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Observation of Quantized Motion of Rb Atoms in an Optical Field
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We observe transitions of laser-cooled Rb between vibrational levels in subwavelength-sized optical
potential wells, using high-resolution spectroscopy of resonance fluorescence. We measure the spacing of
the levels and the population distribution, and find the atoms to be localized to 15 of the optical wave-

length. We find up to 60% of the population of trapped atoms in the vibrational ground state. The
dependence of the spectrum on the parameters of the optical field provides detailed information about
the dynamics of laser-cooled atoms.

PACS numbers: 32.80.Pj, 42.50.Vk

Laser cooling of neutral atoms is typically accom-
plished in optical molasses, a three-dimensional (3D)
configuration of counterpropagating laser beams [1].
This provides a viscous damping of atomic motion, but
also gives rise to a periodic optical potential. Since the
temperature of atoms in optical molasses can be much
less than the depth of the optical potential wells [2,3], one
expects a significant fraction of the atoms to be trapped.
The observation of strong Dicke narrowing [4] in the
fluorescence spectrum of Na in a 3D optical molasses has
previously demonstrated that atoms are indeed confined
on a subwavelength scale [5]. That spectrum contained
no evidence of sidebands, indicating that any bound vi-

brational levels in the optical potential were not resolved.
Since then a calculation [6,7] has predicted that well-

resolved vibrational levels can exist in the potential origi-
nating from a one-dimensional (1D) molasses, and their
detection has been pursued by several groups [8,9]. We
have now used fluorescence spectroscopy of Rb atoms in

a 1D molasses to observe well-resolved sidebands due to
spontaneous Raman transitions between vibrational lev-

els. The 1D configuration, along with the nonperturbing
nature of fluorescence spectroscopy, allows a straightfor-
ward interpretation of the spectrum. A recent, related
experiment at ENS, Paris, has observed stimulated Ra-
man transitions between such vibrational levels in the ab-
sorption spectrum of a Cs 1D optical molasses [10].

Our ID optical molasses is realized as follows: A
chirp-cooled ssRb atomic beam is loaded into a 3D
magneto-optic trap (MOT) [11]which cools and confines
the atoms to a high density. The MOT magnetic field is
switched off (time constant —100 Its), leaving a 3D mo-
lasses which further cools the atoms to —10 pK. After
1.2 ms the 3D molasses laser is also switched off (switch-
ing time ( 1 Its). An additional pair of counterpropagat-
ing laser beams is continuously present and forms the 1D
optical molasses. These beams are 6 mm in diameter
with intensities uniform and equal to better than 10%.
Because the atoms heat up transversely during the 1D
phase, we limit its duration to 1.5 ms and repeat the se-
quence MOT 3D molasses 1D molasses every 4 ms.

The steady-state ssRb density is on the order of 10'
cm 3 in a volume of -10 mm . The 1D and 3D beams
are tuned red of the 5Stl2(F=3) 5P3I2(F'=4) transi-
tion. An additional laser tuned to the F 2 F'=3
transition provides repumping from the F 2 hyperfine
level.

We use an optical heterodyne technique [5] to measure
the fluorescence spectrum. The fluorescence from a 100-
Itm-diam cylindrical coherence volume is collimated by a
lens, passed through a polarization selector, and com-
bined with a local oscillator laser beam on a photodiode.
Both the local oscillator and the 1D molasses beams are
derived from the same laser, but are frequency shifted by
acousto-optic modulators to produce a stable frequency
difference of 50 MHz. The power spectrum of the rf sig-
nal generated by the photodiode is the power spectrum of
the fluorescence mixed down from the laser frequency to
50 MHz. The rf signal is mixed down and filtered, and
the spectrum measured by a real-time averaging fast
Fourier transform spectrum analyzer with a frequency
span of 500 kHz and a resolution of 4 kHz. Data are ac-
quired in 256-Its windows separated by 0.75 ms of signal
processing. Two records are acquired during the 1D mo-
lasses phase, beginning 150 ps after the 3D beams are ex-
tinguished. During the remainder of a sequence the
fluorescence is blocked and two additional records are ac-
quired for background subtraction.

In order to approximate a 1D geometry, we detect only
fluorescence emitted in a very small (5X IO sr) solid
angle centered within 25-100 mrad of the 1D molasses
axis. At smaller angles, the fluorescence is contaminated
by scattered light. Residual Doppler broadening arises
from atomic motion perpendicular to the 1D axis. It be-
comes the dominant source of spectral width if the detec-
tion angle is larger than 100 mrad, or if the 1D intensity
is large enough to cause severe heating in the transverse
direction.

