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A demonstration is reported of the possibility of selective heterogeneous separation of a mixture of 
vibrationally excited molecules with similar but different vibrational quanta. Separation of boron isotopes 
by adsorption, on a cooled wall, of boron trichloride molecules excited by CO2 laser radiation is reported. 
An analysis is made of the possibility of improving the selectivity of the process. 

PACS numbers: 82.50.-m, 42.60.Qm 

1. INTRODUCTION 

Various aspects of laser separation of multicomponent 
mixtures of molecules are being investigated intensive
ly. [1-4] The problem of laser separation of isotopes re
duces to two tasks, one of which is the selective excita
tion of molecules of the required kind in the field of la
ser radiation and the other is the subsequent separation 
of the selected molecules with the aid of some interac
tion mechanism which is efficient for the excited mole
cules. Suggested possible mechanisms of isotope sepa
ration include chemical reactions involving the excited 
molecules or their~ fragments[z.3] and also the interac
tion of vibrationally excited molecules with an inhomo
geneous electric field. [4] 

In our earlier communication[S] we suggested a heter
ogeneous method for the separation of selectively excited 
molecules by selective adsorption. The main advantage 
of this method is that the critical adsorption energy is 
low compared with the activation energy of homogeneous 
chemical reactions and this makes the adsorption pro
cess highly sensitive to small changes in the excitation 
energy of the molecules and, therefore, it ensures a 
high selectivity of separation. Moreover, a distinguish .. 
ing feature of this method is the possibility of working 
in a wide range of pressures and the avoidance of sub
sequent chemical purification. 

Excitation conditions are made much easier by the 
fact that in heterogeneous separation it is sufficient to 
excite only the first vibrational level of a molecule. 
Firstly, this means that there is no need to overcome 
the anharmonicity of the molecule, which is important 
in the excitation of higher vibrational levels. Secondly, 
it is possible to carry out separation without elimina
tion of gaskinetic collisions. 

Collisions effectively equalize the relative populations 
of the vibrational levels of molecules of different kind if 
the isotopic shift is small. A strong influence of even a 
small difference between the vibrational energies of 
molecules of different types on the rates of adsorption 
processes is responsible for the selectivity of hetero
geneous separation. Clearly, in contrast to the colli
sionless case, the separation coefficient of this method 
is lower and the yield is higher. 

Heterogeneous separation of excited molecules from 
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those which are unexcited is possible when the separa
tion coeffic ient is large at high pressures and the role 
of the resonant V- V exchange processes is weakened 
by the addition of a thermalizing monatomic gas (heli
um). 

We shall consider these methods and report experi
mental tests of the heterogeneous separation of the 
B10Cl3 and Bl1Cl3 molecules excited by cw CO2 laser 
radiation. 

2. ADSORPTION OF VIBRATIONALLY EXCITED 
MOLECULES 

It is known that the rate of adsorption, on a cooled 
wall, of molecules in a gas at thermodynamic equilibri
um is governed by the sticking coefficient 

where Ec is the critical adsorption energy, which is a 
function of the temperature of the wall, and E is the en
ergy of the translational motion of the gas molecules. [6] 

This relationship is in good agreement with the experi
mental results. [7] However, the data obtained in[7] for 
several polyatomic molecules at different gas tempera
tures indicate that the change in the value of C with ris
ing gas temperature can be understood if E is regarded 
as the total energy of a molecule including vibrational 
and rotational components. The problem of the depen
dence of the sticking coefficient C on the degree of vi
brational excitation of a molecule under nonequilibrium 
conditions, when the vibrational temperature differs 
from the translational value, requires separate discus
sion. However, the constancy of the value of Ec when 
the ratio of the gas and wall temperatures is varied 
over a wide range suggests that even in the presence of 
nonequilibrium vibrational excitation the sticking coef
ficient C is still given by Eq. (1) in which the value of 
Ec remains constant and E includes the energy of the 
vibrational excitation of the molecule Ev. From this 
point onward, we shall use the following formula for the 
sticking coefficient of vibrationally excited molecules 

C'=1-exp[ -Eo! (E.+ET ) J. (2) 

Our experimental results demonstrate the validity of 
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the above approximation, at least for the BCls mole
cules when the wall temperature is 160 oK. 

3. EXCITATION AND SELECTION OF MOLECULES 

Clearly, the selectivity of laser excitation of a mix
ture of molecules is retained in the absence of gaskinet
ic collisions between molecules. In this case the heter
ogeneous separation of excited molecules occurs in a 
time shorter than the time between collisions. An anal
ysis of this simple model [53 gives 

n=2noC/(C+C'), (3) 

where n and no are the concentrations of resonating 
molecules in the gas phase in the presence and absence 
of laser radiation, respectively. An increase in the 
gas pressure results in the loss of the excitation selec
ti vity , However, the influence of the resonant V-V 
exchange between molecules of different isotopic compo
sitions may be weakened greatly by the additional of a 
thermalizing monatomic gas (for example, helium). 

