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Two-photon laser spectroscopy of the gas boundary layer in crossed evanescent and volume waves
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A spectroscopic approach to the scattering dynamics in the gas-surface boundary layer is presented. The
technique utilizes excitation of the vapor atoms in two crossed laser fields, one of which is directed normally
to the surface while the other one excites an evanescent wave propagating along the surface. We provide a
rigorous and quantitative theoretical description of these two-photon evanescent-volume wave spectra and
apply it to the model system of sodium atoms colliding with a dielectric prism surface. A comparison with
experimental results reveals quantitative agreement between theory and experiment. We demonstrate that one
can distinguish by pure optical means between different groups of atoms, namely atoms moving to the surface
and apart from it after being specularly or diffusively scattered. We also extract the two-dimensional velocity
distributions of both the arriving and departing groups of atoms.
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I. INTRODUCTION flight of the gas atoms or molecules across the EW field can
be less than the radiative relaxation times in the gas volume.
The boundary layer is of key importance for the physicalUnder such conditions, the optical response of the boundary
and chemical dynamics of gas-solid interactions rangindayer becomes essentially transi¢bf. In other words, the
from extremely low pressures in an ultrahigh-vacuum envifolarization of the gas is not adapted to the external electric
ronment up to atmospheric pressures. Adsorption and ddield and is determined by the gas-surface scattelifres].
sorption processes are often limiting stages for surfacdhis effect has been demonstrated for the fluorescence spec-
chemical reactions. Laser-induced interface phenomena al$B/m of Na atoms excited by an EW at a glass prism surface
depend to a great extent on the relaxation of the excited gdd0]. A two-photon fluorescence spectrum excited by two
in the boundary layer. In order to control such processes bigounterpropagating EW’s has been shown to be very sensi-
also in order just to learn how the gas interacts with thetive to the velocity distribution function of the atoms leaving
surface, one has to distinguish between the gas flux arrivingie surfacd11]. This made it possible to confirm Knudsen’s
at the surface and the one departing from it. For equilibriunfosine law by spectroscopic means.
conditions, however, this goal seemed to be unachievable The spectroscopic possibilities of EW excitation can be
since[1] “. .. we areaware of the fact that we will never be largely increased if one excites the boundary layer by a vol-
able to make the demonstration in a direct experiment unde4me wave(VW) traveling along the normal to the surface.
rigorous equilibrium conditions, simply because we cannoue to the different Doppler shifts for atoms moving to the
distinguish the desorbing molecules under such conditions.’surface and apart from it, one can discriminate between their
For this reason, most of the studies of gas-surface scatterirfgPntributions. Now, combining evanescent and volume wave
have been carried out with atomic or molecular beams€Xcitation in a two-photon excitation scheme, one can spec-
which obviously do not represent an equilibrium gas. Condrally distinguish between the atoms just before they collide
ventional optical techniques also fail because the signal fronwith the surface and just after they left it. The Doppler-
the boundary layer is negligibly small as compared to thebroadened two-photon line shape will then be determined by
competing one from the gas volume. the two-dimensionalvelocity distribution functions of both
In the present work, we demonstrate that the use of evdhe atoms arriving at the surface and departing from it and
nescent WaveSEW’s) can provide a valid way out of this thus will contain information about the dynamics of the gas-
dilemma. They propagate along the gas-solid interface wittsolid scattering12]. In the present work, we demonstrate
an amplitude that is maximum at the surface, whereas it raghis idea for a model system consisting of sodium vapor near
idly decreases with increasing distance fromi2t3]. EW’s @ glass prism surface.
can be excited in total internal reflection at a transparent
dielectric surface or as surface polaritdd$ on a metal or a Il. THEORY
semiconductor surface. If the depth of EW penetration into
the gas is less than the mean free path of the gas molecules,
one encounters a situation similar to the excitation of a mo- The evolution of the atom interacting with the external
lecular beam near a surface. On the other hand, the time dields is described by the Liouville equation for the atomic
density matrixp(r,v,t),

