (Laser # 2, Macro Optica, 10 W, 1 J, 10 Hz). 
The electrical discharge and optical resonators of the two laser systems were such that both the 
lasers delivered pulses of 80 – 100 ns duration without any tail. The emitted beams had a near 
similar divergence (~ 3 mrad) and longitudinal mode structure. The transverse profile consisted of a 
multimode structure with a near uniform intensity pattern. For a comparative study, commercial 
grade, natural CF2HCl was filled at a particular pressure in a given cell, irradiated at an identical 
repetition rate of 0.5 Hz with both the lasers in two separate experiments using identical focused 
beam geometry at carefully controlled pulse energies and for the same number of laser pulses. 
Average energy absorption in the system was measured using two calibrated Joule meters (GenTec) 
with the simultaneous monitoring of pulse energies for both the reference and transmitted beams. 
This method minimised the measurements’ error due to pulse energy fluctuation, which was 
typically about ± 5 %. Absorption losses due to the cell windows for both the lasers were measured 
with an evacuated cell in the same way.  
 
After photolysis, the quantity of the photoproduct, tetrafluoroethylene, (C2F4) and its     C-13 / C-12 
atom fraction ratio were measured by gas chromatography (GC) (Shimadzu) and mass spectrometry 
(VG Elemental) respectively to obtain the specific decomposition rate of an individual isotopic 
species and the enrichment factor, β [1]. The latter term is defined as : 
        
   β  =     (13C / 12C) photoproduct C2F4 / (13C / 12C) initial           (3) 
 
The isotopic composition for carbon in the photoproduct, C2F4 was measured by mass spectrometry 
using the signal intensities at (m/e) values of 81, 82 and 83 corresponding to 12CF2

12CF+ , 
13CF2

12CF+  and 13CF2
13CF+ ions respectively. From these values, β was calculated to be : 

 
 β    =  ( 2 x I83  +   I82 )  x  98. 89  /  ( 2 x I81 +  I82 )    x  1.11    (4) 

 
Extent of decomposition in 13CF2HCl was obtained from the experimental β values along with the 
total product yield measured by gas chromatography. 
 
In a typical LIS run, a laser beam propagates centrally and axially through a cylindrical cell and is 
focused at the cell centre while the fluence at the cell windows is kept lower than the damage 
threshold value for the windows which is typically about 2 J cm-2. Laser induced decomposition 
occurs in the irradiated volume mostly near the focal zone. The dissociation extent per pulse may be 
expressed in terms of the cell averaged reaction volume, RV  which is defined as the product of the 
experimentally measured specific dissociation rate, d, for a particular isotopic species and the cell 
volume, cellV . For example, the reaction volume for C –13 species would be RV13  = 13d  x cellV . 
The term d  is evaluated using the expression : 
 

m
m dNN )1(0 −=        (5)  

 
where mN  and 0N  correspond to the number of a particular isotopic species after “ m ” pulses and 
before the photolysis respectively. 
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2.3 Results and discussion 
 
Photolysis was done using both the lasers for various incident pulse energies and substrate pressures 
for the CO2 laser lines, 9 P(22) and 9 P(26) . The results for C –13 decomposition extent and the β 
values with both the systems were found to be self consistent and as per the trend reported by us in 
Ref. [1] . For example, irradiation with the 9 P(22) line of either laser gave a better reaction volume 
per pulse (13VR) compared to that with the 9 P(26) line. The general dependence of 13VR and β 
values on the substrate pressure, fluence and pulse duration for irradiation with a particular laser 
line showed a similar trend with both the lasers. There was, however, a wide variation in the 
absolute conversion of C – 13 species reacted per pulse in the inter comparison of data obtained 
with the two lasers. For example, irradiation of 50 Torr sample with the 9 P(22) line with both the 
lasers gave rise to the photoproduct, C2F4 with about 50 % carbon – 13 content. However, the 
average RV13  value was about 0.25 cc per pulse for the 0.5 W laser (laser # 1) whereas it was about 
0.05 cc per pulse for excitation with the 10 W laser (laser # 2) under identical irradiation condition 
(cf. Table 2.1). The experimental result was verified a number of times to make sure that there was 
no extraneous factor involved. A similar trend was observed for the 9 P (26) line also. 
 
Interestingly, for a given set of parametric conditions, the net energy absorbed in the system was 
found to be nearly the same with both the lasers. Therefore, this apparent anomaly required an in 
depth analysis of the results using an appropriate model. 
 
2.4 Modelling 
 
Data analysis consists of derivation of parameters specific to the molecule from the RV  values, 
which in an IR MPD experiment get convoluted due to the focused laser beam geometry employed. 
It would ideally involve the determination of the molecular dissociation probability, q , as a 
function of fluence, φ , which is related to RV  by  

  
  RV  =  d  x cellV    =  ∫

cell

q  dV     (6) 

 
Many different models [8 - 11] have been reported in the literature for such evaluation. We have 
shown [11] that in single frequency IR MPD, such deconvolution can be effectively performed 
using two fitting parameters namely critical fluence, cφ  and order of the multiphoton process, “n”. 

  q  =  ( )n
cφφ /   for   φ  < cφ     (7) 

 
       q  =  1    for   φ  ≥  cφ     (8) 
 
In this model, two important criteria such as transverse beam profile of the laser and the optical 
thickness of the sample need to be considered.  
 
Since our multimode laser beam resembles a nearly uniform transverse profile, the treatment based 
on such beam profile has been considered. The beam envelope in the reaction cell can be expressed 
by  
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    2r  = )/1( 222 azrf +       (9) 
 
where “ a ”is the Rayleigh range, ” fr ” is the focal spot radius and “ r ”is the radius of the beam at 
a distance “ z ” from the focal point.  
 
For an optically thin sample where the pulse energy attenuation has been insignificant, the analysis 
takes into account just the variation of fluence φ  due to the focusing geometry and assumes that the 
pulse energy is nearly the same at any plane in the axial direction of the cell. Since the present LIS 
experiment involves excitation and dissociation of a minor isotopic species, (1.1 % 13CF2HCl) , the 
sample in principle, can be treated as optically thin. However, for longer cells where there can be 
significant absorption due to both resonant and non-resonant isotopic species, correction needs to be 
applied for the attenuation of the pulse energy as the beam traverses through the cell. 
 
As a function of the dimensionless fluence F at the beam waist, F ( )cφφ /0≡ , the dimensionless 
reaction volume Y ( )fR VV /≡  is given by 
 

    ( )∫
−

+=
a

l
nn kFY

0

121 dk  for 1<F   (10) 

 

  ( ) ( ) ( )
( )
∫
−
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a
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2

1
1

22
3

2
1

11
3
11  dk  for 1≥F  (11) 

 
where arV ff

22π=  is the focal volume, 0φ  is the focal fluence, L  is half the cell length and 
k ( )/ az≡  is the dimensionless axial distance. 
 
Cell integrated reaction volume per pulse for the carbon – 13 species ( RV13 ) is thus computed and 
compared with that obtained experimentally. This exercise takes into account the incident pulse 
energy, beam size and its propagation under focusing inside the cell after passing through a lens. 
Based on the reaction probability function in a small volume element at a particular local fluence, 
the overall reaction volume over the entire irradiated zone is calculated. By an iterative procedure, 

RV13  is computed for an assumed critical fluence, cφ and the process is repeated with different 
values of cφ until both the theoretical and experimental values agree.  
 
Figure 2.1 gives a typical plot of the experimental results for the specific decomposition rates for 
both 13CF2HCl and 12CF2HCl as a function of laser pulse energy for the 9 P (22) line using the 10 W 
laser. From the slopes of these plots, the respective multiphoton order, 13n and 12n were obtained. 
Using these data, critical fluence (13

cφ  and 12
cφ ) for the individual isotopic species was computed 

as per the procedure discussed vide supra.  
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Table 2.2 summarizes the sets of critical fluence and multiphoton order which satisfactorily explain 
the observed reaction conversions with both the lasers for the parametric conditions employed. 
 
Initial computations took into account a very slight difference in the beam waist dimensions for the 
two lasers. This, however, could not satisfactorily explain the large difference observed in the 
experimental results. Subsequently, energy loss at the entrance BaF2 window was carefully checked 
for both the lasers. While the average loss with the 0.5 W laser was about 11% at the irradiation 
frequency, the corresponding value was found to be 3 % higher for the 10 W laser. Based on these 
values, computations were repeated taking into account the different fluence gradient the sample 
was exposed to after accounting for the energy loss at the entrance window. Since the photolyses 
were carried out under subcritical fluence regime, even a marginally different loss at the entrance 
window modifies the fluence gradient quite significantly inside the cell. With all these factors taken 
into account, we could observe a very good agreement between the theoretical and experimental 
results obtained with both the lasers.  
 
