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With ammonia molecules as the example, a theory that contains no free parameters is developed 
for the light-induced drift effect. An experimental investigation of the effect is carried out. The 
experimental and theoretical data agree within the limits of the measurement errors. It is 
established from a comparison of the experimental and theoretical data that the relative change of 
the diffusion coefficient of ammonia molecules excited by the vibrational mode is determined by 
the change of the dipole-dipole part of the interaction potential and amounts to AD / 
D = (2.5 + 0.4) - lop2. 

INTRODUCTION 

Considerable progress has by now been made in investi- 
gations of light-induced drift (LID) ' of molecules. I '  The 
LID effect was observed in a number of molecules, such as 
CH,F (Ref. 3), NH, (Ref. 4) ,  CH,Br (Ref. 5) ,  and CH,OH 
(Ref. 6). A theoretical model providing a correct quantita- 
tive description of the effect was developed and compared 
with experiment.'.' The contribution of a number of con- 
comitant effects in experiments on LID of molecules have 
been a n a l y ~ e d . ~ . ~  The use of the LID effect to separate isoto- 
pic3,l0 and nuclear spin modification of molecules has been 
demonstrated. 

The still employed approach to the investigation of LID 
of molecules is not free, however, of a number of shortcom- 
ings. Thus, the parameter AY/Y that enters in the theory of 
LID of molecules, equal to the relative change of the trans- 
port frequency of an excited molecule, remained free in this 
approach.2' To find this parameter it was necessary to com- 
pare the theory with LID experimental results. The frequen- 
cy dependence of the LID effect could be measured only by 
using the effect itself, and its calculation called for precise 
spectroscopic data and was possible only for thoroughly 
studied objects. 

We show in the present paper that the LID of molecules 
can be investigated using an approach free of the indicated 
shortcomings. We have developed a theory of the LID of 
ammonia molecules, investigated the effect experimentally, 
and compared the theory with the measurement results. 

1. THEORY OF LID OF MOLECULES 

We derive relations that describe the stationary distri- 
bution of the absorbing molecules in a cell with closed end 
faces. We consider the LID produced by a monochromatic 
traveling wave that is at resonance with the vibrational-rota- 
tional transition of the molecule. We assume that the buffer- 

tion of the molecules by radiation into the state J, v; the 
subscripts a = 0, - 1, and + 1 correspond to the Q, P, and 
R absorption lines of the rotational modes. The spontaneous 
decay of the vibrational level is neglected in ( 1 ) . 

To calculate the spatial distribution of the concentra- 
tion of the absorbing molecules, we multiply Eq. (1) by v, 
integrate with respect to v, sum over J ,  and add the resultant 
equations. We get ultimately 

The LID effect produces in molecular systems a weak 
disequilibrium in the total velocity distribution of the ab- 
sorbing molecules. We can therefore assume approximately 
that p (v)  z p  W(v), where W(v) is the Maxwell distribution 
in velocity. 

For the moments of the collision integrals in (2)  we use, 
following Ref. 14, the representation 

where Y, is the transport frequency of the collisions of the 
absorbing particles in the state r with the buffer ones. We 
assume the frequencies Y to be independent of the character- 
istics of the laser emission. Taking Eqs. (3)  and the approxi- 
m a t i o n ~ ( ~ )  = p W(v) into account, we get from (2)  

21z~02Vp=- j - j  vo = (2ks  T / M )  ' I 2 .  (4) 

In the experiments described below we use long and 
thin cells (L /R - lo3). This makes it possible to change over 
in (4)  to characteristics averaged over the cross section and 
to neglect the small inhomogeneity of the concentration of 
the absorbing particles in the transverse direction: 

particle concentrationp, in the cell is much higher than the l/zu~dpld~=-vmjm-v,jn, (5) 
concentration p of the absorbing molecules. 

