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Dipole-dipole collision-induced transport of resonance excitation in a high-density atomic vapor

H. van Kampen, V. A. Sautenkov, A. M. Shalagin,* E. R. Eliel, and J. P. Woerdman
Huygens Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands

~Received 6 June 1997!

We have experimentally studied the nonradiative transport of excitation in a dense@N5~0.322.5!3
1017 cm23] potassium vapor. We show that in such a high-density vapor the diffusive nonradiative transport of
excitation via ‘‘hopping’’ of excitation in dipole-dipole collisions between excited- and ground-state atoms is
dominant over the radiative transport through photons. The nonradiative transport mechanism becomes visible
in the fluorescence-excitation spectrum signal as a sharp dip close to the resonance frequency. The appearance
of the dip, its shape, width, and density dependence can all be explained in terms of a simple diffusion model
for the nonradiative transport. This yields values for the diffusion coefficient and the resonance-exchange rate
coefficient.@S1050-2947~97!03611-1#

PACS number~s!: 32.70.Jz, 32.50.1d
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I. INTRODUCTION

It is well known that the interatomic interaction in a hig
density atomic vapor where part of the atoms is in the fi
excited state is dominated by the resonant dipole-dipole
teraction between ground- and excited-state atoms. Bec
of the long-range nature of the resonant dipole-dipole in
action each atom interacts not only with close neighbors
also with atoms that are far away. One can approximate
effect of the nearby atoms by invoking line-broadeni
theory. The dipole-dipole collisions give rise to a se
broadened atomic response having a Lorentzian shape w
width Gself. In the binary-collision limitGself is proportional
to densityN and one writesGself5^sv& N with s the cross
section for dipole-dipole collisions andv the relative speed
of the atoms. The average is performed over the rela
velocities of the collision partners.

The effect of the far-removed atoms can be taken i
account in a mean-field sense using a local-field model
equivalently, the Clausius-Mosotti relations@1#. Here one as-
sumes that the local field rather than the external optical fi
governs the atomic response@2,3#, where the local field is the
field due to both the external light source and all the ot
atoms in the gas. In the linear optical response approxi
tion the local field gives rise to the Lorentz shift, a densi
and excitation-dependent shift of the atomic resonance
quency@4,5#. Because of the excitation dependence of t
shift there has been considerable interest, recently, in l
field effects, especially regarding nonlinear optical pheno
ena such as lasers without inversion@6#, optical bistability
@7,8#, self-induced transparency@9#, and piezophotonic
switching @6#.

A description in terms of optical response does not, ho
ever, do justice to the complex processes that arise in su
vapor. For instance, the spontaneous emission by the ex
atoms is totally ignored. As a result of the high density of t
vapor the spontaneously emitted photons travel only s
distances before being reabsorbed by another atom. Sinc
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absorption probability depends on the detuning from re
nance, this distance is determined by the frequency of
photon. After a spontaneous lifetime an atom that has
sorbed the photon emits a new photon. This photon m
have a totally different frequency~within the spectral line! as
compared to that of the absorbed photon as a consequen
the collisions~collisional redistribution!. In the end of the
photons escape from the vapor because of its finite ext
This extensively studied process is known as radiation tr
ping. It is not possible to associate a mean free path w
radiation trapping because one cannot define a single abs
tion length @10–12#. Note that in this process atoms e
change real photons.

Additionally, the atoms in the vapor can exchange exc
tion by nature of the dipole-dipole interaction; this proce
where the excitation ‘‘hops’’ from an excited-state atom to
ground-state atom, corresponds to the exchange of a vir
photon@13#. Since the atoms are moving the excitation wa
ders through the vapor. With this nonradiative process
can associate a mean free pathl re5v th(^s rev&N)21, with s re
the cross section for the resonance exchange process anv th
the most probable speed of an atom in the vapor. Ifl re is
much smaller than the thickness of the layer of excited ato
~this layer is usually thin due to the optical thickness of t
vapor!, the nonradiative transport of excitation is in princip
of a diffusive nature. This condition is typically fulfilled in a
sufficiently dense atomic vapor, i.e., a vapor for which t
self-broadened linewidth is much larger than the Dopp
width.