Subsequently, macroscopic runs were carried out in the PCR using the 10 W laser. The 
experimental details are given in Chapter – 5. 
 
2.5 Conclusion 
 
Our investigations showed that both the lasers gave rise to the photoproduct, C2F4 with about 40 % 
carbon – 13 content. However, the 10 W laser produced lesser quantity of C2F4 per pulse in absolute 
terms compared to that obtained with the 0.5 W laser. Reaction volume per pulse for the carbon – 
13 species ( RV13 ) was computed for both the cases using the power law model for reaction 
probability. The theoretical values obtained were compared with the experimental values and found 
to agree well after taking into consideration a slight difference in the energy loss for the two lasers 
at the cell entrance window, beam waist dimensions and the net resultant fluence gradient available 
for the C – 13 species in the irradiated zone.  
 
This study shows the importance of this exercise before any large scale operation of an enrichment 
scheme is attempted using a high power laser. It is imperative to confirm the results obtained with a 
low power laser in the cell experiments under identical conditions. Such an exercise helps in 
understanding of any anomalies of the results and for applying the appropriate corrective measures. 
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Table 2.1  Comparative results for irradiation with two different lasersa 

 
 

Laser # and  
Laser line 

Average focal 
fluence(J / cm2) 

RV13  (cc / pulse) 

# 1 / 9P(22) 4.7 0.25 
# 2 / 9P(22) 4.8 0.05 
# 1 / 9P(26) 5.7 0.11 
# 2 / 9P(26) 5.5 0.02 

 
  (a) 

Note : Substrate pressure : 50 Torr ; both the lasers operated at 0.5 Hz 
 
 

Table 2.2  Critical fluence summary for different laser lines 

 
 

CO2 Laser line 13n 12n cφ13  
 (J/cm2) 

cφ12  
 (J/cm2) 

9P(22) 3.5 4.0 11.5 30 
9P(26) 3.5 4.0 16.0 42 

 

0.58 0.65 0.72 0.79 0.86 0.93
0.5

1

3
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d 13
 x
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Figure 2.1 Specific decomposition rates for the 13CF2HCl ( d13 )  and 12CF2HCl ( d12 ) as a 

function of incident pulse energy for 9 P (22) line 
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Chapter  3 - Macroscopic Production Set-up  
 
 
In this chapter, we shall discuss in detail the design aspects of the constituent units of the setup 
(Figure 1.1) for realizing the macroscopic separation of carbon isotopes. The components and 
their description are as follows. 

 
3.1     Laser Source 
 
3.1.1 General description 

The TEA pulsed CO2 laser (Figure 3.1 a & b) operates by the method of transverse electrical 
discharge in atmospheric pressure gas mixture. The typical gas mixtures of the pulsed CO2 lasers 
consist of three gases namely CO2, N2 and He. This laser generates high intensity laser pulses at 
IR wavelength in the 9.6-11 μm range. Output pulses emitted by the laser consist of a 
component spike followed by a low-power long tail. The laser pulse duration ‘τ’ depends upon 
the used gas mixture. The special system of preionization creates the initial electrons in 
discharge gap before the main discharge. After that high voltage, high current electrical 
discharge creates the excited CO2 molecules. 

The CO2 molecules gradually dissociate in the discharge into CO and O2 and arcing can occur 
when the oxygen concentration increases beyond 0.5%. Therefore either regeneration or “make-
up” flow of the gas mixture is required to be used at high pulse repetition rates. The gas 
regeneration method is used in sealed mode operation. With the aid of an internal gas pump 
approximately 10 l/min of the gas mixture is continuously introduced into the catalytic reactor of 
an external gas regenerator.  The internal gas pump also recirculates this mixture through the 
laser. CO and O2 are recombined in the presence of the Pd/Al2O3 catalyst at a temperature of 
150-200 oC. The gas is heated before being circulated through the catalyst and cooled before 
being reintroduced into the laser after recombination. Table 3.1 gives the specifications of the 
laser. 

3.1.2 Main units 
 
The TEA CO2 Model MACRO 5-10 has a two unit design: laser head and power supply.  
Control Unit  of the gas system is installed on the rear panel of the laser head. The schematic of 
the main parts is given in Figure 3.2a. The Laser Head consists of the following units : 

a)  Discharge chamber with gas reservoir and circulation pump 

The discharge chamber is built  of a fiberglass tube. Two brass electrodes are mounted on 
electrode plates together with spark gap preionizers. Discharge electrode system is mounted 
inside the fiberglass tube together with circulation pump which creates the gas flow between the 
main electrodes. The gas flow after discharge is cooled  by the heat  exchanger (Figures 3.2 b & 
c).  

b)  Discharge circuit 

The discharge circuit of the TEA CO2 Laser has low inductance and consists of main oil 
capacitors, peaking ceramic capacitors, which are used for preionisation and high voltage 
thyratron. The thyratron is driven by special thyratron heater and thyratron switching units. 



 16

c)  Gas system with electromagnetic valves  

The gas system of the laser head which includes all connections to gas vessels, gas regenerator 
and vacuum pump is represented in Fig.3.3.  

d)  Optical resonator 

The stable resonator which is used in Macro 5-10 laser and its tuning curve are represented  in 
Figures 3.4 a and b respectively. The tuned resonator consists of a concave Cu-mirror and 
grating. Discharge chamber is sealed by  NaCl or ZnSe Brewster window. Grating can be 
replaced by a Ge mirror for the stable untuned resonator  or by a concave Cu mirror for the 
unstable resonator.  

e)  Control unit 
 
The control unit is installed on rear panel of the laser head. Evacuation of the discharge 
chamber, filling of the discharge chamber by gas mixture, heating the thyratron and gas flow can 
be controlled by using the control unit. 
 
Power supply  
 
The power supply charges the high voltage main capacitors in the laser head to voltage from 0 
up to 32 kV. IGBT-convertor operating at resonant frequency of 30-40 kHz is used in the power 
supply. The accuracy of charge voltage is better than 0.2%. Control unit of the power supply 
drives repetition rate of the laser (1-10 Hz). 
 
 
 
3.2     Photochemical Rector 
 
3.2.1 Fabrication of the Laser Photochemical Rector 
 
a) PCR System design 
 
As discussed earlier, the process involves selective photo-dissociation of a gaseous feed 
(CF2HCl). Due to low concentration of C13 bearing molecule (~1%) in the feed, absorption of 
laser radiation in a single pass is limited and to enhance the rate of processing as well as for 
efficient utilization of laser radiation, a multi-pass arrangement is required. Photo-dissociation 
by CO2 laser takes place via multi-photon absorption which requires high photon intensity. This 
is achieved by focusing the laser beam. Thus, chemical reaction takes place only in a small 
volume (~1 cc). In order to maximize the interaction of the total feed with the focused laser 
beam, the gas needs to be recirculated which also helps in controlling the temperature of the 
interaction zone. The absorbed laser energy finally appears as heat which helps the dissociation 
process but still requires to be managed. As the gas is recirculated, more and more C13 bearing 
molecule is dissociated and the process is continued till about 50% of the initial C13 bearing 
feed is dissociated. 
 
b) Shape and size of the system 
 
Although a cylindrical system appears a conservative choice for PCR, it was decided to 
consider other shapes as well and compare them with the cylindrical system. One of the shapes 
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considered and later selected was based on rectangular parallelopiped having flat as well as 
curved wall and with more than one unit joined together (if required). It was proposed to equip 
each unit with a set of mirrors and separate gas recirculation arrangement. Such a modular 
system will facilitate multipurpose application planned in this project or later. 
 
c) Mechanical design 
 
The units are supposed to operate at lower than atmospheric pressure (38 – 76 Torr), therefore 
the walls of the system will be externally loaded. It is necessary to evacuate the unit to 0.1 mbar 
or lower initially, thus the maximum load is taken to be 1 atmosphere. The design is based on 
Section VIII, Division 1 of the ASME code for unfired pressure vessel in which such design is 
dealt in the appendix. Suitable reinforcements were provided on the flat walls to minimize the 
wall thickness. The modular approach also helped in easing the mechanical design to some 
extent. 
 
