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Spectroscopy in an extremely thin vapor cell: Comparing the cell-length dependence
in fluorescence and in absorption techniques
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We compare the behavior of absorption and of resonance fluorescence spectra in an extremely thin Rb vapor
cell as a function of the ratio df/\, with L the cell thicknes$L ~150—1800 nmandX\ the wavelength of the
Rb D, line (\=780 mn. The Dicke-type coherent narrowiri. Dutieret al, Europhys. Lett.63, 35(2003]
is observed only in transmission measurements, in the linear regime, with its typical collapse and revival,
which reaches a maximum fdr=(2n+1)\/2 (n intege). It is shown not to appear in fluorescence, whose
behavior-amplitude, and spectral width, is more monotonic WittConversely, at high-intensity, the sub-
Doppler saturation effects are shown to be the most visible in transmission areund
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Transmission spectroscopy in a thin cell of dilute vaporent Dicke narrowing2,9,1Q. The Fabry-Perat~P) nature of
has been demonstrated as a sub-Doppler laser spectroscapg ETC[11] tends to mix-up absorptive and dispersive re-
method[1-7]. The sub-Doppler features in a thin cell are sponses, while the van der Waals atom-surface interaction
caused by the fact that the duration of the atom-laser radiazontribution remains negligible for thickneds>200 nm
tion interaction, governed by wall-to-wall trajectories, is an-[12].
isotropic: the contribution of atoms with slow normal veloc-  To achieve the smoothly variablé \ value of the ETC, a
ity is enhanced thanks to their longer interaction time withnew method involving thickness tuning by controlled exter-
the laser field. Under normal incidence irradiation, the resohal air pressure has been implementied details, se¢13]).
nance of these atomS, f|y|ng near'y para”e' to the wall andThe deSIgn_Of the ETC itself !S eVentUa”y similar to the one
yielding a stronger contribution to the signal, appears to b@resented in[8]. The gap thickness measurement method
insensitive to the Doppler shift. Recently, a series of ex-With an accuracy of-10 nm is described ip9]. For all the
tremely thin cells(ETC) of alkali-metal vapor, with the ©€XPeriments, the temperature of the sidedfty) of the ETC
thicknessL of the vapor column in the range 100 nm Was kept at~120°C (windows were overheated by 10°-

; ides : _
<L<1 um, have been developd]. The ETC allows one 12, and this provides®Rb vapor density ofN~6

2 X . :
to obtain directly(without applying a frequency modulation ;;olr;)lthaet{r%r:%r::—_rgr?g\ﬁ;ijfegz;Ti?)ndggglxar;?ﬁsgﬁgg ng;;d
technique narrow sub-Doppler absorption and fluorescence aring low intensity peak absorption values in the ETC and

Zﬁ)ecletra. Also, it has been demonstratdedtthat for these ETG 2 room-temperature 1-cm-long Rb cell.
e fluorescence emission corresponds to a narrow resonant e gy dies were essentially performed with a 1 mm di-

process. Recently, the ETC length dependence of the trangater beam issued from a= 780 nm, 25 MHz linewidth

mission signal has been analyzed, and the coherent DiCk%Tngle-frequency cw laser diode, resonant for Eheline of
narrowing demonstrated in the optical domg@). It is the  87Rp The beam was directed at normal incidence onto the
purpose of this report to compare the transmission and theTc |ocated inside the vacuum chamber, and the behavior
fluorescence behaviors with respect to the cell length. was compared between a nonsaturating laser intensity of
~ Among the factors that can influence the shape and magy 4 mw/cn? and a larger intensity 20 mW/@&nsusceptible
nitude of the transmission and fluorescence spectra of a thig induce saturation effects when the cell length is sufficient
vapor column confined in an ETC and make them sensitive1] The fluorescence spectra were detected by a photodiode

to the cell length[9], one should notably take into account yith an aperture of 1 cfrplaced at 90° from the laser radia-
the transient behavior of the atomic absorption, which enyion girection[14].