In treatments of radiative transport in gases the nonra
tive contribution has long been ignored; instead one has u
ally solved the incomplete transport equation, only includi
radiation trapping@10,14#. In most cases these treatmen
gave satisfactory agreement with experimental results.
fact that one also has to include nonradiative transport
first demonstrated in experiments by Phelps and co-work
@15–17#. They excited an atomic vapor through a windo
and measured the backscattered fluorescence. In this w
fluorescence-excitation spectrum of the vapor was obtai
that showed a dip around line center that was attributed
the nonradiative contribution to the transport of excitation.
their experiment, however, the density (N'1014 cm23) was
,

3569 © 1997 The American Physical Society



ed
,

on

ow
e
e
o

ex
in
le
e

so
e

x-
in
-

lf
ex

b

ce

c
or
ta
n

om
ur

he

a

n
e
t

er
t

f t

c

ve
e
e

ex
ia
n
ie

un-
ity

a
ell

re

the
ire-

of
the
the

a
the

old-

and
he
old
h
.

e

for
ly

g

ly

he

ce-
sity

3570 56H. van KAMPENet al.
such thatl re was roughly equal to the thickness of the excit
layer, in contrast to the present experiment. Therefore
quantitative description of their results in terms of a diffusi
model is somewhat questionable.

The presence of the dip is caused by the cell wind
where excited atoms can lose their excitation nonradiativ
~quenching!. Whether the nonradiative contribution to th
transport of excitation results in an observable reduction
the fluorescence yield is determined by the fraction of
cited atoms that is sufficiently close to the cell wall. This
turn is determined by the relative order of three length sca
The absorption lengthl a of the incoming light, the mean fre
path for resonance exchangel re, and the diffusion lengthl t ,
which is the maximum distance the diffusive process of re
nance exchange can cover within a spontaneous lifetimt:

l t5( 1
2 v thl ret)1/2. For a sufficiently dense atomic vapor e

cited at line center, the absorption length of the incom
light l a'l/2p; away from line centerl a increases propor
tionally to (2Dv/Gself)

211, whereDv is the detuning from
line center andGself the self-broadened full width at ha
maximum linewidth. The mean free path for resonance
changel re}N21.

When a vapor much denser than that investigated
Phelps and co-workers@15–17#, e.g.,N'1017 cm23, is ex-
cited at its resonance frequency we havel re! l a, l t , mean-
ing that the probability that an excited atom reaches the
wall within the spontaneous lifetime and gets quenched
almost unity. In the meantime it has made many resonan
exchange collisions. The excitation transport is theref
dominantly nonradiative and diffusive in this case. The to
fluorescent yield is small and, since the nonradiative tra
port occurs in a time short compared to the natural lifetimet,
the excitation is observed to decay also in a time short c
pared tot. The latter effect has been corroborated in fo
wave-mixing experiments@18#.

When, however, the incident laser light is tuned to t
wing of the spectral line, we havel re! l t, l a ; this means
that the fraction of excited atoms that can reach the cell w
through diffusion, within the spontaneous lifetimet, is small.
Now the radiative transport dominates and the fluoresce
yield is high. Note that we only consider the linear regim
i.e., the number of excited atoms is small as compared to
total number of atoms.

At extremely high densities, e.g.,N'1020 cm23, three or-
ders of magnitude higher than we consider in our exp
ment, the limitl re! l t, l a also applies for a vapor excited a
line center. This situation can occur as a consequence o
density dependence ofl t and the density independence ofl a
at high densities.

In this paper we present a study of the transport of ex
tation in a high-density vapor (N'1017 cm23) under condi-
tions where diffusion of excitation through nonradiati
resonance-exchange collisions is dominant. We have b
able to probe the purely diffusive limit in contrast to th
experiment performed by Zajonc and Phelps@16# since we
use much higher atomic densities. We will compare our
perimental results with a diffusion model for the nonrad
tive transport and obtain values for the diffusion coefficie
of the excitation and the resonance-exchange rate coeffic
a
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II. EXPERIMENTAL TECHNIQUE

The experiments are performed using a continuously t
able, single-frequency, diode laser with an external cav
~New Focus model 6224!, tuned to theD1 transition of po-
tassium (l5770 nm). We use 4 mW of output power in
beam of a few mm diameter resulting in an intensity w
below the saturating value~'1 W/cm2 at a densityN50.23
1017 cm23 @5#!. The laser light is incident on an all-sapphi
cell that contains the potassium vapor~see Fig. 1!. The laser
beam is reflected from the wedged entrance window of
cell so the reflections from the air-sapphire and sapph
vapor interfaces can easily be distinguished. As a function
the frequency of the incident laser beam we measure
reflected beam and the backscattered fluorescence from
vapor with a silicon photodiode~PD! and a photomultiplier
~PMT!, respectively. The photomultiplier signal results in
fluorescence-excitation spectrum whereas the signal on
photodiode results in a selective-reflection spectrum@19#.