3.2.2 General features of the system 
 
The laser photochemical reactor (LPCR) has a modular structure of three inter connected zones 
with an overall length of 150 cm (Figure 3.5). Each module has two compartments, viz, (i) the 
laser interaction chamber (LIC) and (ii) the gas blower chamber (GBC) which can be decoupled 
from each other (Figure 3.6). The LIC contains the high reflectivity laser mirrors placed on 
suitable mounts (Figure 3.7). These can be accessed from outside by removing a transparent top 
cover. The transparent cover made of toughened glass helps to see if there is any dielectric 
breakdown in the medium. Such breakdowns are detrimental to the process selectivity. The 
laser beam interacts with the feed gas in this half of the unit. The other half GBC(Figure 3.10), 
houses the gas recirculation blower and the baffles for altering the flow profile (Figure 3.11). 
The centrifugal blower (capacity of 50 m3 / hr at 100 Torr pressure) is driven by a variable 
speed motor through a shaft seal arrangement (Figure 3.12). This arrangement typically 
provides three times replacement of the sample in the irradiated zone between successive laser 
pulses at 10 Hz laser repetition rate. The impeller is mounted on the shaft in such a manner that 
no bearings are required to be placed inside the system which minimizes the contamination due 
to lubricating grease. Like the mirrors, the shaft seal and the impeller can be easily accessed 
without disturbing other parts of the system. The three modules comprising the total system are 
placed on a common frame in such a manner that any of the units or their combination may be 
aligned with the laser beam. The outer boundary of each unit encompasses the laser mirrors and 
the gas flow system closely and therefore is inherently more compact. The baffles placed in the 
gas flow duct can be set at any desired angle thus facilitating easy alteration in the flow profile 
obtained in the laser interaction zone. (For further details see Appendix – PCR drawings)        
 
Details of optical design for the PCR 
 
The Herriott type multi pass, refocusing optics[1,2] is housed in the LIC for efficient photon 
utilization and has a stable optical resonator consisting of two coaxial concave mirrors separated 
by the length of the cell. The laser beam is injected off axially through a small hole near the 
periphery of one of the mirrors and travels between them in a zigzag manner (Figure 3.8). With 
proper design and alignment, every reflection refocuses the beam to the same waist radius in the 
central plane between the mirrors. Figure 3.9 gives the footprint of the He-Ne laser on the 
mirror. The mirror material and its coating are such that they can withstand the hard irradiation 
conditions in the chemical environment of the photolysis. 
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3.2.3 Performance evaluation 
 
Each unit was cleaned and separately tested for vacuum condition. Leak rates were found by 
observing the rise in pressure after 16 hours. Leak rate values of ~ 10-4 mbar.litre/s obtained 
after such a test was considered to be sufficient, however with baking or repeated use it is likely 
to go down. Vacuum testing of the three units joined together was also done with satisfactory 
results. 
 
The blower was also operated up to 2000 RPM and the rise in temperature of each shaft seal 
assembly was recorded. 10 to 120C rise were obtained in two units in equilibrium condition 
while the third unit showed a rise of 150C. The problem was traced to improper fitting of the 
bearings in the shaft seal assembly and was duly rectified by replacing the housing with a new 
one made to the required tolerances. The vibration of the system in operating condition was 
qualitatively judged and found acceptable after replacing the commercially available pulleys 
with a set of well-machined pulleys driven with rubber cords in place of V-belts. The blowers 
were operated for over 100 hours initially for testing the reliability 
 
The flow profile inside the PCR was measured with an anemometer in. Measurements were 
carried out with an anemometer placed at different positions to get an idea about maximum 
flow velocity (Figures 3.14a & b) at atmospheric condition.  
 
 
 
3.3      Low temperature Distillation System 
 
Irradiation of CF2HCl with the natural isotope composition( 1.1% of 13C ) leads to a 13C 
enriched dissociation product (C2F4) and 13C depleted (12C enriched) CF2HCl. The post 
irradiation stage involves the successful separation/collection of the enriched photoproduct from 
the bulk of the starting reacting material (CF2HCl) by GC. The work load on the GC can be 
reduced if this bulk separation step is preceded by some preconcentration step.  
 
One such pre-concentration step exploits the difference in volatilities of the photoproducts. It 
involves liquefaction followed by distillation of the mixture. The vapour above a liquid mixture 
contains the individual constituents in a different proportion from that existing in the liquid and 
it is this property that is made use of while separating a mixture by distillation. The constituent 
which has a higher relative concentration in the vapour phase is said to be more volatile and this 
generally has the lower boiling point.  
 
By way of defining the field, Table 3.2 gives the boiling point, melting point and vapour 
pressures of the components of the mixture obtained following IRMPD of CF2HCl. The 
distillation being carried out at low temperature, a few aspects like refrigeration, insulation and 
handling of gaseous sample and product( in the later case) need to be attended to. 
 
3.3.1 Design and fabrication 
 
The need  for pressure gauges, vacuum pumps, stopcocks, valves and thermocouples is obvious. 
The grease used in the ground glass joints was so chosen as to be compatible with the low 
temperature prevailing there. Essentially, a distillation unit consists of a reboiler (maintained at  
– 40oC), to produce the necessary vapour stream, a condenser maintained at low temperature       
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(–140 oC).   to provide for the necessary reflux, and a rectifying column in which the rising 
vapour from the reboiler is intimately contacted with the refluxing liquid and in which the actual 
separation of the constituents is effected. The overall volume of the apparatus was about 5 litres. 
We proceed to briefly describe the function of each component. 
 
a)  Reboiler 
 
The reboiler was a 3 litre RB flask which was integrated with a 5 litre RB flask with a glass to  
glass seal at the neck. The outer jacket was provided with a constricted extension at the bottom 
for the purpose of draining out the cryo coolant. Two B- 19 sockets were provided in the outer 
flask to allow for circulation of the cryo coolant (Isopropyl alcohol). Ports were also drawn out 
of the inner flask for sample evacuation and introduction. A thermowell was also provided for 
monitoring the temperature of  the reboiler. 
 
The reboiler was attached to the base of the distillation column by means of a B-34 cone socket 
arrangement.  To prevent thermal loading, the reboiler was properly insulated with a wrapping 
of styrofoam sheet. The necessary heat input which in turn controlled the boil up rate was 
adjusted by controlling the flow rate and temperature of the cryocoolant circulating in the outer 
jacket of the still pot. 
 
b)  Fractionating columns and packings 
 
Two concentric glass tubes (inner tube ID = 40 mm, outer tube ID = 60 mm), with the inner tube 
serving as the column proper , were fused at the ends with a glass to glass seal. Through a small 
tube near one end of the outer tube, air was removed from the annulus down to a pressure of 10-
5 mm of Hg. The vacuum jacket is necessary to ensure proper adiabatic operation and to prevent 
superheating of the column. In case of low temperature fractionating columns, there is a huge 
temperature gradient between the inside of the column and its surroundings. To improve 
insulating efficiency, the inner walls of the jacket were silvered. Also the column was insulated 
with a wrapping of styrofoam sheet and asbestos cord. 
 
The column used in our case was 65cm long with  ID = 40 mm.  It was provided with B-34 
sockets at either ends for attachment with the condenser and reboiler. 
 
c)  Packings  
 
The rectifying section consists of a straight glass tube filled with an inert packing material in the 
form of regularly shaped particles called Dixon rings(SS metal gauze, 3mm ∗ 3mm). Length and 
diameter of the column are so chosen as to give a prescribed efficiency and boilup rate with a 
given type of packing. The down flowing reflux wets the packing surface thereby providing a 
large area of liquid film for contacting the ascending stream. Packing causes frequent splitting of 
the vapour stream which results in a turbulent flow. The turbulence increases the vapour 
diffusion coefficient and consequently permits high vapour rates or throughputs. To have 
satisfactory flow distribution the ratio of the column diameter to the diameter of the individual 
packing units should be greater than 8 to 1, lest it cause loss of rectification efficiency due to 
channeling of vapours or localised flooding. To prevent the packing particles from falling into 
the still pot; a circular disc of wire screen(corrosion resistant), having an OD equal to the ID of 
the column was placed at the bottom of the packing and several broken circles of wire were 
forced down to make a spring fit against the inner walls of the column. While packing is done it 
is necessary to frequently tap the column so as to ensure uniform packing.  
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d) Condenser and refrigeration 
 
The condenser was a solid block of aluminium (Al) with a cylindrical cavity at its centre. The 
end of the cylindrical cavity was conically shaped to keep the condenser volume at a minimum 
to obtain sharper separations. The Al part has got a flat flange which rests on double walled        
(vacuum jacketed) glass counterpart with ports provided to facilitate sample collection, and 
pressure/temperature measurements. 
 
The glass counterpart attaches to the top of the distillation column. A few cc of oil was poured 
into the cylindrical cavity and cooled with liquid nitrogen poured through a glass / stainless steel 
insert kept in the cavity. With this arrangement it was possible to reach a temperature of ~ -140 °
C. Measurement of temperature was done using copper-constantan thermocouples inserted in 
thermocouple wells. Figures 3.15 – 3.17 show the low temperature distillation set up. 
 
