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The accommodation coefficient in terms of the tangential momentum depends on the vibrational- 
rotational state of the molecule. As a result, a free-molecular drift of the gas arises in a laser beam. 
This drift can be exploited to determine the difference between the accommodation coefficients 
for the molecules at the walls of a vessel. It is shown that the conventional experimental method 
has a limited range of applicability and can result in large errors. The physical reason for the 
occurrence of errors is identified. Ways to minimize these errors are found. Requirements which 
would have to be met for an experimental test of the conclusions reached here are formulated. 

Excited molecules (e)  and ground-state molecules (g) is the Boltzmann constant; p, and T are the gas pressure 
differ in the accommodation coefficient in terms of the tan- and temperature; uo = u,7~'/~/2; and p ( a )  is a function in- 
gential momentum at the walls of a vessel (a, #a,).  As a troduced in Ref. 6. It is given by 
result, a free-molecular drift of the gas arises in a laser r 
beam.Ix2 This drift can be exploited to determine the relative J ~ V P  (v) dv cp(Q)=-- 7 P(v)-.  f M  (v) 
difference between accommodation  coefficient^.^-^ The ac- 
commodation coefficient changes only slightly in the case of kvo J p(v)dv rB2f ( Q - ~ V ) ~  

IR excitation. The drift velocity is proportional to the quan- 
tity (a, - a,)/a, and is very low. Experimentally, one can 
measure the pressure drop3-5 SpO which arises between the 
ends of a vessel with closed ends and which causes a free- 
molecular Poiseuille flow in the direction opposite the drift. 
There is also a direct proportionality between (a, - a, )/a, 
and Sp, . 

Since the velocity of the Poiseuille free-molecular flow 
is determined completely by the geometry of the vessel, the 
gas pressure and temperature, and the pressure drop 6p0, all 
that we need in order to find (a, - a, )/a, is the coefficient 
of the proportionality between the quantity (a, - a,)/a, 
and the velocity of the light-induced drift in a vessel with 
open ends. The accuracy of an experiment is determined by 
the sensitivity of the apparatus, the ability to measure ex- 
tremely small pressure drops (pressure drops as small as 
10-3-10-4 Pa could be measured under the experimental 
conditions of Refs. 3-5), and the accuracy with which this 
proportionality coefficient is known. A novel method for 
determining this coefficient was proposed in Refs. 3 and 4. 
The following expression was derived for the drift velocity in 
Ref. 4 under the assumption that the absorption line has a 
field-broadened Voigt profile: 

where 

ye,, = ae,gv,/d is the average rate of Maxwellizing colli- 
sions of the molecules with the vessel walls; u, is the average 
thermal velocity of the molecules; d is the diameter of the 
vessel; p(v)dv is the probability for the excitation per unit 
time of molecules in the interval v, u + dv ; n = po/k, T; k, 

Here k is the wave vector of the light, is the detuning of 
the laser light from the central frequency of the transition 
line, f, ( v )  is a Maxwellian velocity distribution of the mole- 
cules, I?, = T(1 + x )  'I2, I? is the collisional half-width of 
the absorption line, and x is a saturation parameter. 

The quantity E,/n was determined in Refs. 3 and 4 from 
experimental data on the total power A W ( A  W< W )  ab- 
sorbed over the length of the vessel, L (L  d) ,  from the ob- 
vious formula 

where S is the cross-sectional area of the vessel, and w, is 
the frequency of the laser light. 

Expression ( 1) follows from the simple in 
which the free-molecular kinetic equations with convection 
terms7 are replaced by spatially uniform equations in which 
the boundary conditions are expressed in terms of the aver- 
age rate of Maxwellizing collisions of molecules with the 
walls: 

np(v) --vefe(v) + ve (1-y) nefM(v) =0, 

-.P (v) -v$g(v) f (vgng+~eney)fi\l (v) =O, 

Heref, and f, are velocity distributions in the excited and 
ground vibrational states, and y is the fraction of quenching 
collisions at the wall. 

It  is implicitly assumed in this model that the accom- 
modation coefficients a, and a, are certain average charac- 
teristics of vibrational levels e and g, the same for each rota- 
tional sublevel, but dependent (as was shown in Refs. 3 and 
4)  on the particular vibrational-rotational transition Ig, J )- 
I e, J ') which is excited. 
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In the method of Refs. 3 and 4, one can ignore the rota- 
tional relaxation of the molecules at the vessel walls (about 
which little is known). Without specifying the function 
p(u),  one can restrict the analysis to the equations for two 
vibrational levels. The model on which that method is based, 
however, does not contain convection terms, so it ignores the 
variations in the functionsf, and& across the vessel. It thus 
does not give a completely correct description of the defor- 
mation of the distribution functions. Since it is this deforma- 
tion which determines the drift velocity, the accuracy of the 
method of Refs. 3 and 4 is not known at the outset and must 
be analyzed. We attempt such an analysis in the present pa- 
per. 