We work with densities between 0.3 and 2.531017 cm23,
the density being determined by the temperature of the c
est spot of the cell~Fig. 1!. This density is typically three
orders of magnitude larger than that used by Zajonc
Phelps@16#. To avoid condensation of potassium vapor at t
window its temperature is about 10 K higher than the c
spot. In the density range of interest the absorption lengtl a
is of the order of 1027 m for light tuned near resonance
From the self-broadening coefficient for theD1 line, k
5Gself/N5^sy&52p35.931028 cm3 s21 @25#, and simple
theoretical considerations that relatek and ^s rey& @16# we
find ^s rey&52p3331028 cm3 s21; here Gself represents
the full width at half maximum of the spectral line. Th
value for the mean free path for resonance exchangel re
ranges then from 1027 to 1028 m, indeed smaller thanl a .
Although l re is only marginally smaller thanl a at the low
side of the range of densities studied, a diffusive model
the nonradiative transport will prove to work surprising
well.

Potassium is well suited for this study for the followin
reasons: the hyperfine splittings in the ground 4s2S1/2 and
excited 4p2P1/2,3/2states are relatively small (,0.5 GHz). In
the density range of interest (N50.322.531017 cm23) the
self-broadened widthk of the resonance line is appreciab
larger than the hyperfine splitting and the Doppler width~1
GHz at 600 K!. Therefore we can ignore these effects. T

FIG. 1. Experimental setup to measure the fluorescen
excitation and the selective-reflection spectrum of a high-den
potassium vapor.
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56 3571DIPOLE-DIPOLE COLLISION-INDUCED TRANSPORT . . .
fine-structure splitting between the2P1/2 and 2P3/2 states is
large ~1700 GHz!, which would require one to take into ac
count both excited levels. However, at the densities used
fine-structure changing collisions are very frequent@20#; on
average there is a fine-structure changing collision every
ns atN5631016 cm23. As a result, the2P3/2 state, which is
not directly populated by the incident laser field, will b
populated according to its statistical weight. This populat
mixing justifies the use of a two-level model for a discuss
of our results; for the relevant parameters we consider
average of the values for the2P1/2 and 2P3/2 states.

III. THEORETICAL MODEL

The distribution of excited atoms in a dense gas is g
erned by a transport equation containing terms that desc
both radiative and nonradiative transport of excitation. T
model presented in this section is based on earlier theore
work @15,16,21#. For a system of two-level atoms locate
between infinite, parallel, plane boundaries the equation
the temporal variation of the spatial distributionn(z,t) of
excited atoms, withn much smaller than the total number
atoms, is given by

]n~z,t !

]t
52gn~z,t !1D

]2

]z2 n~z,t !

1gE G~z,z8!n~z8,t !dz81S~z!. ~1!

The first term on the right-hand side represents the los
excited atoms due to spontaneous decay with rateg5t21.
The second term represents the diffusion of the excited
oms. Assuming only binary collisions between ground- a
excited-state atoms the diffusion coefficientD can be written
as

D5
v th

2

2n re
, ~2!

with y th5A2kBT/m, the thermal speed of the atoms~kB is
Boltzmann’s constant,T the temperature of the vapor, andm
the atomic mass!. The frequencyn re of resonance-exchang
collisions is related to the resonance-exchange cross se
s re by n re5^s rey&N with N the density of the vapor. The
brackets indicate an average over the relative velocity of
collision partners. The third term describes the radiati
trapping process@10# with a kernelG(z,z8) representing the
probability that a photon emitted atz8 is reabsorbed atz. The
last term reflects the production of excited-state ato
Steady-state solutions of this model have been discusse
Molisch et al. @21# in terms of a linear combination of solu
tions for the case where only radiative transport plays a
and the case where excitation hopping dominates.

As discussed earlier, at line center, the excitation trans
is mainly determined by hopping of excitation via dipol
dipole collisions between ground- and excited-state ato
As a consequence neglecting the process of radiation t
ping is justified. In this limit the steady-state density dist
bution is a solution of
he
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gn~z,t !2D
]2

]z2 n~z,t !5S~z!. ~3!