3.3.2. Performance evaluation 
 
a) Operating temperatures of reboiler and condenser 
 
The boiling point of the less volatile component i.e., CF2HCl being -40.8°C (Table3.2),the 
reboiler is maintained at this temperature to keep it boiling thereby producing the necessary 
vapour stream. This is done by circulating the cryocoolant (isopropyl alcohol) at -40 °C in the 
outer jacket of the reboiler using a commercial cryogenic unit with re – circulation facility. The 
more volatile component C2F4 which has got a melting point of  -142 °C accumulates at the 
condenser and hence a temperature of -140 °C is maintained at the condenser to provide the 
necessary reflux. A small quantity of rotary pump oil which was cooled by liquid N2 added 
through an insert served as the refrigerant. 
 
During initial testing, vacuum degradation took place while trying to maintain the condenser at 
~-140 °C. This could be attributed to two factors: 
(i)  the grease used in the ground glass joints 
(ii) the gasket which served as an interface between the glass and Al flat flanges of the 
condenser. 
 
Different types of grease were tried out before settling down for Apeizon-N which was found to 
be compatible with the low temperature prevailing over there. In spite of this, vacuum seemed to 
degrade at temperatures below -120 °C. Some pilot studies were done to find out the appropriate 
gasket material and modifications in the condenser design thereby incorporated. 
 
b) Trial runs 
 
To get some insight into the liquid-vapour phase equilibrium, trial runs were carried out. A brief 
discussion follows. 
 
Charging of the reboiler 
 
At the outset the vacuum integrity of the entire distillation unit was checked by evacuating the 
apparatus down to ~10-3 Torr and letting it stand overnight. The next step involved the 
preparation of the synthetic mixture of varying compositions. The inlet sampling line was 
equipped with pressure gauges. All the connections were evacuated before sampling was done. 
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To avoid contamination from air, the mixture was first prepared in a lecture bottle followed by 
liquefaction with liquid N2. Prior to transferring the sample to the reboiler, sufficient time was 
allowed for equilibration otherwise stratification would result in non representative sample. 
Transfer is achieved by liquefaction of the sample in the reboiler (as both C2F4 and CF2HCl 
were easily liquefiable), the resulting vapour pressure was negligible. While transferring, the 
reference sample was collected for the purpose of analysis. As mentioned earlier, the reboiler 
was kept at -40 °C while the condenser was maintained at -140 °C. 
 
Initial operation of the column 
 
The column was kept at total reflux for some time to allow the primary equilibrium to be 
established. The temperature at the head of the column (monitored with a thermocouple) served 
as an indication for this purpose. 
 
Product collection  
 
Once the column was brought to equilibrium, product collection was initiated. Sampling was 
done through a port in the condenser zone. The traps and the connections (for sampling) were 
pre-evacuated. Samples were drawn ( by equilibration ) into about 200 cc volume for analysis by 
GC . 
 
c) Results and discussion     
 
1) Pilot tests done with different types of grease brought out that Apeizon-N grease was best 
suited to withstand the low temperature at the glass joints. Apeizon-N retains its viscosity and 
hence its sealing properties over a range from -30 °C - 250 °C.  
 
2) Inspite of having switched over to Apeizon-N grease, the vacuum was found to worsen when 
the temperature in the condenser zone read ~ -70 °C or so. Careful inspection revealed that the 
silicone rubber gasket which served as an interface between the Al and glass flat flanges was 
responsible for this problem. This was further confirmed by the fact that beyond -60 °C silicone 
rubber became brittle. 
 
3) Trial experiments were carried out with different gasket materials. Some modification in the 
condenser design (an Al spacer to prevent the gasket from getting sucked in) was also 
incorporated. With styrofoam sheet (greased) on either side of the spacer placed between the 
flanges, we could overcome this hurdle. However later on it was observed that if the interface 
zone became too cold (below -140 °C) vacuum was found to go bad after about 5 hours of 
operation. So care was taken not to go below -140 °C. In another attempt to solve this problem, 
we tried out with an all glass condenser (which unlike the Al condenser was a single unit). As 
will be seen from table-3, the glass condenser developed a crack due to excessive cooling. 
 
4) Starting with synthetic mixture 7.5% C2F4 in CF2HCl and using a 40mm ID and 65 cm long 
column, we could go upto 15.86% only for the volatile fraction. A marginal increase in the 
separation factor was met with by playing with the amount of oil (which supposedly determined 
the condenser temperature). Without the glass insert we could go upto 58%, the starting mixture 
being 10% C2F4. 
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During the course of the experiment we observed that the reflux was poor. The extent of 
insulation given to the column and reboiler units was not sufficient enough to prevent 
superheating. Moreover the variation in the heat gained or lost through the column walls brings 
about changes in reflux ratio, throughput thereby altering the HETP appreciably. Another 
parameter which could have affected the reflux was the column diameter. It was decided to go 
for a narrow bore 15mm ID column. This and along with an improved two layered insulation, 
we could obtain 74% C2F4 starting from a 7% mixture. A stainless steel insert was used to 
ensure better and faster cooling of the condenser.  
 
5) We realised that apart from theses factors what decided the reflux and reflux ratio was the 
amount of the most volatile material present in the charge. We ought to have sufficient amount 
of this to cover the condenser, hence the need to go for larger amount of feed. To meet this 
requirement about 10 litres capacity reservoir cylinder was connected to the low temperature 
distillation set up. This  in addition to an increased three layered insulation to the column, we got 
a big leap from 6% to 98.5% C2F4 . 
 
6) The cryocirculation rate in the reboiler jacket which in turn controlled the reboiler 
temperature and hence the boilup rate did affect the degree of separation. This aspect became 
clear with the experiment done wherein the cryocirculation rate was found to be comparatively 
lower. This affected the boilup rate adversely resulting in poor reflux. 
 
7) While attempting to collect a large fraction of the product (using a receiver bulb of ~2 litres 
capacity), contamination of the product with the next higher boiling point component had taken 
place (product having less of C2F4). 
 
In summary, by judiciously choosing the operating parameter it was possible to pre – 
concentrate the sample mixture with 6% C2F4 content to about 74 % and under stringent 
condition to better than 98%. 
 
 
 
3.4 Preparative Gas Chromatograph 
 
After pre-concentration, final purification of the enriched product will be done by the 
preparative gas chromatograph [3,4]. This unit has 8 feet long and ¼ inch diameter Porapak – Q 
column for separating larger quantities of material compared to an analytical GC. In a single 
batch, more than 25 ml of the process mixture at atmospheric pressure can be loaded. The 
equipment has a custom built sample handling system as per our design. Using the combination 
of a programmable logic controller (PLC), auto gas injection valve and a stream selection valve, 
the process of automatic sampling, injection and fractions separation can be conveniently 
effected. We have optimized the conditions for a clean separation of the gaseous components 
using synthetic mixture of C2F4 and CF2HCl. 
 
Figure 3.18 shows the schematic of the preparative GC for automatic loading of the sample, 
collecting different fractions and repeating the cycle for any given number of times. This 
consists of the sample inlet system, chromatographic separation, fraction collection system, and 
control and automization of operation by PLC.  
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3.4.1 PLC aided operation for automization of sample introduction and product 
collection 
 
The sample inlet system has three electronically controlled solenoid valves (SV-1, SV-2 and 
SV-3), three manual isolation valves (M-1, M-2, M-3), rotary vacuum pump, vacuum gauge and 
pneumatic actuating valco valve to provide a very rapid injection which minimizes the pressure 
pulse caused by the momentary disruption of the carrier gas flow. The fraction collection system 
starts from the exit of the thermal conductivity detector (TCD). The exit of the TCD is 
connected to 4-position valco stream selection valve (SSV). Position 1 (Home) is open to 
atmosphere; the second, third and fourth positions are fitted with specially designed stainless-
steel collector bulbs of volume 100 mL to 500 mL capacity and electronically controlled 
solenoid valves at the exit(SV-A, SV-B, SV-C). The collector bombs are placed in a specially 
designed cryocan which can be filled with liquid N2 at the time of collection.  
 
The operational sequence involves (i) evacuation of the sample loop, (ii) sample introduction 
into the loop, (iii) sample injection into the GC column and (iv) initiation of four-way stream 
selector and collection of different fractions in three SS collectors of volume 200-500 cm3 
placed in a liquid nitrogen cryo-system. The initiation and the time duration of each step can be 
conveniently programmed and controlled by the PLC. The typical batch cycle time is decided on 
the basis of the retention times of the components obtained for clean / optimised separation on 
the analytical column. At the end of a cycle, a fresh batch is initiated. 
 
