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Selective reflection spectroscopy of a resonant vapor at the interface with a metallic layer
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We discuss the properties of selective reflection spectroscopy at the interface between a resonant vapor and
a complex dense medium, such as a metallic film layered on a dielectric substrate. We show that in the
approximation of a low-density vapor, the signal mixes up the absorptive and dispersive components of the
“effective resonant susceptibility” of the vapor, with the mixture amount governed by simple laws of linear
optics. Preliminary experiments performed at the interface between Cs {@appB852-nm ling and a silver-
coated glass window are reported, that show qualitatively the effect of the atom-surface van der Waals

interaction.
DOI: 10.1103/PhysRevE.63.046610 PACS nunierd1.20.Jb, 32.70.Jz, 39.30w, 78.20.Ci
[. INTRODUCTION in a cavity QED contexd{iii ) It also offers richer possibilities,

including the interaction of atoms with surface plasmons.

Reflection spectroscopy at the interface between a homo- In this paper, we first establigec. 1) the dependence of
geneous, nondispersive, dense material and a resonant niBe resonant SR signal in a general way, as a function of the
dium is an efficient method to probe the resonant propertiegptical properties of the interface. This is illustrated in Sec.
of the medium in the vicinity of the interface, at distances onlll With a discussion of the respective contributions of the
the order of an optical wavelength. When the resonant mevapor absorptive and dispersive components to the SR sig-
dium is a vapor, the “selective reflection(SR) spectros- Nal, as a consequence of the specific properties of the metal
Copy(F|g 1)' devised |Ong agbl]’ is known to be an excel- film (index and thiCkneQS In Sec. IV we turn to the
lent tool, exhibiting sub-Doppler resolutidi2—4], notably ~ frequency-modulatedM) version of SR spectroscopy, in
suited for studying interatomic collisions in the high-densityorder to establish that the results of Sec. Il can also be ap-
regime[5], when the gas medium is opaque to transmissionplied to the sub-Doppler singularities, due to the atomic mo-
In the last years, interest in the SR technique has been réion, appearing in SR spectra. In Sec. V we present prelimi-
newed by the search for local field effed], collisional ~ hary experimental results, performed in the FM mode of SR
studies between excited staf@, and by its ability to probe SPectroscopy, on a Cs vapor cell with a silver-coated win-
atom-surface interaction Sensitivq@]. dow. F|na”y (SeC. VD, we include in the model for the SR

In the ideal case of an interface between a transparerfignal at a metal-vapor interface the atom-surface van der
dielectric medium and a dilute vapor of motionless atomsWaals attraction, in order to interpret the experimental line
one derives, via Fresnel formulas that resonant changes fhapes.
the reflection coefficient relate with theal part of the re-

fractive index of the vapofi.e., vapor dispersion9]. Con- Il. OPTICAL PROPERTIES OF A STRATIFIED

versely, one may extrapolate from Fresnel formulas that if INTERFACE AND SR SPECTROSCOPY

the dense transparent mediyfne., with a real indexcould ] ]
be replaced by an ideal metéle., with a purely imaginary In SR spectroscopy, one measures the reflected intensity

index), the reflection signal would yield information on the at the(plang interface of a plane wavEq(w) (circular fre-
vapor absorption. However, the strong absorption of metal§Uencyw) incident from a dense medium to a resonant vapor
(infinite for an ideal metalmakes this situation nonpractical, [see Fig. 1a)]. The field transmitted in the dilute medium
and instead one has to consider the case when the interfaglVes a macroscopic atomic polarization, that is a source for
includes a metallic film sandwiched between a resonant vahe reradiated field, which propagates back in the dense me-
por and a transparent dielectric substrate. This is the topic ¢fium along the same direction as the nonresonant reflected
the present paper, in which a simple theoretical model iglgld [11]. Hence, the detected reflection coeffici®{w) is
presented, along with a few preliminary experimental resultsgiven by

