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The density dependence of the line width and resonance frequency of the cesium D, line is studied with Doppler-free frequency

modulated selective reflection spectroscopy. The experimental coefficient of self-broadening yeoi/N=27X7.5(1.1) X 10~* cm

3

Hz is in good agreement with theoretical predictions. Also is observed a density-dependent shift with the coefficient Ave,/N=
—0.9(5) % 10~%cm? Hz. In the limit N=0 a frequency shift of —3.0(4) MHz remains that may be attributed to long-range atom-
surface interactions. The experimental results can be used in measurements of the local field-induced frequency shift at high

atomic densities.

1. Introduction

The optical properties of dense atomic vapors have
received notable attention in recent years, partly mo-
tivated by possible applications in quantum elec-
tronics, such as intrinsic optical bistability [1].

In the present work we make use of Doppler-free
frequency modulated selective reflection spectros-
copy (FM-SR) to investigate how the homogeneous
line width of the cesium D, line depends on the
atomic density. We also analyse the density depen-
dence of the frequency shift relative to an unper-
turbed transition obtained by saturation spectros-
copy in a low density cesium cell. As will be shown
below, we find a linear dependence both for the col-
lisional broadening y., and for the frequency shift
AW =0.12 y.,. A small red shift of approximately
3 MHz, which is observable for very low densities,
is characteristic for selective reflection spectroscopy,
since this technique allows the monitoring of an in-
teraction between the atoms and the reflecting sur-
face.

In dense atomic vapors the interaction between
identical atoms may modify the resonance frequency
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and the line width of optical transitions. The dom-
inant effect is brought about by collision-induced ex-
change of excitation due to a resonant dipole-dipole
interaction between an excited and an unexcited
atom, giving rise to a large effective cross section [2-
4]. While the relaxation of optical coherence of an
excited atom in a collision causes a homogeneous line
broadening (self-broadening or resonance broaden-
ing), the transfer of optical coherence from an ex-
cited to a ground state atom can lead to a shift of the
resonance line [5]. The shift-to-width ratio depends
on the angular momenta of the ground state and the
excited state. Besides the second order dipole-dipole
interactions there are also asymmetries in the
+ C3R 3 potentials of the resonance states that
should contribute to the shift [6,7]. Other mecha-
nisms are expected to produce a density dependent
line shift, too, e.g. in addition to the van der Waals
interaction between two separated atoms, the inter-
action energy connected with the overlap of the
atomic wave functions in “hard” collisions is sup-
posed to make a contribution [8].

For not too high densities, i.e. when the proba-
bility for three-body collisions is still small, the dom-
inant term for self-broadening and for the different
line shifting mechanisms is linear in the atomic den-
sity V. Hence the self-broadening can be written as
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Yoot/ 2m=kN, where k is the self-broadening coeffi-
cient, and the different collision-induced line shifts
can be summed up to Av.,,=aN, where a is some
constant.

In addition to the line shifts mentioned above,
there is another contribution to the shift that is con-
nected with the local field correction. In a dense
atomic vapor illuminated by a light field, an atom is
not only subject to the incident field in vacuum, but
also to the radiation generated by all other atoms in
the sample. An approximate description of this sit-
uation is possible with the concept of the local field,
defined as the effective field that acts on a typical
atom in the vapor. The local field being different from
the incident field, a modification of the dielectric
constant ensues, that gives rise to a line shirt pro-
portional to the density of resonant atoms (Lorentz
shift, [8]). Hence if a vapor with predominant in-
homogeneous broadening is illuminated by a nar-
row-band laser source, only a homogeneously broad-
ened fraction of atoms contributes to the local field.
In that case the effective atomic density that enters
the expression for the Lorentz shift is equal to V re-
duced by the ratio of homogeneous (y) to Doppler
broadening (Awp), A= B(y/Awp)N, where f is
the Lorentz shift coefficient.