A. Optical Bloch equations
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le> peg=EXP{ —i[(w1+ wp)t—(K;+Ky) T ]}oeg,  (6)
(O] [Q) . .
i ° pjj=oj (I=g,i.e) (7)
i> ‘
o o and perform the rotating-wave approximation. In the steady-
1 9 state limit(both ont andx), we get the following equations
lg> [13]:
FIG. 1. Notation of the atomic levels and the exciting laser dogg [
frequencies. V2747 :YiUii"”EQl(Z)(Uig_Ugi), (8)
where the vector determines the position of an atom with da;; i i
respect to the interface ands its velocity,H, is the Hamil- Vzg, = Yi%it YeTeet 591(2)(091 —0ig) + 592(2)
tonian of the free atom, and is the relaxation operator. In
the dipole approximation, the interaction operatbcan be X(Oei— Tie), (9)
written as
doge i
V=—u[Ey(r)cod wit—ky 1) +Ex(r)cog wot —ky- 1) ], V2 4y =_’)’e0'ee+§Qz(Z)(0'ie_Uei), (10
2
whereu is the dipole moment operator, abglr), »;, and doig _ % i
k; are the amplitude, frequency, and wave vector of the cor- Y274z (1817 7ig) 7ig 291(2)((ng i)
responding electromagnetic wave, respectively. The evanes- i
cent character of the wave implies that + 592(2) Teg. (11)
Ei(r):Ei eX[X—KiZ), (3)

Oei .~

d i i
where Kizﬁi’l and §; is the penetration depth of the EW v, iz (IAz—yei)Uei—Eﬂl(Z)Ueg-i- EQZ(Z)(O'”—(Tee),
into the gas; thez axis is chosen along the normal to the

interface towards the gas interior. The EW wave vector is (12
directed along the interface and this direction is chosen asthe ¢, ~ i i

x axis. For the volume wave, its amplitude is supposed to be v, dzg:(iAo— yeg)a'eg—iﬂl(z)a'ei-i- Eﬂz(z)aig ,
independent of the position of the atom and its wave vector (13)

is parallel to thez axis.
We consider the case in which wave 1 is resonant with thgyith the Rabi frequencies of the corresponding transitions,

transition between the ground atomic stige and the inter-

mediate excited statg), whereas wave 2 is resonant with MigE1

the transition between the stafi and the upper excited M(2)= %

state|e) (Fig. 1). We shall analyze two excitation configu-

rations:(i) the lower transition is excited by a volume wave,

whereas the upper transition is scanned by an evanescent O,(2)=

wave (the so-called “normal configuration’{Fig. 2(a)]; (ii)

the lower transition is excited by an evanescent wavegnq the detunings taking into account the Doppler shifts,

whereas the upper transition is scanned by a volume wave

(the “inverse configuration) [Fig. 2(b)]. Ri=A;—k; v, (16)
Let us introduce the substitutions,

expl— k12)=Q exp — k12), (14

MeiEao
fi

exp— kyz)=Q.exp — kyz), (15

pig=exfd —i(wit—Kky-1)]oig, 4 Ar=Ar—ks-v, 7
pei=eXH ~i(@pt—ky )]0, (5 Ro=8;+8;,=20— (ky ko) V. (18
(a) pump laser (b) orobo ! We have introduced the following notation&;= w;

—wig, Ay=wy—wei, Ag=A1+A,, andy; and yj, are the
respective relaxation rates. In Eq$4) and(15), it is neces-
sary to setx;=0 if the corresponding wave is the volume
one.

The system of differential equatiori8)—(13) should be
complemented by boundary conditions. One can divide the
FIG. 2. The two investigated laser-prism geometries for fluoresensemble of atoms within the EW field into two parts,
cence excitation: the “normal’(a) and the “inverse”(b) configu- namely the atoms approaching the surface and the atoms
ration. The gas atoms collide with the prism from the bottom. departing from it. The state of each part is determined by its

probe laser pump laser
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own boundary conditions. It is reasonable to assume that Na (0)(p)_vzo(0)(o)
atoms are adsorbed at a glass surface with unity probability
and leave it in their ground state with the polarization o) ~(0)
quenched at all transitions. These conditions can be written =— %0 (p)+ 5 91[0 (p+x1)—0oig’(p+ k1],
as follows:

