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Observation of Surface Light-Induced Drift
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In a one-component low-pressure gas, velocity-selective excitation can produce a drift due to state-
dependent molecule-surface interaction. The first observation of this effect is reported for rovibrationally
excited CH;F colliding with quartz. Experiments involving different rotational sublevels within the v; vi-
brational band indicate a strong dependence of the effect upon rotational quantum number.

PACS numbers: 34.50.Ez, 42.50.Vk, 47.45.Nd

In an atomic or molecular gas one can achieve veloc-
ity-selective excitation by tuning a narrow-band laser
within the Doppler-broadened absorption profile. This
gives rise to a new class of gas-kinetic effects, when there
is a difference in interaction between excited- and
ground-state particles with respect to their collision
partner. In the case that the collision partner is a
buffer-gas particle, a state-dependent collision rate gives
rise to light-induced drift. This phenomenon, predicted
in 1979 by Gel’'mukhanov and Shalagin,! has been
demonstrated in both atomic and molecular systems.? It
can take spectacular forms, as shown by Werij et al. (op-
tical piston,® optical machine gun*). However, state-
dependent interaction can also occur in gas-wall col-
lisions. In that case, light-induced drift should be ob-
servable in a one-component rarefied or Knudsen gas, as
pointed out by Ghiner, Stockmann, and Vaksman.® In
this Letter we report the first experimental observation
of this effect, which may be called surface light-induced
drift.

The principle of the experiment is illustrated in Fig. 1.
A one-component gas is contained in a capillary at such
low pressures that collisions with the wall dominate
(Knudsen regime). A laser beam shines through the
bore of the capillary (taken along the x axis) and is par-
tially absorbed. By our tuning the laser in the Doppler-
broadened absorption profile, particles are excited in a
narrow velocity class around v, =A(v; —vy). Here A
and v, are the wavelength and the frequency of the laser
light and vyg is the frequency of the transition. If the ac-
commodation coefficient for transfer of parallel momen-
tum to the wall is state dependent, the momentum
transfer from the excited particles with vy, =v,; will not
be balanced by that from their ground-state counterparts
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The principle of surface light-induced drift mea-

FIG. 1.
surements.

with vy = —v,,. Consequently, the gas will drift in the
direction of the particles having the smaller accommoda-
tion. In a closed-tube configuration, this drift will result
in a pressure difference §p=po, — pin between the two
ends of the tube. In the stationary state, one finds for
the relative pressure difference Sp/p, in an elementary
model requiring the net momentum transfer between gas
and boundaries to vanish,

Sp _ _4nera L

» - R(ae—ag). (n

Here n./n is the fraction of excited particles in the
selected velocity group around vy, ¢ =(8kT/zm)'? is
the mean thermal speed, L/R is the ratio of length to ra-
dius of the capillary, and a, — a, is the difference in ac-
commodation coefficients between excited and ground
states. Note that the sensitivity for detection of small
values of a, —a, is dramatically increased by the ap-
paratus geometry through L/R.

The experiments were performed on the symmetric-
top molecule CH3F. It has an absorption band around
9.5 um originating from rovibrational excitation (v;
mode or C-F stretch). For the isotopic species '*CH3F,
the strong absorption line R(4,3), ie., v=0—1,
J=4— 5, K=3— 3, is nearly coincident with the 9P 32
line of a CO; laser, the mismatch being only 26 MHz
[see Fig. 2(a)]. With use of a grating-tunable cw CO,
waveguide laser with a tuning range of 250 MHz, the
full R(4,3) absorption profile is easily covered since its
Doppler width at room temperature is 65 MHz
(FWHM). This Doppler width is under typical experi-
mental conditions an order of magnitude larger than the
homogeneous linewidth, which has contributions both
from pressure broadening (0.26 MHz/Pa or 37 MHz/
Torr FWHM, cf. Panfilov, Strunin, and Chapovskiis)
and from power broadening (3 MHz cm W ~'2 cf.
Riegler et al.®).

The gas is contained in a temperature-controlled
quartz capillary with dimensions L =300 mm and R
=0.75 mm, yielding a value of L/R=400. A differ-
ential capacitance manometer with a sensitivity of 10 ~¢
Torr is used to measure the pressure difference §p. Two
thermopile power meters monitor the laser power
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FIG. 2. (a) Doppler-broadened absorption profile of *CH3F
near the 9P32 laser line. This spectrum was computed from
the data given in Ref. 6; the position of the 9P 32 line was tak-
en from Ref. 7. At the left, one notices the tail of the R(4,2)
line, centered at —131 MHz. (b) Typical recorder trace of the
observed pressure difference vs laser detuning Ave oy, relative
to the center of the absorption line R(4,3). Pressure p =0.030
Torr, laser intensity /=5 W/cm?2.

upstream and downstream from the cell. This provides a
measurement of the absorption in the gas, from which
the excited-state fraction n./n is to be deduced (see
below). A thermocouple measures the temperature
difference between the two ends of the quartz capillary.
This signal is used to correct for small spurious effects
originating from thermal transpiration due to uneven
heating of the capillary.

