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Determination of the gas-surface scattering kernel from two-photon evanescent-volume-wave
fluorescence spectra
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The gas-surface scattering kernel for Na atoms interacting with a dielectric surface is obtained by measuring
and theoretically reproducing two-photon evanescent-volume-wave spectra. From a detailed analysis of the
spectral line shapes the contribution of inelastically scattered atoms is identified and a mean energy transfer of
36 meV is deduced for atoms having initial mean thermal energies of 79 meV. The mean probability of direct
scattering mediated by surface phonons increases from 0.03 to 0.05 by increasing the surface temperature from
386 K to 398 K.
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I. INTRODUCTION

The scattering kernel represents a fundamental quanti
gas-surface interactions. It summarizes the basic informa
on gas-surface scattering. Further reduction to a small se
accommodation coefficients leads to ‘‘lack of clarity, misi
terpretation of experiments, bad definitions of terms, a
misunderstanding of concepts’’@1#. The computation of the
scattering kernel from a physical model of the surface
quires a rather detailed knowledge of the interaction betw
gas particle and surface. Thus in trying to do so one fa
usually numerous problems. An alternative and rather ar
cial way is to construct a mathematical model in the form
a kernel that satisfies the basic physical properties and is
otherwise restricted except by the condition of not being
complicated. The only source of experimental data on
quantity are beam scattering experiments. Such experim
are restricted in application by the boundary condition t
they can be carried out only under-ultra-high vacuum con
tions.

Recently, a novel approach to this problem has been
vided by laser spectroscopy of the gas boundary layer@2,3#.
Excitation of gas fluorescence by crossed electromagn
waves, one of which is evanescent and propagates alon
surface and the other one is volume and is directed norm
to the surface, enables one to separate spectrally the co
bution of atoms arriving at the surface from that of the ato
scattered by it. Being determined by the Doppler broaden
the spectral line shapes provide the velocity distribut
functions of both groups of atoms. It is the scattering ker
that relates the velocity distribution function of the scatte
atoms to that of the arriving atoms.

In the present paper we have investigated a model sys
consisting of sodium vapor atoms in the close vicinity o
glass prism surface. The atomic transition 3S1/2←3P3/2 was
excited by a laser beam traveling along the normal to
surface whereas the adjacent transition 3P3/2←5S1/2 was
scanned by the evanescent wave at the prism surface. Ba
on a detailed analysis of the resulting fluorescence
shapes we have determined the parameters of the scatt
kernel for such a system.
1050-2947/2003/67~1!/012901~8!/$20.00 67 0129
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II. GAS-SURFACE SCATTERING KERNEL

Taken as a steady-state problem the gas-surface scatt
kernelR(v→v8) is the probability density that an atom strik
ing the surface with velocity betweenv and v1dv will re-
emerge at practically the same point with velocity betwe
v8 andv81dv8 @4,1#. The functionR(v→v8) is normalized
by the condition

E
vz8.0

R~v→v8!dv851, ~1!

where we have chosen thez axis along the normal to the
surface towards the gas. The scattering kernel determine
boundary condition for the velocity distribution functio
f (v) of the gas atoms as follows:

f 1~v8!vz85E R~v→v8! f 2~v!uvzudv, ~2!

where the superscripts ‘‘2 ’’ and ‘‘ 1 ’’ denote the atoms ar-
riving at the surface for whichvz,0 and the atoms scattere
by the surface for whichvz.0, respectively. In thermody
namic equilibrium between the gas and the surface b
groups of atoms have a Maxwellian distribution functionf M
and hence the functionR(v→v8) must satisfy the equality

f M~v8!vz85E
vz,0

R~v→v8! f M~v!uvzudv ~3!

with vz8.0.
A simple model for gas-surface scattering proposed

Maxwell corresponds to the kernel

R~v→v8!5Svz8 f M~v8!1~12S!d~vi82vi!d~vz81vz!,
~4!

wherevi is the projection of the vectorv onto the surface
plane andd(x) is Dirac’s delta function. The model implie
that a fractionS of atoms striking the surface gets adsorb
on it and then desorbs having a Maxwellian velocity dist
bution dictated by the surface temperature. The remain
fraction (12S) undergoes a reflection in the specular dire
©2003 The American Physical Society01-1
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V. G. BORDO AND H.-G. RUBAHN PHYSICAL REVIEW A67, 012901 ~2003!
tion ~directly scattered fraction!. To satisfy the condition~1!
the Maxwellianf M should be normalized to a unit probab
ity flux from the surface,

E
vz8.0

vz8 f M~v8!dv851, ~5!

and have the form

f M~v!5
2

pvT
4

expS 2
v2

vT
2D , ~6!

with vT the most probable velocity determined by the surfa
temperature.