Recently the density dependence of the line shift
has been studied in high density potassium vapor
(N=10'7 cm~3), where the homogeneous width ex-
ceeds the Doppler width [8]. Under these condi-
tions the Lorentz shift is proportional to the total
atomic density and cannot be distinguished experi-
mentally from the collisional shift in the regime of
linear interaction of light field and sample. At mod-
erate densities however, where the Doppler broad-
ening is larger than the homogeneous broadening, the
difference in the density dependences of Av., and
Av,,. may be exploited for the experimental sepa-
ration of Lorentz and collision-induced shift, since
y itself is a function of N.

2. Method and line shape

In ‘dense atomic vapors, only the wings of a res-
onance line can be studied with conventional ab-
sorption laser spectroscopy because the vapor is es-

sentially opaque and reabsorption of the fluorescence
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light strongly distorts the line center. However it is
possible to analyse the line shape in the central re-
gion by means of the resonant reflection of light at
a dielectric—atomic vapor interface (selective reflec-
tion, SR). In the vicinity of an atomic absorption
line the reflectivity R of the interface is governed by
the Doppler-broadened, anomalous dispersion of the
vapor. At gas pressures for which the homogeneous
width is less than the Doppler width, however, an
additional sub-Doppler contour appears in the SR
spectrum [9]. Its origin is due to depolarizing col-
lisions of gas atoms with the window of the cell, which
quenches the contributions of atoms with velocity
components parallel to the laser beam.

The Doppler broadened background of the spec-
trum can be eliminated if, in addition, the laser fre-
quency is modulated and the signal recorded with a
phase-sensitive detection scheme (FM-SR) [10].
The frequency dependence of the reflectivity trans-
forms the frequency modulation of the incident light
into amplitude modulation of the reflected light, with
a modulation depth proportional to the frequency
derivative of the reflectivity dR/dw. Since the Dop-
pler broadened part of the spectrum varies much less
with frequency than the sub-Doppler contour, the
signal dR/dw is practically Doppler-free.

In the limiting case of weak incident field, where
saturation of the atomic transition may be neglected,
theory predicts, to lowest order in the detuning
Aw << Awp, a dispersive lorentzian, dR/dwocAw/
(Aw*+1I?), with I" equal to the homogeneous line
width y [10,11]. However, the observed line shapes
differ from the antisymmetric dispersive lorentzian
shape. Recently Ducloy and Fichet have modelled
these distortions theoretically by taking into account
induced long-range atom-surface interactions, which
leads to shifted, asymmetric lines [12]. They char-
acterize both shift and line asymmetry by a single,
dimensionless coupling constant 4 that measures the
surface-induced frequency shift, in units of the di-
pole decay rate y/2, for an atom at the distance of a
reduced wavelength 1/27 from the interface.

3. Experimental setup

A schematic diagram of the experimental arrange-
ment is shown in fig. 1. We use a tunable single-mode
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Fig. 1. Schematic diagram of the experimental setup. AOM is an
acousto-optic modulator, SAT cell is a cesium cell at room tem-
perature, SR cell is a heated cesium cell.

titan—sapphire laser that is frequency-stabilized onto
the resonance of an external confocal reference cav-
ity. The laser line width of less than 1 MHz is suf-
ficient to easily resolve the natural line width of the
atomic transition. We modulate the laser frequency
with 1 kHz.

The cell used for SR is made of pyrex and has a
wedged window to avoid interference from the inner
and outer surfaces. We use the cell near normal in-
cidence (angle <2 mrad), and the diffraction angle
of the beam does not exceed 1 mrad. To avoid non-
linear effects like optical pumping, we work with low
beam intensity (<200 uW/cm?). The atomic den-
sity inside the cell is calculated from the temperature
of the coldest spot of the cell by means of the Lang-
muir-Taylor relation [13]. This temperature is
measured with a commercial platinum resistance
temperature detector (Pt 100 class A). The accuracy
is limited by the digital display and by the exact po-
sition of the detector. The total uncertainty in the
number density near the cell window, due both to
errors in temperature determination and possible in-
accuracies of the Langmuir-Taylor relation, is esti-
mated to be 10%. For temperatures between 90°C
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and 170°C we obtain atom concentrations between
10" ¢cm~3 and 3Xx 10'* cm—°.