The integrated system has been successfully checked for sample introduction, separation and 
fraction collection from a sample containing CF2HCl and C2F4 mixture. At the outset the GC 
was operated manually using a porapak Q column (2m long, ¼” diameter, oven temperature    
800 C, carrier gas flow rate 60mL/min). From the retention times of the two componets of the 
mixture, on/off time data was judiciously chosen and fed to different functions of PLC for 
automatic separation and collection. Typical on-off times for different parameters are listed in 
Table 3.3. 
 
The operational sequence can be given as follows. Before starting the operation in automatic 
mode, manual valve M1, M3 and solenoid SV1 are closed. By opening M2 and SV2 the sample 
introduction line is evacuated to a pressure of about 10-2 Torr and SV2 is closed. The system is 
now ready for repeated runs by the PLC programme. 
 
The function RMSTRT (step 1) sends an electronic pulse for the remote start of GC after 1s. 
Pulse is sent to bring SSV to home position (step 2) after 1s so that carrier gas goes to the vent 
after passing through the SSV. SV1 is kept open (step 11) during the period 1 – 60 s to allow the 
sample to enter the gas sampling loop and gets closed at 60s. The function STMA brings the 
SSV to stream A after 15s (step 3) so as to flow carrier gas through this channel and SV-A 
remains open from 17s to 600s (step 6). The GC has been separately programmed to connect the 
sample loop to the carrier gas stream by the air actuating valco valve after 300s of its start and 
comes back to the sample line after 600s. After the loop getting connected to the column, the 
sampling line is evacuated by the function SV2-1 after 320s (step 12) to keep the system ready 
for the next cycle. STMB gives a pulse to bring SSV to stream B (step 4) and solenoid SV B 
opens after 600s till 1140s to collect the second component (CF2HCl) (step 7). SSV is brought to 
home position by HOME2 after 1140s (step 9). The cycle stops after 1200s (step 10) where the 
number of runs to be carried out is given and accordingly the next cycle starts. Step 5 and step 8 
are not being used presently because only two components are there in the mixture. These steps 
are kept optional to collect the third component, if any, by changing the SSV position and 
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opening the corresponding solenoid valve. After several batch runs, the pure components 
collected in the collector bombs are cryogenically transferred to storage cylinders. The 
preparative GC setup is shown in Figures 3.19 a & b.  
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Table 3.1 Specification of Macro 5-10 TEA CO2 laser 

Wavelength, μm 9-11 
Pulse energy, J 
stable resonator 
 tuned resonator(10P(20)) 
 weakest line        
about 76 lines 

 
5  
4,5  
1  

Max. repetition rate , Hz (max) 10 
Average power, W  50 
Pulse duration, τ , μs 2 – 4 with initial spike 
Beam dimension, mm 30 × 35 
Beam divergence, mr < 5 
Pulse to pulse stability, % (90% of pulses) ± 4 
Dimensions, mm 1330× 700x  700 
Power  220 V, 50 Hz 
Cooling water, l/min 2-3 

 
 

Table 3.2 Physical properties of CF2HCl  and C2F4 
 

constants CF2HCl    C2F4 
    b.p   -40.8 °c   -76.3 °c 
    m.p -146.0 °c -142.5 °c 

 
 

Table 3.3 Typical on-off times for different GC parameters 

 
Step Function On 

time 
Off time Remarks 

1 RMSTRT 1 5 Remote start of GC 
2 HOME 1 6 Pulse to bring SSV to home position 
3 STMA 15 20 Puse to bring SSV to stream A 
4 STMB 600 605 Puse to bring SSV to stream B 
5 STMC 0 0 Puse to bring SSV to stream C 
6 SV A 17 600 Solenod SV A ON to collect 1st component 
7 SV B 600 1140 SV B ON to collect 2ndcomponent 
8 SV C 0 0 SV C ON to collect 3rd component 
9 HOME2 1140 1145 Pulse to bring SSV to home position 
10 STOP/CYCLE 1200 20 Total run time and No.of repetitions 
11 SV1 1 60 SV1 ON to fill the sample in the loop 
12 SV2 320 1100 SV2 ON to evacuate the sampling line 
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Figure 3.1a  Process Tea  CO2 laser 

 

 
Figure 3.1 b   5 J on 10 P (20) line at 944 cm-1,  100 nS,  10 Hz ,  Tunable range  9-11 μm , tunable 

over 70 lines in the 9.0 - 11.0 μm band region 
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Figure 3.2a  Schematic of the pulsed carbon-di-oxide laser 

 



 29

 
 
 

Figure 3.2b Electrical block diagram of the pulsed carbon-di-oxide laser 
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Figure 3.2c Electrical scheme of the laser head 
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Figure 3.3 Schematic of the gas system of the laser head 
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Figure 3.4a Optical layout for tuned output of the laser 
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Figure 3.4b  Laser tuning diagram 
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Figure 3.5 Overall view of the PCR
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Figure 3.6 Separated view of laser interaction chamber (LIC) and gas blowing chamber 
(GBC) 

 
 
 

 
 
 

Figure 3.7   Copper mirrors 6” dia with optical mount in LIC 
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Figure 3.8  Herriott  multi pass refocusing (MPRF) optics 

 
 
 
 

 
 
 

Figure 3.9   Footprint of He – Ne laser on the Cu mirror in Herriott configuration
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Figure 3.10 Gas blower chamber – shaft assembly driven by a motor 
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Figure 3.11  Gas blower chamber – Baffles and centrifugal blower 
 

 
 

Figure 3.12 Centrifugal blower 
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Figure 3.13  Experimental arrangement with feed cylinder 
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    Motor  rpm       1                            2          3                 4 
  840 / 15 Hz       2.6       6.4      5.4       3.5 
1120 / 20 Hz       5.5     10.0      7.3           5.0 
1400 / 25 Hz     11.5        13.7      9.5       5.7 
1680 / 30 Hz     13.0     16.2     11.0       7.2 

 
Figure 3.14a Flow measurements in module 2 

 
•Flow velocities measured in m/sec with a vane type digital anemometer 
•1,2,3,4 indicate the positions at which the flow velocities were measured 
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Figure 3.14b  Flow velocity profile at 1120 rpm 
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Figure 3.15 : Schematic of the low temperature distillation set up 
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Figure 3.16  Low temperature distillation  

          assembly 
 

 
 
 
 

 
 
 
 

Figure 3.17 Condenser  close  up 
 

condenser temperature :  ⎯  140 oC 
re -  boiler  temperature :  ⎯  40 oC 
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Figure 3.18 Schematic of the Prepaartive GC set up
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Figure 3.19 a Preparative  gas  chromatograph  for  product  separation  and collection 
 

 
 

Figure 3.19 b Preparative  gas  chromatograph  - collector assembly 
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Figure 3.20     Prcocess flow sheet 
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Chapter 4 – Process Enrichment Analysis 
 
A method has been standardized for the mass spectral analysis of (13C / 12C) ratio in the isotopically 
enriched C2F4 photoproduct obtained by the CO2 laser photolysis of natural CF2HCl sample. For 
improving the quality of the spectra as well as enhancing the detection level of the product at very 
low concentrations, a pre – concentration technique has been developed by gas chromatography. 
The isotopic analysis was carried out with QMS (VG Elemental).  
 
4.1 Methodology 
 
After having generated a sufficiently large database from the cell experiments and the successful 
commissioning of a large volume(280 litre) Photochemical reactor (PCR) [1-5], trial runs for the13C  
selective photolysis of CF2HCl in the PCR were initiated. In all these runs, 50 Torr CF2HCl with a 
13C natural abundance of 1.1% was irradiated with a pulsed CO2 laser (Macro Optica, Russia) tuned 
to 9P(22) line at 1045 cm-1. The progress of the photolysis was monitored periodically by tapping 
the photolysed sample. While the amount of the photoproduct C2F4 was quantitatively determined 
by gas chromatography (Shimadzu, Japan, Model no. GC R1A) , its carbon isotopic distribution 
was measured by mass spectrometry (VG Elemental, UK, Model no. SXP Elite 300H. For this 
purpose, three signals corresponding to the ions, 12CF2

12CF+, 13CF2
12CF+ and 13CF2

13CF+  at m/e = 
81, 82 and 83 respectively which were unique to C2F4 were used for (13C / 12C) isotope ratio 
measurements.  
 
Due to the very small natural abundance of 13C and the large reactor volume, typical concentration 
of photoproduct, C2F4, was quite small in a large excess of CF2HCl feed. Under this condition, it 
was quite challenging to detect and estimate the mass signals of the various isotopic variants 
accurately. To overcome this difficulty, we adapted a special procedure by pre-concentrating the 
photoproduct by gas chromatography. In this, the carrier gas (helium) eluting the enriched C2F4 
product from the GC column (Porapak – Q) at its characteristic retention time via the thermal 
conductivity detector was cooled by liquid nitrogen and C2F4 was trapped in several batches of 
separation from CF2HCl. The pre-concentrated photoproduct thus obtained was subjected to mass 
spectral analysis which yielded very reliable and reproducible results. 
 