The fluorescence spectrum of atoms in 1D molasses de-
pends on the combination of polarizations in the laser
beams. In a configuration of orthogonal, linear polariza-
tions (lint lin), optical potential wells are created by the
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spatially varying polarization. The well depth and the
temperature is determined by the light shift, which in the
limit of low saturation and large detuning is proportional
to A 0 /I (6(. Here 0 is the Rabi frequency (assuming
a Clebsch-Gordan coefficien of 1) in one of the traveling
wave beams making up the 1D molasses, h, is the detun-

ing from resonance, and I is the transition linewidth. A
typical spectrum from linLlin molasses is shown in Fig.
1(a). For any detection polarization, it consists of a
strong Dicke-narrowed peak at the laser frequency and
small sidebands. This spectrum is characteristic of atoms
localized to much less than an optical wavelength (the
Lamb-Dicke regime). The central peak is due to scatter-
ing beginning and ending in the same vibrational level in

a well, whereas the sidebands are due to spontaneous Ra-
man scattering between vibrational levels. The red side-
bands are more intense than the blue sidebands, indicat-
ing a significant population difference from one vibration-
al level to the next. The observed shape of both the cen-
tral peak and the sidebands contains a Gaussian contribu-
tion from residual Doppler broadening. If A and the
detection angle are small, this Doppler width is reduced
enough that Lorentzian wings of the central peak are evi-

dent. For the central peak, we observe full widths at half
maximum (FWHM's) in the range from 7 to 20 kHz,
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FIG. 1. (a) Fluorescence spectrum of a ID lin J lin molasses
for h, —4I and A 0.23. The solid line is a fit, including
Doppler broadening and the hv = ~2 sidebands. The dotted
line fits only the + 1 sidebands. (h) Spectrum of a 1D ca+-rr

molasses for 6 —4I and A 0.72. The solid line is a fit by the
sum of two Gaussians.

while for the first sidebands we observe FWHM's from
10 to 35 kHz.

A simple experiment confirms our interpretation of the
spectrum of atoms in linJ lin molasses. If the central
peak and the sidebands are a signature of trapped atoms,
they will disappear along with the optical potential wells.
For orthogonal circular polarizations in the 1D beams
(a+-rr ) the temperature of the atoms is comparable to
the lin J lin case, but no potential wells are present [3]. A
typical spectrum from cr+-cr molasses, with linear
detection polarization, is shown in Fig. 1(b). We observe
broad (225 kHz) and narrow (20 kHz) components of
Gaussian line shape, but no sidebands. The Doppler shift
of scattered light is v h,k, where v is the atomic velocity
and d,k is the change in the wave vector of the light, so
the narrow and broad components correspond to scatter-
ing in the forward (Ak =0) and backward (6k=2k)
directions, respectively. As expected, we observe either
the broad or the narrow part of the spectrum if we select
the appropriate circular polarization for detection.

Cooling and trapping in 1D lin41in molasses is under-
stood [3,12] in terms of optical pumping among ground-
state sublevels with spatially varying light shifts caused

by the varying ellipticity of the local polarization. A
periodic optical potential depending on the polarization is
associated with each ground-state sublevel, and the ap-
propriate description is in terms of energy bands [6,7].
We discuss here a simpler physical model of the atomic
motion valid near the bottom of the wells [10].

The two linearly polarized traveling waves can be
decomposed into two standing waves of o+ and 0 po-
larization, the nodes of one occurring at the antinodes of
the other. The potentials formed by the sum of the two
standing waves have minima spaced A/4 apart, where the
local polarization is either purely cr+ or o . Consider an

atom at an antinode of the rr+ standing wave. Optical
pumping will quickly transfer it to the m =3 state, which

has the largest light shift and the deepest potential well.
Since the average thermal energy is much smaller than
the depth of this well, the atom is unlikely to escape un-

less it makes a transition to another m state with a shal-

lower potential. Optical pumping out of the m 3 state
is strongly suppressed for two reasons. First, the ratio of
the squared Clebsch-Gordan coefficients for the transi-
tions m =3 m' 4 vs m 3 m'=2 is 28 to l.
Second, the atom is well localized at a node of the a
standing wave, and sees very little a light. Consequent-

ly, the atoms will spend almost all their time trapped in

the wells belonging to either the m =+3 or the m = —3

state, scattering a+ or cr light, respectively.
Sidebands in the fluorescence spectrum are due to

spontaneous Raman transitions between different vibra-

tional levels. The width of such a Raman transition is

determined by the rate of processes transferring popula-

tion out of the involved levels, such as transitions chang-

ing either m or the vibrational quantum number v.
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&/2

v~ (209 kHz) v A,1 27hk I A (2)

where M is the atomic mass. We expect sidebands in the

Therefore the Raman width is at least as large as the op-

tical pumping rate out of either of the involved m levels,

which for m~ ~ 3 is comparable to the photon scattering
rate. Typically this results in a width on the order of 100
kHz. Raman transitions between vibrational levels in the
m ~3 potentials are narrower, because m-changing
transitions are suppressed by the local polarization and

the Clebsch-Gordan coefficients, while v-changing transi-
tions are suppressed by the strong spatial localization.
Consequently, one expects only transitions with m ~ 3,
Am 0, and Av ~1 to produce sidebands sufficiently

narrow and intense to be easily visible in the spectrum.
Transitions with Av - ~ 2 are further suppressed by the
localization and are just visible in Fig. 1(a).