The intensity of the light reflected from the glass—
cesium vapor interface is detected with a photodiode
and a lock-in amplifier. To obtain a frequency ref-
erence, we simultaneously record a saturation spec-
trum in a second cesium cell at room temperature.
For frequency calibration we use two probe beams
that are frequency shifted relative to each other by
means of an acousto-optic modulator (AOM). Thus
we obtain two identical saturation lines separated by
half of the known AOM frequency.

4. Results

In the present work we study the self-broadening
and frequency shift of the cesium D, line (wave-
length =894 nm, natural width y,/2n=5.3 MHz).
Since the hyperfine splittings of the 6S,/, ground state
and the 6P, ,, excited state exceed the Doppler width
(Avp~0.4 GHz), the hyperfine components of the
6S,/2(F=3, 4)—=6P, /2 (F= 3, 4) transition appear
as isolated lines. Here we concentrate only on the
(F=4)—(F=3) hyperfine transition. Random
samples of other hyperfine components show essen-
tially the same behaviour.

A typical Doppler-free SR resonance recorded at
low density (N=10'* cm~3, collision broadening
Yeo<7:) is presented in fig. 2. We define the width
I of the SR resonance by setting I'/2x equal to the
spectral interval between the minimum and the
maximum. A slight asymmetry is visible in the spec-
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Fig. 2. Typical FMSR spectrum recorded at N=10"* em~>.
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trum: the blue wing is narrower and higher than the certainty. The value marked * for the D, line has
red wing. The resonance frequency of the unper- been obtained by FMSR with a semiconductor laser.
turbed line has been obtained from a saturation The ratio of this datum to our value for the D, line
spectrum recorded simultaneously at very low ce- is k[D,]/k[D,;]=1.5+0.4, which is in very good
sium density. Comparing our experimental line agreement with the ratio 1.4 in refs. [3] and [16],
shapes with the shapes calculated by Ducloy and Fi- calculated in the impact approach, and in ref. [7],
chet [12] for different values of the coupling con- calculated in the quasi-static approach, but the value i
stant 4, we achieve good agreement, e.g. 4=0.05 was 1.9 from ref. [2] cannot be excluded. The ratio
estimated for I'=15 MHz. Moreover, we find that k[D,]/k[D,]=1.5%0.4 also agrees well with the ra-
the difference between I' and the actual homoge- tio of the data of Niemax et al. and of Chen and
neous line width y, as used in the calculations of the Phelps. These groups have measured the D, and D,
theoretical line shapés, is less than 4%, which is be- lines with the same apparatus, so the ratio does not
low our measurement precision. In the following we include the rather large uncertainties of the number
do not distinguish between I” and . densities, which amount to about 20% for the data
The density dependence of the line width I is of Niemax et al. We conclude that there is very good .
shown in fig. 3. The experimental data are well ap- agreement between the self-broadening coefficients
proximated by a straight line, I'/2n=1,/2n+kN, derived from measurements in the line wings and the
with the slope k=(7.5+0.3)x 10~ ¢cm3® Hz and coefficients as measured at the line center.
I's/2n=10.5 MHz. The difference between I, and The table also presents the results of some theo-
the natural linewidth y, may be attributed to residual retical calculations. The datum ¢ (Movre and Pi-
buffer gas (N,) in the cell. The constant k is equal chler [6,7,14]) is based on the quasi-static ap-
to the self-broadening coefficient (dy/dN)/2n= proach, while the data © (Vdovin and Dobrodeev
(Yeot/ N) /21, with a possible systematic error of 10% [31), © (Byron and Foley [16]) and ® (Ali and
due to the uncertainty in the determinaticn of the Griem [2]) have been calculated using the impact
atomic density near the cell window. approach. The present value agrees well with all of
Literature values of the experimental and calcu- these theoretical results for the resonance broadening.
lated selfbroadening coefficients are presented in ta- Furthermore we examined the frequency shift of
ble 1. The results marked ® and © have been derived the SR line center, taken as the average of the max-
from line wing measurements. The present value imum and the SIS, ”cemre=(~”min'+"max)/ 2,
agrees with these results by Niemax et al. [14] and and measured relative l'o the sa}uratlon line .cemer.
by Chen and Phelps [15] within the limits of un- In fig. 4 the observed shift Avgy is plotted against the

