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Abstract.  A new method for two-stage laser enrichment of car-
bon-13 (13C) by isotope-selective IR multiphoton dissociation of 
Freon molecules is considered, which makes it possible to achieve a 
concentration of 13C up to 99 % or higher with high productivity. At 
the first stage, as a result of the selective dissociation of CF2HCl 
(Freon-22) molecules, it is expected to obtain a C2F4 dissociation 
product enriched in 13C up to 30 % – 50 %. At the second stage, 
CF2Br2 (Freon-12B2) is proposed to be used as a working sub-
stance, which is synthesised from enriched C2F4, and the enrich-
ment process is carried out by selective deep ‘burning-out’ of the 
12C-containing component. Experiments on multiphoton dissocia-
tion of Freon-12B2 with an initial 13CF2Br2 concentration of 30 % 
in a mixture with oxygen by pulsed CO2 laser radiation are per-
formed. It is shown that reaching a 13CF2Br2 concentration of no 
lower than 99 % is possible at high values of the elementary separa-
tion act parameters: 15 % – 18 % dissociation yield and 40 – 75 
selectivity for 12CF2Br2 molecules.

Keywords: carbon-13, laser enrichment, 13C-enriched Freon-12B2, 
selective ‘burning-out’ of a 12C-containing component.

1. Introduction

Since the 1950s, the world production of the stable carbon-13* 
isotope has been constantly growing and by 2018 amounted 
to about 600 kg per year [1, 2]. This is mainly due to the fact 
that in medical practice pharmacological drugs labelled with 
the carbon-13 (13С) isotope are being actively introduced and 
widely applied, which makes them indispensable for diagnos-
ing various diseases by methods of breath tests and magnetic 
resonance [3]. Carbon-13 is also used as a starting material for 
positron emission tomography [2]. The ever-growing demand 
for  the  13C  isotope  requires  the development of  its produc-
tion,  including  on  new  principles.  The  method  for  isotope 
separation  based  on  isotope-selective multiphoton dissocia-
tion  (MPD)  of  molecules  by  IR  laser  radiation  has  been 
brought for carbon isotopes to industrial implementation and 
has proved its competitiveness compared to traditional meth-
ods [1, 4, 5]. In particular, the Uglerod complex (ZAO Gaz-
Oil, Kaliningrad) in the early 2000s produced up to 30 kg of 

carbon-13 per year, which at that time accounted for about a 
third of the world production [2].

At  the  same  time,  practice  has  shown  that  laser  enrich-
ment of 13C in one stage is economically advantageous only 
up to a concentration of 30 % – 50 % [5]. Therefore, there is a 
need to use the second stage of enrichment, at which the 13C 
concentration of 99 % that is necessary for medical purposes 
is reached. At the second stage, both traditional enrichment 
methods  (low-temperature  distillation,  gas  centrifuges,  etc.) 
and the laser method can be used. The use of the laser method 
for  the enrichment of  13C  from 30 % – 50 % to 99 %,  in our 
opinion,  is  more  appropriate  for  the  following  reasons. 
Firstly, traditional enrichment methods are characterised by 
high capital and energy costs, as well as a long period for the 
separation  cascade  to  reach  a  stationary  operation  regime. 
Secondly,  the  estimated  cost  of  the  product  in  the  laser 
method, according to preliminary estimates, should be notice-
ably lower than in the first stage of enrichment from the natu-
ral carbon-13 content of 1.1 % to ~30 %, which is associated 
with  significantly  lower  (about  30  times)  amounts  of  the 
working  substance.  In  addition,  the  final  enriched  product 
(CO2 or CO) produced by laser technology will have a natural 
concentration of oxygen isotopes. The catalogue price of such 
a product is much higher. For classical methods, this ratio is 
violated. Thus, the task of developing an efficient laser tech-
nology for enriching carbon-13 to 99 % at the second stage is 
very urgent.

