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Two-Photon Evanescent-Volume Wave Spectroscopy: A New Account
of Gas-Solid Dynamics in the Boundary Layer
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A novel type of laser spectroscopy for the investigation of the collisional dynamics of atoms in the
close vicinity of a surface has been developed. The technique utilizes excitation of the vapor atoms in
two crossed laser fields, one of which is directed normally to the surface, whereas the other one excites an
evanescent wave propagating along the surface. The results, obtained for sodium atoms near a dielectric
prism surface, are quantitatively reproduced by a rigorous theoretical approach. This new, nonintrusive
method allows one to distinguish by pure optical means between different groups of atoms and to extract
their two-dimensional velocity distributions.
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Processes running in the boundary layer at a gas-solid
interface play a crucial role for a thorough understanding
of surface dynamics, e.g., in the context of surface chemi-
cal reactions or momentum and heat transfer between a gas
flow and a streamlined surface. Also, laser-induced inter-
face phenomena to a great extent depend on the relaxation
of excited gas molecules in the boundary layer. In all such
cases one has to discriminate between the gas flux arriving
at the surface and the one departing from it. This condition
is easily fulfilled under molecular beam conditions. How-
ever, as the gas pressure increases, the methods developed
in surface science for this purpose become inappropriate.
This is the essence of the so-called “pressure gap” prob-
lem in heterogeneous catalysis. Conventional optical tech-
niques also cannot be applied because the signal from the
boundary layer is negligible as compared to the one from
the gas volume.

An attractive new tool for such studies is evanescent
waves (EW’s) which propagate along the gas-solid inter-
face [1,2]. They can be excited in total internal reflection at
a transparent dielectric surface. On a metal or a semicon-
ductor surface such waves can exist as surface polaritons
[3]. Another case where the signal arises from the gas
atoms in the vicinity of the surface is selective reflection
at near normal incidence [4–6]. In both cases the opti-
cal response of the gas is essentially transient since the
atoms which have undergone collisions with the surface
contribute strongly to the spectrum [7–9]. An extension of
this technique to cascade three-level atomic systems allows
one to observe a new type of reflection resonance associ-
ated with atoms desorbing from the surface. Hence the
one-dimensional velocity distribution of the atoms along
the normal to the surface can be monitored [10,11]. The
transient contribution of the atoms desorbed from the sur-
face can be even dominant when one observes fluorescence
in the EW field [12]. A two-photon fluorescence spec-
trum excited by two counterpropagating EW’s then is very
sensitive to the velocity distribution function of the atoms
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leaving the surface. This made it recently possible to con-
firm Knudsen’s cosine law for surface desorption by spec-
troscopic means [13].

An advantageous feature of the EW is that its penetra-
tion depth into the gas is of the order of the wavelength of
the exciting wave and thus can be easily made smaller than
the mean free path of the atoms in the gas even for rela-
tively high gas pressures. On the other hand, if one excites
the gas by a wave traveling normally to the interface (i.e.,
a volume wave), a spectral distinction between gas atoms
moving to the surface and those which move away from
the surface becomes possible. Combining now an evanes-
cent and a volume wave in a two-photon excitation scheme
one can spectrally distinguish between the contributions of
atoms just before they collide with the surface and just af-
ter they leave it. The Doppler-broadened two-photon line
shape then will contain comprehensive information about
the dynamics of the atoms interacting with the surface.
Namely, it will directly provide the two-dimensional ve-
locity distribution functions of different groups of atoms.
In the present work we experimentally realize this idea
and theoretically analyze the results for the first time for a
model system, sodium (Na) vapor near a glass surface.

The experimental setup consists of a truncated glass
prism, mounted on a heatable and coolable manipulator
in an ultrahigh vacuum chamber, as well as two frequency
tunable, single mode ring dye lasers with a linewidth of
3 MHz. The evanescent wave is excited at the glass prism
surface at an angle in the vicinity of the critical angle for
total internal reflection, whereas the volume wave propa-
gates perpendicularly to the prism surface via the truncated
apex of the prism towards the vacuum side [14]. One of
the waves (from laser 1) is resonant to the 3S1�2 √ 3P3�2
Na atomic transition and the other one (from laser 2) is
resonant to the 3P3�2 √ 5S1�2 transition. We have investi-
gated two configurations: (i) laser 1 excites a volume wave
and laser 2 excites an EW (the so-called “normal configu-
ration”) [Fig. 1(a)] and (ii) the character of the waves is
© 2001 The American Physical Society
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FIG. 1. Geometry of the experimental setup: the “normal”
(a) and the “inverse” (b) configurations.