The excitation rate per unit volumeS(z) in Eq. ~3! is given
by Beer’s law,

S~z!5S0exp@2a~v!z#, ~4!

where

a~v!5
a0

11~2Dv/Gself!
2 ~5!

is the frequency-dependent absorption coefficient of the li
in the vapor. Herea0 is the absorption coefficient at lin
center, Dv5v2v0 the detuning, andGself the self-
broadened linewidth. Because, for every detuningDv, all
photons that enter the cell are absorbed, the photon flux d
sity Q0 equals the integrated excitation rate per unit volu
i.e.,

Q05E
0

`

S~z!dz5
S0

a
. ~6!

The general solution to Eq.~3! is given by

n~z!5G exp~2bz!1H exp~bz!2
S0

D~a22b2!
exp~2az!,

~7!

whereb5Ag/D is the inverse of the diffusion lengthl t ; G
and H are coefficients that are determined by the bound
conditions. The requirement that the density of excited ato
vanishes at large distances from the entrance window imp
that H50. At the entrance window (z50) we haven(0)
>0 anddn/dz>0. The latter condition is equivalent to th
statement that the diffusive flow must be directed towa
the window. Together, these two boundary conditions foz
50 determine an interval of validity for the coefficientG
within which all solutions are allowed. Alternatively, on
can use the approximate boundary condition@22#

0.71l re

dn

dzU
z50

5n~0!. ~8!

This yields

G5
S0

D~a22b2! S 110.71l rea

110.71l reb
D'

S0

D~a22b2!
, ~9!

where the latter approximation is very well justified in th
line core wherel re!a21,b21 for sufficiently high densi-
ties. For the case wherea<b radiation trapping has to be
considered and our model can, therefore, not be applied
the limit wherea.b the solution to Eq.~3! is given by

n~z!5
S0

D~a22b2!
@exp~2bz!2exp~2az!#. ~10!

We measure the total fluorescenceF coming from the vapor.
SinceF is proportional to the total number of excited atom
we integrate the distributionn(z) and using Eq.~6! we find
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3572 56H. van KAMPENet al.
F~Dw!}E
0

`

n~z!dz5F12
Gself

2 a0 /b

4Dw21Gself
2 ~11a0 /b!G .

~11!

The total fluorescenceF is seen to display a diplike featur
around resonance with a full width at half maximum, wid
Gdip ,

Gdip5Gself~11a0AD/g!1/2. ~12!

In contrast to the self-broadened widthGself, which, in the
binary collision regime, is strictly proportional to densit
Gdip shows a nontrivial density dependence

Gdip~N!5kN~11A/AN!1/2, ~13!

with k the self-broadening coefficient and

A5a0ADN

g
5a0A kBT

m^s rev&g
, ~14!

a density-independent coefficient. It represents the ratio
the diffusion length at unit particle density and the lin
center absorption length in the high-density limit (a0

21).

IV. RESULTS AND DISCUSSION

We have measured the reflection- and fluorescen
excitation spectrum for potassium for densiti
N5~0.322.5!31017 cm23. Typical results are shown in
Figs. 2 and 3 for densitiesN50.331017 and N52.0
31017 cm23, respectively.

In both figures curve~c! shows the low-density (N
'1011 cm23) absorption spectrum as measured in a sepa
cell; it serves as an absolute frequency reference. The re

FIG. 2. Reflectivity~a! and fluorescence-excitation~b! spectra
on theD1 line for potassium vapor (N50.331017 cm23). Curve
~c! shows the low-density absorption spectrum. Far off resona
the reflectivityR @curve ~a!# has a value of 7.6%, representing th
reflectivity of the sapphire-vacuum interface. Around resonancR
varies betweenR'20% and R'3%. The fluorescence signa
@curve~b!# around line center is reduced to 25% of the signal in
line wing.
of

e-

te
c-

tion spectra of the high-density vapor near the sapphire
terface are depicted in curves~a!. The spectra, offset along
the vertical axis, are dispersionlike shaped and cente
around the resonance frequency. Curves~b! show the central
part of the fluorescence-excitation spectrum. The full exc
tion spectrum is much broader than the region shown h
but the wings do not contain information on the nonradiat
effects that we study here. The dashed curves are the re
from a fit of the model to the experimental excitation spe
trum that will be discussed below.