hances the slow atom contribution, and the coherent response rigyre 1 presents the line shape and magnitude of the
of the atomic dipole, that induces a maximal narrow contri-resonant absorption, for variods values, either at a low
bution aroundL=(2n+1)\/2 (where\ is the laser wave- jntensity [Fig. 1(a): 0.4 mW/cn?], or at a much higher in-
length resonant with atomic transitipknown as the coher- tensity [Fig. 1(b): 20 mW/cn?]. These absorption graphs
have been normalized directly to the transmitted off-
resonance pump intensity in order to remove most of the
*Corresponding author. FAX: 00374-32-31172; electronic ad-Fabry-Perot effectéactually, for length values that are not a
dress: david@ipr.sci.am multiple of A/2, the absorption remains mixed up with some
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-— Frequency (100 MHz/div) FIG. 2. The line shape and the magnitude of the resonant fluo-
_ _ rescence obtained with a steplofequal tox/4 (L is increasing up
FIG. 1. The line shape and magnitude percenty of the ab-  to 9\/4). Pump intensity is (a) 0.4 mW/cn? and(b) 20 mW/cnf.

sorption obtained with a step &fequal tox/4 (L is increasing up ) ) ) ) o
to 9\/4) for the ®RbD, line, transitions Fy=2—F,=1,2,3, Size. This explains the residual sub-Doppler contribution at

TeaiS ~120°C.(a) Laser intensity i§=0.4 mW/cn?. The narrow-  L=2\, in contrast to the_=\ result. Accompanying these
est linewidth of the absorption is achieved for\/2. The effectof ~ Oscillations in the linewidth, one notes a correlated oscilla-
collapse and revival of Dicke-type coherent narrowing is well seenfion in the absorption amplitudes. These general features,
Although the effects of the FP nature of the ETC have been comassociated with a linear coherent behavior, are not seen as
pensated for, an oscillating behavior of the absorption magnitude isharply in Fig. 1b), when the irradiating intensity is in-
clearly seen, with a\ periodicity. (b) Laser intensity | creased to 20 mW/cf Indeed, the Dicke-type narrowing
=20 mW/cn?. ForL=\ and 2\, the sub-Doppler dips of a reduced originates in a coherent response at first-order, and is hence
absorption are observable with a good contrast. These dips aminored when high-order saturation effects take place. Also,
caused by the fact that atoms flying nearly parallel to the windowspne knows that, at high pump intensity, velocity-selective
undergo velocity selective saturation effects. optical pumping or saturation can induce narrow sub-
Doppler dips of reduced absorption as observed edrlipr
dispersive behaviorgll]). In the low-intensity regimgFig.  (observation had been performed both in direct transmission,
1(a)], there is clearly a lengtfL=A/2) which produces the and through a frequency modulation technique enabling an
absorption spectrum with the narrowest linewidth. As al-enhanced sensitivity1-3]). Here, such narrow dips of re-
ready demonstrated ii®], this effect is the signature of the duced absorption are clearly observable lferA and forL
coherent Dicke-type narrowing, whose revival kgr3\/2 is  =2\. This is essentially due to the fact that these contribu-
here more visible than in the original demonstration, in a celtions, that are intrinsically narrow, are the most visible on a
whose thickness was limited 1o=10.5\/8. In contrast, for ~broad background, when this narrow signature does not need
L=\, there is no longer such a coherent narrowing, and théo superimpose over the also narrow coherent Dicke-type
Doppler broadening affecting the transmission line shapegesponse, that remains partly visible.
makes the hyperfine structure unresolved. Note that, as ex- Figure 2 shows the line shape and magnitude of the reso-
pected from the relaxation of the coherent buildup responnant fluorescence in conditiorisell length, laser intensiyy
sible for the Dicke narrowing2], the oscillating character of analogous to those of Fig. 1. The narrowest linewidth of the
the Dicke narrowing with the cell thickness vanishes forfluorescence spectra is obtained whienis in the range
large thicknessL: the narrow contribution tends to an AN/4<L=<N\/2 [in Fig. 1(a), we get 80 MHz(full width at
asymptotic(L-independentvalue, which is half of its value half maximum), and optimal conditions—notably a smaller
atL=\/2, and its relative contrast decreases with respect t®b density—would permit us to reach smaller linewidths
the broad pedestal which increases proportionally to the ce[lL5]]. Note that in contrast to the transmission spectra, when
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L increases, the linewidth of the fluorescence spectra in-
creases monotonically, without oscillations of the linewidth
versusL, while remaining below the Doppler broadening in
all of our experimental conditions, includirig=9\/4. Note
also that the fluorescence magnitud8ssmoothly increase
with L once the Fabry-Perot behavior of the ETC—with its
\/2 periodicity—is taken into account. Moreover, as an ad-
ditional difference with the transmission spectra, there is no
essential changes in the lineshapes behavior in the high-
intensity regimdFig. 2(b)], but for a small additional power
broadening of the linewidths.