(25

o1 (Z=0V) = 5 dig , (19
where the superscript +” denotes the atoms departing pv,oP(p)—v,0{(0)

from the surface withy,>0. For the atoms approaching the

surface, we require that the corresponding density-matrix el- = (jA;— ylg)glg (p)+ Ql ! _29”(p)0(0)(p) ,

ements be finite at infinite distance from the surface. We thus p+

have the following conditions: (26)
o (z—2,v)| <o, (20)

» po,o(p— ko)~ v,08(0)

where the superscript has been set for the atoms ap-

proaching the surface with,<0. The intensity of fluores- =(iA,— Yeit+ Kov5) &gP(p— K2)
cence from the upper excited std& is determined by the
state population averaged over the ensemble of atogms, __Qla (p+/<1)+ Qza(o)(p) 27)

ne=ng +n., (21)
where pUZ(T (p KZ) vZUeg (O)

+ * + + - |A - + -
ne_:NSJ f dZ d\/f_(V)O'e_e(Z,V) (22) ( 0 'yeg KZUZ)Ueg(p K2)
0

| _ 9 10ei(P) 05 (p— ko) +5 920'(0)(p)
with N the number density of atom§ the square on the
prism surface where the EW and VW fields intersect each (28)
other, andf~ the velocity distribution functions for the at-
oms arriving at the surface and desorbing from it. Under the

conditions of our experiment, the functidn is dictated by vaU (p 2Ky)— vZO' 2)(0)

the source of Na atoms. The functidii is determined by .

the thermodynamic equilibrium of the desorbing atoms with = —(Ye—2k20) 0B (p—2k,)
the surface and can be written @®e also Refl11])

+ 50500k~ 68 D], (29

2 v?
fH(v)=—uvex - (23
7TUT Ut
The caret above a symbol denotes the Laplace transforma-
with v+ the most probable thermal velocity defined by thetion of the corresponding quantity, the superscripts in brack-

surface temperature. ets indicate the order of the perturbation approach, and the
quantitieso{’(0) are the matrix elements(y) taken atz
B. The perturbation approach =0, which have to be determined from the boundary condi-

tions. We have formally introduced the functions
We suppose that wave 2 does not saturate the upper tran-

sition i—e. In such a case, one can apply the perturbation

approach with respect to the field amplitude of wave 2. The (0)(pJr K1)
corresponding equations formally coincide with the equa- g (p =T 0 (30
tions derived in Ref[11] if one takes into account that one Uii (p)

of the exciting waves is the volume one.
Let us introduce the Laplace-transformed quantities and

(}jk(p):fo dz & Poy(2). 24 o M(p+ k1~ ky)
0ci(P) = ?12 (31)
Performing the Laplace transform of the perturbation ap- g(P~K2)
proach equations, we get the following system of equations
with respect to the quantitie%jk(p): Equations(25)—(29) are solved to obtain
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Q% 1—‘ig(p) 1
2(p+2k1) T'i(P) A2+T%(p)

UZ A2_|—1—‘2(p) (0)
" Tip) AZ+T(p) ©

)J
—+C.C. ,
A1""1—‘ig(p)

0,
2 p+2k,

af(p)=

2

o P(p+ k) =i[A+iTi4(p)]

(32

—iQym;i(p)oP(p) +v,0 >), (33

oD (p— k)= —{[A+iTe(p) Ao +iTey(p)]

- %Wei(p)Qi}l( %QZ[ZO+ [ I‘eg(p)]

X o(p)+50219,00(p+ x1) —iv [ Ao

+|reg<p>]a‘e%’<0>——vzﬂla <0>]

(34

(2) i 1)
Uee(P 2K2)_I‘(p){ 2[0 (P—x2)— 0’ (P K2)]

+vza(2)(0)) .

