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Dipole-dipole collision-induced transport of resonance excitation in a high-density atomic vapor
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We have experimentally studied the nonradiative transport of excitation in a déhs€0.3—2.5X
10" cm™9] 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®7)03611-]

PACS numbdps): 32.70.Jz, 32.56:d

[. INTRODUCTION absorption probability depends on the detuning from reso-
nance, this distance is determined by the frequency of the
It is well known that the interatomic interaction in a high- photon. After a spontaneous lifetime an atom that has ab-
density atomic vapor where part of the atoms is in the firssorbed the photon emits a new photon. This photon may
excited state is dominated by the resonant dipole-dipole inhave a totally different frequendithin the spectral lingas
teraction between ground- and excited-state atoms. Becausempared to that of the absorbed photon as a consequence of
of the long-range nature of the resonant dipole-dipole interthe collisions(collisional redistribution In the end of the
action each atom interacts not only with close neighbors buphotons escape from the vapor because of its finite extent.
also with atoms that are far away. One can approximate th&his extensively studied process is known as radiation trap-
effect of the nearby atoms by invoking line-broadeningping. It is not possible to associate a mean free path with
theory. The dipole-dipole collisions give rise to a self- radiation trapping because one cannot define a single absorp-
broadened atomic response having a Lorentzian shape withteon length [10—-123. Note that in this process atoms ex-
width I'sor. In the binary-collision limitl" s is proportional  change real photons.
to densityN and one writed o= (ov) N with o the cross Additionally, the atoms in the vapor can exchange excita-
section for dipole-dipole collisions and the relative speed tion by nature of the dipole-dipole interaction; this process,
of the atoms. The average is performed over the relativavhere the excitation “hops” from an excited-state atom to a
velocities of the collision partners. ground-state atom, corresponds to the exchange of a virtual
The effect of the far-removed atoms can be taken intgphoton[13]. Since the atoms are moving the excitation wan-
account in a mean-field sense using a local-field model, odlers through the vapor. With this nonradiative process one
equivalently, the Clausius-Mosotti relatiofl§. Here one as- can associate a mean free phti v ({00 )N) 1, with o7¢
sumes that the local field rather than the external optical fieldhe cross section for the resonance exchange process;and
governs the atomic responig& 3], where the local field is the the most probable speed of an atom in the vapol,clis
field due to both the external light source and all the othemuch smaller than the thickness of the layer of excited atoms
atoms in the gas. In the linear optical response approximazhis layer is usually thin due to the optical thickness of the
tion the local field gives rise to the Lorentz shift, a density-vapon, the nonradiative transport of excitation is in principle
and excitation-dependent shift of the atomic resonance fresf a diffusive nature. This condition is typically fulfilled in a
qguency[4,5]. Because of the excitation dependence of thissufficiently dense atomic vapor, i.e., a vapor for which the
shift there has been considerable interest, recently, in locaelf-broadened linewidth is much larger than the Doppler
field effects, especially regarding nonlinear optical phenomwidth.

ena such as lasers without inversii, optical bistability In treatments of radiative transport in gases the nonradia-
[7,8], self-induced transparency9], and piezophotonic tive contribution has long been ignored; instead one has usu-
switching[6]. ally solved the incomplete transport equation, only including

A description in terms of optical response does not, how+adiation trapping[10,14]. In most cases these treatments
ever, do justice to the complex processes that arise in suchgave satisfactory agreement with experimental results. The
vapor. For instance, the spontaneous emission by the excitddct that one also has to include nonradiative transport was
atoms is totally ignored. As a result of the high density of thefirst demonstrated in experiments by Phelps and co-workers
vapor the spontaneously emitted photons travel only shoftl5—17. They excited an atomic vapor through a window
distances before being reabsorbed by another atom. Since thad measured the backscattered fluorescence. In this way a

fluorescence-excitation spectrum of the vapor was obtained
that showed a dip around line center that was attributed to
*Present address: Institute of Automation and Electrometrythe nonradiative contribution to the transport of excitation. In
630090 Novosibirsk, Russia. their experiment, however, the density4 10" cm™%) was
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such that , was roughly equal to the thickness of the excited

layer, in contrast to the present experiment. Therefore, a

guantitative description of their results in terms of a diffusion External Cavity

model is somewhat questionable. Laser
The presence of the dip is caused by the cell window PSR | K

