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The spatial distribution and the dynamics of Cs atoms in a 1D optical molasses are probed by measur-
ing the absorption (or amplification) spectrum of a weak laser beam. Narrow (35-50 kHz) Raman lines
give access for the first time to the frequency and to the damping of the atom’s oscillation in the poten-
tial wells associated with light shifts. A narrower (8 kHz) Rayleigh resonance demonstrates the ex-
istence of a large-scale spatial order of the atoms, presenting some analogy with an antiferromagnetic

medium.

PACS numbers: 32.80.Pj, 42.65.—k

Laser cooling is a very active subject in atomic physics
[1]. Atoms confined in optical molasses have been cooled
to microkelvin temperatures [2], providing an important
test of the proposed polarization-gradient cooling mecha-
nisms [3]. Theoretically, two 1D laser configurations
have been studied in detail, the 6% -0~ and linLlin con-
figurations, where the two counterpropagating laser
beams have, respectively, orthogonal circular and linear
polarizations [3]. A full quantum treatment has been
also performed for the linLlin configuration, which pre-
dicts that the periodic character of the potentials associ-
ated with light shifts leads to vibrational levels for the
atomic center of mass exhibiting a band structure [4].
The present Letter reports novel experiments using stimu-
lated Raman and Rayleigh spectroscopy for probing the
position distribution of the atoms in the light field and the
dynamics of their motion. We measure for the first time
the oscillation frequency of the atoms in the light poten-
tial. From the width of the Raman lines, we deduce the
damping time of this oscillation, which exhibits a dramat-
ic lengthening due to the spatial confinement of atoms to
a fraction of optical wavelength (Lamb-Dicke effect) [5].
Furthermore, we get stimulated Rayleigh signals which
give experimental evidence for a large-scale spatial order
of the atomic gas presenting some analogy with an anti-
ferromagnetic medium.

Contrary to previous work investigating Raman transi-
tions for atoms in a 3D magneto-optical trap [6,7], we re-
strict ourselves to a 1D optical molasses of adjustable po-
larization state. This molasses is obtained as follows:
Cesium atoms are cooled and trapped by three pairs of
o*-07 counterpropagating beams in a magneto-optical
trap. After this loading and cooling phase the inhomo-
geneous magnetic field is switched off and the intensity of
each trapping beam is reduced from 5 mW/cm? to about
0.1 mW/cm?. A pump wave of frequency @ made of two
counterpropagating beams having ot-oc~ or linear
crossed polarizations (lin_Llin) is then switched on. A 1D
molasses is achieved in a transient way (the atomic densi-

ty decreases with a time constant of 5-50 ms because of
the transverse heating induced by the pump beams). We
monitor the transmitted intensity of a weak traveling
probe wave of frequency @, making a 3° angle with the
pump wave. All laser beams are derived from a
frequency-stabilized diode laser (jitter <1 MHz) and are
independently tuned to the red side of the 65,(F=4)
— 6P3,(F'=5) transition. Typical intensities for the
pump and probe beams are, respectively, /=5 mW/cm?
and I,=0.1 mW/cm?. We show in Fig. 1 the probe ab-
sorption spectrum versus @, for two different con-
figurations of polarization of the pump beams. In Fig.
1(a), these beams are in the o%-0~ configuration
whereas in Figs. 1(b) and 1(c) they have linear orthogo-
nal polarizations. Figure 1(b) corresponds to the probe
polarization orthogonal to that of the pump wave which
propagates in the same direction; in Fig. 1(c), it is paral-
lel. The difference between Figs. 1(a) and 1(b),1(c) is
striking. While the absorption varies smoothly over a
range of about 500 kHz in the -0~ case, much
sharper structures are observed in the lin.Llin case. First,
one observes two narrow resonances [width ~35 kHz in
Fig. 1(b) and ~50 kHz in Fig. 1(c)] symmetrically lo-
cated with respect to w, =w and corresponding to extra
absorption for w, —® >0 and to gain for wp, —w <O0.
For a pump detuning of §=—10 MHz, the position Q,
of the maximum of these lateral resonances varies as 7%4.
Second, spectra shown in Figs. 1(b) and 1(c) exhibit a
very steep central structure which depends on the orienta-
tion of the probe polarization. The narrowest resonance
[Fig. 1(c)] appears to be dispersive with a peak-to-peak
separation of 8 kHz [8].