As shown in Figs. 2 and 3 the frequency-integrat
fluorescence output of the excited vapor is strongly
duced when it is excited at line center as compared to
situation where it is excited in the wings of the spectral lin
For example, at resonance the fluorescence signal is red
to 25% for a densityN50.331017 cm23; at a density
N5231017 cm23 the signal is reduced to'50%. We at-
tribute the observed reduction of the fluorescence sig
around line center to wall collisions of excited atom
~quenching! resulting from diffusive- and nonradiative tran
port of excitation, as discussed in the Introduction.

Zajonc and Phelps@16# showed that under the condition
prevailing in their experiment the reduction of the fluore
cence around resonance is most pronounced if one de
the fluorescence that comes from atoms that have ma
fine-structure changing collision. One is sensitive to t
class of atoms when one detects the fluorescence on thD2
line while the laser is tuned to theD1 line. In order to see
whether such a difference between the direct~excitation and
detection on the same transition! and sensitized~excitation
and detection on different transition! fluorescence also exist
under the present experimental conditions we have meas
the fluorescence output separately in a band around theD1
andD2 transitions, in addition to measuring the total fluore
cence. Note that we always excite on theD1 transition. The
results are shown in Fig. 4 for a densityN51.331017 cm23.
Curve~b! shows the unfiltered fluorescence while curves~a!

e

e

FIG. 3. Reflectivity~a! and fluorescence-excitation~b! spectra
on theD1 line for potassium vapor (N5231017 cm23). Curve~c!
shows the low-density absorption spectrum. The fluorescence s
@curve~b!# around line center is reduced to 50% of the signal in
line wing.
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56 3573DIPOLE-DIPOLE COLLISION-INDUCED TRANSPORT . . .
and ~c! indicate the fluorescence as detected on theD1 and
D2 line, respectively. For the sake of clarity the spectra h
been given an offset along the vertical axis. The th
fluorescence-excitation spectra have very similar sha
with, in all cases, a pronounced dip at line center. The val
for the width of the dip in the three cases are equal withi
few percent. Therefore, our results, as shown in Fig. 4,
tify the use of a two-level description for the transport
excitation in the vapor. Because of the high density in o
experiment we may expect, as discussed in the Introduc
to find, even in the line core, a weighted average value
the diffusion coefficientD and the resonance exchange ra
coefficient^s rev& for the P1/2 andP3/2 states.

The fluorescence-excitation spectra of Figs. 2 and 3
fitted with an expression based on Eq.~11!, with two terms
added. First, a Lorentzian term has been added in orde
account for the radiative transport that determines the fl
rescence intensity away from line center. This term gives
adequate description of the shape of the fluorescence ex
tion spectrum in the radiative limit@10#. Furthermore, a
small dispersive term has been added to account for the s
tral variation of the transmission of the sapphire-vapor int
face due to the dispersive optical response of the vapor
can be seen from the results shown in Figs. 2 and 3,
description provides an excellent fit to the experimental d
around line center. Important parameters that are obta
from the fit are the width and depth of the central dip in t
fluorescence-excitation spectrum as well as its center rela
to that of the low-density absorption spectrum

As can be seen in Figs. 2 and 3 the selective reflect
and fluorescence-excitation spectra exhibit a shift of the c
tral frequency with respect to the low-density resonance
quencyv0 . For the reflection spectrum, this shift, which
linear in density, is usually attributed to a combination
Lorentz local-field shift, collisional shift@5#, and wall shift
@23#. For the fluorescence-excitation spectrum we find t
the line shift, i.e., the central frequency of the dip as co
pared tov0 , is also linear in density; it is likely to originate

FIG. 4. Fluorescence-excitation spectra or the total fluoresce
output ~b!, the fluorescence measured around theD1 transition~a!,
and around theD2 transition~c!. Curve~d! shows the low-density
absorption spectrum.
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from the same sources as the shift in the reflection spectr
The results for the widthGdip ~squares! of the central dip

