PHYSICAL REVIEW A 69, 062901(2004)

Four-wave mixing spectroscopy of gas-surface scattering
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A detailed theory of four-wave mixing~WM) at a gas-solid interface is developed. Geometry of excitation,
where two electromagnetic waves propagate perpendicularly to the interface and the third one is evanescent
traveling along it, is considered. Assuming that the evanescent wave penetration depth into the gas is much less
than the mean free path of gas molecules, it is shown that FWM spectroscopy allows to distinguish between the
contributions from gas molecules moving to the surface, desorbed from it and directly scattered into the gas. It
is concluded that by scanning the wave frequencies across the molecular transitions it is possible to determine
the parameters of the scattering kernel for direct gas-surface scattering and the velocity-dependent sticking
probability. A method based on this principle could open opportunity for studying adsorption, desorption and
gas-surface scattering dynamics not only under thermodynamically nonequilibrium conditions but as well as in
an equilibrium gas phase.
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I. INTRODUCTION tions. It has been realized for sodium atoms scattered by a
] i ) glass surface and the contributions of both the desorbed and
Gas-surface scattering plays a crucial role in processes @firectly scatteredi.e., not trapped at the surfacatoms were

heat and mass transfer at a gas-solid interface, e”ergy_a@,ﬁectrally distinguishe]. However, this problem was re-
momentum exchange between a gas flux and a streamlingyed for thermodynamically nonequilibrium conditions
surface, in surface chemical reactions. It is therefore of greahen the gas phase was simulated by a source of sodium
importance for such diverse applications as heterogeneoygoms and the contribution of the directly scattered atoms
catalysis, chemical vapor deposition and aerodynamiCs,oy|d be easily identified. Thus the question still remains: Is
However, investigation of this phenomenon faces a funday possible to investigate the dynamics of gas-surface scatter-
mental problem: “in the presence of an equilibrium 98Sing in an equilibrium gas phase?
phase,_there is no means Whatso_ever to distinguish between' |, this paper, we propose for the first time a spectroscopic
desorbing, reflected, diffracted or inelastically scattered molynethod based on four-wave mixingWM) technique[6]
ecules”[1]. Due to this reason, the gas-surface scatteringyhich allows to distinguish between the contributions of
processes are studied mainly with the use of moleculapglecules arriving at the surface, those desorbed from it and
beams under ultra-high-vacuum conditions. In such a casgyqse directly scattered into the gas phase where molecules,
the surface coverage with an adsorbate is yet sufficientlyjinoyugh they have induced polarization, are in equilibrium
different from that under a gas atmosphere of high pressurgyith respect to their external degrees of freedom. We show
Although the coverage can be simulated by means of surfagg st by this way it is possible to determine the scattering

cooling, nevertheless the gas-surface scattering dyngmics d€arnel that provides comprehensive information on gas-
pendent on the surface temperature cannot be investigated By face scattering.

this way. Therefore, strictly speaking, the data obtained with
the use of molecular beams are irrelevant to the surface prop-
erties which one deals with in various applications.

Recently, a novel laser spectroscopy approach to this Assume that the ground electronic state of a gas molecule
problem has been developed. Laser-induced fluorescentrms sublevelfy) and|g’), and the excited electronic state has
spectroscopy employing evanescent wa(lgd/’s) has been sublevelde) and|e’) [7] [Fig. 1(a)]. Let the gas molecules be
demonstrated to be a sensitive tool for studying gas-surface
scattering dynamicg2-5]. An EW wave, being strongly spa-
tially localized near the surface, excites only molecules
within the Knudsen’s layer where the intermolecular colli- k %
sions are negligible. If in addition the gas is illuminated by a i:(A,:
laser beam perpendicular to the surface, it is possible, due to
the Doppler effect, to selectively excite either the molecules
approaching the surface or the ones departing from it. This
opportunity allows one to determine the gas-surface scatter- N 4 - v

g

ing kernel, a fundamental quantity in gas-surface interac- (a)_ )