2. Review of previous works

Since  the  1980s,  many  researchers  around  the  world  have 
been studying the possibility of obtaining highly enriched car-
bon-13. Various options for solving this problem were consid-
ered. Attempts were made to achieve high concentrations of 
13C  already  at  the  first  stage.  The  principal  possibility  of 
obtaining 13C with a concentration of up to 96 % – 98 % in one 
stage was demonstrated in laboratory experiments on the iso-
topically  selective  MPD  of  Freon-22  (CF2HCl)  [6,  7]. 
However,  in these studies, the experimental conditions were 
chosen in such a way as to ensure the maximum selectivity of 
the separation process. The dissociation efficiency and, conse-
quently,  the  process  productivity  were  extremely  low.  It 
became clear  that high concentrations of  13C could only be 
achieved with  high  productivity  by  using  at  least  two  laser 
enrichment stages.

In works [8 – 21] dedicated to the development of various 
options  for  implementing  the  second  stage  of  laser  enrich-
ment, three main directions are considered. The first direction 
is separate enrichment processes at the first and second stages 
with an intermediate cycle of isolation of the product enriched 
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in 13C and its chemical conversion into a compound suitable 
for use at the second stage [8 – 10]. The second way is to com-
bine the enrichment process with simultaneous chemical syn-
thesis inside the laser separation reactor of the working sub-
stance for  the second stage  [8, 11 – 13]. To do this, an addi-
tional chemical compound (acceptor) is added to the working 
substance of the first stage, in reactions with which the radi-
cals formed during IR MPD produce the product enriched in 
13С, which is necessary for the second stage. The third method 
makes it possible to completely combine the first and second 
enrichment stages and the chemical conversion cycle in a sin-
gle  reactor.  This  is  achieved  by  adding  the  acceptor  to  the 
first-stage working substance, upon interaction with which a 
substance is formed, which, along with the first one, isotope-
selectively dissociates under  the action of  laser  radiation of 
the same frequency [14 – 21].

The first way of organising a two-stage separation process 
was studied in [9, 10]. Freon-22 (CF2HCl) with an increased 
concentration of 13CF2HCl molecules (32.6 % [10]) was syn-
thesised  from  the  first-stage  product  tetrafluoroethylene 
(C2F4) enriched in 13C. In this case, in work [10], in contrast to 
work [9], a reactor with enriched Freon-22 was located inside 
the CO2  laser resonator  in the same way as  in an  industrial 
plant [4, 5]. It was found that an increase in the initial concen-
tration of 13CF2HCl to 32.6 % and a corresponding increase 
in the resonator losses do not lead to the generation failure, 
and the entire system operates stably. As a result of the exper-
iments,  the  final  13C  concentration  of  99.55 % ±  0.5 % was 
reached in the C2F4 dissociation product; however, the degree 
of depletion and dissociation yield of the desirable 13CF2HCl 
component were low (~5 % and about 0.04 %, respectively). 
Such low parameters of the enrichment process  indicate the 
inefficiency of this scheme.

The second method of the process organisation, combin-
ing at the first stage the enrichment and chemical synthesis of 
the working substance for the second stage, was implemented 
by  adding  bromine  radicals  as  an  acceptor  to  the  working 
compounds  [8, 11 – 13]. From the  standpoint of  the process 
technology,  the presence of bromine  in  the  laser  separation 
reactor  is  undesirable  due  to  its  high  chemical  activity  and 
adsorption capacity.

The  third  way  to  organise  a  two-stage  process  with  an 
intracavity reactor was studied in our work [21]. The addition 
of hydrogen iodide to Freon-22 as an acceptor led to the for-
mation of an intermediate product, CF2HI, which dissociated 
selectively with respect to 13C during irradiation at the same 
laser radiation frequency. This made it possible to achieve a 
13C concentration of 98 % ± 1.5 % in the final CF2H2 product. 
However,  it  turned out  that  this  scheme,  in addition  to  the 
difficulties  associated with  the  use  of  chemically  aggressive 
hydrogen  iodide  and partial  loss  of  13C  in  the  intermediate 
CF2HI product, has one more significant drawback. With an 
intracavity placement of the reactor, the fluence of laser radi-
ation,  and,  consequently,  the  efficiency of multiphoton dis-
sociation of CF2HCl significantly decreased with accumula-
tion of enriched products in the reactor.