in the fluorescence-excitation spectrum as a function of d
sity are shown in Fig. 5. Also shown is the density depe
dence of the widthDnmm of the selective-reflection spectrum
~triangles!; the latter is taken to be the difference between
frequency of maximum reflectivity and that of minimum r
flectivity. For a Lorentzian spectral line there exists a re
tionship between this widthDnmm and the width of the spec
tral line; for the D1 transition one can show thatDnmm5
1.15Gself @4#, whereGself is the full width at half maximum
of the spectral line. For the density range shown in Fig. 5,
spectral widthGself is linear in density, as expected. From th
slope we find a value for the self-broadening coefficienk
5Gself/N5^sv&52p35.531028 cm3 s21, in reasonable
agreement with the results found by Makiet al. @4#. The fact
that the experimental results for the spectral separa
Dnmm do not extrapolate to zero in the zero density limit is
direct consequence of the fact that we have ignored Dop
broadening and hyperfine structure. One can indeed extra
value for the residual widthDn res from the fit to our experi-
mental results. We findDn res'1 GHz, which is close to the
value for the Doppler width at a temperatureT5700 K (N
'1017 cm23) combined with the hyperfine splitting of 46
MHz.

Although it is not immediately obvious from the resul
shown in Fig. 5, the experimental values forGdip as a func-
tion of density do not fall on a straight line. This is best se
by considering the same results in Fig. 6 where we plot
ratio of Gdip and Gself as a function of density. We see
marked nonlinear density dependence of this ratio tha
somewhat hidden in Fig. 5 becauseGself}N. The solid line
through the data points is the result of a fit of Eq.~13! to the
data; Eq.~13! can be written as

Gdip

Gself
5~11AN!1/2, ~15!

ce FIG. 5. The widthDnmm of the selective reflection spectrum~D!
and the width of the dip in the fluorescence-excitation spectrum~h!
as a function of atomic densityN.
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3574 56H. van KAMPENet al.
showing the expected density dependence of the ratio th
plotted in Fig. 6. By fitting this equation to the results show
in Fig. 6 or equivalently, the data forGdip in Fig. 5 we can
extract a value for the density-independent coefficientA.
The result isA514.53108 cm23/2.

From the value ofA we can now determine the diffusio
coefficientD. For this we need a value for the absorpti
coefficient at line center and we takea052p/l. Using t
526 ns we find D50.05 cm2 s21 for a denisity of N
5131017 cm23. Using Eq. ~2! for the expression for the
diffusion coefficient we extract as value for the resonan
exchange rate coefficient̂s ren&52p32.331028 cm3 s21.
When we consider the rate coefficient^sn& for dipole-dipole
collisions irrespective of whether exchange of excitation
occurred or not, witĥ sv&5Gself/N, we find that^sv&D1

52p35.531028 cm3 s21. This value is 2.5 times the valu
for ^s rev& obtained in the present experiment. This mea
that roughly every second collision results in an excitat
transfer between an excited atom and an atom in the gro
state, in good agreement with theoretical models@15#. Note
that because of the efficiency of fine-structure mixing o
value for^s rev& represents an average over the fine-struct
states.

FIG. 6. The ratio of the widthGdip of the fluorescence dip, an
the spectral widthGself as a function of the atomic densityN.
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For all densities studied we find excellent agreement
tween our transport model, based on binary collisions,
the experimental data. This implies that the diffusion coe
cientD is inversely proportional to density as expected fo
binary model. For very high densities it has been sugges
that D would become proportional toN1/3 @24#. This predic-
tion is based on a model where the atoms are stationary
excitation transfer to neighbor atoms only takes place
‘‘hopping’’ of excitation. Our results indicate that this be
havior is not important at densitiesN<331017 cm23.

V. CONCLUDING REMARKS

We have experimentally shown that in a dense potass
vapor @N5(0.322.5)31017 cm213# the nonradiative trans
port of excitation is of a diffusive nature. A signature of th
nonradiative process is the arisal of a pronounced dip aro
resonance in the fluorescence-excitation spectrum. The p
ence of nonradiative transport implies that a fraction of
excitation of the vapor can diffuse to the cell wall and g
quenched in a time short or comparable to the excited-s
lifetime. This fraction becomes sizable in a high-density v
por with incident laser light tuned to the center of the sp
tral line.

The presence of nonradiative transport and wall quen
ing implies that in high-density vapors the optical respon
of an atomic vapor is affected by spatial inhomogeneities
particular of the excited-state distribution. The inhomoge
ities are especially prominent when the vapor is excited
frequencies in the vicinity of the fundamental resonance
quency. The presence of such inhomogeneities has impo
implications for experiments where one probes properties
such a dense vapor, in particular when the measurement
done in reflection. One can think here of the apparent l
time of excited states@18#, the line shape of multiphoton
transitions@25#, and nonlinear optical effects such as elect
magnetically induced transparency@26#.
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