We have introduced the following functions:
L'i(p)=7»i+pvg,

I'e(P)=7vet (P—2x2)v3,

Lig(p)=vig+ (Pt x1)v,

Lei(p) = Yeit (P~ k2)vy,

1-‘eg(p): 7eg+(p+ K1— K2)Uz,

(39

(36)
37
(39
(39

(40)
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(1) _
(p+ 21 k)
Tal(P) = 0a(P) el P+ k) =g (43
i 2

determine the power broadening and Stark splitting of the
lower transition, respectivelfl4]. For the normal configu-
ration, one has to set; =0 in all equations. In this case, we
have 7;;(p) = mi(p)=1. For the inverse configuratiom,
=0. Then the functionsr;(p) and m¢;(p) effectively take
into account the evanescent character of wave 1.

The functionsa;; (p) and me;(p) are expressed in terms
of the solutions themselves. In principle, the corresponding
equations can be solved by an iterative procedure. On the
other hand, one can apply various approximations for their
calculation(see Ref[11]).

Now the excited-state populations defined by E2P) in
the lowest nonvanishing order can be determined as follows:

ny=NS f dvf = (v) oo d?(0). (44)

1. Contribution of desorbing atoms

Let us now take into account the boundary conditicr
for the desorbing atoms in the expressidB88)—(35). We
then get solutions that formally coincide with those derived
in Ref.[11]. We present here the res@ite omit the super-
scripts “+ " for the sake of brevity

o Q(p—2xk2) = =——ImloP(p— ko)1, (45)

r (p)

where

o (p— k)
QZQZ |g(p) 1
8(p+2«1) I'i(p) AZ+T3(p)
Z[Ao+lFeg(p)] [Ti(P)/Tig(P)I[A1—iTig(p)]

[A,+iTe(p) [ Ao +iTeg(p)]— (Ud) mei(p)QZ
(46)

2. Contribution of arriving atoms

In this case, the arbitrary constamﬁ)(O) must be cho-

which denote the relaxation rates taking into account theen such that all the solutlons(”)(z) are finite at infinite

time-of-flight broadening in the EW fields, and

3 / mi(p)QF
I'1(p)=Tig(p) 1+F-(p)I‘ig(p)'

which characterizes the power broadening of the lower tran

sition. The functions

mi(P)=6ii(P) 0 (p+ K1) = O (p)

and

o(p+2ky)

(41)

(42

distance from the surface. As the functions;(p) and
7ei(p) are continuoug11], the Weierstrass theorefi5]
allows us to approximate them by polynomialspmwith an
arbitrary small error. Then the obtained solutions for the

Laplace-transformed quantitiééfﬂ)(p) can be represented as
sums of rational functions (p). According to the Heaviside
expansion theoreifrl6], the corresponding original functions
have the form of a sum of exponents egzf weighted by
coefficients that are equal to the residues of Flfg) in the
polesp, . Thus only negative poles will give a contribution
to the original function, which is finite at—~. For the
atoms arriving at the surface,<0, and to ensure the finite-
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ness of the solutions fall possible values of atomic veloci- 5 b) ,\photomumpner
ties, laser detunings, and intensities, one has to leave only th 58

terms having a pole gi= —2«;. All the other terms should
be canceled by an appropriate choice of the constantiprobe iaser
o{?(0). Thefinal solution can be formally obtained from
Eqgs.(45) and(46) if all the quantitied”j(p), I'jx(p), mii(p),

and m;(p) are taken ap= —2«;.

C. The weak-field limit

LS Naatoms .~ iy
. lens

3P

/pumplaser ) U T\ -~ t

/ 3s volume
excitation

lens  Na dispenser

ew excitation

To understand qualitatively what spectra can be observed

in different configurations, let us consider first the case in
which both waves can be treated as weak, i.e., nonsaturatirft
in the corresponding transitions. The weak-field limit can b
obtained from Eqs(45) and (46) if one neglects the terms

FIG. 3. (a) Term scheme of sodium, relevant for the two-photon
citation process. Hyperfine splitting is not indicatéa). The ex-
rimental setup. The lasers for volume excitation and (EVénes-
cent wave excitation are exchangable, as indicated in Fig. 2. The
photomultiplier detects radiation via filters solely from th& 4

proportional toQ] in the denominator of the')(p—«,), .3 optical transition in Na.

namely

o(p—ky)
QZQZ |g(p) 1

~ 8(p+2ky) Ti(p) A1+F (p)

Ay A,
ng =Af" (k i )[1 O(A,)]. (53)