Based on more general grounds, the reflection from
surface can also be mediated by substrate phonons. Thi
sults in a broadening of the angular distribution of the
flected atoms@5#. According to the different scatterin
mechanisms we shall divide the scattering kernel in t
parts,

R~v→v8!5Rdes~v→v8!1Rdir~v→v8!, ~7!

where the kernel

Rdes~v→v8!5Svz8 f M~v8! ~8!

corresponds to desorption following trapping at the surf
and the kernelRdir(v→v8) describes direct scattering. Th
latter quantity can be expressed in terms of the probab
N(e,Q) that the state of the substrate phonon system a
scattering differs from its initial state by energye and mo-
mentumQ related to the velocitiesv andv8 by the conser-
vation laws

mvi85mvi1Q, ~9!

m

2
v825

m

2
v21e. ~10!

Here, m is the mass of an atom and it is assumed t
energy and momentum transfer during scattering occurs
the surface~Rayleigh! phonons.

In the trajectory approximation assuming a classical m
tion of the scattering atom the probabilityN(e,Q) is repre-
sented as a product of two Gaussians in energy and mom
tum separately@6#,

N~e,Q!5N~e!N~Q!, ~11!

where

N~e!5
1

ApDe
expF2

~e2d!2

De2 G , ~12!

N~Q!5
1

pDK2
expF2

Q2

DK2G , ~13!
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with De52AkBTd, DK5De/(A2vR). Here, kB is Boltz-
mann’s constant,T is the surface temperature,vR is the Ray-
leigh mode velocity, andd is the mean energy transfer inde
pendent of surface temperature that can be considered a
empirical parameter. The probabilityN(e,Q) describes both
the direct and the trapping-desorption channels and is
malized to unity,

E
2`

` E N~e,Q!dedQ51. ~14!

The results~11!–~13! correspond to the multiphonon sca
tering of atomic particles at surfaces and can also be obta
from a rigorous quantum-mechanical treatment in the se
classical limit@7#. The knowledge of the functionN(e,Q) in
principle allows one to calculate the sticking probabilityS.
However, this would involve solving the master equation
the transitions between the adatom states@6#. Instead of that
we shall consider this quantity as an empirical parameter
such a case the direct scattering kernel has the form

Rdir~v→v8!5C~12S!N~e,Q!, ~15!

wheree andQ are related tov andv8 by means of Eqs.~9!
and ~10! ande is restricted by the condition thatvz8 is real.
As it follows from Eqs.~1!, ~5!, and ~8! the integral on the
right-hand side of Eq.~15! over the range corresponding t
the direct scattering should equal 12S. This provides the
value of the normalization constantC. Finally, one gets

Rdir~v→v8!52~12S!Fp3/2erfcS d

De DDeDK2G21

3m3vz8expF2
m2uvi82viu2

DK2 G
3expH 2

1

De2 Fm

2
~v822v2!2dG2J , ~16!

where erfc(x) is the complementary error integral@8# and we
have taken into account the Jacobian of the transforma
from the variables$e,Q% to $v8%. Also, we have assume
that the mean kinetic energy of the atoms striking the surf
is much less than the atom-surface-potential well dep
Given that the potential-well depth between Na atoms an
glass surface is about 0.8 eV, this condition is well fulfille
for the present experiments.

III. LASER SPECTROSCOPY OF THE GAS
BOUNDARY LAYER

The velocity distribution functionsf 2 and f 1 introduced
in the preceding section are directly related to the fluor
cence line shapes obtained via excitation of the gas nea
surface by crossed evanescent and volume waves resona
adjacent atomic transitions@2,3#. The theory of fluorescence
spectra in such a system has been considered in detail@3# and
here we shall review it only briefly. Let us assume that t
volume wave~wave 1! is resonant with the transition be
1-2
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DETERMINATION OF THE GAS-SURFACE SCATTERING . . . PHYSICAL REVIEW A67, 012901 ~2003!
tween the ground atomic stateug& and the intermediate ex
cited stateu i &, whereas the evanescent wave~wave 2! scans
the transition between the stateu i . and the upper excited
stateue& @Fig. 1~a!#. Assume also that the penetration dep
of the evanescent wave into the gas is much less than
mean-free path of gas atoms so that within the excita
region the interatomic collisions can be neglected. The int
sity of fluorescence from the upper stateue& is determined by
the sum of the contributions from the atoms arriving at a
departing from the surface,