II. EVOLUTION OF A SINGLE MOLECULE

—;l_ _/.{
?( =

FIG. 1. (a) The excitation scheme of the molecular lev&ls).
*Electronic address: bordo@space.ru Geometry of the four-wave mixing process.
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excited by two laser beams of frequencigsand w; travel- p;,g(r”,z: 0.V') = Wyrg(V — V)pg (1,22 0V),  (6)

ing perpendicularly to the gas-solid interface and by an EW

of frequencyw, propagating along ifFig. 1(b)]. The laser wherev andv’ are the velocities of a molecule before and
frequencies are assumed to be in resonance with the molecafter the scattering, respectively, and we have introduced the
lar transitions as it is shown in Fig(d). The evolution of the  probability w4 that the coherency, 4 survives after direct
molecule density matrip(r,v,t) then obeys the Liouville molecule-surface scattering. For molecules trapped at the

equation surface and then desorbed from it, it is reasonable to set
5 _ p;,g(rn,ZZO):O and to adopt Eq(5) for the other matrix
i
<—+V-V)p:——[HO+V,p]—Fp, (1) elements. S
at fi The solving of the problem is simplified if one comes to

where r=(r,,2)=(x,y,2) is the molecule radius-vectoy the Laplace-Fourier transformed quantities

=(v),v)=(vy,vy,v,) is the molecule velocityH, is the R * _ )

Hamiltonian of the molecule in the absence of any external ~ Pmr(P:S) :f drf dtexplip -1 —ist)pmi(r,1), (7)
fields, and the operatdr can be expressed in terms of the =0 -

relaxation ratesy,,, The operator of interaction between a with p=(p,,ip,). The equations for the matrix elements
molecule and the electromagnetic wavwéscan be writtenin  p., (p,s) are obtained from Eql) and have the following

the dipole approximation as follows: form:
V= E V,, (2 i(S+ wmn— P 'V);)mn(pas) - Uzﬁmn(pllvs)
1=1,2,3 .
N I N
with == [Fp(pys)]mn_ %2 [(Vv)mlpkn(p +Q,S+ wv)
kv
\Vi :_}M.E exd_i(wt—q .r)]+cc (3) _Z)mk(p-'-qws-'-wv)(vv)kn-'-(VV)mk
v 2 v v 14 ) " . " .
kan(p - qV’S_ wv) - pmk(p - qV’S_ wV)(VV)kn]’

whereu is the dipole moment operator of a molecute, is (8)

the electric field amplitude of the corresponding wagges
=(0,ky 9 andg,=(k,,ix) are the wave vectors, and™ is where

the EW penetration depth. We assume that the molecule %

mean free path exceeds both the EW penetration depth andpn,(p;,) :J er dt explip; - ry = ist) ppn(r;,z=0,t).
the mean distance which molecules overcome during the -

transverse relaxation timeg,.. In such a case, it is reason- (9)
able to set the boundary conditions for Et) separately, for

the molecules approaching the surface and for the ones d?-
parting from it. We shall require the finiteness of the solution or
for the approaching molecules at infinite distance from the
surface, namely8]

The boundary condition&) and(6) lead to the equations
the transformed quantities

PP =0, for {mn #{g'g} (10)

and
lomn(T1, 2 — )| < . (4)

D (P SV') =Wy g(V — Voo, (P1,S,V). 11
To specify the boundary conditions for directly scattered Pq g(p” ) = Wyl )pg g(p” ) (43

molecules, we note that during the flight across the
molecule-surface interaction potential, the nondiagonal ele- . PERTURBATION THEORY
ments of the molecule density matrix acquire a phase deter- '

mined by the difference between the molecule-surface poten- we assume that the electromagnetic waves do not saturate
tials in the ground and excited statdS]. For large the relevant transitions, so the solution can be found by ex-
differences in the adsorption potentials, this phase variepanding both sides of E8) in power series with respect to
C|U|Ck|y with the incident velocity of a molecule that leads to the Operatok/ and equating the terms of the same ordev.in

phase randomization and cancellation of the contribution forrhe boundary condition€L0) and (11) take the form
molecules departing from the surfafgE]. However, as re-

gards the transition between the ground electronic state sub- obp,9=0, for {mn}+{g'g} (12
levels|g) and|g’), it is reasonable to assume that this differ-
ence is negligiblg11] and the coherencygy can survive “ﬁgfg(pu,s,v’) :Wg,g(v—>v’)"ﬁ;fg(pu,s,v), (13

during the molecule-surface scattering. In accordance with
these arguments, we write the boundary conditions for thavhere the superscript in parenthesepgtdenotes the order
nondiagonal matrix elements relevant to our consideration asf the perturbation theory. Now applying the rotating wave
follows approximation[12] one can obtain the solution f@¢,(p,s)
. ) as power series i, separately for the molecules approach-
Pmr1,2=0)=0, for {mn} #{g'g}, (5  ing the surface and departing from it.
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FOUR-WAVE MIXING SPECTROSCOPY OF GAS-