The velocity and rotational-level distributions of the where j, and jn are the fluxes of the excited and unexcited 
molecules in excitedp, (J,v) andpn ( j , ~ )  vibrational states particles, averaged over the cell cross sections. Under sta- 
are described by the kinetic equationsI3 tionary conditions the total flux of the absorbing particles is 

zero in any cross section of the cell, therefore j, = - j, and 
vVpm(J, v)=Sm(J, v)+pP, (v), 

( 1 )  
we get from ( 5 ) 

\ - ,  

vVp, (J, v)=S,(J, v ) -P~J+ , (v ) .  i/2~,Zdpldz=- (v,-vn)jm. (6) 

Here ST (J,v) with T = m, n are the collision integrals of the Since a small spatial inhomogeneity influences little the 
absorbing and buffer molecules;pP, (v) is the rate of excita- flux j,, it can be obtained from the locally homogeneous 
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equation ( 1 ) . Repeating the transformations described 
above, we get 

. - 

jm=p I P ( v )  u, dv/vm. P ( v )  = PJ ( v ) ,  
J 

where the superior bar denotes averaging over the cell cross 
section. Combining next Eqs. (6) and (7),  we get 

To continue, we must specify the form of the function 
pP(v) . An approximation widely used in nonlinear spectros- 
copy l 3  is 

where o,, r, and d, are the frequency, homogeneous half- 
width, and dipole moment of the transition J+  o-.m,J;w 
and E are the frequency and amplitude of the electromagnet- 
ic wave. The relations we need can be obtained, following 
Ref. 15, using for the form of pP(v) an assumption more 
general than (9), viz., 

where f is a certain arbitrary function of w - k-v. 
We assume also that the laser radiation is absorbed 

without saturation. It will be shown below that this is pre- 
cisely the situation realized under our experimental condi- 
tions. Then 

where W ,  is the Boltzmann distribution of the particles over 
the rotational levels. Using the equality 

which is valid under the assumptions ( 10) and (1 1 ), and 
recognizing that the linear absorption coefficient is 
a = fwpP/S,P=J P(v)dv, we get 

dp - Av - k d  (a lp)  --- pP--. 
dz v a /p  d o  

The factor 

1 d(a /p )  -- 
a lp  do 

was taken out in ( 13) from under the averaging sign, since it 
is independent of the coordinates in the absence of satura- 
tion. 

It is convenient to express the quantity pP in ( 13) in 
terms of the radiation power concentration Wg absorbed by 
the gas per unit cell length 

- 
w,=pPAo. (14) 

Using (13) and (14), we easily obtain an equation that re- 
lates the drop Ap in concentration of the absorbing mole- 
cules per unit cell length with the radiation power concen- 
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tration AS, absorbed by the gas: 

The signs in this equations are chosen such that positive Ap 
correspond to the increase AS, of the concentration along 
the radiation propagation direction is always positive. 

Equations such as ( 15), which relate the drop of the 
concentration of the absorbing particles to the absorbed ra- 
diation power density, were first obtained in LID theory in 
Ref. 7. Calculation of Ap by the method developed in Ref. 7 
called for high-precision spectroscopic data, such as the po- 
sitions of the absorption lines, their homogeneous widths, 
and others. In calculations using ( 15), however, it is possible 
to dispense with these data by using direct measurements of 
the functions a- 'da/do provided that p has a negligible 
dependence on the radiation frequency (that the LID effect 
is small), when 

1 d(a /p )  1 da - = - - .  
a lp  d o  a d o  

2. CALCULATION OF THE FACTOR Av/v 

The representation (3)  with transport collision fre- 
quencies that are independent of the radiation characteris- 
tics makes it possible to connect the factor Ay/v with the 
change of the diffusion of the excited molecule: 

As shown in Ref. 16, for ammonia molecules in a polar 
buffer gas, the change of the diffusion coefficient is due to the 
change of the dipole-dipole part of the intermolecular poten- 
tial. We calculate AD /D by the numerical method proposed 
in Ref. 16. The diffusion coefficient of the polar molecules is 
given by I' 

where uo is the Stockmayer-potential parameter and R"."* 
is the reduced Chapman-Cowling integral. The angle brack- 
ets denote averaging over the mutual orientations of the col- 
liding molecules. 