We interpret these resonances as follows. In the o*-
o~ case, the ground-state light shifts do not depend on
space, and there are no bounds states in the optical poten-
tial. Furthermore, as shown in a preceding paper [6], the
transmission probe spectrum involves on one hand Raman
transitions between Zeeman sublevels which are popu-
lated differently and light shifted and on the other hand
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FIG. 1. Probe absorption spectrum for three different polar-
ization configurations. (a) o*-o~ polarized pump waves. The
signal is 2% of the probe intensity and the shape is insensitive to
the probe polarization (experimental frequency resolution of
~10 kHz). (b) linLlin polarized pump waves (probe has a
linear polarization perpendicular to the polarization of the
copropagating pump wave). (c) Same as (b) but with a probe
polarization parallel to the one of the copropagating pump
wave. In (b) and (c), the frequency resolution is ~3 kHz and
signals are typically 10% of the probe intensity. Note the
difference of scales on the frequency axis between (a) and

(b),(c).

two-wave mixing resonances [9,10]. The width of the
resonances in Fig. 1(a) is on the order of the optical
pumping rate (typically 0.5 MHz in our experimental
conditions), which varies linearly with the laser intensity
as does the peak-to-peak distance of Fig. 1(a).

In the case of crossed linear polarizations, the light
shifts display a periodic spatial modulation (period A/2).
To interpret the results, we consider the simple case of a
F=1% — F'=3 transition [4]. Each Zeeman sublevel
mp== % has a well-defined spatially modulated light
shift as depicted in Fig. 2. Near the bottom of the poten-
tial wells the atomic medium is alternatively polarized:
(J;) changes sign every A/4. When the light shifts are
sufficiently large, several well-separated bands are pre-
dicted in the potential wells associated with the light
shifts [4]. The energy separation % Q, between two con-
secutive bands near the bottom of the potential is propor-

3862

- / \— / \ /

\@7/ \\V/ / \\J7 (a)

-1/2 1R ey

SN S RN W BN SR I
g, <4 SRS
; VA ; VA , (b)
A B c

FIG. 2. (a) Bottom part of three adjacent optical potential
wells for a F=4 — F'=3 transition in a linLllin pump
configuration. These potential wells are alternatively associated
with ground-state sublevels m; = — 3 and m; =% as shown in
the figure. The magnetizations in successive planes have oppo-
site signs as in an antiferromagnetic medium. The vertical ar-
rows represent Raman processes between v =0 and v =1 vibra-
tional levels, leading to an absorption or an amplification of the
probe beam. More generally, all transitions v— v % 1 contrib-
ute to the Raman lines shown in Figs. 1(b) and 1(c) in a way
which depends on the probe polarization. This explains the
difference in the widths of the Raman resonances. (b) Interpre-
tation of the central narrow structure for the configuration of
Fig. 1(c). The pump beam coming from the left (solid line) is
backscattered by the magnetization planes in z4, zp, and zc.
The backscattered waves (dotted lines) undergo a rotation of
polarization and can interfere with the probe wave coming from
the right (dashed line). The change of sign of the rotation of
polarization due to the change of sign of the magnetization
(represented by a bold arrow) compensates for the x phase shift
due to propagation between successive planes.

tional to the Rabi frequency, i.e., to VI. We thus inter-
pret the lateral resonances of Figs. 1(b) and 1(c) in terms
of Raman transitions between adjacent bands as illustrat-
ed in Fig. 2. The slight discrepancy between the 7'/2 law
and the experimentally observed 7% law may result from
a weak saturation of the atomic transition. Note that
these Raman transitions involve only the atom’s external
degrees of freedom, within a given m; manifold. One
unexpected feature of these Raman resonances is that
their width is almost 1 order of magnitude smaller than
the optical pumping rate. This result is very surprising
since one would expect the Raman coherence between
two bands to be destroyed by an absorption-sponta-
neous-emission cycle. Actually, a large amount of coher-
ence is preserved during such a cycle because of the spa-
tial localization of atoms. An atom leaving, by absorp-
tion, a localized vibrational state with mp =1 has a prob-
ability close to 1 to return to the same state. First, the
probability that mr changes is very small because the po-
larization of the laser field is nearly pure o™ for a local-
ized mp=1% state, and the absorption of a o+ photon
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brings the atom into mz=% from where it can only re-
turn to mg= 3. Second, the probability that the vibra-
tional quantum number changes is also very small. More
precisely, since the transfer of momentum AAk in the
scattering process is small compared to the width of the
initial wave function in momentum space (because of
spatial localization), the atomic state at the end of the
scattering process has a very small overlap with the other
vibrational wave functions (Lamb-Dicke effect). The
damping rate of the coherence between two vibrational
levels is thus considerably reduced because several
absorption-spontaneous-emission cycles are required to
destroy this coherence [11]. The localization assumption
is consistent with the spatial extent [(2h/M Q,) /] of the
ground-state wave function which is on the order of A/25
for Q,/2n=120 kHz.