I 5I 21I 1, ~17!

where

I 6}E f 6~v!ŝee
6 ~0,v!dv ~18!

with ŝ(p,v) the Laplace transformation of the atomic de
sity matrix @9#. The latter quantity can be found by solvin
the optical Bloch equations with the boundary conditions
separately for the arriving and departing atoms. The re
takes the most simple and transparent form when satura
at both transitions is negligible. In such a case,

ŝee
6 ~0,v!5

p2

16
dp

V1
2V2

2

g ige
d~v12k1vz2v ig!

3d~v22k2vx2vei!, ~19!

where dp is the penetration depth of the evanescent w
into the gas,d(x) is the Dirac delta function,V1 andV2 are
the Rabi frequencies associated with the correspond
waves,v1 andv2 are the frequencies of wave 1 and wave
v ig andvei are the frequencies of the corresponding tran
tions,g i andge are the relaxation rates of the statesu i & and
ue&, k1 is the wave vector of the volume wave directed alo
thez axis, andk2 is the wave vector of the evanescent wa
directed along thex axis. The twod functions in Eq.~19!
express the fact that only those atoms which are in reson
simultaneously with two transitions get excited and flu
resce. Substituting Eq.~19! in Eq. ~18! we get

I 2} f̃ 2S D2

k2
,
D1

k1
D @12Q~D1!#, ~20!

I 1} f̃ 1S D2

k2
,
D1

k1
DQ~D1!, ~21!

FIG. 1. ~a! The excitation scheme of the atomic levels.~b! Trun-
cated prism and configuration of laser beams.
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whereD15v12v ig andD25v22vei are the detunings o
the transitions,Q(x) is the unit step function, and we hav
introduced the velocity distribution functions reduced to t
plane (vx ,vz),

f̃ 6~vx ,vz!5E
2`

`

f 6~vx ,vy ,vz!dvy . ~22!

The Q functions in Eqs.~20! and~21! arise from the fact
that for negative detuningsD1 only the atoms moving to the
surface are in resonance with the volume wave, whereas
positiveD1 only the atoms moving from the surface are res
nantly excited.

Let us assume that the velocity distribution function of t
atoms approaching the surface can be factorized into
independent distributions with respect to (vx ,vz) and vy
@10#, namely,

f 2~v!5 f̃ 2~vx ,vz! f y
2~vy!. ~23!

In such a case, as it follows from Eq.~2!,

f̃ 1S D28

k2
,
D18

k1
D 5E E R̃S vx ,vz→

D28

k2
,
D18

k1
D

3 f̃ 2~vx ,vz!uvzudvxdvz , ~24!

or, changing the integration over velocities to the integrat
over frequencies,

f̃ 1S D28

k2
,
D18

k1
D 5

1

k1
2k2

E E R̃S D2

k2
,
D1

k1
→

D28

k2
,
D18

k1
D

3 f̃ 2S D2

k2
,
D1

k1
D uD1udD1dD2 , ~25!

where

R̃~vx ,vz→vx8 ,vz8!5E E R~v→v8! f y
2~vy!dvydvy8

~26!

is the scattering kernel reduced to the plane (vx ,vz). Now
from Eqs.~20! and ~21! one can conclude that the fluore
cence line shape obtained forD1.0 and that obtained for
different D1,0 are related by means of the reduced scat
ing kernelR̃.

In the following, basing on the experimental results
two-photon fluorescence in a model gas-surface system
shall determine the parameters of the scattering kernel in
framework of the physical model described above.

IV. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1~b!. A truncated
glass prism is mounted on a manipulator in a high-vacu
(p0<1028 mbar) chamber. It is heated resistively to fixe
values of 371 K, 386 K, and 398 K, respectively. The light
two-frequency tunable, single mode ring dye lasers is tra
ferred into the apparatus via glass windows and optical
1-3
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V. G. BORDO AND H.-G. RUBAHN PHYSICAL REVIEW A67, 012901 ~2003!
bers. The total linewidth of both lasers is about 3 MHz w
a measured drift of far less than 90 MHz during a typic
wavelength scan. The diameters of the laser beams are
mm ~laser 1! and 2 mm~laser 2!, respectively, and lase
powers of 15 mW each are used.