A. Zeroth order

We assume that in the absence of external fields only th89’
ground state sublevéy) is populated among the considered

levels and its population is equal pgg. Then one obtains

@2m)°® ,
P

A(O)(p S) ngé(pu)g(s)émné\mga (14)

with &(x) the Dirac’s § function andg; the Kronecker’ss

PHYSICAL REVIEW A 69, 062901(2004)

1

~(2) — ~(2)
gg(P:S) = Yot 15+ 0gg—p V) VaPyrg(PI:S)
_(@n? QlﬂzA(V) K
4 ptK- 5(pu ko) d(s+ w1~ wy) |.
(20

The denominator in front of the square brackets has a zero at

symbol, both for molecules moving to the surface and away

from it.

B. First order

In the first order the only nonvanishing matrix element isthe divergence of the or|g|nal functlop

1
eg+ i(s+ a)eg— p-Vv)

pe(p.S) = {vzﬁﬁg)(pu,s)

+— (271')3

ELCIEED wa} (19

where the quantitﬁeg(pu,s) must be determined from the
boundary conditions. Here and in the following,

Yorg TS+ wgrg= Py V)
pp=- " E— (21)

Uz

For the molecules moving to the surface this pole leads to

at z—x. By
choosing the quanﬂtyo |n the form
- (2 w)?’
Py (P18 = = ==~ AV)B(v)pg
X 5(pH - k2) 5(S+ (O (,02), (22)

with

=pmmn-E, /% are the Rabi frequencies of the corresponding

transitions. The expressiqi5) has a pole at

YegT i(s+ Weg~ Py 'VH)
v, '

Pz =- (16)

For the molecules moving to the surface<0, and hence
Re(p,1) >0 for anyp, ands. As a result, the corresponding
original function is infinite az— 0. To ensure the finiteness
of the solution, one has to choose the funcfiq )(pH,s) o)
that to cancel the terms containing the ppje The remain-
ing term has the following form:

i QO
es (.9 = 527 5 ~AVEEAP)As+ ), (17)
p,—iky

where
A(v) = ['yeg_ i(Ag - klvz)]_l (18)
Aj=w - weg is the detuning of the resonance at tjp
— |e) transition and we have used the equatféx) 5(x—a)
=f(a)s(x—a).
Taking into account the boundary conditiai®) for scat-
tered molecules, one obtains
04 1 0
—ik + "—iA ng
P 1Yegt Pz~ 181
X &(py)ds+ wy).

at i
p5(p.9) = 5 (2m)°

(19)

C. Second order

We shall consider only the matrix eIemeﬁs{gE)g which is
necessary for the calculation of the quanﬁﬁ)g determining

B(V) =[vgg— kv~ (A1 = Ay =k, + ko v)T™ (23

andA,=w,—wey ONe ensures the finiteness of the solution at
infinite distance from the surface. Then we have for arriving
molecules

~~(2) __ 2m)® 0,0, 0
pg/g (p,S) 4 p,+ Kk — iklA(V)B(V)pgg
Xa(p—Kp) s+ w;— wy). (24)

The solution for scattered molecules has the form of Eqg.
(20) wherev must be replaced by’ and the quantit}'faf;,)gj
obeys Eq(13).

D. Third order

We restrict ourselves by the consideration of the matrix
elementpfj)g which determines the radiation at the transition
|g)—|e’) and hence the intensity of the FWM sigrié]. The
general solution for the transformed quantjri(f,)g can be
written in the form

. 1
Pen(P,S) = :

’ + - Q
Yerg+i(S+ werg—p V) [Uzpe g(p” 9 °

X (P + Q.S+ ws)} (29

wherep (p s) is given by Eq.(20). Much as it has been
done above we choose the quanﬁé) for molecules mov-

the FWM signal. The general solution can be written in theing to the surface so that to ensure the finiteness of the so-

form

lution at infinite distance from the surface. We then obtain

062901-3



V. G. BORDO

. (2m)® A(v)B(V)C(v)
per(g)(p,S) =-i—g Qlﬂzﬂspggﬁ
X 3(py— ko) d(s+ wp), (26)

where w,,= 0, — w,+ w3 is the frequency of the radiation re-
sulting from the FWM process and we have introduced the

following notations:

C(V) ={¥erg— kv, = i[Ap— (kg + kg)v, +Ks - v,
(27)

p1=—k+i(ky +kg), (28)

with A=A = A+ Az andAz= w3~ we . The contribution of

scattered molecules can be written in the form

~t (273 ’
pe’(g)(p’s) =" I(L)Q:LQZQSPSQ[WQ’Q(V i V,)UZA(V) B(V)
+ A(V’):| _ 5(pH—k2)5(S+ ™) _ 29
Pz~ P1lv, [P, = Po(V)IlP,— Pa(v')]
where
e’ _i(Am"'k V)
poly) = = 7 (30
and
q— 1A= Ay + K, - k
Pa(v) = - 229 A~ Aotk Vithan) (31)

Uz

IV. SIGNAL FROM AN ENSEMBLE OF MOLECULES

A. General expression for the signal

PHYSICAL REVIEW A 69, 062901(2004)

2
EPRY) =~ S {litge X RIX RIpZrnd. (34

with sy the lowering part of the dipole moment operator at

the transition/g) — |e’) andR the unit vector along the vec-
tor R.

The matrix elements which contribute ﬁxf'g have a tem-

poral dependence exp(—iw,t). Then account of the retarda-
tion effect is reduced to the substitution

|R—rn|zt_R—Ii-rn
C 1

t—t' =t- (35

the approximation in Eq(35) being valid in the far zone
whereR>r,.. As a result, the matrix elemep‘f,)g acquires an

additional phase factor ejfw,/c)(R-R-r,)]. Transform-
ing the sum oven into an integral over the gas volumeé
illuminated by three waves along with the averaging over
molecular velocities, we obtain

. om
2 (EFP(R,1)) = - explikeR) f dr
n c’R =0

X{[PA(r,t) x R] X Rlexp(—iks-r)
2

1 w . *
=- ZTCZ_Ir;exmkSR)J_OC ds

X{[PP(-kgS) X R] X R}explist),
(36)

where

P(E,0) = L (T, Dt D, 37)

is the positive frequency part of the nonlinear gas polariza-
tion, ks=(kg,ks) =(wn/C)R is the wave vector of the gener-

The intensity of the FWM signal from an ensemble of ated wave, the angular brackets with the subseriptean an

molecules can be written as follows:

lewm = i<E<‘>(R,t) EWR,D), (32)

average over molecular velocities and we have assumed that
the linear dimensions o are much larger than the laser
wavelengths. The Laplace-Fourier transformed polarization

P® can be written as follows

whereE® are the positive- and negative-frequency compo-
nents of the FWM electric field at the detectois the speed

of light, R is the radius vector directed to the observation
point and the angul(a)r brackets denote the ensemble averag-
ing. The quantitie€™ for a rarefied gas are results of sum- 5

mation over allN molecules participating in the FWM pro- where the tenscK has the form{15]
cess. In the case whédt> N the average in Eq32) can be .

- N _ . R
PO(-kg9) = \—/<Tr[p(3>(— Ks:S) ttger 1),

= X EE5E30(ky +Kp)S(S+ wy),  (39)

N _
approximately factorized and the signal takes the fgt8]  (X)iju = ﬁpgg(ﬂger)i(Merg')j(ﬂg@k(ﬂegN(H +HY+H).
c 2 (39)
lewm = 5= | 2 (EL(RD) |, (33)
PN 2m no Here the quantitiesi~, H*® andH*S determine the contribu-

tions to the nonlinear polarization originating from mol-
where the contribution from theth molecule is determined ecules arriving at the surface, those desorbed and those di-
in the dipole approximation by the equatiftv] rectly scattered, respectively.
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The function 8(kg+k,) in Eqg. (38) implies the phase- channels the scattering kernel can be decomposed by two
matching condition for the FWM process providing its maxi- parts[5],
mum efficiencykg=-k,. In the case when EW is excited in

total internal reflection at a prism surface the direction of RV — V') =Rgedv— V') +Rgr(v = V'), (49
phase matching is fixed by the anglgsatisfying the equa- |, o the kernel
tion
g o @2SNG . RaedV — V') = SWF{(v") (45)
o 0y Sin 6, corresponds to the molecules which were trapped on the sur-

with 6, the incidence angle of the laser beam exciting EWface with the sticking probabilit8v) and then desorbed