Among the motivations for such a study, one may men-
tion the following. (i) Although dispersiveline shapes have R(w)=|Engr+ Ered ®)|?/|Eq|?, (1)
unique advantages in the context of laser frequency stabili-
zation [10], the detection of an absorption line shape carnwith Eq the incident field andE.{ w) andEyg the complex
provide a superior spectral resolution, notably in the wingsamplitudes of the resonant and nonresonant contributions to
(i) There is a special interest in the extension of SR specthe reflection, respectively. The SR signal is the resonant
troscopy, usually limited to the probing of atomic interactionchange AR(w) in the reflection coefficientR(w)=R,
with a transparent dielectric media, to the study of atomic+ AR(w). The standard hypothesis ofdilute medium im-
interaction with a real metal surface. Indeed, this interactiorplies |E,{ @)| <|Eng| [12]. This means that the SR signal,
is generally stronger and is more straightforwardly describedjiven by
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dense medium __ atomic vapor scribed by a local index model: due to the combined effects
- n{(z) N of the thermal motion and of atom-surface collisions which
Ey(0) - phase-interrupt the atom-field interaction, the vapor response
is nonlocalin the sense that the induced polarization is not
ENR*E»-(A"’)/ -~ " T E*o proportional to the local electromagnetic field, but integrates
the whole history of the atom-field interactip8]. Actually,

\~ E

v

(a) z= within the first-order approximation in the vapor density, it
has been shown that an “effective susceptibility2'3] can
provide a simple description of the resonant change in the

‘ .y . reflectivity at the interface. This effective vapor susceptibil-
dielectric metal | atomic vapor ity x (x<<1) is derived using the conditions of field continu-
(m) | () (n) : : N
[ ity at the interface, and is given by
[
: 2 [ e@exnzinkaa @
r > =- z)exp(2i nkz)dz,
(b) -d 0 z X goE, Jo P K

with the related effective complex refractive index thus
FIG. 1. (a) Principal scheme of selective reflection spectroscopygiv(:)n by

at a vapor interface; in the generalized approach, the nonresonant
medium can exhibit inhomogeneities throughrgiz) dependence. n,=1+yx/2. (4)
(b) Specific case of a sandwiched metallic film.
In Eq. (3), E, is the driving-field amplitude in the vapor,
AR(w)=2 Re (ENR)* Ered ©)1/|Eol?, (2)  P(2) the local amplitude of the macroscopic dipole polariza-
tion induced byE, , kis the modulus of the wave vector, and
is the homodyne beat between the nonresonant reflection arft depends on the_ incidence an.gla=cos¢9, W't.h 9 the
: : angle—real or imaginary—of the field refracted in the va-
the resonantly reradiated field. o .
por, =1 for the normal incidence caseNote that in gen-

Such a description is extremely gener@&or the sake of | . both locity int i q tial
simplicity, in the following we exclude all problems related eral, P(2) requires both a velocity integration and a spatia

to the birefringence of the medjdt satisfactorily describes mtegration over atomic t_rajectories to account fo_r the tran-
the reflection spectroscopy at a resonant vapor interface withent effects in the atomic response. Alggz) can include

any dense medium, that can be simpgie homogeneous saturatlpr{14] and the !nfluence of_surface effe_cﬁts's].
transparent dielectric mediypmore compleXan absorbing In this approach with an "equivalent medium™ whose
medium(dielectric or metalli¢], or have a longitudinal inho- response'woyld be Iocql, the SR spectral fea}tures result from
mogeneity (stratified medium or coated window, suitable, the cor_nblnatlon of two mdep_endent problerfis:one has o
e.g., for a plasmon excitationin this descriptionEyg and deal with the(nonresonat)topncal pro_blem of the reflection
E,.{w) are evaluated at the place of detection, i.e., at thét a comple_x mterface,. the vapor .belng treated as a .h°.m°96‘
incidence face of the structure. If the dense medium is hol€OUS medium whose indexrig (with the added peculiarity

mogeneou \r is naturally derived from the Fresnel formu- that this index depends o_n_the incidence angled(ii) one
vap, has to calculate the specific resonant response of the vapor,

las for reflection, andE,.{ w) is obtained fromE {(w), the . . o
reflected field on the vapor side, through Fresnel formulas i) the same way as |n.usual .SR Spectroscopy. In addition,

L ! : when the atom-surface interaction is neglected, one can show
transmission. BotlEyg andE.{ @) can be obtained through

; e . ; that Refy) is simply related with thelispersivepart of the
successive boundary conditions when the interface is more, . . .

. . atomic response, and I with the absorptivepart of the
complex. Hence, for a given structure, one essentially has tg L S .

. . o ._response. Combining the principles of homodyne detection
evaluate the resonant microscopic dipole polarization, which ;
. vap in SR spectroscopyEq. (2)] and the concept of effective
is the source foEo¢(w).