PD

sapphire cell

where excited atoms can lose their excitation nonradiatively ;o e ¢‘coldest
(quenching. Whether the nonradiative contribution to the lens = z-direction spot
transport of excitation results in an observable reduction of monochromatorl:l
the fluorescence yield is determined by the fraction of ex-

cited atoms that is sufficiently close to the cell wall. This in [j PMT
turn is determined by the relative order of three length scales:

The absorption length, of the incoming light, the mean free
path for resonance exchangg, and the diffusion length,,
which is the maximum distance the diffusive process of reso
nance exchange can cover within a spontaneous lifettme

FIG. 1. Experimental setup to measure the fluorescence-
excitation and the selective-reflection spectrum of a high-density
potassium vapor.

—(1 1/2 i~ H
IT—(zvthI',er) . For a sufﬂmently dense atomic vgpor e?<- IIl. EXPERIMENTAL TECHNIQUE
cited at line center, the absorption length of the incoming _ _ _
light | ;~\/27; away from line centet, increases propor- The experiments are performed using a continuously tun-

tionally to (2A w/T'se)>+ 1, whereAw is the detuning from ~ able, single-frequency, diode laser with an external cavity
line center andl's. the self-broadened full width at half (New Focus model 6224tuned to theD, transition of po-
maximum linewidth. The mean free path for resonance extassium §=770nm). We use 4 mW of output power in a
changel <N 1. beam of a few mm diameter resulting in an intensity well
When a vapor much denser than that investigated bSlpeI(;w ”]2 saturating value=1 W/cnt at a densityN=0.2x
Phelps and co-workefd5-17, e.g.,N~10" cm3, is ex- 10" cm ™3 [5]). The laser light is incident on an all-sapphire
cited at its resonance frequency we hayesl ,<I., mean- cell that contains the potassium vageee Fig. L The laser

ing that the probability that an excited atom reaches the Ceﬁ)eam is reflected from the wedged entrance window of the

wall within the spontaneous lifetime and gets quenched $ell so the reflections from the air-sapphire and sapphire-

. ) . vapor interfaces can easily be distinguished. As a function of
almost unity. In the meantime it has made many resonanc

h llisi Th tation t tis theref Ghe frequency of the incident laser beam we measure the
exchangeé collisions. € exciation transport 1S ereloreqia taq heam and the backscattered fluorescence from the

dominantly npnradiative and difquive in this casg. The totalvapor with a silicon photodiodéPD) and a photomultiplier
fluorescent yleld_ is small and, since the nonradlan_ve.trans(PMT)’ respectively. The photomultiplier signal results in a
port occurs in a time short compared to the natural lifetime  fiyorescence-excitation spectrum whereas the signal on the
the excitation is observed to decay also in a time short COMphotodiode results in a selective-reflection spectfasi.
pared tor. The latter effect has been corroborated in four-  \we work with densities between 0.3 and 25017 cm ™3,
wave-mixing experimentfl8]. the density being determined by the temperature of the cold-

When, however, the incident laser light is tuned to theest spot of the cel(Fig. 1). This density is typically three
wing of the spectral line, we havig.<l .<l,; this means orders of magnitude larger than that used by Zajonc and
that the fraction of excited atoms that can reach the cell walPhelpq 16]. To avoid condensation of potassium vapor at the
through diffusion, within the spontaneous lifetimds small. ~ window its temperature is about 10 K higher than the cold
Now the radiative transport dominates and the fluorescencgpot. In the density range of interest the absorption lehgth
yield is high. Note that we only consider the linear regime;is of the order of 107 m for light tuned near resonance.
i.e., the number of excited atoms is small as compared to therom the self-broadening coefficient for ti2; line, k
total number of atoms. =Tgei/N={(0v)=27x5.9x10 8 cm®s 1 [25], and simple

At extremely high densities, e.d\~10?° cm™3, three or-  theoretical considerations that releékeand (o ev) [16] we
ders of magnitude higher than we consider in our experifind (ov)=27x3x10 8 cnm®s % here I’y represents
ment, the limitl .<I,<I, also applies for a vapor excited at the full width at half maximum of the spectral line. The
line center. This situation can occur as a consequence of th&lue for the mean free path for resonance exchapge
density dependence bf and the density independencelgf ~ ranges then from 10’ to 10 8 m, indeed smaller thah, .
at high densities. Although | . is only marginally smaller thath, at the low