In our case, the molecule excitation changes only the 
dipole-dipole part of the intermolecular potential; we there- 
fore obtain from ( 17) 

AD d<Q"~t '*> 
-=- 6  Apt -- 

D d6 <Q"."*> pi ' 

where S = , ~ , p ~ / 2 ~ , , a , , ~ ;  E ,  andp are the parameters of the 
Stockmayer potential; is the dipole moment of the molecule; 
the indices 1 and 2 pertain respectively to the absorbing and 
buffer particles. 

To calculate AD / D  from Eq. ( 18) we must know the 
change Ap,/p, of the dipole moment. This quantity can be 
calculated for each rotational transition in the vibrational 
band v2 from the data of Ref 18. To compare the value of 
Ap ,/p, obtained in this manner with experiment, however, 
it is necessary to average over the rotational levels, since the 
molecules' LID is actually determined by diffusion coeffi- 
cients averaged over J. The lack of detailed information on 
the rotational-relaxation processes leads in the upshot to a 
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noticeable error in the calculation of the relative change of 
the dipole moment: Ap,/p, = - 0.16 f 0.02. The calcula- 
tion of AD /D can be carried out further by numerically dif- 
ferentiating the function fl(lvl)' tabulated in Ref 17. The 
parameters a, and E needed for the calculations are also giv- 
en in Ref. 17. We ultimately get 

3. ALLOWANCE FOR RADIATION ABSORPTION BY THE 
CELL WALLS 

According to (IS),  the concentration drop of the ab- 
sorbing molecules in proportional to the concentration AS, 
ofradiation power absorbed by the gas. This quantity is diffi- 
cult to measure because of the absorption by the cell walls. It 
will be shown in the present section that the radiation loss to 
the walls can be accounted for if the radiation is absorbed by 
the gas and by the walls in a linear regime, with absorption 
coefficients that are independent of the radiation intensity. 

The radiation power densities W, and W, absorbed per 
unit cell length by the walls and by the gas are connected by 
the relation 

where y and a are the coefficients of radiation absorption by 
the cell walls and by the gas. Combining eqs. ( 13 ), ( 14), and 
(20), we obtain 

1 dp A v a  Ww k d a  

p dz v  yp ho a do' 

Equation (21 ) can be easily integrated (a is by assump- 
tion independent of the radiation intensity) : 

p, Av a AS, k d a  In-=----- 
pi v  yp tto a do ' 

wherep, andp, are the concentrations of the absorbing mol- 
ecules at the ends of the cell, and ASo is the radiation power 
density absorbed by the walls, referred to the cell cross sec- 
tion. Combining next Eqs. ( 15) and (22) we obtain 

To determine experimentally the power density S, ab- 
sorbed by the gas it is necessary to measure the radiation 
power at the exit from a cell without gas (S, ) and with gas in 
the cell (S,). Of course, S, should be measured when the 
stationary state of the light-induced separation has already 
been reached. Using (23), we obtain for the power density 
absorbed by the gas 

Without allowance for the radiation absorption by the cell 
walls ( y  = 0) we have AS, = S, - S,. Allowance for ab- 
sorption by the walls increases AS, in our case by 10-15%. 

4. AMMONIA LID MEASUREMENT PROCEDURE 

The LID of ammonia molecules was investigated by 
separating the isotopic modification of NH,. As in Ref. 4, 
the absorbing molecules were I5NH3 (absorption line aR ( 6 ,  
0 )  of Y,  oscillation), and the buffer molecules were I4NH3. 

FIG. 1 .  Diagram of experimental facility for the study of the LID effect: 
1-spherical mirror ( R  = 1 m ) ,  2-cell with gas, 3-valve, 4 and 5- 
proportioning valves, 6-ballast volume, 7-vacuum duct for inlet and 
evacuation of gas mixture, 8-vacuum duct to mass. 

We used the the natural isotope mixture 
lSNH3:l4NH3 = 1:270. 