Here, the reduced velocity distribution functié(v,,v,)
has been introduced since the density matrix does not depend
on thev, component. Thus we conclude that in the normal

2[A0+|reg(p)] [Ti(p)/Tig(p)[A1=iTig(p)] configuration, whem , is varying, one scans the distribution

[A2+|Fe|(p)][A0+|Fe|(p)]

Let us suppose that near the critical angle, the time-of;
flight broadening can be neglected in comparison with th
natural linewidths, which in turn are much smaller than the
Doppler widths of the corresponding transitions. Then from
Egs.(46) and (45) we get the following result:

w0103

~(2)n— - .-
Gee(p 212) = 8 YiYe P+2kq

where §(x) is the Dirac delta function.
The exited-state population@4) can now be obtained
easily. In the normal configuration, we get

ka

A, A
n;:Af+(—2,k—1l)®(Al),

_ (Az Al)
ne =Af k—27k—1[1—@(A1)],

where

: o

——5— 0881 5(By),

w
A=NS—

16 (k1+ k2)KiKavive

and O (x) is the unit step function.
In the inverse configuration,

A A,
+_ +| = _<
ng =Af (kl,k2)®(A2)

and

function of atomic velocities along the surface. For positive

laser 1 detunings, the spectrum is determined by the contri-
(47)  pution of atoms moving away from the surface, whereas for
negative detunings it is determined by the atoms arriving at
the surface. In the inverse configuration, one scans the dis-
Sribution function of atomic velocities along the normal to
the surface. In this case, the atoms departing from the surface
Meontribute to the right wing of the spectrum, whereas the
atoms arriving at the surface contribute to the left wing.

Let us now consider the case in which the velocity distri-
(48 bution functionf(v)=f(v,0) has a narrow peak at some
definite angled,. Here, the angl® characterizes the direc-
tion of the atomic velocity. The product of th& functions
that determines the spectrum can be transformed as

- A, K,
88183~ v 5(A2 klAlcota)

(49 (54

v—

where we have chosen #@sthe angle between the velocity
vector and the vectdt;. It follows from that expression that

(50 upon scanning of the detunin,, fluorescence intensity will
be observed essentially only in the narrow vicinity of the
detuning,

k,
(51) Az :k Alcotao. (55)
1
IIl. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 3. A truncated
(52) glass prism[17] is mounted on a manipulator in a high

vacuum ,<10 8 mbar) chamber. It can be heated resis-
tively up to 445 K and cooled via liquid nitrogen. The light
of two frequency tunable, single-mode ring dye lasers is
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transferred into the apparatus via glass windows and optical
fibers. The fibers allow us to easily exchange the volume vs
evanescent wave contribution of pump and probe lasers anc
also to accomplislp polarization by the use of Glan polar- I (@)
izers. The total linewidth of both lasers is about 3 MHz with
a measured drift of far less than 90 MHz during a typical
wavelength scan. The diameters of the laser beams at theg
surface are 0.5 mrflaser 3 and 2 mm(laser 3, respectively,
and laser powers of up to 60 mW each are used.

An evanescent wave is excited by one of the lasers at theE
glass prism surface at an angle in the vicinity of the critical 3
angle for total internal reflection. The second laser generates$
a volume wave, which propagates perpendicular to the prism§s  so -
surface via the truncated apex of the prism towards theZ
vacuum side. While laser 1 is resonant to tH&,3—3P5,

Na atomic transition (16 973.33 cnh), the other ondlaser B :
2) is scanned around theR%/ZHSS]_/Z resonance transition .gooo I -1000 . 0 I 1000 . 2000 ‘ 3000 I 4000
(16227.30 cmt). The starting frequency‘0” on the fre-
qguency axis in  Figs. 4-10 -corresponds to
16 227.2741 cm?, as determined by an iodine absorption
cell. The blueshifted fluorescence light from thé& 4 3/, 200 -
—3S,, transitions (30 267.28 cit and 30 272.88 cm?) is
observed via a collection lens at normal incidence and is r (b)
recorded behind a glagSchott UG5 and an interference
filter (AN=10nm) by a photomultiplier and photon-
counting electronics.