In this paper we present a study of the transport of exciside of the range of densities studied, a diffusive model for
tation in a high-density vapomN~10'" cm3) under condi- the nonradiative transport will prove to work surprisingly
tions where diffusion of excitation through nonradiative well.
resonance-exchange collisions is dominant. We have been Potassium is well suited for this study for the following
able to probe the purely diffusive limit in contrast to the reasons: the hyperfine splittings in the groursf %, and
experiment performed by Zajonc and Phep§] since we  excited 2P, 5, States are relatively smak(0.5 GHz). In
use much higher atomic densities. We will compare our exthe density range of interesN& 0.3—2.5x 101 cm™®) the
perimental results with a diffusion model for the nonradia-self-broadened widtlk of the resonance line is appreciably
tive transport and obtain values for the diffusion coefficientlarger than the hyperfine splitting and the Doppler wi¢th
of the excitation and the resonance-exchange rate coefficieftHz at 600 K. Therefore we can ignore these effects. The
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fine-structure splitting between thé®,, and 2P, states is P

large (1700 GH32, which would require one to take into ac- yn(z)—D —— n(z,H)=5(2). ©)
count both excited levels. However, at the densities used, the

fine-structure changing collisions are very frequegl; on  The excitation rate per unit volunt(z) in Eq. (3) is given
average there is a fine-structure changing collision every 18y Beer's law,

ns atN=6x10'® cm™ 3. As a result, thé P, state, which is

not directly populated by the incident laser field, will be S(2) = Spexd — a(w)z], (4)
populated according to its statistical weight. This population

mixing justifies the use of a two-level model for a discussionWnere

of our results; for the relevant parameters we consider an

average of the values for théP,,, and 2Py, states. a(w)= @0

1+ (2A /T gp)? ®

. THEORETICAL MODEL is the frequency-dependent absorption coefficient of the light
o . : . in the vapor. Herex, is the absorption coefficient at line

ermedt by  ransport equation containing temms fhat deser el Aw= 0 =g the detuning, andryy the sef
both radiative and nonradiative transport of excitation. The foadened linewidth. Because, for every detu , al

model presented in this section is based on earlier theoreticépotons that enter the cell are absorbed, the photon flux den-
work [15,16.21. For a system of two-level atoms located ' Ity Qg equals the integrated excitation rate per unit volume

between infinite, parallel, plane boundaries the equation for
the temporal variation of the spatial distributiorfz,t) of o S
excited atoms, wittn much smaller than the total number of Qozf S(z)dz= —. (6)
atoms, is given by 0 @

5 The general solution to E@3) is given by
an(z,t) B N+D d )
- @z +D - n(zt)

(aziiﬁz) EXF( — aZ),
+ yJ G(z,z')n(Z' ,1)dZ' + S(z). (1) ™
where8=/y/D is the inverse of the diffusion length; G
The first term on the right-hand side represents the loss cindH are coefficients that are determined by the boundary
excited atoms due to spontaneous decay with fater 1.  conditions. The requirement that the density of excited atoms
The second term represents the diffusion of the excited anvanishes at large distances from the entrance window implies
oms. Assuming only binary collisions between ground- andhat H=0. At the entrance windowz=0) we haven(0)
excited-state atoms the diffusion coeffici@ntcan be written =0 anddn/dz=0. The latter condition is equivalent to the
as statement that the diffusive flow must be directed towards
the window. Together, these two boundary conditionszfor

n(z)=G exp(—Bz)+H exp Bz)— D

Utzh =0 determine an interval of validity for the coefficie@
= , (2)  within which all solutions are allowed. Alternatively, one
2Vre can use the approximate boundary conditiag]
with v,= J2kgT/m, the thermal speed of the atorfls; is
Boltzmann’s constanf the temperature of the vapor, and 0.71 dz n(0). ®
the atomic mags The frequencyv,, of resonance-exchange 2=0
collisions is related to the resonance-exchange cross sectiqthjs yields
o by ve=(0ov)N with N the density of the vapor. The
brackets indicate an average over the relative velocity of the Sy 1+0.71 Sy
collision partners. The third term describes the radiation- G= D(a?—p?) \1+0.71,8 = D(a?- 5%’ ©