The (13C / 12C ) ratio in the enriched photoproduct is given by  
 
(13C / 12C)  product   =     ( 2 x I83  +   I82 ) /   ( 2 x I81 +  I82 )                         (3) 
 
The atom fraction ratio, (13C / C) is calculated using (3) as  
 
  (13C / C)     =    [ 1  -  (1 / ( (13C / 12C)  product  + 1 ) ) ) ] (4) 
 
 
The enrichment factor, β is obtained from :  
 
  ( 2 x I83  +   I82 )  x  98. 89 
β    =                ⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯                           (5) 
   ( 2 x I81 +  I82 )    x  1.11 
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With the experimental β values along with the total product yield measured by gas chromatography, 
% decomposition in 13CF2HCl was obtained. The general schematic of the quadrupole mass 
spectrometers and their gas sampling facility are shown in Figures 4.1 and 4.2 respectively.  
 
4.2 Bench Marking indigenous QMS 
 
During this time, an indigenous QMS with similar specifications (of VG Elemental) had been 
developed in Vacuum Physics and Instrumentation Division (erstwhile MS & ES Section), BARC. 
In view of inducting indigenous components in the macroscopic production facility, we undertook 
isotopic analyses by this QMS as well. The individual performance of each unit was verified by 
high purity Krypton standard in terms of mass marking and resolution. Further checking was done 
using an enriched C2F4 sample with 50 % 13C content obtained from the Max Planck Institute of 
Quantum Optics, Garching, Germany.  
 
Inter comparison of the results for analyses was carried out with these two mass spectrometers, viz., 
a commercial instrument available at the L& PT Division and an indigenously built one by MS & 
ES, BARC showed a very good agreement.  
 
4.2.1 Quadrupole mass spectrometer (VG Elemental) 
 
a)  Specifications 
 
The SXP Elite 300H quadrupole mass spectrometer comprises of a quadrupole analyser and several 
electronic units together with suitable interfaces. 
 
 Mass range : 1 - 300 amu linear scale with equal mass width 
 
 Resolution : Better than 1 amu at 10 % valley over the entire mass range 
 
 Ion Source : Enclosed, gas tight 
 
 Filament : Two single unit assemblies of Tungsten and Thoriated Iridium /  
                               Rhenium 
 
 Material : SS and Ceramic Copper connecting wires 
 

Electron energy : 4 - 100 eV 
 
 Ion energy : 2 - 25 eV 
 
 Emission current : 0.2 - 25 mA 
 
 Scan Rate : 0.1 to 1000 amu per second 
 
 Detector : Dual system with Faraday cup and channel electron multiplier 
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Detection : Both analog and pulse counting mode 
 
b) Quadrupole analyzer 
 
The quadrupole analyser consists of an ion source, a quadrupole mass filter and a detector. After the 
ions are generated in the ion source, those with a particular mass to charge (m/e) value only have a 
stable trajectory in the quadrupole mass filter and get transmitted for sensing by the detector. Mass 
scanning is accomplished by changing RF to DC voltages keeping their ratio constant. All these 
operations take place at high vacuum and at a pressure lower than 1 x 10-5 mbar. 
 
c) Ion source  
 
It operates on the principle of electron – impact ionisation (EI). As the sample is at sub atmospheric 
pressure, an enclosed ion source is used. 
 
d) Quadrupole mass filter  
 
Ions generated in the ioniser are transmitted to the quadrupole mass filter. It is made up of a set of 
four cylindrical Mo electrodes in hyperbolic section. When driven with a specific combination of 
radio – frequency and direct voltages, the filter can transmit ions of a specific m/e while rejecting 
others.  The radio–frequency and direct voltages are generated by the quadrupole drive circuits. 
 
A short quadrupole section (pre-filter) is added between the ion source and the main filter. By 
means of strong focussing action, the ions are efficiently coupled into the main filter. The 
transmission of the quadrupole is improved and the analyser becomes less prone to contamination 
effects. The physical dimensions of the analyser are listed in Table 4.1. 
 
The analyser is mounted in a vacuum environment, at a pressure less than 1 x 10-5 mbar. A rotary 
pump (300 l / min) was used for backing the turbo-pump (65 lit /s). We have incorporated a fore-
line trap and an additional liquid nitrogen trap to protect the QMS chamber from any oil vapour 
contamination.  
 
Sample introduction was done through an electronically controlled leak valve (Peiffer, Control 
valve EVR 116) in conjunction with a control unit (Peiffer Vacuum RVC 200) for controlling the 
gas stream and thus for maintaining the desired pressure. The control valve with integrated motor 
drive electronics and position sensors is an autonomous high vacuum component. The rotary 
movement of the stepping motor is transformed into a linear motion which brings the valve needle 
into the desired position. 
 
e) Detector  
 
The SXP elite instrument is equipped with two detectors: 
 
1) Faraday cup detector  
It consists of an electrode placed on – axis at the end of the mass filter. Ions transmitted by the filter 
hit this electrode. They are neutralised, causing a current flow.  



 48

A sensitive electrometer amplifier is connected to the Faraday collector, enabling the signal current 
to be measured. 
 
2)  Channel Electron Multiplier detector 
 
The faraday collector is not sufficiently sensitive for all applications. Therefore, for all our studies, 
a channel electron multiplier (SEM) detector was used. 
 
4.2.2 Indigenous Quadrupole mass spectrometer 
 
a) Specifications 
 
The Quadrupole Mass Spectrometer (QMS) indigenously developed at VPID [6] comprises of a 
quadrupole mass analyser and several electronic units for operation and control. 

Mass range : Presently 1 - 150 amu, but extendable to 300 linear scale with equal  
                      mass width 
 
 Resolution : Better than 1 amu at 10 % valley over the entire mass range 
 
 Ion source : Enclosed, gas tight 
 
 Filament : Two single unit assemblies mounted parallel to the MS axis. 
 
 Material : SS and Ceramic Copper connecting wires 
 

Electron energy : 70 eV 
 
 Ion energy : 2 - 15 eV 
 
 Emission current : 0- 2 mA 
 
 Scan rate : Adjustable through PC signal 
 
 Detector : Dual system with Faraday cup and channel electron multiplier 
 
 Detection : Both analog and pulse counting mode 
 
b)  Ion source  
 
It operates on the principle of electron – impact ionisation (EI). As the sample is at sub atmospheric 
pressure, an enclosed ion source is used. 
 
c) The quadrupole mass filter (QMF) 
 
Ions generated in the ioniser are transmitted to the quadrupole mass filter. A short quadrupole 
section called pre-filter is added between the ion source and the main filter and another section 
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called Post filter between the main filter and the collector. By means of strong focusing action, the 
ions are efficiently coupled into the main filter. The transmission of the quadrupole is improved and 
the analyser becomes less prone to contamination effects. The physical dimensions of the analyser 
are listed in Table 4.2. 
 
The analyser is mounted in a vacuum environment at a pressure less than 5 x 10-7 mbar. A rotary 
pump (200 l / min), was used for backing the turbo-pump (150 lit / sec). The sample introduction 
system uses an Edwards make manually operated variable needle type leak valve.  
 
d) Detector  
 
A dual detector with on axis Faraday and an off-axis CEM (suitable for operation in analog as well 
as Pulse Counting mode) has been used as the collector system. 
 
e) QMS Electronics 
 
The electronics for operation and control was developed in house [7]. The brief specifications are: 
 
RF frequency : 1.2 MHz 
  
Resolution control : Both Low Mass and High Mass resolution controls through dial pots 
 
Stability (DC &RF amplitude) : Better than 100ppm 
 
Tunability : The supplies can be tuned to operate on a wide range of QMFs from 6 mm diameter to 
19 mm diameter rod assemblies. 
 
Scanning : Adjustable Scan rates through a command signal from PC 
 
Data Acquisition System : PC based DAS with read, display, storage and hardcopy facilities.  
 
 
4.2.3 Results and discussion 
 
To start with the QMS was tested for the standard peaks from the vacuum background. After 
optimizing  the operational parameters like ion energy, resolution control, detector voltage, high 
purity krypton gas was introduced as a standard and the spectrum was recorded. The results for Kr 
standard are summarised in Table 4.3. Figure 4.3 gives the mass spectrum for Kr standard. 
 
