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Probing the spatial dispersion in a dense atomic vapor near a dielectric interface

H. van Kampen, V. A. SautenkdvE. R. Eliel, and J. P. Woerdman
Huygens Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands
(Received 17 November 1997

We have experimentally investigated the selective reflection ofPtH2 transition in a high-density ru-
bidium vapor and shown it to be sensitive to the exact spatial distributiGhrsihte atoms near the dielectric-
vapor interface. This distribution results from the radiative and nonradiative transport of excitation and from
wall-quenching collisions of excited-state atoms and is highly inhomogeneous. Selective reflection thus acts as
a probe of the spatial dispersion in the vapor. The resulting spectra have been analyzed to show that the
broadening due t&- D collisions contributes considerably to the self-broadened linewidth oPtf® transi-
tion. [S1050-2948)07712-9

PACS numbdis): 32.70.Jz, 42.50:p

I. INTRODUCTION does not saturate the medium. All that is required is a non-
zero excited-state population that is spatially inhomogeneous

A medium is said to exhibit spatial dispersion when itson the scale of the optical wavelength.
dielectric coefficiente not only depends on the frequeney In this paper we study spatial dispersion in a dense atomic
of the incident electromagnetic wave but also on the wav&/apor due to inhomogeneous excitation near the window of a

vector K thereof: e= (o IZ). Usually, spatial dispersion vapor _ceII. Here the excitation profile is created by using
arises in media that are, inhomogenéous e whede- laser light tuned near the center of the fundamental reso-

pends on the spatial coordinates. Well-known examples ofance transition of the atoms. At sufficiently high vapor den-

: . . : sities such light is absorbed over a Iengglfr N2, with A
these media are layered materigl$. The optical properties L L
, . the resonance wavelength, resulting in an excitation rate that
of such media strongly depend on tfmis)match between

layer thickness and wavelength of the incident radiation amiecays on the same length scale. The spatial distribution of

o . ; - xcited atoms in such a vapor, however, does not simply
only weakly on the variation of the dielectric coefficients of o6,y the spatial variation of the excitation rate. It is modi-
the layer materials with frequengy].

- ° X - . . fied by radiativg 6] and nonradiative transport processes in-
Spatial dispersion also comes into play in the optical resjge the vapor and excitation quenching at the window-vapor
sponse of an atomic vapor in the vicinity of dielectric inter-jnterface[7—9]. The spatial distribution of excited atoms re-
faces. If the vapor is dilute the spatial dispersion arises frongumng from the interplay of these processes is inhomoge-
the effect that the atomic pOlarization getS quenChEd when afleous on the scale of an Optica| Wave|ength and so will be
atom hits the dielectric and responds transiently to the incithe atomic polarization. As a consequence, spatial dispersion
dent laser field when the atom moves away from the dielecarises in the vapor. In our experiment we directly probe its
tric again. The atomic polarization is restored to its steadyinfluence on the spectral response of the vapor.
state value after a time of the order of the natural lifetime. Since the spatial dispersion originates in the spatial den-
This effect can be described in terms of a nonlocal dielectricsity distribution of the excited atom¥z), our probe has to
coefficient and leads to sub-Doppler structures in thebe sensitive ton(z) itself rather than to its spatially inte-
selective-reflection spectrufi2—4]. grated value; the latter is the case for absorption or fluores-
In addition, spatial dispersion arises indgnseatomic  cence spectroscopy. In contrast, selective-reflection spectros-
vapor as a consequence of nonuniformity of linear and noneopy probes the atomic polarization, and tm(g), within
linear absorption processes. As an example, it has been pran optical wavelength distance from the interft@]. Since
dicted that a self-reflected wave is created at the sharm our experiment the excited-state density distribution is in-
boundary of saturated and unsaturated regions inside a densemogeneous over a wavelength we use selective-reflection
vapor [5]. Obviously, the optical response of the vapor isspectroscopy as a probe fofz). We consider a transition
considerably different at either side of this boundary and thérom the excited statée.g., an alkali-metal-atorR statg to
medium is thus spatially dispersive. Note that here the spatia higher-lying statée.g., an alkali-metal-atof® statg rather
dispersion results from a self-consistent description of theéhan a transition from a ground stafe.g., an alkali-metal-
system of atoms and light field: the position and sharpness aftomS statg to a first-excited state since the former is more
the boundary depend on both the intensity of the incidensensitive to theP-state densityn(z). In this way we study
light field and the atomic density. Apart from being causedthe effect of the spatial inhomogeneity of the distribution of
by spatially dependent saturation effects, spatial dispersioR-state atoms and demonstrate that the resulting spatial dis-
can also arise in a dense vapor when the incident optical fielgersion has major consequences for the line shape of the
P-D transition.
The study of the spectral response of #€D transition
*Present address: Physics Department, Texas A&M Universityin reflection not only gives information about the spatial dis-
College Station, TX 77843-4242. persion in the vapor but also on the collisional broadening of
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pump FIG. 2. Experimental pump-probe setup to measure the

