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This paper solves the problem of the interaction of laser light with a resonant gas near a solid
surface using an approximation of two levels, flat surface, and weak saturation. It analyzes

the resonant structure of polarization and the formation of new types of intra-Doppler resonances
emerging in the spectrum of the gas in the surface region. © 1995 American Institute of

Physics.

The problem of the resonant structure of the nonlinear
polarization and the nonlinear spectrum of a gas near a sur-
face that limits the volume occupied by the gas, i.e., the
walls of a cell, arises in many areas of laser physics of gas-
eous media, such as in studies of optical resonances in low-
pressure gas-discharge cells,'™ in the laser spectroscopy
of selective mirror reflection,*”’ in evanescent-wave
spectroscopy,®® and in diagnosis of the scattering of atomic
particles by a solid surface.'®! In all such and similar situ-
ations the idea is actually to calculate the spectral character-
istics of a gas at fairly small distances / from the surface, in
the surface layer 0<z=<I/, with / the mean free path of a
particle in relation to interparticle collisions in the gas.

Clearly, in this range of distances the one fact that the
gaseous medium is restricted to a volume is enough for the
spectral properties of the gas to differ drastically from those
of an ““‘unbounded” gas, i.e., far from the surface (z>1). The
situation is well-known in relation to the linear (without al-
lowing for saturation effects) spectral line profile of a gas*:
near the surface the gas’s spectral line profile is clearly asym-
metric and resembles a “semi-Doppler” curve if the homo-
geneous linewidth I is small compared to the Doppler line-
width kv and the radiation propagates in a direction normal
to the surface. The linear refractive index of the medium
acquires a small “logarithmic peak™ with a width of
6~ I (kv).

From the viewpoint of nonlinear (laser) spectroscopy
and the problem of extending the existing methods to studies
of the properties of a gas in the surface layer, the most inter-
esting questions are the structure of polarization (and spec-
trum) of the gas near the surface, the types of emerging
nonlinear spectral resonances, the formation mechanisms,
and the qualitative difference between these resonances and
the well-known intra-Doppler resonance in the nonlinear
spectroscopy of gases.'z’lS At present there is no clear physi-
cal understanding of these matters, and the problem of non-
linear spectral characteristics of the surface layer of gas has
never been discussed from this angle in the literature.

This paper solves the problem by using the simple model
of a gas of two-level particles interacting with resonant ra-
diation near an infinite flat surface. The main assumption is,
as usual, that the surface has a perfectly sharp boundary in
gas with fixed scattering properties. This means that the
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specified parameters of the problem are the kernels
Mm jk(vlv') describing the scattering of particles by a surface
along various elastic and inelastic channels k—j with
changes in velocity, v’ —v (Ref. 16). The supposition, there-
fore, is that laser radiation has no effect on the particle—
surface interaction. In spectroscopy problems where the light
intensity is moderate such a description is often justified.
This is corroborated by numerical estimates done in a way
similar to that followed by Namiot and Khokhlov.!”

We examine a gas of two-level particles filling the entire
half-space z=0 to the right of an infinite flat surface. The
particles are scattered by the surface and interact with the
resonant radiation

E(r,t)=Re, Eyexp(—iwyt+ik,r), (1)
A

which is an arbitrary set of traveling monochromatic plane
waves with frequencies w, , wave vector k) , and amplitudes
E,=e\E,, with e, the unit polarization vector of a wave.
The energy levels of the particles are nondegenerate. The
upper level m has a finite lifetime 7,,= 1/I",, determined by
its spontaneous decay to the lower level n, which is assumed
to be the ground level (7,=x).

The state of the gas within the volume is described by a
density matrix with elements p;;(x)=p;;(r,v,t), where i,j
=n,m. We confine ourselves to the following range of dis-
tances to the surface: 0=<<z=/. Within this range, interpar-
ticle collisions in the gas are unimportant, and the equations
for p;; have the standard form'>!3

0
(E +vV+ Fm) Pm= 2Re ivn*mpmn ’

d
((9_t+VV) pn:rlmpm_ZRe ivn*mpmn > (2)

0
(5; +vV+ l‘) Pmn= ian(Pm— pn),

where p;=p;;, and

Vnmz_z GACXP(‘iQx"i"ik)\r)Ez V)\(.X),
A A

3)
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is the matrix element of the operator of the particle—radiation
dipole interaction, with d,,,, and w,,, the dipole moment and
the center frequency of the transition, respectively.