. . . . . +d '

and 6. the critical angle for total internal reflectigsee Fig. with th_e velocity dIStI’Ib.L!tlonff . The kernelRy;(v—V’)

1(b)]. If the absolute value of the right-hand side of E40) normalized by the condition

exceeds unity, the wave generated in the FWM process is

evanescent. Assuming thai - wj| < w; and 6,~ 6., we get f Ryir(v—v')dv' =1 -9(v) (46)

Oo=-ml2, i.e., the wave of nonlinear polarization propa-

gates in the backscattering direction relatively EW. In such gjescribes direct scattering.

caselks,| <k;. _ Now the averaging of the contributions from different
To obtain the FWM power at the detector one has t0 in4youps of molecules can be written as follows

tegrate Eq(33) over the square of the detector surface. That

is reduced to the integration over the solid angle —@) _ a=(3) e
=sin AdAde with § and ¢ the spherical coordinates of the (Perg 1o = i Perg V) (V)dv, (47)
vector R. The corresponding integrand contaifns(ky ’
+k,)]%. One of thes functions can be used to remove the
integral overdo whereas the other onelgiveszé(27r)2 with A <,3;,(g)>u :f f ﬁ;’fg)(v,v’)R(v — V) (v)dv dv’
the square of the prism surface illuminated by three waves.
Finally, one obtains
Ao sis =S f Parg (VT + f f Parg (V,V")
C si ~ x
Pewm= | lewvR2do= —PIX:EE,E4?, (41 -

M f PN 327° cos 90| L% (4D XRyyr(V — V') ff(v)dv dv’, (48)

where ¢, is the angle between the vectd?s) and R. wheref);'f’@) andﬁ;?@) describe the contributions of desorbed

and directly scattered molecules and are given by (E8)

B. Averaging over velocities with wg4=0 andwgq # 0, respectively, and

As it follows from Eg. (38), the FWM signal is deter-
mined by the averaging of the quantq,“bff,)g over molecular

velocities. In a general case when the gas is not in equilib- . .

rium with the surface, the fluxes of molecules to the surfacdS the average sticking probability. .
and away from it are characterized by different velocity dis- !N the following, we shall analyze the case of an equilib-
tribution functionsf~(v) andf*(v), respectively. The relation "Um between a gas and a solid when botrandf; are the

between them can be expressed in terms of the scatteri axwellian distribution functionsfsy, .characterized by a
kernelR(v— V') as follows[16,17: common temperatur@. We shall restrict ourselves by the

consideration of the Doppler limit where the Doppler width
., e wp Is much larger than all the linewidthg,,, as well as the
fi (v ):J R(v — v)fi(v)dv, (42 gansit-time broadeningv with v; the most probable mol-
ecule velocity. Then the integration over velocities in Egs.
where we have introduced the velocity distribution fUﬂCtiOﬂS(47) and(48) can be carried out analytically. As a result, we
normalized to a unit probability flux obtain for the molecules arriving at the surface and desorbed
from it (see Appendix A for the detajls

Sr= f SW)ff(v)av (49)

f J . o 2T e~ Y O 49049 B(— kg
’ o3 — (kg + ks — ks
The integral in Eq(43) is taken o_vervz<0 for arriving. X{kaA1 = KyAz + i[KgYeg— Ki(Yerg = yg/g)]}_l
molecules and oves,>0 for departing ones. The quantity )
R(v—V’) is defined as the probability density that a mol- ><exp<— i) dZ(vlvy) (50
ecule striking the surface with velocity betweenand v Kav3 dv oz,

+dv will be scattered at the surface with velocity betweén
andv’+dv’. In accordance with the two different scattering and
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B 47T4STA1(7e’g - 7g’g)®(A1)®(_ A3)O(-kj)
kakBu3 k= i(ky + ks~ ks))]

X {kaA1 — KAz +i[KgYeg— Ki(Yerg = Ygrg) I}

H*d ~

PHYSICAL REVIEW A 69, 062901(2004)