A comparative account of the mass spectral results for different photolysed samples with the two 
mass spectrometers is given in Table 4.4 which also contains the results of a standard C2F4 sample 
enriched in C – 13. Some typical mass spectra for the enriched photoproduct are shown in figures 
4.4 and 4.5. Figure 4.5 gives the mass spectrum of standard C2F4 sample enriched with 50 % C – 
13. Considering the facts that the absolute photoproduct quantity was very low and also it was 
diluted in a large excess of un-reacted starting material, signal to noise ratio of the spectra obtained 
may be considered as reasonably good. The precision and accuracy possible in the 13 C / 12C ratio 
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measurements using the electron multiplier detector with these samples were at an acceptable level 
of about ± 7 %. In principle, it is possible to improve these further to ± 5 % levels using slower 
scans and better signal averaging. Such an exercise, however, would entail much longer analysis 
time. 
 
4.3 Conclusion 
 
We have successfully standardised a procedure for the (13C / 12C) ratio measurements in the 
isotopically enriched C2F4 photoproduct obtained by the CO2 laser photolysis of CF2HCl sample. 
The pre - concentration of C2F4 from CF2HCl using gas chromatography has been found to be very 
useful in the mass spectral analysis of the photoproduct at very low levels. Inter comparison of the 
results for analyses carried out with two different mass spectrometers, viz., a commercial instrument 
available at the L& PT Division and an indigenously built one by MS & ES, BARC showed a very 
good agreement.  
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Table 4.1  Physical dimensions of the quadrupole analyzer (VG Elemental) 
 

Rods : diameter (mm) 12 
Rods : length (mm) 230 
Pre – filter length (mm) 20 
Material  Molybdenum 

 
 
 

Table 4.2  Physical dimensions of the quadrupole analyzer (indigenous MS&ES) 
 

Main analyzer Rods and Pre & 
Post Filter Rods: diameter (mm) 

16 

Rods : length (mm) 200 
Pre and Post filter length (mm) 24 
Material  Stainless Steel 

 
 
 
 

Table 4.3  Results for Krypton gas standard 
 

Kr 
Isotop
e 
 
(m/e) 

Natural 
abundance 
of Kr 
isotopes  
(%) 

% abundance 
obtained with  
MS&ESS 
QMS 

% abundance  
obtained with  
LPTD  
QMS 

80 2.27 3.12 3.57 
82 11.6 13.42 15.18 
83 11.5 13.26 13.39 
84 57.0 55.23 54.91 
86 17.3 14.04 12.95 

 
 
 
 
 
 
 
 
 



 53

 
 
 
 
 

Table 4.4  Results for photoproduct C2F4 
 

S. No. C-13 atom  
fraction 
13C / C ratio 
(MSESS 
QMS) 

C-13 atom  
fraction 
13C / C ratio 
(LPTD 
QMS) 

     β 
 
 
(MSESS 
 QMS) 

     β 
 
 
(LPTD 
 QMS) 

1 0.41 0.44 62.3 71.3 
2 0.59 0.63 127.3 148.5 
3 0.44 0.45 68.5 72.9 
4 0.39 0.39 56 58 
5 0.44 0.45 70.0 72.8 
6 0.56 0.49 95 84 
7 0.53 0.63 102 150 
8 0.05 0.04 4.4 3.6 
9* 0.52 0.48 97 83 

 
 Note :  
 (*) Standard sample from Max Planck Institute of Quantum Optics, Garching,  
                 Germany with 13C / C ratio = 0.50 and β = 89 
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Figure 4.1 Schematic of the quadrupole mass spectrometer (SXP Elite/ Indigenous) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.2 Schematic of the gas sampling facility for SXP and Indigenous QMS 
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P = 5 x 10-6 mbar 
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P = 2 x 10-6 mbar 
CEM = 1250 V  
 
 
 
 
 
 
 
 
 
 

 
Figure 4.3  Mass spectra of Krypton standard 
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Sample # 1  
(VPID QMS) 
P = 6.1 x 10-6 mbar 
CEM = 1352 v 
 
13C content in the  
photoproduct = 44% 
 
 
 
 

 
 
      

 
Sample # 1  
(L&PTD QMS) 
P = 1.1 x 10-5 mbar 
CEM = 1250 v 
 
13C content in the  
photoproduct = 45% 
 
 
 

 
 

Figure 4.4  Mass spectra of enriched photoproduct C2F4 
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Sample # 2 
(VPID QMS) 
P = 6.7 x 10-6 mbar 
CEM = 900 V 
 
13C content in the  
sample = 52% 
 
 

 
 
Sample # 2 
(L&PTD QMS) 
P  = 3 x 10-6 mbar 
CEM = 1300 V 
 
13C content in the  
sample = 48% 
 
 
 
 
 

Figure 4.5  Mass spectra of enriched standard C2F4 
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Chapter  5 - Macroscopic Production Run In Photochemical Reactor  
 

This chapter describes the operational experience of carrying out the carbon – 13 enrichment by 
infrared multiple photon dissociation of natural CF2HCl in a 280 litre volume photochemical reactor 
(PCR) by a batch process. The modular type PCR employs a multi pass refocusing Herriott optics 
for efficient photon utilization and has an independent gas blower arrangement for gas circulation in 
each of the three modules during laser photolysis. We could typically obtain a production rate of 
about 5 mg / hr. for total carbon with a 13C isotopic purity of ~ 40 % using the PCR and the 10 W 
laser.  
 
5.1 Experimental 
  
After the validation exercise in cell experiments with single pass irradiation (Chapter 2), the 
macroscopic scale trial runs were carried out in the PCR (described in detail in Chapter 3). Initial 
alignment of the mirrors in the Herriott type MPRF optics [1,2 – Chapter  3] was done using a He – 
Ne laser and final alignment was done with the CO2 laser. In all the runs, the CO2 laser made a total 
of 13 passes between the mirrors. 
 
50 Torr commercial grade, natural Freon – 22 was used as feed in all the PCR runs. The laser was 
tuned to  9 P(22) line for all the runs. The blowers were operated to provide the gas a linear  
velocity  of 5 m / s in  the zone between the mirrors. Samples were periodically drawn from the 
PCR using a sampling loop for analyses by gas chromatography and mass spectrometry to 
determine the quantity of the C2F4 photoproduct formation and its C-13 content. The methodology 
adapted for product analysis has been discussed in Section 2.2, Chapter 2. 
 
 
5.2 Results and Discussion 
 
 
Depending on the results in a particular run, photolysis conditions were altered for the subsequent 
run with respect to the following : 
 
1)Variation in the laser pulse duration by changing the lasing gas mixture composition appropriately 
 
a) tail – free 100 ns pulses    
b) 100 ns pulses with a short ( ~ 1 μs ) tail or  
c) “normal” pulses with a 100 ns spike followed by a few μs tail  
 
2) Variation in the focal length of the focusing lens ( f = 75 or 100 cm ) and its location for 
launching the incident beam in the multi pass, refocusing cavity.  
 
Table 5.1 summarises the experimental conditions along with the results obtained for the PCR runs. 
 
In run # 1, the focusing lens ( f = 75 cm ) was located inside the PCR and tail – free 100 ns pulses 
were used with an average incident energy of 0.5 J per pulse. Even after photolysis with 79,200 
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pulses, there was less than 1 % decomposition (detection limit) as evidenced by GC and MS 
analyses of the photolysed samples. 
 
In run # 2, sample was irradiated with a higher incidence energy keeping rest of the experimental 
conditions the same as in run # 1. In order to achieve this with  a limited pulse energy of the laser, 
the BaF2 window mounted on the entrance flange of the PCR was replaced by the focusing lens. 
The average incident energy was 0.7 J and photolysis with 96220 pulses gave rise to an overall 
decomposition in 13CF2HCl of 6.8 % corresponding to a reaction volume, 13VR of 0.22 cm3 / pulse 
and the % 13C : 12C  composition in the product was 40 : 60. The β and S values were 58. and 63 
respectively. 
 
In run # 3, sample was irradiated using 100 ns pulses with a slight tail at a marginally higher 
incident energy keeping rest of the experimental conditions as in run # 1. The average incident 
energy was 0.7 J. By photolysing with 86,400 shots, we could obtain an overall decomposition in 
13CF2HCl of 9.6 % with a reaction volume, 13VR of 0.35 cm3 / pulse. The % 13C : 12C  composition 
in the product was 39 : 61. The corresponding values of β and S were 56 and 59 respectively. 
 
Our previous cell experiments with a milder focusing lens ( f = 100 cm ) had yielded a relatively 
better 13VR  values by a factor of 2 –3 compared to those using f = 75 cm lens. This could be 
understood in terms of favourable “geometric factor” of the fluence gradient encountered by the 
sample. Therefore, with the idea of improving 13VR in the PCR further, run # 4 was carried out 
using a lens with f = 100 cm in place of the one with f = 75 cm with 100 ns pulses with a slight tail 
at an average incident energy 0.8 J. However, even after irradiating with 91,700 pulses, there was 
less than 1 % decomposition in 13CF2HCl. Apparently, an increase in the irradiated volume was also 
accompanied with lowering of the effective fluence gradient in the multi pass cavity which would 
nullify any potential advantage for enhancing the overall decomposition.  
 