A correct description of the drift of a molecular gas in a 
laser beam, which excites an individual vibrational-rota- 
tional transition Ig, J )-le, J'), requires using the equations 
and the associated boundary conditions for each quantum 
state of the molecule. If the model of rotationally strong 
collisions is used for the rotational relaxation of the mole- 
cules at the wall, and if the geometry of the vessel is also 
simplified to a plane geometry, the equations describing this 
problem become 

Here G = Ep/2fi, E is the electric field amplitude, p is the 
matrix element of the transition dipole moment, q, is the 
equilibrium fraction of the molecules which are in rotational 
sublevel j, and aj, J ,  and 6j.i are Kronecker deltas. 

Summing (5 ) and (6)  over j ' and j, respectively; com- 
bining the results; and noting that the function f = f, + f, is 
independent of y and symmetric with respect to uy [as fol- 
lows from (3)-(4) 1, we easily find 

A summation of (5)  over j ' # J '  leads to 

where, according to (3),  the overall distribution function 
among the rotational sublevels not at resonance with the 
light is independent of y and is symmetric with respect to vy . 
We can thus write 

from which we find 

and 

The accommodation coefficient a, is usually close to 
one. In particular, for the interaction of I3CH, F molecules 
with a quartz surface, as in the experiments of Refs. 3 and 4, 
we would have a, ~ 0 . 9 5 .  In this case the coefficients a, and 
a, can be interpreted as the accommodation coefficients of 
molecules in vibrational-rotational levels which are at reso- 
nance with the light. 

Integrating Eqs. (3)-(4) under boundary conditions 
(5)-(6) for j' = J' and j = J, we easily find, in the zeroth 
approximation in ( 1 - a, ) and ( 1 - a, ) , 

The drift velocity is found from (7 ) and (8 ) and is given 
by the simple formula 
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TABLE 11. 

r t k ~ , ~  I rfjlkwo 

I 

where a, is the actual accommodation coefficient, and af is 
Here and below, all velocities are expressed in units of v,; the accommodation coefficient found experimentally. With- 
V=V/V,; andP:(V,) = P,(u,)d/v,. out any loss of generality, Eq. (12) can be extended to the 

Equations (8) and (9) can be used to find the total case in which the light intensity varies across the cell. It can 
power absorbed over the length of the vessel and thus to find be shown that the expression P, (v, ) (y & d /2) in (8)  is re- 
E,/n. Finally, expression (2 ) for E,/n becomes placed by J$ d / 2  P, (ux  )dy, and the function P: ( V, ) in 

CJ 
( 12) is determined by the average light intensity over the 

1 cross section. %=-$ n 2 n - _  k- ~,12~.*(~,)1)exp(-~:)d~, . The results of numerical calculations from (12) for a 
wide range of parameter values are shown in Tables I and 11. 
Table I shows the evolution of the ratio 

According to ( 1 ), the model of Refs. 3 and 4 gives the drift (a, - a,)/(af - a,) with the light intensity; the gas pres- 
velocity as 

sure is constant, and we have T/kv, = 1.10 - 3. The calcula- 
tions were carried out for R/kv, = 0.667. The quantity 

U , = -  (ae-,) p 
---cP(&) P: ( Vxo ) = x/rl'* is the value of P f ( V, ) at the absorption 

a, 2n" 
resonance. Table I1 corresponds to the case in which the gas 

rn 
pressure is varied at a constant light intensity. The detuning 

X J 1;- J ~ [ ~ P ~ ( V , ) I } ~ X ~ ( - V ~ . ' ) ~ V . .  ( 1 1 of the light frequency from the center of the absorption line is 
-- CJ the same: - R/kv, = 0.667. 

The pressure drop 8p, measured under the given condi- 
tions and for the given experimental geometry determines 
uniquely the velocity of the Poiseuille free-molecular flow. 
This velocity is equal to the velocity of the light-induced 
drift. In general, the only way to bring the light-induced drift 
velocities found from Eqs. ( 10) and ( 11 ) into equality is to 
use different values of a,. We then easily find 

Three important conclusions can be drawn from the 
results in Tables I and 11. First, in the situations typical of 
the experiments the error in the determination of the differ- 
ence between accommodation coefficients can exceed 100%. 
Second, the magnitude of the error is determined by the val- 
ue of a single parameter: - T,/kv,. As T,/ku, tends to- 
ward unity, the error in the determination of the difference 
between accommodation coefficients decreases. For the val- 
ue rB/kvo = 0.941, the equality (a, - a, )/(a: - a, ) = 1 
holds very accurately (Table I ) .  Several calculations were 
carried out with TB/kv0 = 0.941 and various values of 
T/kv, and R/ku, to see just how general this behavior is 
(Table 111). The results show that the ratio 
(a, - a , ) / (aF  - a,) is equal to one in all cases, with an 
accuracy satisfactory for the experiments. Third, since the 
ratio (a ,  - a,)/(af - a, ) changes by an amount equal to 
its own value over the interval T,/ku, = 0.1 - 1, very dif- 
ferent values of (a: - a,)/a, should be found as the gas 
pressure or the light intensity is varied over a broad range 