The scattering of particles at the surface is described by
the following boundary conditions:

[nv'|
0} (v)= ' )\
p; (V) ; J#k(v|v )|nv| p (V)dv',
5 Inv'|
pﬁ,;j)(v):f H (vlv')l__pf,m’(v')d»‘u’, (4)
ny|
5(%) 1, if x=0,
pi; ' =0(xnv)p;(x)|,=0, O(x)= o it x|

Here wj(v|v') and w(v|v') are the scattering kernels for,
respectively, the diagonal and off-diagonal elements of den-
sity matrix p, and n is the unit vector normal to the surface
and pointing in the direction of the gas (along the z axis).
The boundary conditions (4) subsume both direct-scattering
processes (k,v')—(j,v) and processes of the desorption—
adsorption type (the approximation of a stationary adsorption
layer).

We will assume that in the absence of radiation (E=0)
the gas and the surface are in thermodynamic equilibrium,
and the complete distribution function of the particles im-
pinging on the surface remains at equilibrium even when
E+#0:

Px)=2 pf 7 (x)=0(—n)p (V) =NW (W),
J

WS ()= 0(£nv)W(v),

W(v)=(Jmo)%exp[ — (v/9)2],
pO(v)=NW(v),

5)

N=N,+N,.

The particle concentration (or number density) N j is assumed
to be z-independent.

The condition (5) does not contradict Eqs. (2) and is
equivalent to choosing the initial conditions in the form

P (t0)=6(—nv)pO(v),

pfer)(tO):pfnt)(tO):O’ pmn(tO):Ov (6)

where ¢, is the time at which the field is “turned on.”

Note that conditions (5) and (6) are approximate. Actu-
ally, even when E=0 there is a transition region near the
surface where the N; are z-dependent. However, here this
circumstance is not of great significance.

Now we proceed as follows. The boundary and initial
conditions (4) and (6) are incorporated directly into Egs. (2)
by introducing into the respective right-hand sides the fol-
lowing fictitious sources:

qij(x) = 8(t— 1) pij(to) +|nv| 8(2) 5 (). )

After this we can treat the equations in the same way as we
would in the case of an unbounded medium. Using the
Green’s functions of the left-hand sides of (2),
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Fu(x|x"y=f(x|x"exp[ =T, (t—1")],
Fox]x ) =f(x|x")=0(1—1")S(v—v")

Xo(r—r' —v(t—t")), (8)
Sun(x|x")=flx|x"exp[ —L'(t=1")],

we can rewrite the equations in integral form and by substi-

tutions reduce them to equations for p{*’ and F*), where
) (%), (* +)_ (% +)
p(+)_p£z +pfu )’ F( )_pEx )_pfu . (9)

We now go to the limit f— — o, allow for (5), and solve the

equation for p{*). As a result instead of Egs. (2) we have a

system of integral equations for F{*)(x):
F®(x)=F®)(x)— J’ F(x|x" Y FE)(x")dx' (10)

with the kernel

H(x|x")=4 Re%; VEV ufmnON ) Frun(2)

=4 Ref SV i) fmn(P1X)V (X" )dy

(11)

and the absolute terms

FO(x)=6(—nv)pO(v),

~(+) A a A PR (12)

F (x):fqu+meanq—4 Re fmvmnfmnqmn'
Here

9=9,tqm> 4r=49nqm>

q;= 5(Z)|“'V|§k: ﬂjkpiv)’ (13)

Gmn= () 0V fiply,)
and the following notation has been introduced:

SO ) = flx|x")expl =N+ - ) (1=1")],
fmn(Npv- )= f(x|x")exp[ =T (N pw---)(1=1")],
Cahp--)=T,+ion,..., (14
FApv--)=T—=idy,,...,
O\pp... =O\— Byt @,= -+, &= —K\v.

Above and in what follows we use the following symbolic
notation:

fo= f flxlx)o(x")dx',
| (15)
e(v))d*v'.

