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1. Introduction

C-13 isotope is found in nature with 1.11% natural
abundance. Because of excess mass and non-zero nuclear
spin, presence of C-13 can be detected in any carbon
compound. These two properties are exploited in medical,
environmental and geological science. In environmental and
geological studiesthechangeinabundanceof C-13insamples
with respect to 1.11% is studied to analyze the environmental
and geological changes. However, for medical applications
the percentage of C-13 in the carbon compounds should be
nearly 99%. The market of C-13 labeled compounds in the
study of metabolic pathways, magnetic resonance imaging
(MRI) and in determination of complex molecular structures
using NMR isincreasing. Presently C-13 isotope is separated
by conventional technique such as low temperature
rectification of CO. The cost of production of C-13 isotope
could be reduced by a hybrid technique, in which the initial
enrichment up to about 50% is achieved by laser technique
and therest isachieved by conventional technique. Technique
to separate the isotopes using laser is known as Laser |sotope
Separation (L1S). The laser normally used to separate C-13
isotope is Transversely Excited Atmospheric (TEA) pulsed
CO, laser. The basic philosophy to separate C-13 isotope
using TEA CO, laser is selective Infra-Red Multi-Photon
Dissociation (IRMPD) of minor C-13 bearing moleculesinan
ensemble of major C-12 bearing molecules by intense laser
pulsesresulting information of an enriched product.

We have developed aline tunable high average power
TEA CO, laser and employed it for basic studies on C-13
isotope separation. Freon-22 (CF,HCI) is most suitable
molecule for C-13 isotope separation. We have designed a
novel Linear Multi-Pass Cavity (LMPC) inwhich the fluence
remainsconstant in each pass.

2. L aser isotopeseparationusing TEA CO, laser

In laser isotope separation process the difference in
absorption spectraisexploited. When the monochromatic and
tunable laser interacts with an isotopic mixture of molecules,
one of the isotopic variant absorbs laser light preferentially
while the other variant remains almost untouched. This
technique is commonly known as Molecular Laser Isotope
Separation (MLI1S). Thismethod has been mostly applied for
the separation of relatively light isotopessuchasH, D, T, B, C,
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N, O, Si, S, Cl, Ge, Seand Zr [1, 2]. In MLIS method, agas
mixture with infrared active molecules is irradiated by an
intense IR source, such that the desired isotope bearing
molecules dissociate preferentially and form a new product.
The product is enriched in the desired isotope. The
dissociation of infrared active molecules in intense infrared
radiation bath is termed as Infra-Red Multi-Photon
Dissociation (IRMPD).

Molecules in real world are anharmonic and its
vibration energy levels are represented by a ladder whose
separation between two consecutive steps keeps on reducing,
as we go up the ladder. A molecule will dissociate if it can
absorb enough energy from the laser and reaches to its
dissociation level. But due to anharmonicity, molecules can’t
absorb large number of photons of same wavelength and
climb up the vibrational ladder and dissociate. However, at
high intensities, a molecule climbs the vibrationa ladder
through non-stationary or virtual states. Thelife of these states
isvery small, thus many photons are required in avery small
timeto facilitate amolecule climb up the vibration ladder and
dissociation. This process is known as Multi-Photon
Dissociation (MPD).

3. High average power UV pre-ionized TEA CO,

laser

We have developed a high average power TEA CO,
laser [3]. The laser is based on UV pre-ionized electrical
discharge created between a Chang profiled electrode and a
plane electrode as shown in fig.T.1.1. This scheme provides
high peak current because when same currentisflowingin all
sparksthe mutual inductancein the path isalmost zero. Under
normal mode operation of TEA CO, laser, the stable resonator
gives randomly polarized laser pulse at 10P(20) laser line.
Laser was made line tunable by employing a grating in the
resonator. Laser oscillations could be tuned over several
rotationlinesin 9.6 and 10.6 nmbands.