selective-reflection spectrum on both t8eP and P-D transitions
in a high density rubidium vapor.

tween 0.X 10 and 2.2<10'7 cm 3. Except at the lowest

2
5 Sl/2 densities, the self-broadened full width at half maximum
I'ses Of the fundamental transition exceeds the combined
FIG. 1. Cascade three-level system of rubidium. broadening due to hyperfine structure, Doppler effect, and

isotopic compositionI"¢o/N=27x1x10 7 cm®s™! [14].

the spectral line involved. In this way we can obtain infor- The front and rear sections of the cell are separated by a
mation on the atom-atom interaction. It has been argued thavedged sapphire window; the front section is evacuated to
the broadening of th@-D transition is effectively equal to avoid turbulence and thus fluctuations in the position of the
that of the fundamentea-P transition. This is because the optical beams. The incoming pump and probe beams propa-
van der Waals interaction and the quadrupole-quadrupole irgate almost collinearly and are overlapped at the cell window
teraction between B-state atom and a grourfistate atom  at near-normal angles of incidence. The pump-laser beam is
have a considerably shorter range as compared to the resamplitude modulated with a chopper at 2 kHz and the probe
nant dipole-dipole interaction betwe&n and P-state atoms beam, reflected from the window-vapor interface, is detected
[11]. The comparison of thés-P and the P-D spectral With a combination of a photodiode and a lock-in amplifier.
widths opens the way to test this statement.

In this paper we present results of a two-step excitation Ill. THEORETICAL MODEL
experiment. We perform a selective-reflection study of both
the fundamentas-P and theP-D transitions in a high den-
sity rubidium vapof N=(0.2—2.2)x 10*” cm™3]. In Sec. I
we describe the experimental technique, in Sec. Il we give
theoretical model for the reflectivity including a nonuniform restrict the discussion to the case at hand: a high-density

distribution of P-state atoms, in Sec. IV we present the re- . .- .
sults and discussion, and in Sec. V we give the conclusiong.2POr: for which only collisional br_o_aden_lng has_ to pe taken
into account, probed onR-D transition with spatial disper-
sion. The dispersion results from a spatially inhomogeneous
Il. EXPERIMENTAL TECHNIQUE density distribution ofP-state atomsn=n(z); the z axis is
) ) o oriented perpendicular to and has its origin at the dielectric.
2In our experiment we excite rubidium atoms from the A plane wave with complex field amplitudg, and wave
5 %S, ground state to the 5P, excited state(D; line).  yectork, parallel to the interface normal, propagates in the
This transition athgp=780nm (Fig. 1) is driven by a gjelectric medium towards the interface and is partially re-
Ti:sapphire laser using a power of 5 mWa 1 mmdiameter  fiected back into the dielectric. The field thatéractedinto
beam. The intensity< 1 W/cnt) is such that the transition  the atomic vapor induces a spatially dependent dipole polar-
is not saturated at the relevant Rb densities; the resultingation that radiates back into the dielectric. This radiated
fraction of atoms in the 3P, state is estimated to be less field adds coherently to the field that is reflected back by the
than 1%[12]. Coherent effects, such as a shift or splitting of pare dielectric interface. The total complex reflected-field

the levels involved, are negligiblel3]. An external-cavity — amplitudeE can therefore be written as
semiconductor lasefNew Focus model 6224 operating at