atomic density N. Since the contribution of the Lo-
rentz shift is reduced by the ratio of homogeneous to
o Doppler width, the Lorentz shift is negligible com- ‘

pared to the collisional shift in the density region

E 30 studied here (y/Avp<0.1). As expected for the col-
=% lision-induced shift, we find good agreement with a
£ linear function, Avgg=Av,+aN, where Avy=
= —(3.0+£0.4) MHz accounts for the shift that re-
-g e mains for N0 and a=—(0.9+0.4) X 10~3 cm® Hz
o 10 is the coefficient for the collisional shift. For the ce-
=T : sium D, line in the moderate density region (N<10"°
0 2 cm~?), Chevrollier et al. have observed a density-

0.0 1.0 20 3.0 dependent shift, that did not vary systematically and
atomic density in 104 cm3 that was different for different hyperfine compo-

Fig. 3. Self-broadening of the (F=4)- (F=3) hyperfinc com- nents [17]. The order of magnitude of the shift coc;,lf-
por;en‘t of the cesium 6, ,,— 6P, line as a function of the atomic ﬁCICm.lS the same as I'he ot}e obseltved herg. For I e
density N. potassium resonance lines in the high density region
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Table 1
Self-broadening coefficient (y.1/N)/2x for the cesium D, and D, resonance lines.
D, line D, line Ratio
in 10~% cm® Hz in 10~% cm® Hz D,:D;
Experiment (SR) 7510 11.5+2.3 1.5£0.4
[central region | present
Experiment (abs.) 8i4£2.50) 12.6+3.8% 15012
[line wings | 8.6+1.39 1512132 1.8+0.3
Quasistat. theory 912 13:5:% 1.4
Impact theory 8.59 11357 1.4
Impact theory 712 13.80 1.9
Impact theory 8.1¢ 11.29 1.4

) Akulshin et al. (1982). ® Niemax et al. (1979). <’ Chen and Phelps (1968 ). > Movre and Pichler (1979). ¢’ Vdovin and Dobrodeev

(1969). ) Byron and Foley (1964).# Ali and Griem (1966).
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Fig. 4. Line shift of the (F=4)— (F=3) component relative to
a saturation line as a function of the atomic density V.

(N~ 10'” cm~—3), a linear dependence of the shift on
the density has recently been reported by Maki et al.
[8]. At these densities the line is homogeneously
broadened and only the sum of the collisional and
Lorentz shift coefficients can be measured in the lin-
ear regime of interaction of light field and sample.
However, the combination with experiments in the
moderate density regime, where the Doppler broad-
ening exceeds the homogeneous broadening, may
separately yield the collisional and Lorentz
contributions.

The red shift of approximately 3 MHz that re-
mains for N— 0 has already been observed for the ru-
bidium D, line [18] and the cesium D, line [17].
We also note that a strong shift of the SR resonance
was observed for the principal cesium line (1=455

nm) [17]. These shifts have been explained by long-
range atom-surface interactions. Consistent with this
interpretation is the fact that we have found no
change in the red shift Ay, for intensities between
0.1 mW/cm? and 50 mW /cm?,

5. Conclusion

FMSR spectroscopy has proved a powerful tool for
analyzing the optical properties of dense atomic va-
pors. We have measured the self-broadening coeffi-
cient for the cesium D, line. Our findings are in good
agreement with theoretical predictions and confirm
previous measurements in the atomic line wings.
Furthermore we have discovered a small density-de-
pendent shift of the resonance line which is difficult
to measure with absorptive techniques. It can be use-
ful for the determination of the local field-induced
shift at high atomic densities. In this work only the
regime of linear interaction between atoms and light
field has been studied. The extension to higher in-
tensities should yield some interesting insight on op-
tical pumping and hyperfine ground state relaxation
processes.
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