A flux of about 5x 10" sodium atoms per second from a
Na dispensefSAES gettersreaches the prism surface at an
angle 6,=55+5° with respect to the surface normal. The
flux is directed in the plane of incidence of the laser beam
exciting the EW along its propagation direction. It deter-
mines the velocity distribution function of the atoms arriving
at the surface.

200 -

150

b. units]

tensity [
8
T

150 |

100 |-

50 -

Fluorescence Intensity [arb. units]

IV. RESULTS AND DISCUSSION -2000 . -1000 ‘ 0 ‘ 1000 . 2000 . 3000 . 4000

Two-photon fluorescence spectra obtained in the normal Laser 2 Relative Frequency [MHz]
con_flguratlon are shown in Figs. 4 _and 5. For nega_tlve de- FIG. 4. (a) Two-photon fluorescence spectra observed in the
tuning of laser 1, a narrow peak is observed besides thg

. - : normal configuration” (dot9. Laser 1 poweP,=15 mW, laser 2
Doppler-broadened line whose position changes with the dep-OWer P,=15 mW, andA,= —800 MHz; surface temperatufk

tuning A, . For pos't'\_’e laser 1 detunings, th_e intensity Of_the=396 K. The fit(solid line) is obtained for a Rabi frequency for the
narrow peak essentially decreases. In the inverse configurgsyer transition), /(27)=90.5 MHz and for an EW penetration
tion (Figs. 6, 7, and Bthe narrow peak also can be observed,gepth 5= 196 um. The contributions of different groups of atoms
but this time at the left-wing side of the Doppler-broadenedare shown separately ii): the atoms flying directly from the dis-
line. For negative detunings of laser 1, the narrow peak dispenser(solid line), the atoms scattered before the surfédashed
appears. In this case, in contrast to the normal configurationine), and the atoms desorbed from the surféaash-dotted ling
a clear two-peak shape of the broad fluorescence line is ob-
served. The separation between the two maxima dependalue §,=53=2°, within error bars in agreement with the
neither on the intensity of laser (Fig. 9) nor its detuning measured value.
(Fig. 10. In the normal configuration for negative, one observes
Based on the theoretical results obtained for the weakthe contribution of the atoms arriving at the surface. The
field limit (Sec. 11O, one can identify contributions of dif- same is true for the left wing of the spectrum obtained in the
ferent groups of atoms near the surface. In accordance witinverse configuration. However, besides a narrow peak from
the previous statements, we conclude that the narrow peake dispenser, one can also see a Doppler-broadened contri-
arises from the atoms emanating from the dispenser, whicbution. This observation reveals that the atoms emitted by
have a narrow velocity distribution around a definite anglethe dispenser have undergone collisions with each other be-
Plotting the position of this peaky', as a function of the fore they reach the surface. This is consistent with the fact
detuning of laser 1A, we get a linear dependen@€g. 11), that the distance between the dispenser and the su¢gce
in agreement with Eq(55). From its slope we determine the cm) is comparable with the mean free path of sodium atoms
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180 - 30 -
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25 [
140 |
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100 -
80 -

60 |-

40

Fluorescence Intensity [arb. units]
Fluorescence Intensity [arb. units]

20

0 1 L 1 " I N L n 1 L L n ! ) R L ) . ) . 1 R 1 . ) . )
-2000 -1000 0 1000 2000 3000 4000 -2000 -1000 0 1000 2000 3000 4000

160 |-
I N 25 L

140 |- (b}

120 | \

100 | / \

80 |- / \

2 | /N (b)

6o | /
40 / \

-2000 -1000 0 1000 2000 3000 4000

Fluorescence Intensity [arb. units]
-
Fluorescence Intensity [arb. units]

e

1 L 1 . r 2 1 \; ~ 1 L 1 L ]
2000 -1000 0 1000 2000 3000 4000

Laser 2 Relative Frequency [MHZ] Laser 2 Relative Frequency [MHz]

FIG. 5. Same as Fig. 4, but fdr, =800 MHz, T=399 K. In(a)
two calculated spectra are presented: the sticking probabilitg for
=1 (thick solid ling and fors= 0.5 (thin solid line.