In fact, in the two-level approximation the system of 
rate equations for the populations of vibrational levels 
of molecules of two types can be represented in the 
form 

dn,/dt= W (n,-n,) -n,/T+ Kn,N,-Kn,N" 

dN'/dt=-N,/T+Kn,N,-Kn,N" 

n,+n,=n, N,+N,=N. 

(4) 

Here, nl,nZ,n, Nt! Nz, N are the concentrations of unex
cited, excited, and all the molecules of both isotopic 
modifications under consideration, W is the probability 
of stimulated transitions, T is the V-T relaxation time, 
K is the rate constant of the quasiresonant V- V ex
change. In these equations it is assumed that the pa
rameters K and T are the same for molecules of both 
types. 

Then, under steady-state conditions the ratio of the 
concentrations of the excited molecules becomes 

N,/n,=KN./ (Km+l). 

In the case of strong dilution with helium (i. e., when 
KnT« 1), we find that Nz«nz, i. e., the concentration 
of excited non resonating molecules is relatively small. 
It is known that the cross section for the quasiresonant 
V-V exchange of molecules such as BCls with an iso
topic shift of 40 cm-1 is 2-4 times smaller than the 
gaskinetic cross section. On the other hand, the cross 
section of the V - T process in the case of relaxation by 
interaction with helium is 50-100 times smaller than the 
gas kinetic cross section. Therefore, in the case of the 
concentration ratio B10Cls : BUCls : He = 1 : 1 : 100, we 
have Nz/nz"" 1/30. 

In this case, heterogeneous separation can be carried 
out conveniently by passing a mixture of gases with 
helium through a cylindrical tube with cooled walls. 
The steady-state transport equation describing this 
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process on the assumption that the quasiresonant V-V 
exchange is negligible is of the form 

all, ( a' ii' 1 ii) (1 ) I V-=D -n,+-n,+--. n, -Wn,+ W+- n" 
ax I)x' ar' r or 1: 

a n, ii' I)' 1 a ( 1 ) 
V-=D(-n,+-n,+--n,) - W+- n,+Wn" 

I)x ax' ar' r or T 

where x and r are, respectively, the longitudinal and 
radial coordinates, V the flow velocity, and D is the 
diffusion coefficient of the molecules being separated 
in the carrier gas. In our case, the boundary condi
tions on the walls of a cylindrical reactor can be ex
pressed in the form[8J 

( Dan,) =_(C'n,VT) 
rJr r""-Il 4 r=u' l 

(6) 

where V T is the average thermal velocity of the mole
cules and C= C/(l- C/2). In the Poiseuille flow case 
with V= Vo(l- rZ/RZ) and on the assumption of satura
tion nl =nz=n/2, we find that, beyond the zone where 
the concentration is established, in the range x> R/ O! 

we can easily derive the expression for the concentra
tion in the axial region 

(8) 

where the decay constant is O! = X z D/V oR, X is the solu
tion of a transcendental equation[93 

('/,-Al4-a';'4}.) tE, ('/,-1./4-1.'/41.,2. A) ).-G 

,F,('/,-U4-a'!4' .. 1.i.) =~' 
(9) 

and 

G=(C+C') VTR/SD. (10) 

For the unexcited component of the mixture of con
centration N the solution of the steady-state transport 
equation 

aN ( a' rl' 1 (j ) V-=D -N+-N+---::-N 
ax rJx 2 or'! r dr ' 

(11) 

( DaN) =_(CNVT) N(O,r)=No 
8r T=R 4 r=!? ' 

beyond the zone of establishment of the concentration in 
the range x > R/ (3 again has the form 

(12) 

where, however, the decay constant (3=XzD/VoR has to 
be found from Eq. (9) assuming that G= CVTR/4D. The 
enrichment coefficient on the axis at the exit from a 
reactor of length L 

_ n(L) / no _ _ ("_~)L/R 
tj--- --e 

N(L) No 

is governed by the difference between the llecay con-
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stants of the concentrations n(x) and N(x). 

By way of example, we shall consider the separation 
of the N~40 and N~50 molecules mixed with helium at 
pressures of 1 and 100 Torr, respectively. If the gas 
temperature is 195 oK and the temperature of the reac
tor walls is 77 oK, it follows from[7] that the sticking co
efficient is CNzO = 0.85. In the excitation of antisymmet
ric vibrations of the N20 molecule it follows from Eq. 
(2) that Q20 = O. 21. If the stream velocity is V= 100 
m/sec, the radius of the tube is O. 5 cm, and length of 
the tube is L= 5 cm, the enrichment coefficient is 7]= 20. 
If the initial isotopic composition of the mixture is no/No 
= 1, the yield of the enriched mixture is 10-7 g/sec. The 
consumption of helium is 0.15 g/sec. 

Under the same conditions an estimate for BC13 gives 
7] = 3 and the yield of the enriched mixture is 5 x 10-7 

g/sec. 

Thus, the use of helium in this isotope separation 
method is promising. We must bear in mind that the 
laser power has to be considerably higher in the pres
ence of helium. Moreover, although the separation of 
helium from the enriched mixture is a fairly simple 
process, it is desirable to consider a heterogeneous 
isotope separation method in which the influence of the 
V- V processes is not excluded. 