. L . o ! refractive index, we now have the required background to
In the calculation of this microscopic polarization, fthie

o . . . determine the SR line shapes at a “dense medium” atomic
lute vaporassumption(implying a low optical densityper- vapor interface
mits the major simplification that the driving field for the '
atomic vapor is unaffected by the resonance, and consists
solely of the refracted field. Also, the refracted field in the
vapor is simply a plane wavéor the evanescent wave in-
duced by a plane wave in the dense mediuvhatever the In the following, we concentrate on a system in which the
internal complexity of the dense medium may be. Hewote, dense medium is a transparent dielectric meditgal index
the vapor sidethe problem is completely identical to the one n,) coated with a metallic thin filnfthicknessd), as shown
encountered at the interface between a vapor and a transpa- Fig. 1(b), and irradiated undenormal incidence The
ent dielectric material. metal film, supposed to be isotropic and homogeneous, is

In spite of this simplification, a remaining difficulty, described by a scalar complex index

which is a major feature of SR spectroscopy, is that, in gen-
eral, the vapor response to the reflected field cannot be de- n,=a+ip. (5)

Ill. SR SPECTROSCOPY AT NORMAL INCIDENCE AT
THE INTERFACE WITH A COATED WINDOW
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The dilute vapor is described by a complex effective index an argument that stands for the attenuation and dephasing
related to the propagation inside the metal flim Eq. (8),
n,=1+én(w), 6)  one has takek= w/c]. From the first-order development on
with &n(w)= /2 and|y|<1; see Eq(4). the resonant vapor contribution tein(w), one derives that

Replacing with Fresnel formulas, one easily finds the am:[he SR signal obeys a general expression

plitude reflection coefficient for a two-interface system,

(4 ny)(ny=ny+(n,—ny)(np+ny)e? AR(@)=2RsReFon(w)], ©
)= o) (np Ty + (0, ) (e ®
(7 with F a complex value depending on the optical properties
with of the coated window(indices, film thickness, or more
generally incidence angleand Ry is given by |r(w)|?
¢=—2in,kd, (80 forn,=1:
|

8n;nZe ¢

F= — (10)

(14+n,)%(nz—n3)+2e” *(1-n3)(nj+n3)+e 2?(1-ny)%(ns—n3)’

All the features of the SR spectroscopy at the metallic-coated Bad metalgwith 8, a> 1), which are far enough from the
window can now be extrapolated from tRevalue. As ex- ideal metal behavior, can appear specifically appealing for
pected, for a thick metal laydi.e., in the limit exp¢) SR spectroscopy, because the absorptive contribution can be-
—0] the sensitivity to the vapor resonance, given byCome strongly dominant. Indeed, and as exemplified in Fig.
AR(w)/R,, decreases due to the strong metal attenuatior?(b) for a typical case of a “bad metal,” one finds a pro-
One can even note that for &eal metallayer (#=0 and in ~ nNounceddecreasein the nonresonant reflectivitiR, for a
the limit 8> 1), the behavior would remain purely dispersive SPECific layer thickness, associated with a vanishing contri-
[F~—8n1/(ni+ﬁ2)e*‘f’ is reall, while Fresnel formulas for bution of t_h(_a dlsperS|or|j|.e.,_Re(:)H0; note, in any case,

a single metal-vapor interface would yield an absorption be:[_hat the m|n|rrr]1_al fvalue t())IRO IS alwaysf Ponzefro' but fcfll
havior (if propagation in a metallic half-space would be pos-,_ 1] Hence this favorable property of imperfect metals may
sible): indeed, the dielectric-metal interface introduces an ex—be used in practical applications, when only the absorptive

tra phase factor in the reflection. For a very thin metal Iayelpart O.f t.he vapor response is (_jes_irable. I.t es.sentially requires
(i.e., ¢—0), the initial dispersive behavior mixes with an a sufficient accuracy in the thin-film fabrication, most prob-