At last, it is worth pointing out that in these detailed stud-
ies of the behavior as a function of the cell length, the ab- @ -— Frequency, 100 MHz/div
sorption spectrum remains always broader than the one ob-
served in fluorescend@n our presented spectra, for the low- ]
intensity regime, the minimal width for the absorption is 104
140 MHz—obtained at =\/2—vs 80 MHz for the fluores-
cence spectrun This confirms one of our preliminary ob-
servations[8], although obtained at a time when the cell
thickness parameter had not been considered. This general
result must be related with the larger time needed to observe
fluorescence, which implies both an absorption cycle and an
emission process, inducing a narrower velocity selection, 1
while the interferometric dependence of the coherent Dicke 0.21
effect vanishes. ]

As illustrated below, these results are in good agreement
with the theoretical modeling. For transmission spectra, in
the absence_ of sgturat|on, a complead analyticgl theor_y FIG. 3. The results of the numerical simulations of the absorp-
had been given irf11]. For fluorescence, or to take into tion spectra depending on the valué\=0.5; 1; 1.5; 2, for laser
account the saturation effects in transmission spectroscoplnewidth I', ~ 3.5y. The Rabi frequency of the coupling laser field
additional theoretical developments have been performed 0=0.2y (a) and 1.5 (b).
that will be reported elsewheld6]. In this theory, the ab-
sorption and fluorescence spectra have been calculated in
orders of a pump field by means of numerical integration o
the density matrix equation. Also, the real configuration for
theD, line of Rb atoms has been taken into accqui®. We ds/dt=S x B. (1)
provide in Figs. 3 and 4 the numerical simulations obtained, ) ) .
respectively, for transmission and fluorescence, with the paFor & given velocity groupB is constant so that the Bloch
rameters corresponding to thg=2—F,=1,2,3transitions  VectorS describes a congsee Fig. 3, traveled at a constant
of the 8Rb D, line, and taking into account a laser linewidth angular velocityA=\/(Q?+ 4% proportional toB, and tan-

I'_ ~ 3.5y, with y=6 MHz the spontaneous decay rate. Wegent to the initial Bloch vectog,=(0,0,-1 (note thats, is
assume that the effective pump intensity is lower by a ratidhe population inversignThe evaluation of the optical prop-
of I' /v and thus, for the intensities 0.4 and 20 mW7aome  erties of the ETC requires a spatial integration in the ETC of
use for the numerical simulations Rabi frequendies0.2y  the local values 08(z) that is calculated through its transient
and 1.5, correspondingly. Since the physical origin of the evolution on a duration=z/v, (v, is the velocity compo-
observed behavior is not clearly evident from this numericahent normal to the ETC windows$or v, >0, ort=2"/v | for
model, we present below a qualitative optical Bloch vectorv , <0 (z'=L-2z). The absorption and fluorescence in the
illustration of the processes involved. ETC hence appear, respectively, governed ﬁbsy(t