. _J’ v [nv
pe=| p(vlv )|nv|
The integral sign stands for integration within infinite limits
in all the variables x=(r,v,t).

If the solutions of Egs. (10) have been found, the p;; can
be calculated using the following formulas:
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pij=p\; ' +pl; . p/=pI2=bF, b,=~b,=1/2,
p(—):Nw(‘)’ (+):fq’ (16)
pfl]_n)— lf”l" ”I" )’ pf:;l) f"’nq’”"—i "I"V’""F( +)'

Equations (10) and formulas (16) provide a solution to the
problem in the steady state (t— ).

The above procedure (which is known as the Green’s
function method'? simplifies the solution of such problems
considerably. It can easily be generalized to the case of mul-
tilevel particles, the presence of collisions in the gas, and
more general initial and boundary conditions. All modifica-
tions in this case are reduced to the emergence of functions
more complicated than those specified in (8). If we were to
proceed in the usual way, i.e., by solving the boundary value
problem for system (2) directly, the exceptionally cumber-
some intermediate expressions would make it practically im-
possible to arrive at a solution without simplifying assump-
tions.

For an arbitrary field, the solution of Egs. (10) can be
obtained only by successive approximations. Here we limit
ourselves to the first iteration and retain in F only the
corrections for saturation that are quadratic in field strength,
~V¥V,. As a result, for F=F)+F() we obtain

F=Fy— :ll,v ReZ VIV, Fy s

Fo=NW—2N,WMexp(—1T,,), r=z/|nv|, (17)

3
Fry=F\,—F\, exp(—zwwr)+§‘, F{)

Xexp[ — y(Au)T].

Here

Fru=WZ,(\u) L p),
ﬁxf?-;: Y () by, (18)
J

Y i (N) = oy Fn N p) H( )W ).

In (17) and (18) we have assumed that
E /A‘l’]’kp(O)akzNjW(*—)’ am:()’ ap= 1, (19)
X

and introduced the following notation:

F'n
,%;,,()\u---)szj,
r
%()\;LV)ZW—) (20)

Correspondingly, according to (16), for p and p; we have

AN
p=NW+ Rez 129% uPrps

rr

m

2N .
pi=pjot =ReX VIV, (pyutciFr)s
IT, &
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P,,():NW_P",(), pIIIOZNIIIW(+)exp(— Trm)’ (21)

p)\,u:ﬁ)\,uexp(—i“_))\,uT)’ cp=—c,= 1.
Finally, for p,,, we obtain
Pmn= E V)\ n— rr 2 Vi vr)\,u,v ’
muy,v
n=ick 2 rexpl = 7,007, (22)
§=

5

=7 75 —i o (s)
r)\p.l/_ r)\,uu VA#VCXP( lw,uuT) + E r)\pvexp
s=1

[_ YS()\MV) T]’
where
r=W%(\),
Fur=WEANuv) Z(uv)[A(v)+ . 2*(un)], (23)

rw—zm)E [Y a(uw)+ Y 5 (vp) 1ty

The explicit form of the resonance terms F ﬁ’;, rgf), and
rgfl)“,, with the corresponding exponents y,(A ), v,(\), and
vs(Av) in (17) and (22) are given in the Appendix.

The macroscopic polarization vector of the medium,

P=(Tr(dp)), is

2
P(r./)=p NRe ; id,,,G P exp(—iwyt+ik,r).

(24
Here
*@)\zp)\ FF,,;% V VV p)\/.l,uv
2 5
P>\=I3>\+El Pgs),Px#u:P-xﬂu_ﬁx,uﬂL;l Pgs,)w’
= <
pr=(ra), = (rPexpl — v,(M) 7)), (25)

P_)\,uV: <f)\,uv>’ ﬁ)\/LV=<F)\;LV CXp[_i(l—)ﬂ,,T]>,

Py, = (), expl— v (App)7]).

The quantity %, describes the spectral and temporal proper-
ties of the medium at the frequency of the A -component of
the field. The angular brackets stand for integration over
velocities.