An evanescent wave is excited by laser 2 at the g
prism surface at an angle in the vicinity of the critical ang
for total internal reflection. Laser 1 generates a volume wa
which propagates perpendicularly to the prism surface
the truncated apex of the prism towards the vacuum s
While laser 1 is resonant to the 3S1/2←3P3/2 Na atomic tran-
sition (16 973.33 cm21), laser 2 is scanned around th
3P3/2←5S1/2 resonance transition. The starting frequen
~‘‘0’’ on the frequency axis in Figs. 2–9! corresponds to
16 227.2741 cm21, as determined by an iodine absorptio
cell. The blue shifted fluorescence light from the 4P1/2,3/2
→3S1/2 transitions (30 267.28 cm21 and 30 272.88 cm21) is
observed as a measure of the excitation probability by a p
tomultiplier and photon counting electronics.

A flux of about 531015 sodium atoms per second from
Na dispenser~SAES getters! reaches the prism surface at a
angleu0555°65° with respect to the surface normal. Th
flux is directed in the plane of incidence of the laser be
exciting the evanescent wave along its propagation direct
It determines the velocity distribution function of the atom
arriving at the surface.

V. RESULTS AND DISCUSSION

The fluorescence spectra obtained for two positive val
of the detuningD1 upon scanning the detuningD2 at differ-
ent surface temperatures are shown in Figs. 2–7. As n
above, such spectra should arise from the atoms depa
from the surface. In order to analyze them we have ca

FIG. 2. Two-photon fluorescence spectrum observed atD1

5800 MHz, T5398 K.
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lated the contribution from the desorbed atoms correspo
ing to the relevant surface temperature. The calculati
were carried out using the rigorous theory developed in R
@3# and taking into account the optical pumping to the oth
hyperfine sublevel of the ground state, 3S1/2(F51) @11#.

FIG. 3. The net contribution from the atoms scattered by
surface~dots!. It has been obtained by means of subtracting
calculated contribution from the atoms approaching the surf
from the spectrum in Fig. 2.~See Ref.@3# for details.! The calcu-
lated spectrum of the desorbed atoms and the best fit obtaine
h50.05 are shown by the gray and black lines, respectively.

FIG. 4. Two-photon fluorescence spectrum observed atD1

5800 MHz, T5386 K ~dots!. The other notations are as in Fig. 3
The best fit corresponds toh50.03.
1-4
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DETERMINATION OF THE GAS-SURFACE SCATTERING . . . PHYSICAL REVIEW A67, 012901 ~2003!
One observes a clear discrepancy between the measure
the calculated spectra~gray curves! at the right wings in
Figs. 3–5. This difference has to be attributed to the ato
which were scattered without being trapped at the surfa
i.e., via a direct scattering channel. In Figs. 6 and 7 no
markable difference is seen: in that cases the contributio
the directly scattered atoms is negligible. For further analy
we have subtracted the calculated contributions of the d
orbed atoms from the measured signals in Figs. 3–5.

FIG. 5. Same as Fig. 4, but forD15600 MHz, T5398 K. The
best fit corresponds toh50.05.

FIG. 6. Two-photon fluorescence spectrum observed atD1

5600 MHz, T5386 K, ~dots!, and the calculated spectrum of th
desorbed atoms~gray line!.
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results are shown in Figs. 8–10 which are plotted as a fu
tion of the velocity componentvx8 deduced from the reso
nance conditionD22k2vx850, the detuningD2 taken with
reference to the center of the fluorescence line.

The obtained signal should be described in terms of
scattering kernelRdir introduced by Eq.~7! and determined
by Eq.~16!. As an input for the velocity distribution function
of the atoms approaching the surface we use the result
tained in Ref.@3#. Namely, the atomic flux to the surface
represented as a sum of two contributions:~i! a contribution
from the atoms moving directly from the dispenser with t
velocity distribution

f d
2~vx ,vz!5

1

Cd

~vx
21vz

2!1/2cos~Du!

~vx
21vz

2!sin2~Du!1w2

3expF2
~vx

21vz
2!cos2~Du!

vd
2 G , ~27!

and ~ii ! a contribution from the atoms that have undergo
mutual collisions in front of the surface with a Maxwellia
distribution

f ds
2 ~vx ,vy ,vz!5

1

p3/2u3
expS 2

vx
21vy

21vz
2

u2 D . ~28!