Ap.o="775.8 nm, is used to probe the?B,—5 D), tran- E=E,+E,, )

sition in reflection. For the study of the linewidth of the ] ) .

fundamenta-P transition, as discussed in the Introduction, With E, the reflected-field amplitude in the absence of the

the probe laser is tuned to 780 nm. In all cases the intensityapor, i.e., for vacuum ané, the contribution to the re-

order to avoid saturation. gas-phase atoms by the field in the vapor. The field ampli-
The rubidium vapor is contained in the rear section of arfude E, can generally be written as

all-sapphire cell(see Fig. 2 that is heated to produce high ik

atomic densities. The vapor density is determined by the E __ k.

temperature of the coldest spot of the cell and is varied be- P (7t Deo

The theory for the reflectivity of an interface between a
dielectric and an atomic vapor in the vicinity of the funda-
ental resonance transition of the atoms, i.e., selective re-
ection, has been discussed extensijeyl0,19. We will

fmdz expikz)Py(2z). 2
0
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Herek=kg7 is the magnitude of the wave vector inside the 1.0
dielectric, » the refractive index of the dielectrieg the di-
electric constant in vacuum, ar®h(z) the z-dependent di- ®)
pole polarization in the vapor.
The fact that we probe thB-D transition allows us to 0.5

considerably simplify the theoretical model. This is because
the P-D oscillator strength is roughly one order of magni-
tude smaller as compared to that of the fundamental reso-
nance transition while their linewidths are of the same order.
This implies that the dielectric coefficient for frequencies
around theP-D resonance frequency is, for all densities,
very close to unity. In the vicinity of the fundamental reso- (a)
nance frequency, howevet(w) can differ considerably from 0.5
one for sufficiently high densities. In that case the dipole

polarization in the vapor has to be calculated using a self-

consistent moddl15]. Becauses(w)=~1 for theP-D transi-

AR (arb.units)
o

tion we can neglect local-field effect$6] and take the field o 10 0 10
in the vapor simply proportional to the incident field. We can Detuning & /T,
then evaluate the interface reflectivity to first order in the °
polarization and find for the reflection coefficieriR FIG. 3. Qualitative plot of the frequency dependence of the
=|E/E,|? the expressiofil0] atomic contributionAR to the interface reflectivity on the probe
transition for situations where the excited-state population is spa-
n— 1| 2 4An(p-1) tially homogeneousgcurve (a)] and where the excited-state popula-
R= = ReT, (3 ; ;
n+ 1’ (p+1) tion decays exponentially over a length ®f /27 [curve (b)].

Note that for the latter case the zero crossing\& does not cor-
whereT is determined by the dipole polarizatidt,(z). In  respond to the center of the line.
order to find an expression fof [Eq. (3)] we solve the
optical Bloch equations for th®-D transition in the limit  excited-state densitgi(z) is proportional to the local inten-
that the population density of the state is negligible. The sity 1(z) =1y,exp(—az) with « the absorption coefficient of
result is the pump light. In the case thatis small the population in
K2 the P state is spatially uniform on the scale of a wavelength,
L * . i.e.,n(z)=ng, and one find#&\=0 andB=ny/2k. The spec-
- 2eh fo dznzjexn2ikz),  (4) trum of AR is then a purely dispersion-shaped Lorentzian
[see Fig. 3 curvga)]. When « is large the pump light is
with u the P-D transition dipole momenty, the detuning strongly absorbed over a distanee '=\g p/27r and the
from resonance of the probe laser dndhe collisional line-  density distribution isn(z) =ngexp(—2nwz/\sp). We then
width of theP-D transition. Note thaT=0 if the S-P pump  find for the A and B coefficients in Eq.(7) the valuesA
laser is absertn(z)=0]. As can be seen from Eq) and  =nga/(a?+4k?® and B=2ngk/(a?+4k?) with k
(4) the exact spatial distributiom(z) of the population inthe =2#/Np.p. The reflectivity AR now contains dispersive
P state directly enters into the interface reflectivity. The in-(odd in detuning and absorptivéeven in detuningcontri-
tegral in Eq.(4) can be written as a number, butions with a ratidB/A=2(Ag p/Ap.p) as shown in Fig. 3,
curve (b). Note that our assumptions regarding the excited-