In the experiment, the CO; laser is scanned through
the Doppler-broadened absorption profile, the laser
power entering the cell being typically 107! to 1 W,
The pressure drop along the tube as a function of the fre-
quency detuning is recorded in real time since the
response time of the system is short (=12 s in the low-
pressure limit). A typical result of such a scan is shown
in Fig. 2(b). It is seen that the observed pressure
difference is odd in detuning Aveuv,, in accordance with
Eq. (1). The slight asymmetry of the signal is largely
due to the neighboring R(4,2) line [see Fig. 2(a)]. For a
quantitative analysis of the observed pressure difference,
the maximum of the effect, 8p,./p [cf. Fig. 2(b)], is nor-
malized by the excited fraction n./n. To this end, n, is
determined from the number of photons per second ab-
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FIG. 3. Values of the maximum observed pressure dif-
ference for positive detuning [cf. Fig. 2(b)], normalized by the
excited fraction, as a function of pressure, for the transitions
R(4,3) and Q(12,2). Additional preliminary experiments for
the weak absorption line P(24,13) yield large positive effects
(not shown). Laser intensities /=110 W/cm? (triangles),
I=60 W/cm? (filled circles), =5 W/cm? (open circles).

sorbed in the gas, which equals AP/hv, with AP the ab-
sorbed power and hv the photon energy. In the Knudsen
limit, where all excited particles reach the wall of the
tube in the selected velocity group and internal state, this
number must equal the flux of excited particles, 3 n,z,
multiplied by the capillary inner surface area (note that
the radiative lifetime is long, = 1 s). After straightfor-
ward substitutions, one finds
ne mov _Af_

n 4RLpa, hv’ (2)

with m the particle mass. This is essentially constant
throughout the tube since absorption is small (typically
1% to 10%). On the right-hand side of Eq. (2), a, has
been included to allow for molecule-wall collisions in
which the particles remain in the selected velocity group
around vy, while preserving their excited state. Al-
though Eq. (2) is strictly valid only in the Knudsen limit,
it was used throughout since in this paper we focus on
the Knudsen-limit value of the data. The value of n,/n is
found to be on the order 10 ~3 at most, because the rela-
tive population of the rotational sublevels involved is only
8% 10 ~? in thermodynamic equilibrium.

The resulting data for (8p,,/p)(n./n) ~' vs p are given
in the lower part of Fig. 3. It is seen that the effect tends
to a constant value in the low-pressure limit. From this
value one can, using Eq. (1), obtain the difference in ac-
commodation coefficient for parallel momentum,

(ae—ag)/a=+1.3x1077, (3)

between molecules in the vibrationally excited state
(v,J,K)=(1,5,3) and those in (v,J,K) =(0,4,3).

In order to assess the role of the rotational levels in-
volved, additional experiments were performed on two
transitions involving different rotational sublevels. First,
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the Q(12,2) line in 2CH,F was studied, which has a
near coincidence with the 9P20 laser line.® The results
are also given in Fig. 3. It is seen that the data behave
markedly differently from the R(4,3) case, the effect
tending to zero in the low-pressure limit (the observed
pressure dependence away from the Knudsen limit will
be discussed in a forthcoming paper). This indicates
that the difference in a between molecules in the states
(v,J,K)=(1,12,2) and (0,12,2) is very small (S0.1
x1073). Finally, data were obtained on the P(24,13)
transition in '*CH3F, with use of the 10R 30 laser line.
Although absorption is weak in this case and experimen-
tal uncertainties are thus large, these data clearly show a
large positive effect, opposite to that observed for the
R(4,3) line. Consequently, the value of a for molecules
in the state (v,J,K)=(1,23,13) is considerably smaller
than in (v,J,K) =1(0,24,13).

These experiments suggest, somewhat surprisingly,
that a depends only weakly on the vibrational quantum
number but increases more than linearly with increasing
rotational quantum number. The underlying mechanism
is not yet clear. A rotational-state-dependent trapping
probability seems unlikely as the major mechanism, since
experimental evidence'? on the system NO/Ge as well as
physical arguments'®!'! suggest an effect with the oppo-
site sign. The rotation-translation coupling in the direct
inelastic-scattering channel may therefore be a more
likely possibility.

In conclusion, these experiments provide the first mea-
surements of surface light-induced drift. This phenom-
enon may be regarded as a new tool to study the
internal-state-dependent molecule-wall interaction. It is
very sensitive to the coupling between the incoming
internal state and the outgoing trajectory. In this sense
it is complementary to molecular-beam experiments,
which are less sensitive to subtle changes in the average
outgoing velocities. Furthermore, we conclude that for
CH;F the accommodation coefficient for parallel mo-

mentum is state dependent. These preliminary results
show that it depends more strongly on the rotational
than on the vibrational state of the molecule. Further
experiments are in progress.
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