We now sketch a physical interpretation of the narrow
central structures of Figs. 1(b) and 1(c), by studying how
the probe changes the populations of the vibrational
states in each potential well and then, by considering the
interference between the probe field and the field scat-
tered from the pump beams, by these probe-induced
changes of populations. Consider first the case of Fig.
1(b). In order to qualitatively understand the effect of
the probe, we combine the copropagating pump beam
with the probe. The resulting field is space independent
and has a time-dependent polarization which has alterna-
tively a dominant ¥ or o~ component, the period being
27/|lo — wp|. When the dominant component is ¢* po-
larized, optical pumping redistributes the atomic popula-
tion between the various vibrational states and results in a
global departure from the potential wells associated with
mp=— % towards those corresponding to mp=+ 7.
This optical pumping gives rise to a net magnetization
along Oz (i.e., with a nonzero spatial integral), which is
modulated at |@ —w,| and which is phase shifted with
respect to the exciting field because the response times of
the populations of the various vibrational levels are
nonzero. Consider now the effect of such a modulated
magnetization on the pump beam @ copropagating with
the probe. The polarization of the pump beam undergoes
a modulated Faraday rotation, so that the transmitted
pump beam has a small component having the same po-
larization (and also the same frequency w, and direction
of propagation) as the probe beam and can thus interfere
with it [12]. As shown in [10], the energy transfer from
the pump beam to the probe beam or vice versa varies
with @, —w as a dispersion curve with extrema for
lw —a)pl =1/, where 7 is the response time of the popu-
lations. The interference process considered here involves
a forward scattering of the pump wave, so that all popu-
lation changes in all vibrational levels are probed.
Several different response times are thus involved and the
central structure results from the superposition of several
dispersion curves with different widths, which explains its
uncommon shape.

We consider now the case of Fig. 1(c). As above, we
combine the copropagating pump beam with the probe.
The resulting field has then a fixed linear polarization but
its intensity is modulated. When this intensity is max-
imum, the resulting field adds everywhere an equal
amount of % and o~ light. The transfers due to optical
pumping between the potential wells associated with
mr==* } balance each other and no net magnetization
appears in the sample. The only effect of the probe is to
change the population of each vibrational state, the total
population in each potential well remaining the same.
These population changes are modulated at | —w,| and
phase shifted with respect to the exciting field. We now
analyze the effect on the pump beams of the population
redistribution between the vibrational levels. We have
represented in Fig. 2 three successive potential wells cor-
responding to mp=— 3, mg=+ %, and mg=— %, lo-
cated, respectively, at z4, zp, and z¢ with zg—z4=z¢
—zp=MA/4. The pump beam coming from the left is
backscattered by the magnetization associated with the
atoms occupying the potential well in z=z,4. The back-
scattered wave undergoes a change of polarization and a
change of frequency, so that it has a component having
the same polarization, the same frequency, and the same
direction of propagation as the probe beam coming from
the right. We now show that the waves backscattered by
the magnetization planes in z =z4, z=zp,... interfere
constructively. The phase shift due to the propagation
between the waves backscattered in z4 and zp is equal to
n, since zg —z4=A/4. However, the magnetizations in
two successive planes z =z4 and z =z are opposite (as in
an antiferromagnetic medium), so that the rotation of the
polarization has an opposite sign in z=z4 and z =zp (see
Fig. 2) and this change of sign compensates for the «
phase shift due to propagation. The interference of the
total backscattered wave with the probe wave gives rise to
a two-wave mixing signal which has a dispersion shape
and a width corresponding to the inverse of the response
time of the involved vibrational levels. So far, we have
considered only magnetization planes. The wave func-
tions of the vibrational levels have actually a certain
width 8z along Oz. If éz is too large, the waves backscat-
tered by the right part and the left part of the wave func-
tion interfere destructively. This shows that the two-wave
mixing signal will come predominantly from the localized
vibrational levels. The observation of such a signal is
thus a direct evidence for a spatial order of the atoms.
Since the time required to reach the population equilibri-
um for these localized levels is very long (because of the
Lamb-Dicke effect), one understands why the central
structure of Fig. 1(c) is so narrow [13].

Our qualitative interpretations are supported by a cal-
culation of the probe absorption spectrum, based on the
formalism of [4]. Theoretical spectra, in reasonable
agreement with those of Fig. 1, will be reported in a
forthcoming publication. We conclude this Letter by
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summarizing the information contained in the spectra of
Figs. 1(b) and 1(c). The position of the Raman side-
bands gives the oscillation frequency of the atom in the
optical potential wells of Fig. 2. The narrow width of
these sidebands, in comparison with the width observed
when atoms are not localized [Fig. 1(a)l, is a clear evi-
dence for a lengthening of the dephasing time of the atom
oscillatory motion due to the Lamb-Dicke effect. The
very narrow central structure of Fig. 1(c) is due to a
backward Bragg diffraction of one of the two pump
beams by a large-scale spatially ordered structure consist-
ing of equidistant sets of localized atoms, separated by
A/4, the magnetizations in two successive sets being oppo-
site, as in an antiferromagnetic medium.
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