Thus, almost all the studied schemes for the implementa-
tion of the second stage of laser enrichment are based on the 
selective  dissociation  of  the  13C-containing  component  of 
compounds pre-enriched with 13C. It turned out that in this 
way it is difficult to realise a high productivity of the enrich-
ment  process,  since  the  required  final  concentration  of  13С 
(99 %) was either not achieved or had a low process produc-
tivity  and  a  low  degree  of  depletion  of  the  13С-containing 

component  [10]. Obtaining the required degree of the desir-
able  isotope  depletion  and  further  use  of  the  13C-enriched 
residual gas are the main problems of the second laser stage 
scheme,  in  which  the  selective  dissociation  of  the 
13C-containing component is carried out.

The method of carbon-13 enrichment based on the selec-
tive ‘burning-out’ of an undesirable 12C-containing compo-
nent, which was first proposed in work [22] and developed in 
works  [23 – 25], was  also  studied. A  theoretical  analysis  of 
the  enrichment  method  based  on  the  ‘burning  out’  of  an 
undesirable isotope is given in [26] when choosing the opti-
mal scheme for organising the separation process. In this 
selective multiphoton dissociation method, the component 
with 12С is converted into products, and the residual gas is 
enriched  in  the  desirable  13С-containing  component.  In 
experiments on MPD of CF3I [22, 23, 25], CF3Br [24], and 
CF2HCl  [25] molecules with a natural  13C content of 1.1 %, 
the  fundamental possibility of  implementing  such a  scheme 
was demonstrated. In work [22], after irradiation, a concen-
tration of 13CF3I molecules equal to 86% was reached in the 
residual gas. In work [23], the concentration of 13CF3I mole-
cules was 70 %, while the macroscopic amount of the isotopic 
mixture of CF3I molecules amounted to 2 g. Similar experi-
ments were conducted with CF3Br [24] and CF2HCl [25] mol-
ecules, also with the initial 13C content of 1.1 %. In work [24], 
the achieved concentration of 13CF3Br was 90 %.

At the same time, the method of selective ‘burning-out’ of 
an  undesirable  12C-containing  component  for  compounds 
with a natural  13C  content has  an  extremely  low efficiency. 
Firstly,  the  maximum  concentration  of  13С  reached  in  the 
experiments did not exceed 90 %. Secondly, to achieve a 13C 
concentration of 99 %, 99.99 % of the substance must be pro-
cessed,  which  dramatically  increases  energy  consumption. 
Thirdly,  due  to  the  huge  amount  of  dissociation  products, 
they must be  continuously  removed  from  the  reactor,  since 
they can affect the dissociation selectivity. This  is extremely 
inconvenient from the viewpoint of process technology.

3. Proposed method for implementing  
a two-stage 13C enrichment process

Based on the foregoing, we can conclude that the problem of 
efficient production of carbon-13 with 99 % enrichment by 
using only a laser method has essentially remained unsolved. 
We  propose  a  new  approach,  which  consists  in  using  the 
method of deep selective ‘burning-out’ of the 12C-containing 
component at the second stage of enrichment, while Freon-
12B2 (CF2Br2), pre-enriched by 13C up to 30 % – 50 %, is sup-
posed to be used as the working substance of the laser pro-
cess [27].

The  use  of CF2Br2  is  explained  by  the  relatively  simple 
chemical  synthesis of  this  compound  from  tetrafluoroethyl-
ene, which is a product of the first-stage enrichment [5, 28]. 
This is the first advantage of this approach. In addition, the 
results of preliminary experiments on the IR MPD of Freon-
12B2 with a natural 13C content of 1.1 %, which we have per-
formed previsouly  [29],  show that  the spectral properties of 
CF2Br2 allow us to achieve high values of the elementary sep-
aration act parameters (yield and dissociation selectivity with 
respect to the 12C-containing component) at a low fluence of 
laser radiation.

Another advantage is that a much smaller amount of sub-
stance  (50 % – 70 %  of  the main  12C-containing  component) 
will  be  processed  when  using  pre-enriched  Freon-12B2  in 
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order to achieve the required 13C-concentration of 99 % at the 
second stage. This should significantly reduce the amount of 
dissociation products and energy consumption.

However, the principal advantage of the method of deep 
selective  ‘burning-out’ of  the  12C-containing component  for 
13C  enrichment  is  the  possibility  of  achieving  any  final  13C 
concentration in the residual gas, including 99 % or higher.