” Réir(Allkl — Ué)Uédvé
0 v+ (Ar/ks) —ia

JA)= (56)

and « is an infinitesimally small positive quantity. The inte-

Ai dZ(wlvy) gral (56) can be evaluated using EGA6).
Xex;(—ﬁ){T} ) (51
VT v=-A,/k,

respectively, withZ(x) the plasma dispersion functidig]

V. RESULTS AND DISCUSSION

The distinct resonance conditions for different groups of
and O(x) the unit step function. molecules which follow from the Doppler effect allow to

The contribution from directly scattered moleculg9) distinguish between their contributions. This can be seen
includes two terms in the square brackets. The second dfom the analysis of Eqg50), (51), and(55). In fact, let us
them has the same form as the contribution of desorbed motonsider the following cases.
ecules. It does not depend anand hence the integration (i) Both k; andA, are negative and is positive. Then
overv can be carried out explicitly. It is reduced to the inte- the contribution from the molecules moving from the surface
gral is negligible due to th& functions and only the molecules
arriving at the surface contribute resonantly to the FWM
spectrum.

(i) Bothk; andAz are negative and; is positive. Then,
analogously, both the contribution of the molecules moving
to the surface and that of the second terrkiiii are nonreso-
nant. The FWM signal is determined by the functibiid
describing the desorbed molecules.

(i) Both k; and A; are positive wheread, is negative.
Then only the directly scattered molecules give a resonant
contribution determined by the second termHt?.

fRdir(v_)vr)ffM(U)dV:(1_ST)ffM(U,)- (52)

As a result, the contribution of the second term in &9) to
the spectrum has the form of E¢p1) with S; replaced by
1-S;.

The averaging over velocities of the first term in E2Q)
can be carried out by means of successive integrationswover
andv’. We note that if the molecule-surface potential well

depth is much greater than the molecule incident kinetic en- L€t us consider the latter case in detail. As it follows from
ergy, one can assume that the change in the molecule m -g. (55), the nonlinear polarization in this case is determined

mentum parallel the surface during scattering is Siil. y the scattering kernel for direct scattering taken at the ini-

In such a case, the scattering kernel can be written in thi@! velocity dictated by the detuning of wave 1. It is worth-
form while to normalize the FWM power obtained in the céisig

to that in the caséi). When scanning the detuninkg both
(53) signals have sharp maxima, ai;=-A; and at Az/k;
=A,/k,, respectively. Let us normalize the maximal power
obtained in the casgii) to that obtained in the cag®. The
so defined FWM signal has the following form:

Ryir(v — V") = R (v, — v,) 8lv| —v)),

where the reduced scattering kerRg}, is normalized by the

condition
2(Ay) = Pewwm(castiii )
f Re. (v, — v))dv) =1 - S(,). (54) Pewm(casei))
0 Wy Ay |2 ,
Under the same assumption, it is reasonable to consider ~ A kikSUT 94 [
the quantitywy, 4 as independent on the velocitigsand v’ ) 5
because the time of flight across the molecule-surface poten- —i(ky — |ks| — ks

from the surface. Then the result of the integration of Eq.
(29) over velocities can be written as followsee Appendix
B for the detail$:

tial depends only slightly on the initial and final velocities far [ ksl Yeg + Ki(Yerg = Yoro) ]z
. (57)

YegT Ye'g ™ Yg'g

As it follows from here, by scanning the detuning it is
possible to determing(A,)| provided that the other quanti-

H*S ~ 1-Sr 4 774""9’9 ) ties entering Eq(57) are known. Basing on an appropriate
S kqkakqv3 ! model, one can then find the parameters of the scattering
kernel from a fitting procedure. On the other hand, if the
v (Yerg ~ 799 O (= A1)®(A3)®(k3)(ﬁ> experimental set up allows to measure not only the absolute
Ap+ Az +i(Yegt Yerg= Vg9 \Ki value of the tensoX component but also its phag20], it is
A2 \[ dz(vlv-) possible to determine the scattering kerméthout any pre-
><eXp<— kz_lz) {d—T] , (55)  defined analytical formusing the relation
1UT v v=A,/k
h IMLI(AY)] = - 2R (A—l = —ﬁ). (58
where ks 9"\ kg Ks
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The knowledge of the functioRj;,(v,—v,) gives oppor- 10 .
tunity to calculate the velocity-dependent sticking probabil- ol / N —— 8=kgT
ity from Eq. (54). The transfer energy for which the scat- z / N\ o=2iT
tering kernel can be determined is found from the equation 5 & / e\ T omdkT
2 / Ay
mA? (k1>2 ] o ./ %
=—||{—=] -1], 59 = 4p %
“w [ @ o9 S TN
- 2 W\
with m the mass of a molecule. Assuming that molecules are // RN
excited within the Doppler-broadened absorption line we o " ” " \1 !
conclude thatRj, can be probed in the range<[(k;/ks)?
-1]Et, whereE; is the most probable kinetic energy of gas ALkavT