; - : bly a monitoring of the film deposition at the atomic level,
absorptive component. The growth of this absorptive compog’1 i .
nent with the film thickness may be very ragfiike 8¢) if because of the low values required kak Note that once this

the metal is nearly ideal. The absorption-to-dispersion be%n!nll(mum cl)f Ré) h;as been're?cr;et?], acr;. Increase in tth'eblzta'yer
havior for intermediate thicknesses depends on the inten‘ac%”.C ness leads 1o a revival of the dispersive contribution
with a sign changethat remains comparable with the ab-

used. Thus it is worthwhile to evaluate the respective contri- . . .
bution of Im(y) and Reg) in the SR signal for various situ- sorption on a large range, while the overall signal decreases
ations of practical interest. In Fig. 2, these contributions 01[16]'

absorption and dispersiofim(F) and ReF), respectively
have been plotted as functions of the thickness of the metal
layer in two typical cases of interfaces. As a ruta, a good
metal (8> 1> «), one observe$Fig. 2@)] that the imagi-
nary (absorptivé contribution starts to grow linearly with the As mentioned abové&Sec. 2, in the absence of long-
metal thickness, as stated earlier, and that the raticange atom-surface interactipiRe(y) and Im(y) relate, re-
Im(F)/Re{) reaches a limit. This limit, whose value com- spectively, to the dispersive and absorptive parts of the vapor
pares with unity, can be reached asymptotically or can beesponse. However, for a Doppler-broadened vapor, the cor-
attained for a finite thicknegkd~0.04 in the case of Fig. responding line shapes do not exhibit the usual symmetries
2(a)]. In all cases, the absorptive contribution can becomgantisymmetry for Regf) and symmetry for Imy)], because
more or less comparable with the rédispersive one, butit  of a singularity in the velocity integration. Indeed, arriving
never becomes dominant. Note that this regime, in which thatoms are in a steady state, and departing atoms experience a
metal film thickness is sufficient to profoundly alter the SRtransient regime of interaction with the light field. This sin-
features, can be effectively reached in SR spectroscopyularity is responsible for the well-known sub-Doppler fea-
yielding a non-negligible signal, because there is still lighttures of SR spectroscopy, making the SR line shapes rela-
transmitted through the metallic film. tively complex. In the FM mode of the SR technique, when

IV. SUB-DOPPLER FEATURES AND FM MODE OF SR
SPECTROSCOPY
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1.0 and departing atoms. Hence Re(omprises a symmetric
05 logarithmic singularity at line centdr.e., the singularity di-
: verges logarithmicallyn the infinite Doppler widthapproxi-
E 00 mation in addition to the Doppler-broadened dispersion.
~051 This is why the(FM) SR signal at a dielectric-vapor inter-
[y face, governed byl[ Re(y)]/dw, yields a pure Doppler-free
& 10 dispersive Lorentzian line shapé], with a suppressed Dop-
15} pler background. In the same way, lgh(is not a Doppler-
20 broadened absorption, but is actuahglf a Voigt profile
' located on the red side of the transition, decreasing to zero
-2.%(’) o 02 5.9 on the resonance as abruptly gasAs usual, frequency deri-

’ " kd ) ’ vation enhances the narrow contribution, so tifam(y)]/dw
becomes a Doppler-free absorption-like line shape, symmet-
ric with respect to the frequency detuning. Note that, until

10 1.0 now, observation of this nonlocal absorptive response related
to Im(y) or to d[Im(x)])/dw was predicted15] only in the

| (L 108 special context of high-frequency FM reflection spectros-

...... copy[17].

) 1086 When applying the results of Sec. Ill, one sees that the
e (FM) line shape for SR spectroscopy at the interface between
104 a complex dense medium and a vapor is predicted to be

Doppler free, but without any definite symmetry. As turning
asl o] 02 to the FM mode does not alter the absorptive-to-dispersive

_________________ (b) mixture indicated by the value of the optical paramétethe
----- 00 previous discussiofin Sec. Il) on the possible symmetries

of the SR line shape fully applies. In particular, a purely
kd absorptive Doppler-free line shape is expected only in the
FIG. 2. ReF) and ImE) (solid and dotted lines, respectively; SPecial cases mentioned above, i.e., a “bad metal” layer of
the vertical scale is on the I¢ftalong with the value oR, (dashed the adequate thickness, while at the interface with a good
line; the vertical scale is on the righ&s a function of the metal metal, the Doppler-free spectrum should not exhibit any par-
layer thicknessin \/27 units). Calculations are fofa) n,=1.5and ticular symmetry.
n,=0.1+i5.85 (the typical case of Ag in the near IR ranfyE9]),
(b) n;=1.5 andn,=3.69+i3.94 (the typical case of Fe in the near
IR range[19]). The(a) and(b) curves are significant examples of a