exchanged (the “inverse configuration”) [Fig. 1(b)]. In
both cases the frequency of laser 1 is fixed whereas the
frequency of laser 2 is scanned across the resonance with
the upper transition. The flux of sodium atoms reaches the
prism surface at an angle u0 � 55 6 5± with respect to the
surface normal. The flux is directed in the plane of inci-
dence of the laser beam exciting the EW along its propa-
gation direction. It determines the velocity distribution
function of the atoms arriving at the surface. Repre-
sentative two-photon fluorescence spectra obtained in the
normal configuration are shown in Fig. 2. For negative
detunings of laser 1 from the resonance with the lower
transition �3S1�2�F � 2� √ 3P3�2� besides the Doppler-
broadened line a narrow peak is observed, which is situ-
ated at the right wing of the broad line. The position of
this latter peak changes when the detuning of laser 1 varies.
For positive detunings the intensity of the narrow peak sig-
nificantly decreases. In the inverse configuration (Fig. 3)
a similar narrow peak can be seen for positive detunings
of laser 1, but this time it is located at the left wing of the
Doppler-broadened line. For negative detunings the peak
disappears. In this configuration the broad line is split into
two components. The separation between the two max-
ima does not depend on either the detuning or the laser
intensities.

Let us choose the x axis to be along the EW wave vec-
tor and the z axis to be along the normal to the surface
towards the vacuum side. Then the two-photon resonance
conditions allow one to identify contributions of different
groups of atoms specified by the signs of the velocity com-
ponents yx and yz or, in other words, by a quadrant in the
plane �yx , yz�. Based on these conditions we can identify
the narrow line in the fluorescence spectra as a contribu-
tion of the atoms emanating from the source. A plot of
the position of this peak as a function of the detuning D1
of laser 1 with respect to the lower transition frequency
results in a linear dependence with a slope corresponding
to an angle of 53±. This value agrees within error bars
with the measured value for the angle between the axis of
the atomic flux and the surface normal. The slight differ-
ence means that the spot on the prism surface illuminated
by the lasers does not exactly coincide with the maximum
flux intensity. In the inverse configuration, for negative
detunings of laser 1, the narrow peak disappears because
the resonance condition for the lower transition is fulfilled
only for atoms with yx , 0, whereas the atoms from the
source obey yx . 0. However, on the left wing of the fluo-
rescence line a broad contribution is observed which arises
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FIG. 2. Two-photon fluorescence spectra observed in the “nor-
mal configuration” (dots). Laser 1 power P1 � 15 mW, laser 2
power P2 � 15 mW, and D1 � 2800 MHz, surface tempera-
ture T � 396 K (a); D1 � 800 MHz, T � 399 K (b). The
fits are obtained for a Rabi frequency for the lower transi-
tion V1��2p� � 90.5 MHz and for an EW penetration depth
d � 196 mm. The contributions of different groups of atoms
are shown separately: atoms flying directly from the dispenser
(gray line), atoms scattered before the surface (dashed line),
and atoms desorbed from the surface (dash-dotted line). In (b)
two calculated spectra are presented: for the sticking probability
s � 1 (thick solid line) and for s � 0.5 (thin solid line).

also from atoms moving to the surface. This observation
reveals that the atoms emitted by the source have under-
gone collisions with each other before they reach the sur-
face. We have confirmed this conclusion by a measurement
of the one-photon fluorescence spectrum of the atomic flux
from the source in a cell in the direction perpendicular
to the flux. Note also that the mean free path of sodium
atoms from the source is about 4 cm, i.e., comparable to
1491
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FIG. 3. Two-photon fluorescence spectra observed in the “in-
verse configuration” (dots) at P1 � 53 mW, P2 � 15 mW, and
T � 407 K: D1 � 0 MHz (a); 200 MHz (b). The fits (solid
lines) are obtained for V1��2p� � 275 MHz, d � 196 mm,
pii � 1, and pei � 0.01. The other notations are as in Fig. 1.

the distance between the source and the surface, which is
3 cm. Thus we can specify four different groups of atoms,
which contribute to the two-photon spectra: those, which
emanate from the source, those, which undergo collisions
before the surface, those, which are diffusely and those
which are specularly scattered by the surface.

Let us now perform a quantitative analysis of the data
by applying a rigorous theory of two-photon fluorescence
in crossed evanescent and volume waves [15]. We shall
consider the functions pii and pei (see [13]), which deter-
mine the effective power broadening and Stark splitting in
an EW field, and the penetration depth of the EW, d, as
fitting parameters.
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An important output of the following quantitative com-
parison between theory and experiment is two-dimensional
velocity distribution functions of the atoms close to the sur-
face. Extensive measurements and calculations have led to
the following choice of distribution functions: For the
contribution of atoms from the source without collisional
interactions and for specularly scattered atoms we use a ve-
locity distribution function which has been confirmed by
one-photon fluorescence spectra measured in a cell in the
directions along the flux and perpendicular to it [15]. It
can be represented as

fd�y� �
1
C

y2 cos�u 2 u0�
y2 sin2�u 2 u0� 1 w2
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∑
2
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where C is a normalization constant, u � 53±, w � 1.1 3

104 cm�s is a width along the normal to the flux axis,
and yd � 8.0 3 104 cm�s is the most probable veloc-
ity determined by the temperature of the dispenser, Td �
900 K. For the contribution of the atoms emanating from
the source but scattered in front of the surface we use a
Maxwellian distribution function with an effective tem-
perature Tds as a fitting parameter. Finally, the velocity dis-
tribution function of the atoms diffusively scattered from
the surface is supposed to obey Knudsen’s cosine law and
can be written as follows:
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with yT the most probable velocity determined by the sur-
face temperature T . We have considered only the reduced
distribution functions which do not depend on the yy com-
ponent because the integration over yy gives a factor of
unity due to the planar geometry of the vapor excitation.