Ammonia is prone to strong physical adsorption. Un- 
der these conditions, reliable information on the magnitude 
of the LID can be obtained from the stationary values of he 
isotopic enrichment, which we characterize by an enrich- 
ment coefficient p = K,/K - 1, where K, = (p/pb ), is the 
gas composition established by the LID effect, and K = p/ 
p, is the initial composition. Sincep g p b  in the experiments, 
the enrichment is simply connected with the decrease of the 
concentration of the absorbing molecules: 

A diagram of the setup for the LID investigation is 
shown in Fig. 1. The ammonia molecule drift is effected in a 
copper cell with inside diameter 3 mm and length 1.5 m. The 
system had two valves with the aid of which it was possible to 
extract and analyze the compositions of gas batches from the 
cell and from the ballast volume. The isotope composition 
and enrichment were measured with an MI-1201 mass spec- 
trometer. Owing to the strong adsorption of the ammonia 
the measurement of the mixture composition called for re- 
peated "scrubbing" of the analytic part of the mass spec- 
trometer by samples of the investigated mixture. 

The gas composition was determined by measuring the 
I5NH3 and I4NH, ion currents. Serious difficulties were 
raised by the proximity of the peaks of ammonia ("NH,) 
and water, traces of which were present in the vacuum sys- 
tem. It became possible to measure the 15NH3 peak ampli- 
tude reliably at a mass spectrometer resolution -3000 (in 
which case the ammonia and water peak are well resolved). 

To investigate the ammonia LID we used a low-pres- 
sure CO, laser operating on the R 10 line of the CO, vibra- 
tional band 02°0-0001. The rotational bands were selected 
by a diffraction grating in the laser cavity. The laser frequen- 
cy was stabilized by an electronic system setting the CO, 
center at the maximum of the lasing power. The output radi- 
ation power was - 10 W. The linearly polarized CO, laser 
radiation was focused by a spherical mirror ( f = 50 cm) on 
the entrance end of the cell. The confocal parameter (kwi  ) 
past the mirror was 20 cm. The TEMoo mode of the CO, laser 
is effectively converted in the linearly polarized EH,, wave- 
guide mode. The field distribution in the cell was measured 
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in Ref. 8. We calculate the absorption coefficient for the I IOO~V 
EH, , mode from the equation19 A 

where R is the radius of the tube and n is the complex refrac- -2 
tive index n = 14.2 - i64.5 for copper.20 The absorption co- 
efficient of a copper tube with R = 1.5 mm is y = 1.22. lop3 
cm-', and the transmission of a tube 1.5 m long is 0.83. The FIG. 3. Typical plot of absorption spectrum in the tuning range of the 
measured cell transmission was lower, about 0.7. waveguide CO, laser-urve 1 (the arrow shows the position of the center 
This is due to losses in matching the TEM,, mode of the CO, of the CO, laser 9R 10 line). Curve 2 was obtained in the absence of ab- 

laser to the EH, , mode of the waveguide. Clearly, the radi- sorbing gas. 

ation loss to matching hardly distorts the results of the cal- 
culation of AS, from Eq. (24). 

5. MEASUREMENT OFTHE SPECTROSCOPIC 
CHARACTERISTICS 

The approach used in the present paper to the LID 
problem obviates the need for detailed data on the absorbed 
transition of the molecule. To calculate the LID from ( 15) it 
is necessary only to measure the logarithmic derivative of the 
absorption coefficient normalized to the density of the ab- 
sorbing particles. 

The measurement setup is shown in Fig. 2. The radi- 
ation source was a waveguide CO, laser (its description can 
be found in Ref. 2 1 ) using - 1 W of radiation and frequency 
tuning range - 300 MHz. The laser beam passed through a 
collimator (light-beam diameter 6 mm) and was split into 
two. One beam passed through the measurement cell (1.6 
cm diameter, length 40 cm) with the investigated gas and 
was incident on photoreceiver 3. The second beam served as 
the reference and was recorded by photoreceiver 4. The sig- 
nals from the two photoreceivers were processed by elec- 
tronic circuitry in analog form, such that the output signal 
was proportional to the absorption coefficient of the gas in 
the cell. This signal was fed to Yinput of an X-Yplotter. The 
X input was an electric signal proportional to the voltage 
across a piezoceramic element used to vary the length of the 
cavity of the CO, laser. The nonlinearity of the piezoceramic 
was taken into account in the measurement of the frequency 
dependence of the absorption coefficient. 