In run # 5, sample was irradiated at higher incident energies achievable with the “normal” pulses, 
which is 100 ns spike with a few μs long tail at an average incident energy 1 J for a total number of 
1,34,000 pulses. The overall decomposition in 13CF2HCl was found to be 12.5  % and the 13VR was 
0.28 cm3 / pulse. The % 13C : 12C  composition in the product was 37 : 63. The product had a β 
value of 52 and the S value was 56. 
 
These results successfully demonstrated that an isotopically selective decomposition is possible as a 
batch process in a large photochemical reactor. It is quite significant considering the 13VR obtained 
(0.35 cm3 / pulse ) in the PCR run compared to that obtained in the cell experiments (~ 0.03 cm3 / 
pulse) under single pass irradiation and similar experimental conditions. In the latter case, 
photolysis time would have been an order of magnitude higher to obtain the same degree of 
conversion, ie, about 10 % decomposition of the C – 13 species in the entire PCR. This clearly 
demonstrates the effectiveness of the Herriott type multi pass, refocusing optics for good photon 
utilization in the PCR in improving the selective decomposition quite significantly.  
 
A simulation of the C-13 species depletion of a PCR batch as a function of the number of pulses can 
be evaluated using the expression (5) (Section 2.2, Chapter-2) for both single and multi pass cases 
using our experimental data and is shown in Figure 5.1. It illustrates the great leverage obtained in 
reducing the irradiation time by deploying multi pass Herriott optics to obtain a certain degree of 
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conversion of the C – 13 species at a given selectivity. Therefore, processing of a moderate batch 
size of 280 litres in a reasonable time can be conveniently effected by employing the multipass 
Herriott optics.  
 
 
5.3     Conclusion 
 
We have gained a lot of operational experience in successfully carrying out the LIS runs in the 
PCR. There is scope for further improvement in the reaction volume per pulse by judiciously 
adjusting the beam waist size, focal zone depth etc for the right combination of the focusing optics 
and the inter mirrors’ separation distance. For example, by increasing the 13VR further to   1 cm3 
pulse-1 from the current value of 0.35 cm3 pulse-1, one can realize a 40 % decomposition in the C –
13 species in about 4 hours irradiation time. However, even with current moderate value of 13VR = 
0.35 cm3 pulse-1, we would be able to induce 30% decomposition in a 8 hour batch run. This would 
correspond to a processing of about 100 mg of carbon with a 40 %  C – 13 content.  
 
 
Note : This work was published as “ Laser Enrichment of carbon – 13 : operational experience with 
a large  Photochemical reactor for macroscopic separation” 
P. Mathi, A.K. Nayak, S.K. Sarkar, V. Parthasarathy, L. Abhinandan,  R. Bhatnagar,  
J. Photochemistry & Photobiology, A: Chemistry, 169 (2005) 29 
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Figure 5.1  Simulation of decomposition results under single and multi pass irradiation in  

 the PCR 
 
     (  ■  ) for 13VR = 0.025 cc per pulse 
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(  ▼  ) curve for 13VR = 1.0 cc per pulse 
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Table 5.1  Experimental conditions and results of the PCR runsa  
 

       

Run # 
Average  

Incident energy. Lens focal length Total # of % decompositionb 13VR %13C:12C 

 (J) (cm) pulses of 13-CF2HCl (cm3/pulse) 
composition.
In the product

       
1 0.5 75 79200 Less than 1% Not estimated - 
2 0.7 75 96220 6.8 0.22 40 : 60 
3 0.7 75 86400 9.6 0.35 39 : 61 
4 0.8 100 91700 Less than 1% Not estimated - 
5 1.0 100 1,34,000 12.5 0.28 37 : 63 

 
   Note : (a) 50 Torr natural CF2HCl for all the runs 
                       
                      (b) Detection limit : 1 % change 
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Chapter 6 - Scope for Further work 
 
6.1 Modeling of Carbon – 13 Production Scaling with High Power Laser 
 
The following discussion considers aspects of C – 13 production scaling using a high 
power pulsed CO2 laser in a batch process. The treatment adapted is similar to the one 
derived for C – 12 production using a Q – switched CO2 laser [1, 2]. 
 
In a batch process for C-13 enrichment, all the gases (residual un-dissociated CF2HCl 
and product C2F4) are removed from the photochemical cell when the necessary 
degree of decomposition in 13CF2HCl is achieved and fresh batch of natural CF2HCl 
is introduced. During the batch cycle, both the numbers of  13CF2HCl and 12CF2HCl 
molecules decrease exponentially: 
 

( )ndNN 12
0
1212 exp −=        (1) 

 
where N12 is the number of  12CF2HCl molecules remaining after ‘n’ number of 
pulses, N12

0 is the initial number of molecules and d12 is the specific dissociation rate 
for this isotopic molecule. Introducing the terms ‘d13’ and the volume of 
photochemical reactor, ‘V’, this equation becomes, 
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Since the reaction volume and the selectivity are defined as: VR

13= d13V and S= 
d13/d12 respectively, we get 
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Replacing the number of pulses ‘n’ by the laser repetition rate ‘f’ times ‘t’  irradiation 
time, we get 
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Similarly, we can get the expression for the number of 13CF2HCl molecules remaining 
after time ‘t’, 
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Let the fraction of C-13 molecules remaining after time ‘t’ is ‘x’, i.e. 
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13
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From this equation, the time taken for a particular conversion, ‘x’, is given by, 
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RfV
x

V
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=       (7) 

 
Number of C-13 molecules dissociated in time ‘t’, is given by 
 

( )xNNNN −=−= 10
1313

0
13

/
13     (8) 

 
Therefore, the rate of production of C-13, for a batch process, is obtained as: 
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where ‘ 13ρ ’  is the number density of 13CF2HCl fed in to the photochemical reactor. 
The C-13 enriched carbon production rate obtained in the previous chapter is in good 
agreement with the theoretical estimation based on the above equation and the 
dissociation parameters measured for such a mixture. 

 
Using equation (9), one can get the scaling of the production rate with the pulse 
energy E. In order to maintain the optimum focal fluence, φ, adjustment of the focal 
area proportional to E is necessary which means milder focusing and a Rayleigh 
length LR αE. At the same time, the separation between the Herriott mirrors should be 
increased by the same factor. Thus, the reaction volume VR

13 will increase α E2, until 
the beam path length is comparable to the absorption length in the gas [1, 2]. 
 
The theoretical scaling curves are shown in Fig.1. At a pulse energy of 1.0 J with 100 
Hz repetition rate, the expected enrichment rate is 1100mg / 24hr which corresponds 
to production rate of 2750 mg / 24 hr of total carbon with 40 % C-13. Lasers of this 
specification is commercially obtainable. These values correspond to a reaction 
volume of 0.35 cm3 / pulse which is obtained because of 13 passes in the Herriott 
configuration. By increasing the number of optical passes in the reactor, reaction 
volume per pulse can be increased which would further enhance the production rate. 
The above calculations are based on a batch time corresponding to decomposition of 
10% of  total 13CF2HCl. There will be a marginal increase in the production rate for a 
lower percentage decomposition of 13CF2HCl as the batch time is decreased (Fig.2). 
For example, when the batch time is decreased from 20 to 10% decomposition, the 
production rate R13 increases by 5.5%. 
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6.2 Conclusion 
 
Although we could successfully carry out the LIS run in the present setup, a  few 
modifications are required in the photochemical reactor. For example, the shaft driven 
blower can be conveniently replaced by a magnetically coupled centrifugal blower for 
better operational reliability. For further scaling up, the PCR performance needs to be 
evaluated with a few hundred Hz repetition rate laser. Also, for processing large 
quantities of irradiated material, a metallic low temperature distillation setup will be 
required. 
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Figure 6.1    Scaling curves for C-13 production rate as a function of pulse energy 
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Figure 6.2    Production rate as a function of C-13 depletion 

 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix –Fabrication Drawings



 
 
 
 

 
 
 
 

D – 1 Photochemical Reactor  -  side and frontal view 



D – 2   

Top view of LIC 

Elevation 

Left hand side view of LIC 



 
 

 
D – 3          a – Gas blower chamber (GBC) 

 
                                                                                b – Laser interaction chamber (LIC) 

a

b



 

D – 4      a - Gas blower  chamber (GBC) top view 
   b  - Elevation 

            c  - Right hand side view 
   d – Bracket for blower shaft 

a 

b 

c

d



 
 

 
D- 4e Support structure for PCR 

 