trapping procesgl0] with a kernelG(z,z’) representing the
probability that a photon emitted at is reabsorbed & The  where the latter approximation is very well justified in the
last term reflects the production of excited-state atomsline core wherd <o 1<pB! for sufficiently high densi-
Steady-state solutions of this model have been discussed higs. For the case where< 3 radiation trapping has to be
Molisch et al. [21] in terms of a linear combination of solu- considered and our model can, therefore, not be applied. In
tions for the case where only radiative transport plays a rolghe limit wherea> 8 the solution to Eq(3) is given by
and the case where excitation hopping dominates. 5

As discussed earlier, at line center, the excitation transport
is mainly determined by hopping of excitation via dipole- n(z)= D(a?— 32 [exp(—Bz)—exp(—az)]. (10
dipole collisions between ground- and excited-state atoms.
As a consequence neglecting the process of radiation trap¥e measure the total fluorescerieeoming from the vapor.
ping is justified. In this limit the steady-state density distri- SinceF is proportional to the total number of excited atoms
bution is a solution of we integrate the distribution(z) and using Eq(6) we find
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FIG. 2. Reflectivity(a) and fluorescence-excitatidi) spectra FIG. 3. Reflectivity(a) and fluorescence-excitatidi) spectra

on the D, line for potassium vaporN=0.3x 10 em™®). Curve  on theD, line for potassium vaporN=2x 107 cm™3). Curve(c)
(c) shows the low-density absorption spectrum. Far off resonancghows the low-density absorption spectrum. The fluorescence signal

the reflectivityR [curve ()] has a value of 7.6%, representing the [curve(b)] around line center is reduced to 50% of the signal in the
reflectivity of the sapphire-vacuum interface. Around resondRce |ine wing.

varies betweenR~20% and R~3%. The fluorescence signal

line wing. terface are depicted in curvéa). The spectra, offset along
5 the vertical axis, are dispersionlike shaped and centered

F(Aw)ocfwn(z)dz= 1- ISercto! B around the resonance frequgnc_y. Curl®sshow the central_
0 4AW2+F§eI1(1+aO/B) ' part of the fluorescence-excitation spectrum. The full excita-

(11)  tion spectrum is much broader than the region shown here
but the wings do not contain information on the nonradiative
The total fluorescenck is seen to display a diplike feature effects that we study here. The dashed curves are the results
around resonance with a full width at half maximum, width from a fit of the model to the experimental excitation spec-

Cgip, trum that will be discussed below.
As shown in Figs. 2 and 3 the frequency-integrated
T gip=Tse{ 1+ gD/ )2 (120 fluorescence output of the excited vapor is strongly re-

duced when it is excited at line center as compared to the
situation where it is excited in the wings of the spectral line.
For example, at resonance the fluorescence signal is reduced
to 25% for a densityN=0.3x10" cm 3 at a density

In contrast to the self-broadened widkh.;, which, in the
binary collision regime, is strictly proportional to density,
I 4jp shows a nontrivial density dependence

N — 112 N=2x10" cm 2 the signal is reduced te-50%. We at-
Fap(N) KN(L+AN) ™ (13 tribute the observed reduction of the fluorescence signal
with k the self-broadening coefficient and around line center to wall collisions of excited atoms
(quenching resulting from diffusive- and nonradiative trans-
DN kT port of excitation, as discussed in the Introduction.
A=aq > N o)y (14 Zajonc and PhelpEl6] showed that under the conditions

prevailing in their experiment the reduction of the fluores-
a density-independent coefficient. It represents the ratio o§ence around resonance is most pronounced if one detects
the diffusion length at unit particle density and the line-the fluorescence that comes from atoms that have made a

center absorption length in the high-density |inm5(1)_ fine-structure changing collision. One is sensitive to this
class of atoms when one detects the fluorescence ob the
IV. RESULTS AND DISCUSSION line while the laser is tuned to th2, line. In order to see

whether such a difference between the dilestitation and

We have measured the reflection- and fluorescencedetection on the same transitjoand sensitizedexcitation
excitation spectrum for potassium for densitiesand detection on different transitipfluorescence also exists
N=(0.3-2.5x10" cm 3. Typical results are shown in under the present experimental conditions we have measured
Figs. 2 and 3 for densitieN=0.3x10'7 and N=2.0 the fluorescence output separately in a band aroundthe
x 10" cm™3, respectively. andD, transitions, in addition to measuring the total fluores-