Thus,  the purpose of  these  experiments was  to  study 
the process of 13С enrichment with deep ‘burning-out’ of 
the 12C-containing component in Freon-12B2 with enrich-
ment  in    13C  30 %  under  the  action  of  pulsed CO2  laser 
radiation. During the experiment, the main parameters of 
the separation elementary act (yield and selectivity of dis-
sociation) were measured and optimised depending on the 
irradiation conditions. It was shown that at high values of 
the  separation  act  parameters,  the  concentration  of 
13CF2Br2 molecules of at  least 99 % in the residual gas is 
reliably achieved.

4. Experiment

The  amount  of  Freon-12B2  enriched  with  13C  to  30 %, 
required  for experiments, was  synthesised by  laser conver-
sion of  enriched CF2HCl  (13C  concentration of  30 %)  in  a 
bromine medium. The content of the main substance in the 
synthesised CF2Br2 product was about 96 %. IR spectra of 
enriched Freon-12B2 were obtained and isotopic shifts rela-
tive to 13C were measured in the absorption bands of vibra-
tional modes n1 = 1090 cm–1, n6 = 1153 cm–1, and n8 = 831 
cm–1 [30].

The 12C-selective multiphoton dissociation of CF2Br2 was 
performed by tuning the CO2 laser radiation frequency to the 
long-wavelength wing of the absorption band n1 = 1090 cm–1 
corresponding to the symmetric vibration of the 12CF2 group. 
In the experiments, the kinetics of changes in the concentra-
tion of each isotopic component was measured as a function 
of the number of laser pulses under different irradiation con-
ditions (radiation frequency, CF2Br2 pressure, and O2 accep-
tor gas pressure). The concentration of each component was 
used to determine the yield and dissociation selectivity, as well 
as their change in the enrichment process. Selective dissocia-
tion of CF2Br2 in an oxygen environment resulted in the con-
version of the 12C-containing component predominantly into 
the COF2 dissociation product, while the remaining CF2Br2 
was enriched in 13C to a concentration of 99 % or higher.

A Specord-M82 computerised dual-beam IR spectropho-
tometer  was  used  to  determine  the  concentration  of  each 
component at a high concentration of 12CF2Br2 (from 70 % to 
about  5 %).  The  concentrations  were  measured  from  the 
intensity of the absorption bands of 12С- and 13С-containing 
components of the n8 = 831 cm–1 (12СF2Br2) mode, since the 
bands of isotopic components are well resolved only for this 
mode. When the content of 12CF2Br2 was reduced below 5 %, 
a highly sensitive Clarus 500 chromatograph/mass spectrom-
eter was used. The 12C and 13C concentrations were measured 
by mass peaks with a mass-to-charge ratio of m/e = 129, 130 
from 12СF2 79Br+ and 13СF2 79Br+ fragment ions.

The experimental procedure was as follows. For irradia-
tion, we used a stainless steel cell with KBr windows 11.2 cm 
long, pre-pumped by a forevacuum pump through a nitrogen 
trap to a residual pressure of 7.5 ´ 10–3 Torr (1 Pa). The cell 
was filled with a mixture of enriched CF2Br2 with a 30 % con-
centration  of  13C  and  oxygen.  Next,  the  gas  mixture  was 
sequentially irradiated with portions of N pulses. After each 

series  of  laser  pulses,  the MPD  yields  and  selectivity  were 
determined. The selectivity of dissociation with respect to the 
12C component was determined as the yield ratio a(12/13) = 
b12 /b13. Dissociation yields bi (i = 12, 13) were calculated from 
the partial pressure of each component before ( pi, 0) and after 
( pi) irradiation with N laser pulses. Here pi, 0 was taken as the 
current partial pressure of the components before the onset of 
a new series of laser pulses. To calculate bi, the following for-
mula was used [31]:

 bi = G  –1[1 – ( pi  /pi, 0)1/N ],  (1)

where G  is the ratio of the irradiated volume to the cell vol-
ume.

5. Results and discussion

The  results  of  12C-selective  multiphoton  dissociation  of 
CF2Br2  under  sequential  irradiation  of  a  sample  of  the 
CF2Br2 + O2 gas mixture are shown in Fig. 1, which demon-
strates  the  IR  spectra  of  the  absorption  bands  of  12C-  and 
13C-containing n8-mode components. It can be seen that the 
12CF2Br2 band decreases with irradiation until it almost com-
pletely disappears, while the 13CF2Br2 band changes insignifi-
cantly. When calculating  the concentration of  13СF2Br2, we 
took into account the contribution of the R-branch of the n6 
= 774 cm–1 band [32] from the 12COF2 dissociation product 
accumulated in the mixture during irradiation.