—Ap+iT
AZ+T2

* o . state density distribution are too naive; a more realistic pic-
fo dzn(z)exp2ikz)=A+iB, ©) ture of this distribution involves quenching of the atomic
excitation at the vapor-window interface. This picture will be
leading to discussed in the following section.
_ —k|u|? [Ar=BA,+i(BI+AAy)

. (6) IV. RESULTS AND DISCUSSION

260t AS+T2
We have studied the selective-reflection spectra of ru-
In our experiment the laser that transfers atoms td?lstate  bidium on theP-D transition for densitiedN=(0.2—2.2)
is amplitude modulated. Our lock-in signal is therefore pro-x 10! cm™3. Except for the lowest densities the collisional
portional to the difference in reflectivitk R for the case that width of theS-P transition is, as discussed above, larger than
the P state is populated and the case that it is not populatedhe hyperfine and isotope splittings and Doppler width of the
transition[17]; at sufficiently high densities this results in a
_4n(n—1) Klu|?> AT -BA, single broad spectral line. For thie D transition this is true
 (p+1)® 2eph A§+ rz- () for all densities since the excited states have much smaller
hyperfine splittings as compared to that of the ground state.
To illustrate our claim that the frequency-dependent reflecTypical results forN=0.6x 10'” cm™2 are shown in Fig. 4.
tivity modulation strongly depends on the distribution of ex- Here we show th&-D spectra for three values of the detun-
cited atoms we take a naive model where we assume that tlieg A of the pump lasef18]. The dashed curves are the

AR
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axis being calibrated in units of line-center absorption Iedﬁth
Curve (a) shows the density distribution of excited atoms when the
FIG. 4. Experimental selective-reflection spectra on th® pump laser is tuned to resonanck=(0) and curve(b) shows the
transition in a high density rubidium vapoNE 0.6x 1017 cm™3) distribution of excited atoms for the case in which the pump laser is
for three different detuning& of the pump laser. The dashed curves tuned far into the wing of th&-P transition.
show fitted Lorentzians that have both dispersive and absorptive
components. The ratios of the weight factors of the disperdd)e ( excited-state atoms, and the local excitation fate9]. For
and absorptive4) parts are shown in each frame. small values ofz one can write for the excited-state density
distribution[7]
results of a fit through the data of a sum of a dispersive and
absorptive Lorentzian line shape function with equal widths S
[Eq. (7)]. Figure 4 clearly shows that the shape of D n(z)= [)(Tz_—rzj[e_znf— e ], ®
selective-reflection spectrum is sensitive to the detuning of a 7
the pump Iaser.' In all cases the curves have both.a dISperSI\\//Ceiellid for the case thdt,<I , as will be discussed below. Here
and an absorptive component, the former becoming less and... o absoroti ; o
; . . . Y ption length for the pump liglg; the excita
less important for increasing values of the pump Oletunlng’tion rate per unit volume at the dielectric interface, dnd
This clearly contradicts the prediction at the end of Sec. “I'—\/D_thpd' i hich th tation diff ' I;']th'
In the naive model that was used there the process OE 7 Ie gistance over whic ,1e excitation grfiuses within
guenching at the vapor-window interface was not include the atomic I|fet|me7- with DxN"~ the excnatlon—dﬁfusmn
The experimental results indicate that that approximation i§oeff|0|¢nt. Interest!ng!y, we have an experimental handle on
not justified. the excited-state d|§tr|butlon Qf E®) Fhrough the abs_orp-
We attribute the spectral changes to modifications of thé'or(‘) length la'ZAt fixed at(c))mlc density one can writk,
nonuniform distribution ofP-state atoms as a function of —lal(2A/T'se)®+1] with 13=Ag p/27 the line-center ab-
pump detuning. Note that the changes in Bx® line shape sc_>rpt|on length a_lt sufficiently high densitieB4.; the full _
can be observed becauseseparatepump laser is used to width at half maximum of the self-broadened resonance line,