In both figures curve(c) shows the low-density N  cence. Note that we always excite on fbe transition. The
~10'" cm™3) absorption spectrum as measured in a separatesults are shown in Fig. 4 for a densiy=1.3x10*" cm 3.
cell; it serves as an absolute frequency reference. The refleGurve (b) shows the unfiltered fluorescence while curi@s
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FIG. 4. Fluorescence-excitation spectra or the total fluorescence Fi 5 The widthA v.. .. of the selective reflection spectruh)
. . mm

output(b), the fluorescence measured aroundlhetransition(a),  ang the width of the dip in the fluorescence-excitation spectftin
and around th®, transition(c). Curve(d) shows the low-density 54 5 function of atomic density.

absorption spectrum.

and (¢) indicate the fluorescence as detected onDheand from the same sources as the shift in the reflection spectrum.

. . . The results for the width' 4, (squaresof the central dip
D, line, respectively. For the sake of clarity the spectra have .. dip )
. : ; in the fluorescence-excitation spectrum as a function of den-
been given an offset along the vertical axis. The three.. A . .
- - sity are shown in Fig. 5. Also shown is the density depen-
fluorescence-excitation spectra have very similar shapeg

with, in all cases, a pronounced dip at line center. The value ?igf]e szs;r':(hagvlftttg@?a(l?:etr??ost?éet%tévggf:‘iﬂeegggnbzgﬁgg::T;]e
for the width of the dip in the three cases are equal within %o ugnc’ of maximum reflectivity and that of minimum re-
few percent. Therefore, our results, as shown in Fig. 4, jus; q y y

tify the use of a two-level description for the transport of f!ectivi_ty. For a Lorgntz_ian spectral line there exists a rela-
excitation in the vapor. Because of the high density in owl'onShlp between this widtA vy, and the width of the spec-

experiment we may expect, as discussed in the Introductiorgaié?e; ]EZS thﬁDllErangntc;]n ?n"e C.g?h sr;or\]/v l;[hahf.”m:
to find, even in the line core, a weighted average value for-; > seif L%, WNETE. seif IS the Tull widith at hall maximum

the diffusion coefficienD and the resonance exchange rateOf the spec_:tral Ilne_. For the_densny range shown in Fig. 5, the
coefficient(a,w) for the Py, and Py, states. spectral width s is linear in density, as expected. From the

The fluorescence-excitation spectra of Figs. 2 and 3 arglope we find a value for the self-broadening coefficiknt

- - : - =Tei/N=(0ov)=27x55x10 8 cm®s™?, in reasonable
fitted with an expression based on Egl), with two terms self . '
added. First, a Lorentzian term has been added in order reement with the results found by Matial. [4]. The fact

account for the radiative transport that determines the fluotat the experimental results for the spectral separation

rescence intensity away from line center. This term gives ar‘?_”m@[‘do not extrapola;tfhtofze{(;r:ntthe zhero d_enswcljmglt IS ?
adequate description of the shape of the fluorescence excit iréct consequence of the fact that we have ignorec Doppier
tion spectrum in the radiative limif10]. Furthermore, a roadening and hyperfine structure. One can indeed extract a

small dispersive term has been added to account for the spe@lue for the residual width ves from the fit to our experi-

tral variation of the transmission of the sapphire-vapor inter-'ﬁnent"le results. We find ves~1 GHz, which is close to the

face due to the dispersive optical response of the vapor. A4alue for the Doppler width at a temperature-700 K (N