To within a constant factor, the quantity Re /%, averaged
over rapid oscillations is the absorption coefficient of the gas
at the frequency w, and describes, as a function of
1, =w\—w,,,, the spectral absorption profile at this fre-
quency at a distance z from the surface. Correspondingly,
Im 7, is a correction to the profile of the refractive index of
the medium. Theoretically, these quantities and their values
averaged over the measurement range (i.e., over z) can be
evaluated experimentally.
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Now let us discuss the results. If in (25) we retain only
the terms p, and p,,,, we arrive at the solution of the
“bulk” problem (unbounded gas):

- 2 _
"/))\:p}\_ ﬁ—z V;I:va)\,u.u’

m Qv
A= Z()W), (26)

Prur={ LN w) L (o) [ £(0) + L% (1) W),

For I'<<kv the linear term Re p, describes a Doppler profile
with a width kv, and the nonlinear terms p, ,, contain nar-
row intra-Doppler resonances (IDR) with widths I', I, , and
IC£T,).

The terms p{” and va in (25), which decay as z in-
creases, describe the development of coherent polarization in
a particle after the particle has collided with the surface.
Terms of this type, as is known,*~’ are responsible for the
emergence of IDR in selective specular reflection spectra.
For z>1, all terms of this type essentially vanish from (25).
Here and in what follows [,,~v/T" is the characteristic devel-
opment time for p,,, .

The third group of terms in (25) are the undamped terms
Pruv- Their appearance is caused by the scattering of par-
ticles at the surface, and their undamped nature is related to
conservation of the number of particles in the system of lev-
els n and m. Of course, if we allow for collisions in the gas,
these terms decay as z increases with z>1. However, in the
surface layer O=<z=<</ their amplitudes either remain constant
or periodically change sign with variation of z. Spectral
structures of this type were previously unknown.

When z>1,, only the terms 2, and Pruy Temain in
(25):

) o
A=At Wz VaViPrpvs

mpy
rur= 2 [F M) =¥ ()],
J

Y A uv)=(H(NYexp{— i@, T} S\ uv) A n pv)),
An(pv) =L (uV)[F () + Z* ()W, (27)

Generally, the functions Y #(€2)) contain IDR whose widths
are determined by I' and I',, and the widths of the kernels
Bix(¥IV').

When z<¢[+ p the resonance terms in (25) are combined
and the expression for 77, assumes a fairly simple form:

P~((1+R)FMW ) -

2
*
I‘Fm(% Vp,vvp)\/u”

Papr={(1+ )\ puv) 5, (nw)l £(v)
+ % () W), (28)

In structure this expression (at g=0) is similar to (26).
There is, however, an important difference: Eq. (26) contains
“total” convolutions (W - - -) over the entire velocity space,
but (28) contains convolutions over the half-space n-v=<0.
The presence of “incoming” terms (£ # 0) in this respect
changes nothing: in addition to (W(™>. . .) there appear con-
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volutions (W'*?...). Generally, the sum of such ‘half-

convolutions” is not equal to the “total” convolution, i.e.,
the terms of the type (W(*>-..) and (W!™)--.) enter into
(28) in an essentially different manner.

A similar situation is observed in the entire region
z=<l. This reflects the fact that the distribution function
pi;(v) exhibits a discontinuity in the surface region: it con-
tains “steps” « #(*n-v). This is especially evident from the
general expressions (17)-(23) and (A1)-(A3). The result is
formation of nonlinear resonances of a special type.

It appears that convolutions of the type ((%)**'W(®)
(s==1), which are nonlinear in the Lorentzians .%%4 and appear
in py,,, may contain, as functions of €}, , narrow reso-
nances with widths of order I'. A characteristic feature of
such resonances is that they may even appear when there is
only one traveling monochromatic wave (the saturation
“boundary effect,” or SBE), which constitutes a nontrivial
result from the standpoint of the traditional nonlinear spec-
troscopy of gases. According to the latter, at least two mono-
chromatic fields are require(}2 to excite IDR in a gas with
nondegenerate energy levels.

Nonlinear resonances excited in spectra by a single
monochromatic wave can exist in the entire surface region
0<z=I. In addition to emerging by means of the SBE
mechanism mentioned earlier, they also appear because the
scattering of particles by a surface is different in different
quantum states.