molecules. . i
. . . FIG. 2. The value ofJ(A)|? calculated assuming the scattering
One ad_dl_tlonal remark_ IS _necessary. When deriving Eqkernel in the Brako-Newns mod¢19] for different values of the
(51) describing the contribution of desorbed molecules W& oo energy transfef. ky/ks=1.2.

assumed that their velocity distribution function is a Max-
wellian one normalized to a unit probability flux that implies . , . :
the validity of the Knudsen'’s cosine law. However this may Figure 2_ presents th? quantity(A,)|* which dete_rmmes
be not the case for some gas-surface syst@sis In such a the normalized FWM §|gnah(A12) calculatgd for dlﬁgrent
case, the velocity distribution function of desorbed mol-vValues of &. The function|J(A,)|* has a single maximum
ecules can be determined from the analysis of the Fwmvhose position markedly depends 6n _
signal measured in the configuratidi). Finally, let us estlma_te the r_nagmtude of the FWM signal.
Further we shall calculate an expected FWM spectrum in/Ve assume the following typical values of parameters for
the framework of a semiclassical model for direct inelasticélectronic - molecular — transitions: k,vr~1 GHz,  ymq
gas-surface scattering9]. It is assumed that the molecule ~ 10 MHZ, 1n,~0.1 D and pgy~ 107, Taking alsoN/V
momentum and energy after scattering differ from their ini-~ 10> cm™®  [22], Wyg~0.1 [23] and Ryr~ur
tial values as the resuit of creation or annihilation of a sub-~10* cm™ s [24], we obtain for the contribution of directly
strate phonon with momentu@ and energye. These quan- scattered moleculgX|~107*2 cgs. ForA~0.2 cnf andE;
tities are related with initial and final molecule velocities by ~E,~E;~ 1 cgs, that corresponds to the power density of
means of the momentum and energy conservation laws. The100 W/cn?, we get that the photon flux in the FWM wave
probability N(e,Q) of such a process can be represented ads of the order of 1®photons/s that is large enough for
experimental observation.

1 (e- )2 Q?
N(E'Q):w3’2AeAK2eX a2 | Tk ) VI. CONCLUSION

(60) In the present paper we have developed a theory of four-
wave mixing in a gas boundary layer confined by the EW
with Aezzv’ﬁ, kg the Boltzmann constant,AK penetration depth. We have considered the limit where the
=Ae/(V2vg) anduvg the Rayleigh mode velocity. The quan- mean free path of gas molecules exceeds this quantity that
tity &is the mean energy transfer which can be considered s@nsures a collisionless regime of the molecular flow within
an empirical parameter. The direct scattering kernel describée boundary layer. Due to the Doppler effect, one can then

the same process and can be written in the form excite either the molecules arriving at the surface, or the ones
leaving it. In addition, the excitation of both arriving and
Rair(v — V") =CN(¢,Q), (61)  departing molecules simultaneously by the two different

hereC i be d ined f h i waves propagating perpendicularly to the surface allows to
whereC Is a constant to be determined from the normaliza-ghactrally select the direct scattering channel. The parameters
tion condition. If the quantitAK tends to zero, the Gaussian

. . — (1 /) 8y of the direct gas-surface scattering kernel can be extracted
in momentum givesi(Q)=(1/m") (v -v;) and we come t0 4 the FWM spectra measured in such a configuration.
Eq. (53) where

The integral of this kernel over final velocity, E¢4), gives

o’ 1 m 2 the velocity-dependent sticking probability.
N — z | 122y
R(Z’"(UZ_}UZ)_C\,,;AEGXL’{ Aez[ o0z w2 5} } ACKNOWLEDGMENTS
(62) The author is grateful to T.F. Heinz for the stimulating