~ 7 73 - B . - .
can be seen from the results shown in Figs. 2 and 3, this 10" cm™®) combined with the hyperfine splitting of 462

description provides an excellent fit to the experimental dataHz. . . : .
around line center. Important parameters that are obtained Although it is not immediately obvious from the results
from the fit are the width and depth of the central dip in theSNOWn in Fig. 5, the experimental values 104, as a func-

fluorescence-excitation spectrum as well as its center relatiyiP" Of density do not fall on a straight line. This is best seen

to that of the low-density absorption spectrum by_conS|der|ng the same results_ln Fig. 6 Where we plot the
As can be seen in Figs. 2 and 3 the selective reflection@li® Of ' and I'seit as a function of density. We see a

and fluorescence-excitation spectra exhibit a shift of the cerfn@rked nonlinear density dependence of this ratio that is

tral frequency with respect to the low-density resonance freSomewnhat hidden in Fig. 5 becauBg,e<N. The solid line

quencyw,. For the reflection spectrum, this shift, which is through the data points is the result of a fit of EEg) to the

linear in density, is usually attributed to a combination ofdata; Eq.(13) can be written as

Lorentz local-field shift, collisional shiff5], and wall shift

[23]. For the fluorescence-excitation spectrum we find that I

the line shlft: ie., th.e cen.tral frequepgy qf the dip as com- ﬂ:(lJr \/N)l/Z’ (15)

pared towg, is also linear in density; it is likely to originate L serr
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For all densities studied we find excellent agreement be-
tween our transport model, based on binary collisions, and
3.0 the experimental data. This implies that the diffusion coeffi-
cientD is inversely proportional to density as expected for a
binary model. For very high densities it has been suggested
thatD would become proportional t*3[24]. This predic-

26 tion is based on a model where the atoms are stationary and
excitation transfer to neighbor atoms only takes place via
“hopping” of excitation. Our results indicate that this be-
havior is not important at densitidé<3x 10" cm™3,

ip/rself

22 % V. CONCLUDING REMARKS

We have experimentally shown that in a dense potassium
vapor [N=(0.3—2.5)x 10*" cm 3] the nonradiative trans-

1.8 port of excitation is of a diffusive nature. A signature of the
0 0.5 1.0 15 2.0 2.5 nonradiative process is the arisal of a pronounced dip around
N (10" em™®) resonance in the fluorescence-excitation spectrum. The pres-

ence of nonradiative transport implies that a fraction of the
FIG. 6. The ratio of the widtH" 4, of the fluorescence dip, and excitation of the vapor can diffuse to the cell wall and get
the spectral widtH ¢ as a function of the atomic densily. guenched in a time short or comparable to the excited-state
lifetime. This fraction becomes sizable in a high-density va-
showing the expected density dependence of the ratio that jgor with incident laser light tuned to the center of the spec-
plotted in Fig. 6. By fitting this equation to the results showntral line.

in Fig. 6 or equivalently, the data fdf;, in Fig. 5 we can The presence of nonradiative transport and wall quench-
extract a value for the density-independent coefficidnt ing implies that in high-density vapors the optical response
The result isA=14.5x 10° cm 32 of an atomic vapor is affected by spatial inhomogeneities, in

From the value ofA we can now determine the diffusion particular of the excited-state distribution. The inhomogene-
coefficientD. For this we need a value for the absorptionities are especially prominent when the vapor is excited at
coefficient at line center and we takey=2=/\. Using 7 frequencies in the vicinity of the fundamental resonance fre-
=26ns we findD=0.05cnfs ! for a denisity of N quency. The presence of such inhomogeneities has important
=1x10'" cm 3. Using Eq.(2) for the expression for the implications for experiments where one probes properties of
diffusion coefficient we extract as value for the resonancesuch a dense vapor, in particular when the measurements are
exchange rate coefficiedio,»)=27%x2.3x10"8 cm®s . done in reflection. One can think here of the apparent life-
When we consider the rate coefficigity) for dipole-dipole  time of excited state§l18], the line shape of multiphoton
collisions irrespective of whether exchange of excitation hagransitions25], and nonlinear optical effects such as electro-
occurred or not, with(gv)=Tse/N, we find that(ov)p ~ magnetically induced transpareni36].

=27x5.5x10"8 cm®s™L. This value is 2.5 times the value

for (o) obtained in the present experiment. This means

that roughly every second collision results in an excitation We gratefully acknowledge C. J. C. Smeets for help with

transfer between an excited atom and an atom in the grountie experiments. This work is part of the research program of
state, in good agreement with theoretical modéls]. Note  the “Stitching voor Fundamenteel Onderzoek der Materie”

that because of the efficiency of fine-structure mixing ourand was made possible by the financial support from the
value for{ o) represents an average over the fine-structuréNederlandse Organisatie voor Wetenschappelijk Onder-
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