As an illustration of what has just been said, we discuss
two examples for the case where there is only one wave
E(r,t) « exp{—iwt+ik-r} traveling through the gas at right
angles to the surface.

In the near zone z<I[,, the expression for Re AA{}),
calculated via (28) for the case where w(v]v')=0 and
I'<k? has the following form (we drop the subscript X and
put Q=w— w,,):

&

K rQ
Re .&}(Q)"’A'(Q)—E A'(Q)- " m . (29)

Here £=sgn(nk), and A'(£)) is a “semi-Doppler” curve
that has a width of approximately 3uv and experiences a
sharp drop with a slope U/I' in the region where {1=0. The
last term in the square brackets on the right-hand side of (29)
represents the nonlinear resonance caused by SBE. In the
case at hand it is of the dispersion type. When w(v|v') # 0
the shape of the resonance may change, but the resonance
itself will not disappear.

In the far zone z>1,, from (27) in the same approxima-
tion we obtain (/,</)

) K Q\?l «.
Re P/’(Q)'v(l——-)exp ﬂ(ﬁ) ]—EY(Q),

2

Y=2 Yuby ?'k:——k—&_'<l‘.‘2'kl‘w(_)> (30)
I J 4 J \/-';F J ’

L=Re ¥, ¥=T[C—i(Q—kv)] !,

«=4|G|*IT,,.
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The first term in (30) describes the ordinary Doppler profile
of the gas in a single traveling wave. The function Y ()
contains nonlinear resonances caused by scattering on the
surface. It can be demonstrated that if all the kernels are
velocity-dependent,

Mjk("l"’):ﬂ(vf"')ﬂjk(V'), (31)

then Y (Q)=0. Such a situation, however, is not typical and
therefore, generally, Y (Q2) # 0. If, for example, by the elastic
channels, n—n and m—m, the scattering is of the mirror
type, by the quenching channel m— n the scattering is of the
diffuse type, and the excitation channel n—m is inactive,
then (30) acquires the form

Ton_ T Q)2
Re AN){1- 1+—I;2+_Qf”exp[ (kv) ],
(32

where 7, is the quenching probability (0= 7,,,<1).

In appearance (32) is similar to the known expression for
the Doppler profile with a Lamb dip in the field of a standing
wave (see, e.g., Ref. 15, p. 76). However, in the case at hand
the nature of the narrow dip in (32) is different, and the dip
manifests itself in a single traveling wave. Actually, the fact
that the scattering kernels are not similar in the sense men-
tioned earlier is of secondary importance (the necessary con-
dition). The physical reason for the appearance of such a
resonance is the reversal of the sign of velocity when par-
ticles are reflected from the surface (the sign of the Doppler
shift k-v changes). This is clear from the expression (30) for
the function Y j&(€2), which is the convolution of the Max-
wellian distribution and the product of two Lorentzians with
different signs of the Doppler shifts with respect to the pro-
jection of velocity on the direction of n.

We have examined the problem with two levels, but
similar results can be arrived at for the multilevel model of
particles. If in the process the radiation involves only two
levels, m and n, and the presence of a ground state is taken
into account, then all the changes in (17)-(25) amount to an
increase in the number of resonance terms and a redefinition
of the coefficients b; (their sum is zero).

Thus, even a brief analysis of the general results of the
solution of a simple model problem points to a complex
resonant structure of the nonlinear polarization and the non-
linear spectrum of a gas in the surface region. In fact, there
emerges a new class of nonlinear spectroscopic resonances
that have no analogs in the ordinary spectroscopy of gases:
namely, nonlinear surface resonances, or NSR. The forma-
tion mechanisms for some types of NSR are quite unusual
(NSR in a traveling wave or ‘“undamped” NSR), while the
known mechanisms of nonlinearity responsible for the for-
mation of “bulk” NSR (the saturation effect, the nonlinear
interference of states, and the like) manifest themselves in
the spectra near the surface differently than inside the vol-
ume of the gas.
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sian Fund for Fundamental Research (Grant No. 93-02-
03448).
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APPENDIX: VALUES OF RESONANCE COEFFICIENTS AND
EXPONENTS IN EQS. (17) AND (22)