SCHEMATIC DIAGRAM OF HIGH REP. RATE TEA CO

, LASER

Fig T. 1.1 Schematic diagram of laser and electrical
excitation circuit



In Freon moleculethe C-F bond isexcited by CO, laser
wavelengths. Although pesk absorption of “C-F and “C-F
differs by 24cm™, there is appreciable overlap in absorption
band of two isotopes. Due to this overlap the undesired
isotopic species (“CF,HCI) also get excited at frequencies at
whichtheyield of C-13islarge. Laser linetowardsred edge of
“CF,HClI absorption curve can be chosen to reducetheyield of
undesired isotope (C-12), it also reduces the yield of C-13
isotope. Highintensitiesarerequired to driveamoleculeupin
the anharmonic vibration ladder; the high peak power is a
primary requirement to dissociate a polyatomic molecule.
TEA laser normally emitsoptical pulsehaving aninitial spike
of megawatts of peak power followed by along tail. Whilethe
initial spike is useful for selective dissociation, the tail can
totally destroy the selectivity. The reason is that when
“CF,HCI molecules are selectively excited, they also collide
with the non-resonant “CF,HCI molecules. The absorbing
energy from the tail of laser pulse will dissociate the excited
“CF,HCI. Eliminating nitrogen from laser gas mixture can
produce tail-free pulse in TEA CO2 laser, but it drastically
reducesthe laser efficiency. We produced laser pul se of about
130nsdurationinan optimized laser gasmixturewith CO,:N,;:
He::140:30:630 mbar.

4, C-13isotopeseparation studiesin small cell

Experiments on selective dissociation of CF,HCI were
carried out in a small cell of volume 100 cm’. Since the
unfocused laser beam fluence is much smaller than required
for MPD, the beam isfocused with aconcave mirror of 50cm
radiusof curvature (ROC) kept at an angleof about 10.5°. The
schematic of laser andirradiation cell isshowninfig.T.1.2.

[ WIRG DT g
o

CRATING

FPRODUCT FORMATION

MO CCF, Al
P L } C,F, .*ka2
SR+ 40 i k]

Fig T.1.2 Schematic diagram of line tunable
TEA CO, laser and small irradiation cell
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5. | RM PD of Freon-22

TheCF,HCI molecules can be selectively dissociated
by an appropriate choice of laser line in 9P band of CO,
emission spectrum. The dissociation process and product
formationare:

CFHCI — CF, +HCI (Dissociation)

CF, + CF,—/» CJF, (Product Formation)

Ideally *CF, radicals should be produced but for
appreciable yield of “CF, the chosen laser line also produces
“CF, radicals. Thisleadsto formation of product C,F, that has

some percentage of C-12 atoms. The enrichment factor b is
expressed as:

_(BC/® C)prodit.
b= g —
(FC/* C)react.

For enrichment factor b=100, the C-13 atomsin C,F, is
nearly 50%. Our goal isto produce a product with enrichment
factor b=100. The enrichment factor in the product is
measured with the help of quadrupole mass analyzer (QMA).
A plot of anenriched productisgiveninfig.T.1.3.
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Fig T.1.3 Mass plot of C,F." ions produced in
QMA with an enriched C,F, sample

6. M aximization of yield of C-13isotope

One of the important issues is to increase the
enrichment efficiency. In literature C-13 isotope separation
studies at various lines from 9P(20) to 9P(30) have been
reported. We have carried out extensive experimentson C-13
separation at various laser lines under same conditions to
resolvetheissue[4]. Wefound optimum pressure 100mbar of
Freon, for maximum selectivity, and the measurements are
done at 6Hz laser repetition rate. Our main objective was to
find out the laser line at which the yield was highest for 50%
enriched product (i.e. b=100). The laser lines used for
irradiation were 9P(20) to 9P(26). The amount of 50%
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enriched CJF, produced at different laser lines and its
corresponding optimum fluenceisplottedinfig. T.1.4.

Fig T.1.4 Amount of 50% enriched C,F, versus laser line

We seethat 9P(26) laser lineisbetter compared to blue
shifted lines such as 9P(22) because the laser energy required
at 9P(26) isjust 1.5 times of the energy required at 9P(22) but
the amount of enriched product is more than double. The
reason for higher enrichment efficiency is due to higher
operating fluence at red shifted linesfor desired enrichment in
the product. It is not very clear what happens at high fluence
value. Toresolvethiswe studied the dependence of yield of C-
13i.e.Y (ratio of number of “CF,HCI dissociated to number

of “CF,HCI irradiated) on fluence (f). In multi-photon
dissociation onewould expect

LY af’ Wheregisthenon-linearity factor.

Yield of C-13 isotope ™Y was plotted against fluence
(f) inasemi-log graph and gwas obtained from the slope.

Thevalue of gat 9P(22) and 9P(26) was 3.85 and 1.99
respectively. Due to lower value of g, the reaction volume in
case 9P(26) is large compared to that at 9P(22). This high
reaction volume at 9P(26) laser lines gives higher enrichment
efficiency. Another advantage of irradiation at 9P(26) laser
lineisdueto its smaller linear absorption coefficient in Freon
ascompared to blue shifted lines. We have measured thelinear
absorption coefficient at 9P(22) and 9P(26) laser lines and
their value are 0.25%/cm and 0.147%/cm respectively. Dueto
small value of total absorption coefficient, only a small
fraction of laser energy is utilized in asingle pass. To utilize
the laser energy efficiently, longer path length isrequired and
thiscan beachievedinasuitably designed multi-passcell.