create aP-state distribution, and thus a volume polarization,2nd A the detuning of the pump laser. The excited-stated
that is nonuniform. For thes-P transition using asingle distribution can thus be modified through the detuning of the

laser it has been shown that a nonuniform polarization i€UMP laser. _
created due to an exponentially attenuating field in the vapor The line-center absorption lengtf of a dense Rb vapor
at sufficiently high densities; obviously the attenuation factorexcited at its fundamental resonance equals 124 nm. For a
depends on the detuning of the laser relative to the fundav@por with densityN=0.6x 10"" cm™® the diffusion length
mental resonance frequency. In this case the nonuniformity-=483 nm(D=0.083 cnis™* and =28 n9. The inequal-
of the polarization gives rise to a shift of the spectral line butity I3<!, thus applies for all densities relevant to our experi-
leaves its shape fundamentally unaffecfag]. ment. The excited-state density distribution therefore follows
The cause of the nonuniformity in a dense atomic vapoEd. (8) when the pump laser is tuned to the center of$hie
near a dielectric interface is well understood: Excited-statdransition A =0). At sufficiently large values of the pump-
atoms that collide with the dielectric become quenched. Thigaser detuning one enters the regime whelrg>1 .. In this
process gives rise to a negligible excited-state density at theegime radiation trapping is important and the excited-state
position of the interfacen(0)=0. Furthermore, the excited- density distribution is no longer described by E8) [7].
state density at smafl is determined by a combination of Figure 5 shows the distribution(z) for the case tha =0
nonradiative diffusive transport of excitation, mediated byso thatl,=I2 [curve (a)]; it also showgcurve (b)] a quali-
resonant dipole-dipole collisions between ground- andative solution fom(z) for the situation wheré,;>1 . In the

Frequency (GHz)
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latter limit the distribution of excited-state atoms is homoge- 25

Width (GHz)
\
P

neous except for a region near the interface windm® falls
to zero over a distance characterized by the diffusion length
| .. Because the reflection spectrum is sensitive to the spatial 20 %f
distribution of excited atoms it is an obvious conclusion that g
the reflection spectrum will be substantially different in the g
two cases discussed above and we essentially probe the spa- 15 ){,/i’/
tial dispersion near the dielectric-vapor interface. e
We fit our experimental spectra with a combination of g
dispersive and absorptive Lorentzians of equal wifdl. 10 '
(7)]; the results are included in Fig. (dashed curves The )ﬂ/ ,
ratio of the weight factoré& andB is also shown in Fig. 4 for // e
each of the displayed curves. We see that our model provides 5t/ /5
an excellent description of the line shape of e transi-
tion. The values oB/A that we extract from our experiments &
are in good agreement with our model description if we use 0
Eq. (8) and solve the integral in E@5). For instance, when 0 05 1018 2.0
the pump laser is tuned near resonante=Q) the spatial N (10" em")
distribution of excited atoms is highly inhomogeneous, as £, 6. The full self-broadened linewidth at half maximaig
shown in Fig. 5[curve (a)]. For this case, we calculate of the fundamentas-P () transition and of thé>-D (A) transi-
B/A=0.96 in perfect agreement with the experimental resultjon (rP:P) as obtained in our two-step selective-reflection experi-