The coefticients y,(Au) and F(’) in Eq. (17) are:
7]()\#)2 m> 72()\#)21 ,,,(7\,“),
vi(Ap)=T(n),

F l)—2£ LT, Wi, (I -T,+ia,)]",

m

(A1)
F§2/2=(I‘,,,—F+id)x)"[2; Y (N ) by
—AA( )W+ g, TWHIT, (Ap) +ie,[1
+gm(m)]w<+>/a)w],

3)_ r, (T,
— A A )W+, TWOLL+T,/T(w) T,
-T+ia,) '}
The coefficients y,(\) and r{" in Eq. (22) are:
iM)=L,,  v2(N)=T(N),
r{V=2¢, WL, -T+ia,,

—T,+iay) He, L)W

(A2)
rP=a MW —e, FMWH + ¢, TWHT-T,,
+ioy[1+T,[(\)].

The coefficients y,(A uwv) and r‘;;, in Eq. (22) are:

YiAuv)=Tp,  vo(Auv)=T,(uv),
YsAur)=L(v), vs(Aur)=T*(u),
Ys(Auv)=T(Auv),
r,=T(FO+FOT (N uv)-T,, rl,=T(F?2)

+FO*I(\)-T,,, (A3)
rO,=iTFQa,,, r8),=iTFO)* o, +o,,
4

(5) (s)

I'\uv™ /Lr)\uv_r)\;w+ r)\ull—sz I\yv-

The notation in Egs. (A1)—(A3) is the same as in the main
text, and sj=Nj/N.

'R. P. Frueholz and J. C. Camparo, Phys. Rev. A 35, 3768 (1987).

2B. D. Agap’ev, M. B. Gomyi, and B. G. Matisov, Zh. Tekh. Fiz. 58, 2286
(1988) [Sov. Phys. Tech. Phys. 33, 1394 (1988)].

3 A. Ch. Izmailov, Opt. Spektrosk. 75, 664 (1993) [Opt. Spectrosc. 75, 395
(1993)].

‘M.E H. Schuurmans, Contemp. Phys. 21, 463 (1980).

5T. A. Vartanyan, Zh. Eksp. Teor. Fiz. 88, 1147 (1985) [Sov. Phys. IETP 61,
674 (1985)].

$S. Singh and G. S. Agarwal, Opt. Commun. 59, 107 (1986).

7M. Ducloy and M. Fichet, J. Phys. II France 1, 1429 (1991).

8V. G. Bordo, Opt. Spektrosk. 67, 1348 (1989) [Opt. Spectrosc. (USSR) 67,
(1989)].

9D. Suter, J. Abersold, and J. Milynek, Opt. Commun. 84, 269 (1991).

M. S. Lin and G. Entl, in Annual Rev. Phys. Chem., Vol. 37, Palo Alto,
Calif. (1986), p. 387.

I'A. P. Kol’chenko and G. G. Telegin, Opt. Spektrosk. 69, 651 (1990) [Opt.
Spectrosc. (USSR) 69, 387 (1990)].

A. P. Kol’chenko 889



12S. G. Rautian, G. I. Smirnov, and A. M. Shalagin, Nonlinear Resonances
in the Spectra of Atoms and Molecules, Nauka, Novosibirsk (1979) [in
Russian].

13S. G. Rautian and A. M. Shalagin, Kinetic Problems in Nonlinear Spec-
troscopy, North-Holland, Amsterdam (1991).

'"“W. Demtroder, Laser Spectroscopy, Springer-Verlag, Berlin (1982).

3V, S. Letokhov and V. P. Chebotaev, Nonlinear Laser Spectroscopy at

890 JETP 81 (5), November 1995

Ultrahigh Resolution [in Russian], Nauka, Moscow (1990).

'6C. Cercignani, Theory and Application of the Boltzmann Equation, Scot-
tish Acad. Press, Edinburgh (1975).

"7V, A. Namiot and R. V. Khokhlov, Zh. éksp. Teor. Fiz. 70, 2349 (1976)
[Sov. Phys. JETP 43, 1226 (1976)].

Translated by Eugene Yankovsky

A. P. Kol’chenko 890