) ) . discussion, and to V.V. Petrunin, H.-G. Rubahn and J.R.
The factom, in Eqg. (62) arises from the Jacobian of the manson for helpful discussions and comments.

transformation from the variableto v,. Then the constar@

must be determined from the equation APPENDIX A: CONTRIBUTION OF ARRIVING
. MOLECULES
f f Ré. (v, — v)fm(v)du,dv, =1-Sr.  (63) The contribution of the molecules arriving at the surface
-» Jo to the FWM signal is determined by E¢26) taken atp

062901-7



V. G. BORDO

=-k. We represent the produé{v)B(v)C(v) in the follow-
ing form:

I 1 1
AVIBVIC) = ko - vzz)(vz— S vzz>
X [ 1 - 1 } (A1)
U~ (V) U= V(v ,
where
1
vy(vy) = k_Z[AZ = A+ kv, - i('}’g’g - kU], (A2)
1
Uyolv,) = k_[_ Am+ (kg +Kkg)v, - i('}’e’g - kvy)], (A3)
2
1 .
Uz = k_l(Al+ |7eg)r (A4)
1
U= k_[A3 + i(’)’e’g - ')’g’g)] (A5)

3
and we have chosen theaxis along thek, vector.

When integrating Eq(Al) in the Doppler limit, where
Ymn KUT< @p, ONe can tend lfw,;) and Inv,; to zero and
use the symbolic equation valid far— 0

=im sgra)d(x—a) + Pi, (AB)
X—a

X—a-ia

PHYSICAL REVIEW A 69, 062901(2004)

A _ A
ki ks
Under such a condition the principal values of the inte-
grals overv, appearing in integrating EqA1) cancel each
other. We assume for definiteness that-0 and yeg> vy/g-
Then the molecules arriving at the surface give a nonzero
resonant contribution determined by théunctions ifk;<O.
To ensure the resonance condition for such molecules it is
necessary to havA; <0 and, as it follows from Eq(A7),
also A3>0. The remaining averaging over, does not
change the result and we come to E8Q) given in the text.
The contribution from desorbed molecules can be written
in the form of Eq.(26) with the following substitutions:

(AT)

A(V) — A(V'), (A8)
B(v) — B(V';k — = piky — —k3), (A9)
C(v) = C(V'; k — = Ppky — —ka). (A10)

Its averaging over velocities can be carried out much as it
has been done for arriving molecules and we obtain as a
result Eq.(52).

APPENDIX B: CONTRIBUTION OF DIRECTLY
SCATTERED MOLECULES

We shall consider here the contribution of the first term in
the square brackets in E@9). The assumption that the scat-

whereP means the principal value of the integral. The right-tering kernel has the forn53) allows one to remove the

hand side of Eq(A1) contains the factofv, —v,) t={(A;

integration ovewr; and to take all the functions &f =v,. The

+i’yeg)/kl_[A3+i(’yerg_’ygrg)]/kg}_l which is essentially corresponding integrand contains the factor which can be

nonzero in the vicinity of the resonance

A(V)B(v) 1

represented as follows:

véz[iksz_ pz(v,)][iksz_ p3(V,)] T Fkg (v~ Uzl)[Ux - le(vz)][vx - Ux3(U£)][Ux - Ux4(U£)] ,

where

Ux4(U£) =

1
(B1)
! 1 ! H
Uxa(vy) = k_z[_ A+ A= (K3 = Ksug —ivgrgl, (B2)
1 .
k_(_ Am"'kszvz_l')’e'g)y (B3)
2

and the quantities,; andv,,(v,) are given by Eqs(A4) and(A2), respectively.

The product on the right-hand side of E§.1) can be decomposed into a sum of three elementary fra((tzigﬁss;xj)‘l each
of which can be in turn decomposed into elementary fracti(o;r;s:;zj)‘l and (v;—vz’j)‘l. As a result, each term will be
proportional to the factorA;+Az+i(yeq+ ye,g—yg,g)]‘l which is essentially nonzero in the vicinity of the resonance

A3:_Al.

(B4)

We shall assume for simplicity that the quantitieandks, can be neglected in comparison wikh Then in the Doppler limit
one can use EqA6) when integrating Eq.B1) over velocities. Taking also into account the conditiBd) and assuming that
the scattering kernel varies slowly at a scaleygf/k,, we come to Eq(55) given in the text.
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