The kinetics of reducing the concentration of the ‘burnt-
out’  12СF2Br2  component  with  increasing  number  of  laser 
pulses is shown in Fig. 2 for two laser radiation frequencies. 
Note that in both cases, with an approximately equal number 
of  pulses  (300 – 350),  a  12CF2Br2  concentration  of  less  than 
1 % and, accordingly, a 13СF2Br2 concentration of more than 
99 %  are  reliably  achieved.  This  is  not  surprising,  since  the 
MPD yields of the 12CF2Br2 molecules at both frequencies, as 
shown below, are approximately equal.

The dependences of the dissociation yields b12 and b13 of 
the  12CF2Br2  and  13CF2Br2  molecules  and  the  selectivity  
a(12/13) = b12 /b13 on the number of laser pulses under succes-
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Figure 1. (Colour online) IR spectra of absorption bands of n8 modes 
of  12СF2Br2  and  13СF2Br2  under  sequential  laser  irradiation  of  the 
CF2Br2 + O2 mixture at a frequency of 1084.6 cm–1 [CO2 laser genera-
tion line 9R(30)] and a fluence of 2.6 J cm–2. Initial pressures are: CF2B2, 
1 Torr; and O2, 30 Torr. The green line corresponds to the R-branch of 
the n6 band for 12COF2 at the end of irradiation.
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sive  irradiation  of  the  CF2Br2  +  O2  mixture  are  shown  in 
Fig.  3.  Three  main  points  that  are  characteristic  of  these 
dependences deserve discussion. First, let us pay attention to 
the high  (15 % – 18 %) dissociation yields b12 with  respect  to 
the ‘burnt-out’ 12СF2Br2 component, which are achieved at a 
very moderate  laser  radiation  fluence  of  2.6  J  cm–2.  In  the 
long run, this makes it possible to implement high productiv-
ity  of  the  enrichment  process.  In  addition,  the  value  of b12 
virtually  does  not  depend  on  the  current  concentration  of 
12CF2Br2. Second, an increase in the laser radiation frequency 
leads to a significant increase in the selectivity of dissociation: 
from  13 – 15  at  1078.6  cm–1  to  40 – 75  at  1084.6  cm–1. As  a 
result, the losses of the desirable 13СF2Br2 component signifi-
cantly decrease (from 40 % – 50 % to ~15 %), while the enrich-
ment process productivity proportionally increases. Third, at 
both laser radiation frequencies, there is a part of selectivity 
growth at the onset of irradiation. It is within this initial part 
that the 12СF2Br2 and 13СF2Br2 concentrations are equalised. 
This can be seen by comparing the kinetic dependences of the 
12CF2Br2 concentration and selectivity shown in Figs 2 and 3. 
Thus, a significant reserve for reducing the losses of a compo-
nent  with  the  desirable  isotope  13CF2Br2  consists  in  using 
enriched CF2Br2 with a 13C concentration of 50 % and higher.

The increase in the MPD selectivity a(12/13) = b12 /b13 at 
the initial stage of CF2Br2 irradiation is, in our opinion, due 
to the influence of inter-isotope vibrational – vibrational (VV) 
exchange  [31],  which  leads  to  the  transfer  of  vibrational 
energy from selectively excited 12СF2B2 molecules to 13СF2Br2 
molecules during the laser pulse action. When the concentra-
tion of 12CF2Br2 molecules is still high (70 %), the portion of 
vibrational  energy  transferred  to  13CF2Br2 molecules  is also 

large,  which  contributes  to  an  increase  in  the  dissociation 
yield  of  13CF2Br2. With  an  increase  in  the  number  of  laser 
pulses,  the  concentrations  of  12СF2Br2  and  13СF2Br2  align, 
and  the  proportion  of  vibrational  energy  transferred  to 
13СF2Br2  molecules  decreases,  which  manifests  itself  in  a 
decrease  in  the  dissociation  yield  of  13CF2Br2  and  a  corre-
sponding increase in selectivity (see Fig. 3).