7. Multi-passcell

Herriott multi-pass cell hasbeen used for refocusing of
the laser energy to generate multiple focal volumes where
MPD can take place [5]. The Herriott cell has severa
advantagesbut suffersfromthefollowing limitations:
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Thefocal spot sizein each passisthesame.

The focal spot size in each pass is difficult to control
individualy.

Theoptical equivalent of asection of atypical Herriott
cell is represented by a combination of lenses as shown in
fig.T.1.5.

TheW,, W,.,and W,,, arethe minimum Gaussian beam
waist at three consecutive locations. Using the ABCD matrix
for Gaussian beam propagation, the separation between two
lenses L, can be given by eq. (1) when the beam waist is
reducing by factor din subsequent passes.

Fig T.1.5 Optical eguivalent of a section of
typical multi-pass cell

n_ (Rayleighrange)

Itisobviousfromeq.1thatinaHerriott cell, whereL is
samefor al passes, thefocal spot size W, can’t be changed. If
the focal spot size needsto be gradually reduced (d<1), L has
to gradually increase with repeated passes. We have designed
anew multi-pass cavity termed as Linear Multi-Pass Cavity
(LMPC) [6] in which the mirror separation for each pass can
beadjustedindependently (fig T.1.6a).

Fig T.1.6a Schematic diagram of LMPC



Fig T.1.6b Smulated beam path and
multiple focal volumes produced by He-Ne laser.

The imaging scheme in LMPC tested by launching a
He-Nelaser beam (fig.T.1.6b). It consistsof 10 pairsof similar
mirrorsof 10.0 cm ROC placed in two rowsfacing each other.
These are theimaging mirrors used to relay the image formed
by the first mirror of large ROC (45 cm). As shown in
fig.T.1.6a, the unfocussed beam from the laser isincident on
thefirst mirror. Thismirror alongwiththeplanemirror (tofold
thebeam) focusesthebeaminfront of thefirstimaging mirror.
Thisfocal spot servesasan object for mirror labeled ‘1’ which
formstheimageinfront of mirror labeled‘ 2. Thefocal spotin
each pass can be reduced in proportion to reduction in energy
per pass, thuswe can maintain thefluence constant in all focal
ZOnes.

Irradiation of Freon gas was carried out in LMPC in
two modes, namely, constant focal spot case and gradually
reducing focal spot caseto eval uatetheadvantage of LMPC. It
was observed that with the same energy, the reaction volume
offered by constant fluence (or gradually reducing focal spot
case) was nearly 1.5 times more than reducing fluence (or
constant focal spot case). The amount of C-13 produced was
also more, thus, the energy utilization factor had significantly
improvedinLMPC.

8. M acr oscopic production of C-13isotope

For macroscopic production of C-13 isotope,
irradiation of Freon gas hasto be done at high laser repetition
rate. The selectivity of excitation islost if the temperature of
gas in reaction volume rises. We therefore designed a large
irradiation cell with 110-liter volume incorporated with a
magnetic coupled tangentia blower to flow the gas in the
reaction zone and the LMPC was placed in it (fig.T.1.7).
Irradiation of Freon gasat 100 mbar was carried out at 9P(26)
laser line and at 100Hz for 100 minutes. The TEA CO, laser
was operated in purging mode. In this mode fresh laser gas
mixtureis continuously purged in and contaminated laser gas
mixtureistaken out to control the accumulation of oxygen for
stableoperation of gasdischarge.
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Fig T.1.7 TEA CO, laser and large
irradiation cell of 110 liter

We produced C-13 isotope at arate of 15 mg/hr in the
form of ~ 50% enriched C,F,. The estimated enrichment

efficiency was 1.73 x 10" gm per joule of laser energy, which
isoneof thehighest reported values.

9. Conclusions

A high average power, line tunable, UV pre-ionized
TEA CO, laser has been developed for laser based separation
of C-13 isotope. For efficient separation of C-13 isotope,
irradiation of Freon gas by laser lines towards red edge of
“CF,HCI absorption curve were found more suitable. In the
present study, 9P(26) laser line gave highest enrichment
efficiency as compared to 9P(20) — 9P(24) laser lines. For
efficient utilization of laser energy, LMPC has been designed
which has a unique feature of maintaining fluence constant in
each pass. Freon gascould beirradiated with optimum fluence
in each pass, thus enhancing the enrichment efficiency
(highest reported) as well as ensuring efficient utilization of
| aser energy.
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