The central peak of the fluorescence spectrum is due to
scattering beginning and ending in the same vibrational

level, and its width is not limited by the m- and v-

changing transitions that broaden the sidebands [13]. It
does, however, contain a contribution from the rate at
which an atom hops between wells. As expected, we ob-
serve a central peak that is narrower than the sidebands,
although residual Doppler broadening and the 4-kHz in-

strumental resolution make it difficult to determine the
intrinsic width.

Consider an atom in the m +3 state, well localized at
the antinode of the rr+ standing wave, and ignore cou-

pling to other ground-state m levels. The optical poten-
tial is equal to the light shift, in the limit of low satura-
tion and large, negative detuning given by [3]

U Up (27hI /112)Acos(2kz) .

Here k is the wave vector of the light, z the position along
the 1D axis, and Up —(29hI/112)A. The numerical
factors are due to the Clebsch-Gordan coefficients. Ap-
proximating the atomic motion near z 0 with an un-

damped harmonic oscillator, we find a level spacing

fluorescence spectrum at a separation ~ v from the
central peak. Figure 2 shows a plot of observed v vs
A' . From a least-squares fit we determine an experi-
mental constant of proportionality of 167 ~ 10 kHz, with

an uncertainty primarily associated with the measure-

ment of the absolute intensity in the molasses beams. We
have calculated the band structure in the low intensity,
large detuning limit, following Ref. [7]. The potential

supports 5 to 10 bands, and we find a constant of propor-
tionality in (2) of 184 kHz. The correction is mainly due
to the potential's anharmonicity. A direct calculation of
the fluorescence spectrum is in progress and may resolve
the remaining small discrepancy.

The asymmetry between red and blue sidebands shows

the quantum nature of the motion. In the harmonic ap-
proximation, the measured constant of proportionality be-
tween v~ and A'~ completely describes the potential,
and we can calculate the relative rates of Av = ~ 1 Ra-
man transitions [14] corresponding to the blue and red
sidebands. The transition strengths are identical for the
Raman transitions v v+1 and v+1 v, so the differ-
ence in strengths of the sidebands is due to the population
difference between adjacent levels; this has previously
been observed in ion trapping [15]. Assuming a thermal
distribution of harmonic oscillator states, the ratio of sig-
nal strengths of the first blue and red sidebands is given

by the Boltzmann factor exp( —hv~kq T), and we can
extract T from the relative areas of the sidebands in the
spectrum. Figure 3 shows a plot of this T vs A. From 1D
theory as well as 3D experiments [16,17], one expects ap-
proximate proportionality between T and A, which is
indeed observed. We observe a minimum temperature of
2 pK, with 60% of the population of the atoms in the vi-

brational ground state. This analysis ignores the contri-
bution of untrapped atoms, which we expect to be small

in most cases [7]. The slope of the fitted line in Fig. 3, as
well as the minimum temperature, is roughly a factor of 3
lower than what is observed by time-of-flight (TOF)
methods in 3D Rb molasses for the same A per beam.
A significant difference may be expected, since the total
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FIG. 2. Measured splitting between sidebands and central
peak, as a function of A' . Solid circles represent data for

—4I; open circles, data for h, —81. The line is a fit of
v -aA'".
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FIG. 3. Measured temperature as a function of A. Solid cir-
cles represent data for 6 —4I; open circles, data for 6 —8I .
The line is a fit of T aA to all the data, omitting the two

points with the smallest A. The sharp rise in temperature for
small A is due to a breakdown of laser cooling (see Ref. [12]}.
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saturation due to all beams as well as the nature of the
polarization gradients is different in 3D. Note that a
TOF temperature measurement includes the zero point
energy of the vibrational ground state.

Using the measured v, and T in combination with the
harmonic oscillator approximation, we can calculate the
ratio of signal strength in the central peak to the sum of
the strengths of the sidebands [14]. We find a ratio of
approximately 10:1, in reasonable agreement with our
data. We can also use the measured v, and T to deter-
mine x~„ the rms spread of the atomic wave packet. We
find x„m, =A,/15, almost independent of A due to the
simultaneous variation of v„, and T.

With up to 60% of the population in the vibrational
ground state, a trapped atom begins to approximate a
minimum uncertainty wave packet. This suggests in-
teresting experiments with driven atomic motion: pro-
duction of superpositions of vibrational states correspond-
ing to a coherent, oscillating atomic wave packet, or even
a squeezed atomic state. It may also be possible to em-

ploy sideband-cooling schemes using stimulated and spon-
taneous Raman transitions between vibrational levels.
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