Here,Cd is a normalization constant,Du57° is the angle
between the direction of the dispenser axis and the direc
from the dispenser to the spot on the surface illuminated
the lasers; the parametersvd58.03104 cm/s, w51.1
3104 cm/s, andu54.43104 cm/s determine the widths o
the corresponding distributions. The energy distributi
function

FIG. 7. Same as Fig. 6, but forT5371 K.
1-5
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FIG. 8. ~a! The contribution of the directly scattered atoms forD15800 MHz, T5398 K ~dots!. The best fit~black line! corresponds to

d5420 K. ~b! The energy distribution functionf̃ 1(Ex8) of the directly scattered atoms determined by Eq.~31! and corresponding to the dat
of ~a!.
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f d
2~E!5

1

m
f d

2~vx ,vz! ~29!

with E5m(vx
21vz

2)/2 is shown in Fig. 11. Its maximum de
termines the most probable energy of 24 meV in the fl
from the dispenser whereas the mean kinetic energy ca
lated with f d

2(E) is equal to 79 meV. The correspondin
quantities for the atoms which have collided with each ot
in front of the surface are 12 meV and 34 meV, respectiv

Obviously, the atoms approaching the surface with a M
wellian distribution function would be scattered in the dire
channel having a velocity distribution axially symmetr

FIG. 9. Same as Fig. 8, but forD15800 MHz, T5386 K.
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about the surface normal. This would lead to a symme
signal line shape with respect to the resonance freque
However, we see no such contribution above the noise ba
ground in Figs. 8–10. This finding allows us to conclude th
all the atoms which have undergone collisions in front of t
surface are scattered after being trapped at the surf
Hence, they contribute to the desorption channel only. The
fore, the direct-scattering channel originates from the ato
flying directly from the dispenser and having a higher me
thermal velocity.

As it follows from Eq. ~16! the width of the velocity
distribution of the directly scattered atoms is determined

FIG. 10. Same as Fig. 8, but forD15600 MHz, T5398 K.
1-6
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DETERMINATION OF THE GAS-SURFACE SCATTERING . . . PHYSICAL REVIEW A67, 012901 ~2003!
the quantity (2De/m)1/2. For the values ofDe of the order of
a few hundred degrees this quantity is of the order of
mean thermal velocity. The width of the resonance maxi
of the functionŝee

1 is given mainly by the power broadenin
which in our case is much less than the Doppler broaden
or in terms of a velocity dependence is much less than
mean thermal velocity. Therefore the resonance behavio
ŝee

1 in the integrand of Eq.~18! can be approximated byd
functions as in the case of the weak laser fields limit p
sented by Eq.~19!. Thus in accordance with Eq.~21! we can
conclude that the signal line shapes presented in Figs. 8
give the velocity distribution functionf̃ 1(vx8 ,vz8) of the di-
rectly scattered atoms subject to the conditionvz85D1 /k1

@12#.
We have fitted the shape of the signal in Fig. 8 using

~24! with the substitutionf̃ 2→ f d
2 and with the kernelR̃

replaced by

R̃dir~vx ,vz→vx8 ,vz8!5E E Rdir~v→v8!dvydvy8 ,

~30!

where the kernelRdir is determined by Eq.~16!. The only
adjustable parameter besides the signal amplitude was
mean energy transfer,d. The parameterDK was expressed in
terms ofd using the calculated value of the Rayleigh mo
velocity. The latter quantity can be obtained from its relati
with the transverse sound velocity and the ratio between
transverse and longitudinal sound velocities@13#. For a regu-
lar crown glass such an estimate givesvR533105 cm/s.
The best fit obtained ford5420 K ~or 36 meV! is shown in
Fig. 8~a!. Figure 8~b! presents the corresponding energy d
tribution function calculated as

FIG. 11. The energy distribution function of the atoms movi
directly from the dispenser.
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f̃ 1~Ex8!5
1

mvx8
f̃ 1~vx8 ,vz08 !, ~31!

with Ex85mvx8
2/2 andvz08 5D1 /k1, and normalized to unity.

The so defined distribution function has the sense of a c
ditional probability that the kinetic energy of the motio
along thex axis for the scattered atoms lies in the interv
betweenEx8 andEx81dEx8 provided thatEz85mvz08

2/2. Thus
from Fig. 8~b! we obtain that for the directly scattered atom
having Ez8526 meV the most probableEx8 is equal to 45
meV and the mean value ofEx8 is equal to 50 meV.