FIG. 6. Two-photon fluorescence spectra observed in the “in-
verse configuration”(doty at P;=53 mW andP,=15 mW and
T=407 K: A;=0 MHz. The fits (solid lineg are obtained for
Q4 /(2mw)=275 MHz, §=196 um, m;=1, and m;=0.01. The
from the sourcé4 cm). other notations are as in Fig. 4.

To confirm this conclusion in a more direct way, we have
measured the one-photon fluorescence spectrum of they fit the spectrum excited perpendicular to the dispenser

atomic flux emitted from the dispenser in a cell. The corre-gxis [F|g 1Zb)], we have used a sum of Lorentzian and
sponding spectra excited both in the direction along the disgayssian curves,

penser axis and perpendicular to it are shown in Fig. 12. The

spectrum excited along the dispenser apifsg. 12a)] is 1lw 1 1 b2
compared with the Maxwellian velocity distribution taking fL(v,)=—=|— 2+pexp( - ) , (57
into account the flux correction Clmv2+w? "~ Jru u?
2 V2 where v, is the velocity component perpendicular to the
fi(v))=—viexp - —l , (56) dispenser axisC is the normalization constant, and the quan-
Ud Ug tities w, u, and p are fitting parameters. The best fit was

obtained forw=1.1x10* cm/s, u=4.4x10* cm/s, andp
wherey) is the velocity component along the dispenser axis=0.5. For both experimental configurations, all the hyperfine
andv4=8.0x 10 cm/s is the most probable velocity deter- levels have been taken into account for the fit and the two
mined by the temperature of the dispendgy;=900 K[18]. peaks correspond to the two hyperfine components of the
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FIG. 8. Same as Fig. 6, but fdr; =600 MHz.

FIG. 7. Same as Fig. 6, but fdr; =200 MHz.

1 v v
ground state $;,,. A small discrepancy between the mea- fa(vj,v,)= C. 2 H 2exp( — 2) (58
sured and calculated spectra in Fig(2can be explained dvi+w Ud

by a slight misalignment of the perpendicular orientation of

the laser beam with respect to the dispenser axis. The narropith the normalization consta@,. For the atoms that have

Lorentzian line can be identified as arising from the atoms;ngergone collisions in front of the surface, we have taken a
emitted directly from the dispenser. The broader Gaussiagjaxwellian distribution,

background originates from the atoms that have undergone
mutual collisions. Thus the paramefeis connected with the
probability of such collisions. v?

Next we have performed a quantitative analysis of the fas(v)= uzexp( - uz> (59)
measured two-photon fluorescence spectra by applying the 7
rigorous theory developed in Sec. Il B. As input for the fit-
ting procedure, we have used the velocity distribution func-with the parameteu as determined above. Finally, for the
tions obtained from the one-photon fluorescence spectra in@oms desorbed from the surface we have used the distribu-
cell. Namely, for the contribution of collision-free atoms tion function (23) reduced to the planev(,v,). The ratios
from the dispenser, we have used the distribution function between the contributions of different groups of atoms as
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FIG. 10. Dependence of the two-photon spectra on the detuning
of laser 1, obtained in the inverse configuratiofe) A,

FIG. 9. Dependence of the observed two-photon spectra on thg — 200 MHz, (b) A;=—400 MHz, (c) A;=—600 MHz.
intensity of laser 1, obtained in the inverse configurati@).15

Laser 2 Relative Frequency [MHz]

mW, (b) 38 mW, (c) 53 mw. verse configuration as it differs between volume and evanes-
cent wave.

well as the quantitiesr;; ,m¢; (in the inverse configuration A fairly good agreement between calculated and observed

and the EW penetration depth were considered as adjustabdpectra confirms that all contributions have been properly

parameters. identified. A slight discrepancy between theoretical and ex-

The results of numerical calculations are shown in Figsperimental data in Fig. 4 can be attributed to an asymmetric
4-8. First, a fit was obtained for a single spectrum in thevelocity distribution of the atoms arriving at the surface that
inverse configuratioFig. 6) and then the other spectra were have experienced collisions. As the dispenser-surface dis-
calculated using the measured values of the detuning of laséasnce is comparable with the mean free path of Na atoms,
1, keeping all other parameters constant. For the calculatiortbeir velocity distribution is essentially nonequilibrium and
of the spectra in the normal configuration, only the intensitycannot be described by a Maxwellian distribution function.
of wave 1 was assumed to be different from that in the in-Rather, it can be characterized by a specific direction along
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FIG. 11. Dependence of the narrow peak position on the detun-
ing of laser 1 in the inverse configuration.