As is well known, the atomic response of a two-level=z/y )dz and [§[1+S(t=z/v,)]dz (for simplicity, the
atom(with [g) the ground state anlé) the excited stajecan  Fabry-Perot nature of the ET[21] is neglected heje For a
be calculated through the evolution of an optical Bloch vecnonsaturating irradiatioge.g., 2 < 8), and close enough to
tor S=(S,S,,S), where S,;=(0egt+ 0ge), §=i(0eg=0ge), S, resonance, the actual detunidigkv , is sensitively equal to
=(0ee~ 0gg), and whereo;;, stands for the components of  the Doppler-shift itself kv, (i.e., |8 <kfv,|), so that theS
the density matrix of the atomic system in the rotating framevector rotates at an angular velocity nearly proportional to
Hence the absorption and fluorescence rate properties ofia , but for a duration inversely proportional to,|. This
given two-level medium, respectively, depend §nand on  means that for all positive velocities, the angle described by
(1+S). The Bloch vector is known to precess around thethe Bloch vector around the cone axis ikz<or kz' for alll
pseudomagnetic fiel8=(€2,0,5), whereQ is the Rabi fre- negative velocities In consequence, the spatial integration is
guency, ands the frequency detuning. Because the ETC isperformed on an identical angular fractiéh/27=L/\ of
small enough for the relaxation to be neglectee., the du- the congwhose half-angle is inversely proportional|to |).

Absorption (arb. units)
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0.6 3121
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tion of atomic flights does not allow for relaxation pro-
cesses to occyrone simply gets
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FIG. 5. (a) The figure shows the Bloch vect8 The full circle
describes the trajectory followed by the tip of tB&ector over time

(a) ~— Frequency, 100 MHz/div
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for positive velocity. The dotted circle stands for the trajectory de-
scribed for a negative velocity, implying that theS vector rotates

in the opposite direction(b) Projection on theXY plane of the
Bloch vector trajectory for a given velocity clagkv , >|d],Q).
The shaded area shows the angular sector contributiﬁiﬁmz)dz

for a cell of lengthL=X\/2; (c) Same agb) for L=\.

kv |, washing out the oscillating behavior predicted in ab-
sorption betweerL=\/2 and L=\, justifying the narrow
spectral signature when the ETC length is arownd.

To summarize, the fluorescence and absorption spectra of

the RbD, line have been studied with the help of a unique
ETC with smoothly controllable thickness of atomic vapor
layer, in the range~150-1800 nm, for which the ETC
thicknessL is smaller or comparable to. Under all experi-
FIG. 4. The results of the numerical simulations of the resonanfnental conditions, the resonant fluorescence yields a nar-
fluorescence spectra depending on the vallle=0.5; 1; 1.5; 2 for ~ rower signal than the direct transmission signal, with an op-
laser linewidthl', ~ 3.5y. The Rabi frequency of the coupling laser timal value always obtained aroutd=X\/2. This optimum,
field is 1=0.2y (a) and 1.5 (b). sharply obtained at =\/2 for transmission, is followed by
an oscillating linewidth behavior typical of the coherent
Noting that the initial conditions foB impose thatS, oscil-  Dicke narrowing. Conversely, the fluorescence behavior
lates around a null value, whilg +S,) oscillates from zero evolves much more smoothly with the cell lendththe ob-
to a positive value, one understands thatder0 the absorp- served broadening being simply attributed to a less stringent
tion reaches a maximum far=\/2 and returns back to zero velocity selection.
for L=\, while the fluorescence grows continuously with the  This work was partly supported by the Armenian Ministry
cell length. This result, obtained in the limit of a negligible of Economics, Grants No. 02-1351 and No. 02-1323. The
relaxation, can be seen as an elementary signature of tl&ench-Armenian cooperation receives special support from
coherent Dicke narrowing that affects the absorption and natniversity Parisl3 and from CNRS, and the French-
the fluorescence. It can be added that, for an off-resonanddruguayan cooperation is supported by ECOS-$uUa0-
irradiation, the speed of rotation depends bothdoand on  E03).
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