“goc_)o_l metal” film and a “bad metal” film, respectively, and no The present paper was triggered by a preliminary obser-
significant dependence has been found omthealue. Note thatin 5tion of SR spectra in several low-pressure Cs-vapor cells,
(b), the resonant behavior of tHevalue helps to discriminate be- in which one of the glass windows was coated with a thin
tween absorptive and dispersive responses, but does not correspoifl 4 jic fiim on the internal side. The coating was obtained
to a resonance in the reflection behavior, as it is due to the nearlhsy a controlled deposition of evaporated Ag. The metal film
vanishing factor,. thickness was on the order of 10—25 nm in order to remain in

. . . . the regime of partial metallic reflectio®0-90%. The ex-
the relevant signal is[ AR(w)]/dw instead 0fAR(w), it is periments were performed on thH&, resonance transition

known that SR spectroscogy,8] exhibits simpler features, (852 nm with a laser diode. A small modulation of the in-

anCthriz B/ z)a/tlezlic::ni%té)#;ieDv?/ﬁﬁlz-ggﬁslIgﬁeﬁ?arlﬁggixelnn F;ﬁlf Jection current was applied to generate a frequency modula-
. P ‘ ion with a weak amplitude, and tH&M) SR spectra were
section, we show that these results can be extended to ﬂ?Scorded through a subsequent lock-in detection
CaT_eetO]:Jg ?gcgﬁ)llet)r(];?tgfzc?v.vo-level atom modd5)], the Typical SR spectra are presented in Figs. 3 and 4, in the
. - NP ’ case when such a coating yields a reflection coefficient
effective susceptibility of the vapor satisfies: —90% [Fig. 3(b)] or ~50% (Fig. 4 along with a reference
e W)+ W(— spectrum obtained at a simple vapor-dielectric interf&dg.
X“Nf v, (v2) ( UZ), (12) 3(a)], in comparable conditionevindow substrate, Cs pres-
0 (0+kv,) +i(y/2) sure, et The essential features described here are indepen-
dent of the experimental conditions. Within the instrumental
with N the atomic densityW(v,) the (normalized distribu-  width of the diode lasef~30 MHz, as the diode is kept free
tion of thermal velocity along the normal to the interfade, running, all spectra appear to be Doppler-fregke Doppler
the frequency detuning relatively to the atomic resonancewidth is ~200 MH2). The line shape of the reference spec-
and y the optical width of the transition. In Eq11), the trum is nearly dispersionlike, in spite of an observable re-
velocity integration is only performed on two half- sidual asymmetry known to originate in the van der Waals
Maxwellians, because of the different behavior of arrivingatom-surface attractiofig,18]. For the partially reflecting

V. EXPERIMENTAL OBSERVATIONS
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FIG. 3. Experimental comparison betwedfM) SR spectros-
copy at(a) a glass/Cs interface an@) a glass/Ag/Cs-vapor inter-

face, with an off-resonance reflection of 90%. The laser frequency

is tuned across the 03, line (F=4—F'={3,4,5). The resolu-
tion is limited by the laser emission linewidth30 MHz.
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(~50%) window, no special symmetry of the line shape can
be recognized. Conversely, it is striking that for the thicker
coating Ry~90%), a nearlabsorptionlike spectruris ob-
tained. This behavior, with nearly symmetric line shapes, is
very similar to the one observed on a Cs glass cell, whose
window had been accidentally coated with a metallic Cs film
(due to a temporary temperature inversion between the cold

2+

dR/dy (arb. units)

point and the window and whose reflectivity, although not
perfectly homogeneous on the whole interface, was Blso
~90%.

A more detailed experimental analysis has been restricted,
because of the diode laser frequency resolution, and because,

with our preliminary technology, the lifetime of the coatings

oM
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FIG. 5. Theoretical(FM) SR line shapes when the van der
Waals long-range interaction is included. The dimensionless param-
eter A(A=2C;k%/y) characterizes the strength of the van der
Waals redshift(in previous experiments on the 3, line at a
dielectric interface, one foundi<0.2). A=0 solid (line) 0.1
(dashed ling and 0.5(dotted ling. The spectra ir{a), (b), and(c)
correspond to interfaces such taftIm(F)/RefF)—x (e.g., a metal

film with suppressed dispersipn(b) Im(F)/ReF)=1, and (c)
Im(F)/ReF)=0.5, respectively. Thd=0.1 and 0.5 line-shape am-
plitudes are scaled relative to the normaliZed O spectrum.