the dispenser axis. This can also cause the slight discrepanc
between experiment and theory in Fig. 5. This spectrum hasZ
been obtained for large positivk;, so both hyperfine sub-
levels of the ground stateS3,, participate in the transition.
For one of the sublevels the detuning is negative, so the
atoms arriving at the surface also contribute to the spectrumg

A remarkable feature of the Doppler-broadened fluores-
cence lines is that they are qualitatively different in the nor- 2
mal as compared to the inverse configuration. The dip at theg
center of the line in the case of the inverse configurationg o
arises from the factaw, in the velocity distribution function £
of the atoms desorbed from the surface, which is a conse2
guence of Knudsen’'s cosine law. In the normal configura-
tion, one scans the velocity distribution along thdirection . . . . ‘ . . .
and this factor is not displayed. 0 2000 4000 6000 8000

Until now we have assumed throughout the paper that the Laser 1 Relative Frequency [MHz]
atoms are adsorbed at the surface with a probability of unity.
However, in principle there may be a nonzero probability for ~ FIG. 12. One-photon fluorescence spectra measured in a cell
an atom to be specularly scattered. In such a case, one wouggcited along the dispenser ax& and perpendicular to {b). Note
observe a narrow line arising from the atoms stemming dithat the “0” on the frequency axis is an arbitrary value. The solid
rectly from the dispenser and then specularly scattered by th#es are fit curves; see text.
surface. The spectral position of this line could undoubtedly
be identified in the normal configuration with positive detun-ume wave propagating perpendicular to the surface, whereas
ing of laser 1[Fig. 5(@)]. From the present data we conclude the upper transition is scanned by an evanescent surface
that the sticking probability for Na atoms under our experi-wave, and(ii) the character of the two waves is exchanged.
mental conditions is larger than 0.5 and probably abouiWe have developed a rigorous theory describing the result-
unity. This conclusion is consistent with the results of previ-ing fluorescence spectra. Based on our theoretical approach,

Inten

ence

uores

ous measuremenf40,19. we were able to identify the spectral contributions of differ-
ent groups of atoms participating in the vapor-solid scatter-
V. CONCLUSIONS ing. Such spectral separation has allowed us to reconstruct

the velocity distribution functions of the specific groups of
We have investigated both theoretically and experimenatoms both in the direction parallel to the surface and per-
tally the two-photon fluorescence spectra of Na vapor in thgendicular to it. This new technique provides a spectral dis-
close vicinity of a glass prism surface. The Na atoms werginction between the contributions of the atoms just before
excited in a step-by-step excitation scheme in two differenthey collide with the surface and just after they desorb from
configurationsii) the lower transition is saturated by a vol- it. Moreover, it allows one to identify unambiguously the
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spectral contribution of the atoms specularly scattered by thetration depth can easily be made less thgmm. The mean
surface, ifany. _ ~ free path reaches such values at gas pressures of the order of
Once the velocity distribution functions of both atomic one atmosphere. Therefore, such a technique can bridge the

fluxes are knOWn, important quantities CharaCteriZing th%o_ca”ed “pressure gap” in heterogeneous Catam@E_
gas-solid boundary layer can be calculated: the scattering

kernel and different accommodation coefficief&8]. On the

other hand, comparing the molepular flu_xes to the surf_ace ACKNOWLEDGMENTS
and apart from it, one can extract information about chemical
reactions on the surfa¢@1]. The main criterion for applica- We are grateful to J.P. Toennies for continuous and en-

bility of this technique is that the depth of penetration of thecouraging support during the experimental part of this work.
evanescent wave into the gas must be less than the mean fiéd&e also appreciate support from the Danish Natural Science
path of the gas atoms. In the visible spectral range, the perGouncil.
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