The results of numerical calculations and the relevant
values of the parameters are shown in Figs. 2 and 3. First,
a fit was obtained for a single spectrum in the inverse con-
figuration [Fig. 3(a)]. The other plots were obtained us-
ing the detuning of laser 1 given by the measurement and
keeping all other parameters constant. For the calcula-
tion of the spectrum in the normal configuration (Fig. 2)
we have used the same values of the parameters, except
a change of the intensity of laser 1 which differs between
evanescent and volume wave. The extraordinarily good
agreement between theory and measurement confirms that
all contributions have been properly identified. The fit
for the inverse configuration gives the effective tempera-
ture of the ensemble of atoms emanating from the source
which have been scattered after collisions with each other,
Tds � 260 K. In this configuration one scans the velocity
distribution along the normal to the surface. Therefore the
calculated value of Tds should be associated with the cross
section of the velocity distribution in two dimensions by
the plane yx � const. Another cross section by the plane
yz � const is obtained in the normal configuration. For
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negative detunings of laser 1 [Fig. 2(a)] the fluorescence
spectrum arises from the atoms arriving at the surface. The
broad fluorescence line is asymmetric: the right wing origi-
nates from the contribution of the atoms with yx . 0 and is
broader than the left wing, which originates from the atoms
with yx , 0. There is a slight discrepancy between theo-
retical and experimental data at the right wing of the fluo-
rescence line, which can be attributed to a broader velocity
distribution for yx . 0 compared to that for yx , 0. This
conclusion is quite reasonable. Since the distance between
the source and the surface is comparable with the mean
free path the velocity distribution of the atoms scattered
by collisions with each other is essentially nonequilibrium.
Hence it cannot be described by a Maxwellian distribution
function. The velocities rather have some preferable direc-
tion along the initial atomic flux. The same reason causes
the slight discrepancy between theory and experiment for
the case of large positive detunings [Fig. 2(b)]. Here the
frequency of laser 1 is somewhere in between the energetic
positions of the two hyperfine sublevels of the ground state
3S1�2. This means that for the upper sublevel the detun-
ing is positive, whereas for the lower one it is negative.
Hence both arriving and departing atoms contribute to the
spectrum.

A remarkable feature of the fluorescence spectra is that
they are qualitatively different in the normal as compared
to the inverse configurations: the broad line in the former
case has a single maximum, whereas in the latter case it
is double peaked. The reason for this variation is the fac-
tor yz in the velocity distribution function of the atoms
desorbing from the surface which expresses Knudsen’s
cosine law. In the normal configuration the velocity dis-
tribution is scanned along the surface and this factor does
not influence the spectrum. In the inverse configuration
one follows the velocity distribution in the direction per-
pendicular to the surface and this leads to a dip in the spec-
trum arising from small yz .

We have assumed throughout that the atoms arriving
at the surface stick on it with probability unity. If this
probability is smaller than unity, then one could observe
a narrow line whose spectral position can be undoubtedly
identified in the normal configuration with positive detun-
ing [Fig. 2(b)]. From the present data we conclude that
the sticking probability for Na atoms at a glass surface is
practically 1 even at slightly elevated surface temperatures
(407 K).

In conclusion, we have investigated the two-photon fluo-
rescence spectra of Na vapor in the close vicinity of a
dielectric surface. The atomic vapor was in thermodynami-
cal nonequilibrium: the atoms desorbed from the surface
could be characterized by Knudsen’s cosine law, i.e., were
in equilibrium with the surface temperature; the veloc-
ity distribution of the atoms arriving at the surface were
dictated by the sodium source. Using our spectroscopic
technique we were able to distinguish between the contri-
butions from different groups of atoms and to derive de-
tails of their velocity distributions both normally to and
along the surface. Hence such a technique opens up the
unique opportunity to reconstruct the velocity distributions
of atomic fluxes approaching to and departing from the
surface in the boundary layer of a gas. Once these dis-
tributions are known, important quantities characterizing a
gas-solid interface can be calculated: the scattering kernel
and various accommodation coefficients [16]. Another ap-
plication of this technique is found in surface chemistry.
Since the contributions of gas species moving to the sur-
face and apart from it have different spectral signatures
one can extract the probability for a gas molecule to enter
a reactive channel at the surface just by measuring the in-
tensity ratio of the relevant fluorescence lines [17]. By the
same token, the technique also provides a spectroscopic
tool for studying elastic and inelastic gas scattering from
surfaces under high gas pressure conditions.
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