The assumption about the decisive role of the VV exchange 
in the growth of dissociation selectivity at the initial stage of 
the ‘burning-out’ of 12CF2Br2 molecules is confirmed by the 
kinetic dependences of the dissociation yields b12 and b13 and 
selectivity a(12/13) with an increase in the pressure of CF2Br2 
to 4 Torr (Fig. 4). It can be seen that with an increase in pres-
sure  from  1  to  4  Torr,  the  dissociation  selectivity a(12/13) 
sharply decreases at the beginning of irradiation from 13 – – – 15 
to 3 (compare Figs 3b and 4).

One  more  useful  feature  of  the  proposed  method  for 
obtaining highly enriched (99 % and higher) carbon-13 should 
be noted. Due to the finite MPD selectivity of 12СF2Br2 mol-
ecules, the COF2 dissociation product is slightly enriched with 
13C.  For  example,  at  a  CO2  laser  radiation  frequency  of 
1084.6  cm–1,  at  the  end of  irradiation,  the  concentration of 
13COF2 reaches ~5 %. The COF2 product readily hydrolyses 
to  form CO2  enriched  in  13C, which  can  then  be  used  as  a 
working substance for traditional separation methods.

6. Conclusions

A new method for arranging a  two-stage process of carbon 
isotope  separation  is  considered, which  allows us  to obtain 
carbon-13 with a concentration of at least 99 % with high pro-
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Figure 2. (Colour  online)  Dependences  of  the  concentration  of 
12CF2Br2 on the number of laser pulses during sequential irradiation of 
the  CF2Br2  +  O2  mixture  with  laser  radiation  at  a  frequency  of  (a) 
1078.6  and  (b)  1084.6  cm–1  [CO2  laser  generation  lines  9R(20)  and 
9R(30), respectively] and a fluence of 2.6 J cm–2. Initial pressures are: 
CF2Br2, 1 Torr; and O2, 30 Torr.
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Figure 3. (Colour  online)  Dependences  of  dissociation  yields  ( 1 )  b12 
and ( 2 ) b13 and selectivity a(12/13) ( 3 ) on the number of laser pulses 
during sequential irradiation of the CF2Br2 + O2 mixture with laser ra-
diation at a frequency of (a) 1078.6 and (b) 1084.6 cm–1 [CO2 laser gen-
eration lines 9R(20) and 9R(30), respectively] and a fluence of 2.6 J cm–2. 
Initial pressures are: CF2Br2, 1 Torr; and O2, 30 Torr.
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ductivity. For  this  purpose, we  propose  to  use Freon-12B2 
(CF2Br2) with 30 % and higher enrichment in 13C as a working 
substance for the second enrichment stage, which is quite sim-
ply synthesised from enriched 13C of the first stage, and also 
use, for enrichment in 13C, the method of selective deep ‘burn-
ing-out’ of the 12C-containing component.

Experiments have been  carried out on multiphoton dis-
sociation of Freon-12B2 with a 30 % initial concentration of 
13CF2Br2 molecules in a mixture with oxygen by pulsed radia-
tion from CO2 laser. The possibility has been shown of reach-
ing a 99 % and higher concentration of 13CF2Br2. The main 
separation elementary act parameters –  the MPD yield and 
selectivity with respect  to 12C-containing component – have 
been measured in the process of its ‘burning-out’. High yield 
values for 12CF2Br2 component ( b12 = 15 % – 18 %) and selec-
tivity [a(12/13) = 40  – 75)] have been obtained at a moderate 
laser  radiation  fluence  of  2.6  J  cm–2.  The  obtained  results 
allow us to hope for the further development of an effective, 
purely laser process for producing carbon-13 with the required 
13C concentration of at least 99 %.
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Figure 4. (Colour online) Dependences of ( 1 ) b12 and ( 2 ) b13 dissocia-
tion yields and the selectivity a(12/13) ( 3 ) on the number of laser pulses 
in sequential irradiation of a CF2Br2 + O2 mixture by laser radiation at 
a frequency of 1084.6 cm–1 [CO2 laser generation line 9R(30)] and a flu-
ence of 2.6 J cm–2. Initial pressures are: CF2Br2, 4 Torr; and O2, 30 Torr.