(B/A=0.96). When the pump laser is tuned away from resoment as a function of the vapor denshy The dashed lines indicate
nance the distribution of excited atoms is much more smootkhe results of linear fits.

as shown in Fig. $curve(b)]. A calculation of the line shape
based on Eq(8) shows that the rati®/A becomes smaller

. . 76 . - .
with increasing value ofA: for A=10 GHz and A van der Waals—like with & ° potential. This potential has

=20 GHz we findB/A=0.34 andB/A=0.25, respectively, a mu_ch shorter_ range, therefor(_a it d_oes not play an important
in reasonable agreement with the experimental re$Bita role in a Qescrlptlon of th§-P linewidth. The last relevant
=0.48 andB/A=0.29, respectively Note that at this den- potenugl is theS-D potential where both the van der Waals
sity T'so=6 GHz. The reason for the discrepancy betweerNtéraction R °) and the resonant quadrupole-quadrupole
experiment and theory for excitation in the line wing ( Interaction R™°) take part{20]. The linewidth of theP-D
>T s is that in this case the spatial distribution of excited transition is then determined by both the resonance broaden-
atoms is not accurately described by E8). ing of the fundamental transition and the broadening due to

Because we have such an excellent description of the lin&-D collisions. Our experimental results allow one to esti-
shape of theP-D transition (see Fig. 4 we can extract its mate the contribution of th&-D collisions to the linewidth

self-broadened widti'=I'C;P as a function of density. In of the P-D transition as~20%. This value is appreciably
the same setup we can measure the full width at half maxilarger than the value of 5% obtained in a two-photon experi-
mumI'SH of the S-P transition by tuning the probe laser to ment[20] in Na, in line with the larger polarizability of Rb
the fundamental transition and switching off the pump laseras compared to that of Na; both the van der Waals and
The latter width is deduced from the differeniceg between  quadrupole-quadrupole contributions to tBeD collisions

the frequency of maximum reflectivity and that of minimum become larger with increasing atomic numb2t).

reflectivity in the reflection spectrufl9]. For a Lorentzian

spectral line in the case of a sapphire-rubidium vapor inter-

face one can show that for@, line I'sg=1.33F"S; using V. CONCLUDING REMARKS

the fact that the refractive index of sapphire is 1.76. Both

ISP (@) andTEP (A) are linear functions of density as !N conclusion, we have experimentally shown that for a

shown in Fig. 6. A least-squares fit through the data for thelense Rb vaporN=0.2—2.2x10"" cm™?) the spectral re-
two self-broadened transitions yields values for the selfsponse of thé-D transition in reflection is very sensitive to
broadening coefficients: kSP:rSSeﬁ/NZZT,X 0.8 the exact spatial distribution d?-state atoms in the vicinity
%1077 stcm?, in good agreement with literature values Of the vapor-window interface. This distribution is inhomo-

[14] and kP-D=F§é|fD/N:27T>< 1x10 7 s 1cmB. We esti- geneous as a result of radiative and nonradiative transport of

mate the experimental error to be 5%. This result shows tha&Xcitation and wall-quenching collisions & -state atoms.
the P-D line is more strongly broadened than the fundamenThe detailedP-state distribution is modified by the detuning
tal resonance transition. This can be understood as followsf the excitation light relative to th&-P resonance line giv-
the fundamental transition is dominantly broadened as a réng us a handle on the spatial dispersion in the vapor.

sult of resonance-exchange collisions between atoms in the Furthermore, we have shown that a comparison of the
ground state and atoms in the excitBdstate. The inter- S-P andP-D self-broadening coefficients yields information
atomic potential for thes&-P collisions has &R~ 3 depen- on the interaction betweeB- and D-state atoms. Specifi-
dence whereR is the interatomic distance. The interatomic cally, we have shown th&-D collisions are quite effective:
potential for collisions between two ground-state atoms ighey contribute 20% to th®-D broadening coefficient.
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