In the limiting case of a strong V- V exchange we have 
KnT» 1 and N2/n 2 = N/n. In this case, heterogeneous 
separation is due to the difference between vibrational 
energies of the excited molecules of different isotopic 
compositions. Then, the gas mixture at the exit from 
the reactor will be enriched in the molecules whose vi
brationallevel is higher, i. e., with the lighter mole
cules. The parameters of the separation process will 
be governed by the isotopic shift. 

Under these conditions the enrichment coefficient at 
the exit from the reactor is again given by Eq. (13) but 
now the decay constants are O!=;\'~D/VoR and (3=;\.~D/ 
VoR, and;\.I are the solutions of Eq. (9) where 

G.~(C+C:) V,/8D. I 
G.,=(C,,+Cy)VT/BD. \ 

In the case of the BloCl3 and BllC13 molecules at 

co, laser 10.6 I' Cooled reactOJr 

~f---~C:;> 

To pump 

Gas Gas for 
admission analysis 

FIG. 1. Schematic diagram of t.he apparatus. 
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(l4) 

(B" Cl,)n 

F~G. 2. Absorption spectrum of (BCIsln 
With a natural proportion of the isotopes 
and the spectrum of BCl3 at the reactor 
exit. 

T= 160 OK and p= 1. 5x 10-3 Torr, for R = 0.6 cm, L = 30 
cm, V= 30-100 m/sec, the enrichment coefficient can 
reach 7]=1.65-1.45. 

4. EXPERIMENT 

Heterogeneous laser isotope separation was achieved 
experimentallY under conditions corresponding to a 
strong V-V exchange between the BloCl3 and BllCl3 

molecules. 

We used apparatus shown schematically in Fig. 1. 
Gaseous boron trichloride with a natural proportion of 
the boron isotopes was admitted through a leak valve 
into a reactor whose active part was a stainless-steel 
tube 30 cm long with an internal diameter of 12 mm. 
The tube was cooled to 160 OK by a massive heat sink. 
The gas from the reactor was collected (for subsequent 
analysis) in a liquid-nitrogen-cooled storage tank. The 
reactor was illuminated with cw CO2 laser beam of 30 W 
power which passed through NaCI windows. The density 
of the CO2 laser radiation flux needed to achieve satura
tion of the populations of the vibrational levels 113 in the 
BC13 molecules was less than 10 W /cm2• The gap be
tween the beam of 10.6 J1, wavelength and the internal 
tube wall was -1 mm. An analysis of the isotopic com
position of the accumulated gas was made on the basis 
of infrared spectra recorded at different pressures in 
the gas. Typical absorption spectra of the gas at the 
entry and exit from the reactor are shown in Fig. 2. 
Figure 3 gives the results of measurements of the 113 

vibrational absorption peaks of the BlOC13 and BllCl3 

molecules at different pressures. The relative content 
of the BloCl3 and BllCl3 molecules was determined from 
the slope of the tangent to the curve at the origin (the 
curve was extrapolated to low pressures). A standard 
computer program was used in the analysis of the ex
perimental results. 

We achieved experimentally an enrichment of boron 
trichloride in BlOCl3 and the enrichment coefficient was 
7] = 1. 57 ± O. 2, which was in good agreement with the re
sults of the above estimates. The amount of the enriched 
BCl3 accumulated in 2 h'was 2.2 mg. The gas pressure 
at the exit from the reactor was 1. 5x 10-3 Torr when the 
flow rate was 8 liter/sec and this pressure was ensured 
by varying the exit pressure during the experiment from 
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FIG. 3. Amplitudes of the absorption peaks A of the J)3 vibra
tion in the BIOCl3 and Bl1Cl3 molecules in a natural mixture (1) 

and at the exit from the reactor (2) plotted for different pres
sures P of the gas in the cell used to measure the infrared 
spectra. 

1. 2 to 1. 7 X 10-2 Torr. Before the experiments, the re
actor was evacuated to 10-4 Torr. 

control experiments were carried out using a laser 
beam which glanced along the reactor walls and also in 
the absence of laser radiation, keeping the other condi
tions constanL The control experiments showed no 
change in the isotopic composition of the gas, which 
was to be expected in accordance with the experimental 
results[lO,Ul according to which the separation coeffi
cient of the boron isotopes in the case of equilibrium 
evaporation at T= 160 OK was only N(B10Cl3)/N(BUCl3) 
= 1. 0035. At temperatures above 208 OK the more vola
tile component was BUCl3. A control experiment car
ried out using laser radiation but keeping the reactor 
walls at room temperature showed that the isotope sepa
ration by chemical sorption was negligible. 
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5. CONCLUSIONS 

We demonstrated thus the possibility of using adsorp
tion in heterogeneous selective separation of vibrational
ly excited molecules. Clearly, it would be interesting 
to utilize other heterogeneous processes such as chemi
sorption, solubility of gases in liquids, diffusion in por
ous adsorbents, and relaxation of gases interacting with 
aerosols. 

The authors are grateful to N. 1. Mdinaradze for 
computer calculations. 
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