A typical plot of the absorption-coefficient frequency 
dependence is shown in Fig. 3. Plots of this form, measured 
at different pressures, were used to calculate a-'da/dw at 
the frequency of the center of the 9R 10 line of the CO, laser 
(in view of the large cross section of the measuring cell and 
the low radiation power, t2.e frequency dependence ofp as a 

FIG. 2. Diagram of facility for the measurement of the absorption coeffi- 
cient: I-waveguide CO, laser, 2--cell with gas, 3 and 4--photoreceivers, 
5-differential logarithmic amplifier, 6-x-y plotter, 7-laser-frequency 
control block, 8-beam-splitting plate. 

result of the LID effect can be neglected, and it can be as- 
sumed that (a/p)  - ' d ( a / ~ ) / d w  = a- 'da/dw ) . These 
measurements were made both with gas having a natural 
isotope composition and with enriched gas. 

In another approach to the analysis of LID of molecules 
(see, e.g., Refs. 3, 10, and 16), the laser-frequency function 
aplda/dw is not measured but calculated. It was difficult to 
use this approach for ammonia for lack of unambiguous data 
on the absorption-line parameters. Thus, for example, the 
published data on the deviation of the ammonia absorption- 
line frequency from the CO, laser 9R10 line range from 
R = - 125 MHz (Ref. 22) to R = - 306 MHz (Refs. 23 
and 24). 

6. ANALYSIS OF LID MEASUREMENT RESULTS 

The theoretical LID model and the calculation of the 
radiation power absorbed by the gas, described in the present 
paper, are valid in the absence of field saturation. The gas 
pressure region in which this condition is met was found by 
experiment. Figure 4 shows a plot of a/a, vs the gas pres- 
sure. Here a is the gas absorption coefficient in the separa- 
tion cell (Fig. 1) in a strong fields S-  10' W/cm2, and a, is 
the unsaturated absorption coefficient obtained by measure- 
ments in a weak field S- 1 W/cm2 (Fig. 2). It can be seen 
from the data of Fig. 4 that at pressures exceeding 7 Torr the 
field saturation in the separation cell can be neglected at our 
radiation intensities. 

The model developed above for the LID of ammonia 
molecules contains no free parameters. The validity of the 
model can therefore be verified by comparing with experi- 
ment both the magnitude of the effect and its dependence on 
the parameters of the problem. Figure 5 shows the measured 

a.sh 
T, 

8 ! Torr 

FIG. 4. Ratio of absorption coefficient in the gas in a strong ( a )  and weak 
(a,)  field at various gas pressures in the cell. 
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FIG. 5. Results of measurement (e ) and calculation (solid line) of the 
normalized concentration drop Ap/AS, at various gas pressures in the 
cell. 

and calculated normalized concentration drop Ap/AS, at 
various gas pressures in the cell. The measurement of Ap/ 
AS, consisted of measurement ofP, S , ,  and S, and calcula- 
tion of Ap and AS, from Eqs. (25) and (24). The calcula- 
tion of Aq, /AS, consisted of calculation of AV/Y and mea- 
surement of a - ' d a / d w  at various pressures. 

The data of Fig 5 show that, within the limits of the Ap/ 
AS, measurement errors, the ammonia-molecules LID 
model developed in the present paper agrees with experi- 
ment. The most important are, in our opinion, three circum- 
stances: the validity of relation ( 16), the possibility of calcu- 
lating the factor A D / D  only with allowance for the 
dipole-dipole part of the intermolecular potential, and the 
possibility of determining the first moment of the function 
P(v) by measuring the frequency dependence of the absorp- 
tion coefficient. 

The change of the ammonia-molecule diffusion coeffi- 
cient, determined from the experimental data using Eqs. 
(15) and (16), is A D / D =  (2 .49~0 .11 ) .10 -2  (withafi- 
ducial probability 0.9). In our opinion, the possible system- 
atic error of this quantity does not exceed 10% and is deter- 
mined mainly by the radiation-power-density measurement 
error. 

In conclusion, the authors thank F. Kh. Gel'muk- 

hanov, A. I. Parkhomenko, A. M. Shalagin, and D. A. Sha- 
piro for support and for helpful discussions. 
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