TABLE 111. 
I I 
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corresponding to this interval of T,/kv, values. An experi- 
ment formulated in this manner would double as a check of 
the method of Refs. 3 and 4 and as a check of the conclusions 
of the present paper regarding the role of the convection 
terms. If the effect predicted above is indeed seen, one can 
assume that this analysis represents the method of Refs. 3 
and 4 correctly. One can also suggest that the error of the 
method is indeed at a minimum under the condition 
T,/kv, =: 1 and that one should attempt to satisfy this condi- 
tion in planning experiments. For molecules with closely 
spaced rotational levels, it may be difficult to adhere to this 
recommendation, because nearby lines would come into 
play in the absorption. 

In the experiments of Refs. 3 and 4, r,/kv, was varied 
over a narrow interval of values. Although there is an error 
of 70-100% in the determination of (a, - a, )/a,, it cannot 
be seen. In the interval T,/kv, = 0.22 - 0.35 [the 0- 1 
transition of the v, mode, the R (4,3) line of the I3CH,F 
molecule; excitation by the 9P(32) line of a CO, laser; 
R/kv, = 0.6671, the ratio (a, - a, )/(a: - a,) varies by 
less than 15%. If we incorporate in (2),  along with v,, the 
finite collision rate which prevails in a gas under actual ex- 
perimental conditions (as in Ref. 4),  the ratio 
(a, - ag )/(a: - a, ) remains essentially constant over the 
entire pressure range, and the error is not seen. Measure- 
ments carried out at T,/kv, 5 0.1 were also reported in 
Ref. 3. Unfortunately, those results were obtained at the lim- 
it of the capabilities of the measurement apparatus, and they 
cannot be used for comparison because of their large error. 

One might suggest that the reason for the increase in the 
experimental error with decreasing T,/kv, < 1 is as follows. 
Under the condition T,/ku, < 1, the only molecules which 
can be excited are those which traverse the distance d be- 
tween the walls of the vessel at a low velocity vy. There is an 
increase in the relative contribution to the drift velocity of 
molecules for which the condition v,, < v, holds. In this case 
the effective rate of Maxwellizing collisions is lower than the 
rate v, =: vT/d in the model of Refs. 3 and 4. It follows from 
( 1 ) and from the definition of Ti, that the use of a higher rate 
v, (higher than the effective rate) would have the conse- 
quence that the difference between accommodation co- 
efficients found from the experimental data would be exag- 
gerated. 

In an experiment in which the geometric parameters of 
the vessel are fixed, it is difficult to vary the gas pressure over 
a wide range. A lower limit is set on the pressure by the 
sensitivity of the pressure gauge, since under otherwise equal 
conditions the pressure drop Sp, which can be measured 
experimentally decreases with decreasing gas pressure. The 
maximum permissible gas pressure is set by the condition 
A W< W, which is imposed by the method of Refs. 3 and 4. 

Since the absorbed power increases with increasing pressure, 
while the minimum measurable value of A W is fixed and 
depends on only the capabilities of the measurement appara- 
tus, there is an upper limit on the gas pressure. These diffi- 
culties can be overcome by raising the sensitivity of the appa- 
ratus or by carrying out experiments in vessels of various 
lengths, so that A W can be maintained within the given 
range. 

Since the conditions for free-molecular drift must be 
satisfied in order to keep the experiments "clean," yet an- 
other upper limit is imposed on the gas pressure. In particu- 
lar, despite the fact that the region of the lowest pressures in 
the experiments of Refs. 3 and 4 corresponded to Knudsen 
numbers Kn = 4-2, and collisions in the gas were fairly in- 
frequent, the drift conditions were not free-molecular condi- 
tions. This point can be understood easily by noting that the 
extent to which a gas is rarefied is determined in this case by 
the effective rate at which molecules collide with the walls, 
divided by the collision rate in the gas. Since the effective 
rate under the experimental conditions of Refs. 3 and 4 was 
much lower than the average rate, the effective Knudsen 
number was approximately one, and it would be incorrect to 
determine the difference between accommodation coeffi- 
cients from the free-molecular formulas. Experiments with 
vessels of various diameters provide an additional possibility 
for controlling the extent to which the gas is rarefied and for 
expanding the range of pressures which can be used. 

Over the interval r,/kv, = 0.1-1, the drift velocity is 
on the order of the drift velocity in the experiments of Refs. 3 
and 4, and there are no fundamental difficulties in varying 
the light intensity over a wide range. 

Finally, we should point out that a general requirement 
on the gas pressures and light intensities is set by the inequal- 
ity Sp, bpL = A W/Sc, where p, is the radiation pressure, 
and c is the velocity of light. This inequality was satisfied by a 
wide margin in the experiments for Refs. 3 and 4. 

I wish to thank M. N. Kogan for interest in this study 
and for useful discussions. 
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