becomes very limited in the presence of a heated vapor.
However, it is clear that these experimental findings
Ro~90%) are not well described by the model of Sec. IV
when applied to a “good metal.” Indeed, bulk Ag is a good

FIG. 4. FM selective reflection spectrum at a glass/Ag/Cs-vapometal in the near-infrared range.g., n,=0.1+5.85 ac-
interface, with an off-resonance reflection of 50%. The laser iscording to Ref.[19]), and the film is not so thin that one

tuned across the a3, line (F=3—F'={2,3,4).

should expect major deviations from bulk Ag proper{i2@].
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VI. INFLUENCE OF THE ATOM-SURFACE dence of the effective strength of the van der Waals
INTERACTION interaction with the coating thickness.

As already mentioned, when describing the reference
spectrum(the glass-vapor interfagethe long-range atom- VIl. CONCLUSION
surface interactiorfvan der Waals attractionis known to )
distort the SR line shapd8], through a spatially dependent  In conclusion, we have shown that for SR spectroscopy at
shift of the atomic resonance. In the case of a simple interd vapor interface, replacing the usual transparent dielectric
face between a transparent dielectric window and a vapotvindow with some kind of a coated window permits one to
the (FM) SR line shapes have already been calculated witi¢xplore a variety of line shapes, due to the addition of a
an atom-surface interaction taken into account, and an exteiariable contribution of the imaginary part Ig)(of the “ef-
sive numeric evaluation ofif Re(y)]J/dw has been given in fective susceptibility” of the vapor. In our preliminary ex-
the case of a nonretarded van der Waals atom-surfageeriments at the interface with a “good metal” film, we have
interaction, that shifts the atomic resonance withza@  ©obtained nearly symmetric line shapes, that are unexpected
dependencgl5). in the absence of a surface interaction. This shows that the

In the case of a more complex interface, an evaluation oftom-surface interaction, usually responsible for perturba-
Im(x) andd[Im(y))/dw is required along with the evaluation fions on the !lne shapes, has dramla}tlc 'effects on the line
of Re(y). According to the general considerations above, onéhapes, and imposes stronger modifications than when the
may even expect, for those special windows whose coatinindow is made of a pure dielectric medium. One may infer
suppresses the dispersion, to observeynof d[Im(x)]/dw at the sensitivity to the atom-surface interaction is even
directly. Figure %a) provides the line shapes df Im(y)}/dw larger. In the experiments reported here, the oversimplified
in a range of perturbative van der Waals attractian, avan  t€chnology to coat the window, and the low spectral resolu-
der Waals shift smaller than the optical width\d@m) typi- o, have prevented us from quantlt_anvely estimating thg
cal of an alkali resonance ling], and Figs. ) and 5c) st_rength of th_e van der Waals_attractlon, and to compare it
exemplify the expected SR line shapes for various other inwith the p(edlct|ons for emetall_|c surface. Ir_l future devel-
terfaces. A remarkable point is that the asymmetric behavioPPments, it seems technologically conceivable to prepare
induced by the presence of the metal film combines with thé'ard-coated windows which would yield a nearly null disper-
asymmetry in the van der Waals—distorted resonance. ThiVe response of the vapor. More generally, the FM version
induces the possibility of accidentally yielding a nearly sym-Of SR spectroscopy should allow one to measure the atom-
metric, absorptionlike, Doppler-free reflection line shape, asurface van der Waals interaction for an atom in the vicinity
predicted for a relatively wide range of parametéien re-  Of surfaces of a particular interest, for example metain
fractive indexn,, strength of the van der Waals interaction, film), structured layer waveguide, etc. The accuracy should
etd. Note that these nearly symmetric line shapes are pre2€ as good as the one currently o_btalned at the interface with
dicted even when the Ing] contribution is not at all domi- & transparent medium, once a single off-resonant measure-
nant relative to Rey). These general predictions seem suffi- Ment on the window has provided the R¥(m(F) value.
cient to interpret, in a qualitative manner, the experimental
results obtained with highly reflecting metal filntSec. ).
A more quantitative analysis is limited by the inhomogene-
ities of the metallic film coatingpossibly leading to an av- The Brazilian-French cooperation was supported by the
eraging of various line shapesand by the possible depen- joint project CAPES/COFECUB 260/98.
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