Using the found value of the parameterd we have calcu-
lated the contribution of the directly scattered atoms for
other cases represented in Figs. 9 and 10. The agree
between the experimental and the calculated curves is ra
satisfactory in Fig. 10. Two remarks are in order.

~i! Whereas the peak on the right-hand side of Figs. 8–
is well above the noise background, this is hardly the c
for the slight deviations seen on the left-hand sides. A p
sible reason for difference signal intensity at low frequenc
is that some small fraction of the atoms scattered in fron
the surface has been directly scattered by the surface,
giving signal intensity at lower kinetic energies. The negat
dip could be explained by the following: The atoms whi
contribute to the spectrum near the resonance with the u
transition move perpendicularly to the surface and ha
higher mean thermal velocities along this direction as co
pared with the atoms moving at large angles with respec
the surface normal. The interaction time with the surface
them is therefore shorter than for the atoms contributing
the spectrum wings and hence the process of excitation
laxation is less effective. This means that such atoms
reflected from the surface while still being in the upper e
cited state. If we take now into account that the laser lig
that is stimulating two-photon emission is permanently on
will result to stimulated emission to the 3P3/2 state at some
distance from the surface, while the reflected ground-s
atoms are again excited. Hence the contribution of the ato
being reflected in the excited state to the total fluoresce
signal decreases as compared with the contribution of
atoms which are desorbed from the surface in the gro
state. As a consequence, one observes a negative dip c
sponding to the resonance with the upper transition.

~ii ! Although the theoretical curve in Fig. 9 reproduces t
measured signal shape, its maximum is shifted to lower
quencies. Since the position of the maximum of the direc
scattered atoms is determined by both the direction of
incoming atomic flux and by the detuningD1 we suppose
that uncertainty in the determination of the laser frequenc
absolute values as well as instability of the flux from t
sodium dispenser from one measurement to another, lea
to a slight deviation of the flux axis, are the main reasons
the disagreement.

Further we have fitted the measured two-photon fluor
cence line shapes using the scattering kernel in the form~7!
with the kernelsRdes and Rdir determined by Eqs.~8! and
~16! and considering the quantityS as an adjustable param
eter. The result is shown in Figs. 3–5. From the fitting p
1-7
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cedure we have found that forT5398 K the mean probabil
ity @14# of direct scatteringh512S50.05, both forD1
5800 MHz andD15600 MHz, whereas forT5386 K, h
50.03. This result is consistent with the fact that atoms s
better on a colder surface.

VI. CONCLUSIONS

In the present paper we have investigated two-pho
fluorescence spectra of Na vapor atoms excited in the c
vicinity of a glass surface. A detailed analysis of their li
shapes has allowed us to deduce that the departing flu
atoms also contains a small fraction of atoms that have b
inelastically scattered by the surface. From theoretica
modeling the experimental line shapes we obtain a valu
the mean energy transfer for such a process as well as
mean probability of direct scattering mediated by surfa
phonons. This probability increases with increasing surf
temperature. A comparison between the contribution of
atoms which have been scattered in front of the surf
~mean kinetic energy 34 meV! and those coming directly
from the Na source~mean kinetic energy 79 meV! allows us
to conclude that atoms approaching the surface with diffe
kinetic energies have different probabilities for being trapp
at it. All this information has allowed us to reconstruct in fa
ts
-

n

,

n
th

01290
k

n
se

of
en
y
of
he
e
e
e
e

nt
d
t

the scattering kernel for the investigated model system.
In the present experiment the vapor-surface system

been kept under thermodynamically nonequilibrium con
tions. One could ask whether it would be possible to dist
guish between desorbed and inelastically scattered atoms
der equilibrium conditions. From Eqs.~3!, ~7!, and ~8! we
see that in such a case both components would have iden
velocity distributions. So, in the absence of external fie
one would expect that ‘‘no’’ is the correct answer@15#. How-
ever, according to Eq.~18!, the two-photon fluorescenc
spectrum of the scattered atoms is determined not only
the velocity distribution function, but also by the populatio
of their excited states. Hence, if the boundary conditions
the atomic density matrix at the surface are different for
desorbed atoms and for those directly scattered, we sh
answer ‘‘yes.’’ The latter condition can be realized if th
relaxation processes near the surface are not fast enoug
fully quench the directly scattered excited atoms.
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