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Bound and free atoms diagnosed by the recoil-induced resonances: One-dimensional optical
lattice in a working magneto-optical trap
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We report on studies of simultaneous trapping of 8Rb atoms in a magneto-optical trap (MOT) and one-
dimensional optical lattice. Using Raman pump-probe spectroscopy, we observe the coexistence of two atomic
fractions: the first consists of free, unbound atoms trapped in a MOT and the second is localized in the
micropotentials of the optical lattice. We show that recoil-induced resonances allow not only temperature
determination of the atomic cloud but, together with vibrational resonances, can also be used for real-time,
nondestructive studies of the lattice loading and of the dynamics of systems comprising unbound and bound

atomic fractions.
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I. INTRODUCTION

Optical lattices [1] constitute a convenient tool for study-
ing phenomena related to periodically ordered systems. They
are formed by the light-interference pattern, characterized by
spatial, periodic light intensity and/or light polarization
modulation. This modulation leads to a periodically varying
dipole force which, acting on the sufficiently cold atoms, can
lead to their localization in the minima or maxima of the
light intensity distribution. Optical lattices with spatially
modulated light polarization provide energy dissipation
mechanisms resulting from cyclic optical pumping of the
traveling atoms between their ground-state sublevels [2].
This leads to atom temperatures below the Doppler cooling
limit [3]. Usually, optical lattices are filled with atoms either
prepared in a magneto-optical trap (MOT) and further cooled
in optical molasses or from the Bose-Einstein condensate [4].
In principle, lattice trapping can occur also in a MOT but this
requires a special trapping beam configuration or complex
phase stabilization schemes [5,6]. Investigation of optical lat-
tices can be carried out by various methods. The most often
used is the pump-probe Raman spectroscopy [7,8]. Others
are based on observation of fluorescence from lattice-
captured atoms [9] and transient recoil-induced intensity
modulation of the Raman probe beam [10,11].

However, when the lattice trapping occurs in less than
three dimensions or when the lattice potential is not suffi-
ciently deep to capture all atoms, the atomic sample splits
into two fractions, one moving freely and the other con-
strained, at least in one direction. Guo and Berman suggested
to use recoil-induced resonances (RIRs) for studies of such
systems [12] and analyzed theoretically various specific
pump-probe configurations [12—-15]. The first experiments
employed one- and two-dimensional lattices loaded from op-
tical molasses [7,8]. In these experiments, only the atoms
captured by the lattice were interrogated and no information
on unbound atoms was recorded. Still, as demonstrated in
this paper, the ratio between free and bound atoms can be
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used as a convenient and sensitive indicator of the lattice
dynamics and loading efficiency.

Below, we describe the method we have developed for the
diagnostics of such two-fraction systems and present the re-
sults of our study. In our configuration, a one-dimensional
(ID), blue-detuned, standing-wave optical lattice is created
directly in a regular working MOT, i.e., with trapping fields
constantly on. The configuration of the 1D lattice we apply is
the simplest possible and imposes no polarization-gradient
cooling. This leaves magneto-optical trapping as the only
temperature-controlling mechanism that facilitates interpre-
tation of the observations. We have verified that, indeed, the
lattice beams do not change the atomic temperature, hence
we can use them as Raman pumps for a nondestructive, 2D
RIR thermometry [16]. By means of the Raman pump-probe
spectroscopy, we study the interplay between two atomic
fractions: one is too hot to be localized in the lattice micro-
potentials, and the other is captured by the lattice. To our
knowledge, this is the first observation of a robust coexist-
ence of an optical lattice with atoms trapped in a regular
operating MOT.

The paper is organized as follows. In Sec. II, we briefly
recall the principles of the Raman transitions between energy
levels of a two-level atom, both for the case of a free, un-
bound particle as well as for an atom captured in a lattice
micropotential. In Sec. III, we describe our experimental
setup. In Sec. IV, the experimental results and their interpre-
tation are given. Section V summarizes our work and indi-
cates possible applications of our method.

II. RAMAN TRANSITIONS IN FREE AND BOUND ATOMS

We consider a two-level atom interacting with two coun-
terpropagating laser beams of frequency w and of the same
linear polarization, as depicted in Fig. 1(a). Since the beams
produce a standing-wave interference pattern, they act as lat-
tice beams. A probe beam, of frequency w+J and of the
same polarization as the lattice beams, makes a small angle 6
with one of the lattice beams. The probe beam detuning & is
scanned around zero and the probe absorption is monitored.

The probe and lattice beams drive Raman transitions with
absorption of a photon from one beam followed by stimu-
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FIG. 1. (a) Geometry of the light beams and momentum trans-
fers 1Ak, and AAK | in the Raman transitions. (b) Raman transi-
tions between Kkinetic states of free atoms. (c) Raman transitions
between vibrational levels of atoms bound in the optical lattice
potential. The vibrational level spacing decreases due to anharmo-
nicity. In (b) and (c), circles symbolize populations of the relevant
levels.

lated emission to the second beam [Fig. 1(b)]. Such pro-
cesses couple two kinetic states of a free-moving atom. As a
result, the atom gains kinetic energy AE,;,=%|d| and changes
momentum p by Ap=AAk=+27ke;sin «/2. Here, k is the
length of the light wave vector, « is the angle between the
probe and either of the lattice beams: a= 6 for Raman tran-
sitions involving the nearly copropagating lattice beam, or
a=180°—0 for transitions involving the nearly counterpropa-
gating lattice beam, whereas &, is the unit vector perpendicu-
lar to the bisector of @. The sign in Ap depends on the
direction of the Raman process. The resulting net variation of
the probe beam intensity, s(5), depends on the population
difference of the momentum states and shows a resonant
behavior around &=0 [12-15,17,18]. This recoil-induced
resonance has a shape of the derivative of the atomic kinetic
momentum distribution along the momentum exchange di-
rection, s(68) o« dll(p;)/dp;, where p;=p-€,.

Since two lattice beams combine with the probe to drive
the Raman processes, two RIR signals are expected in the
probe transmission spectrum. The width of the RIR signal,
proportional to the width of the momentum distribution
along relevant €;, scales with the angle « as sin(a/2). Hence,
assuming that for given conditions the momentum distribu-
tion widths are of the same order, we expect one narrow
contribution, resulting from recoil in the €, direction, and
one wide contribution, associated with recoil in the €, direc-
tion. The presence of the two well-resolved recoil signals in
the recorded spectrum enables simultaneous determination of
the momentum distributions in the two orthogonal directions
[16]. When 6 tends to zero, € (€,) becomes parallel (per-
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pendicular) to the z axis, which defines the direction of the
optical lattice confinement.

The above mechanism works well for atoms that move
freely along Ak and their kinetic energy can change in a
continuous way. In our case, the motion of atoms confined in
the 1D lattice wells becomes quantized in the z direction.
This results in vibrational structure of energy levels, un-
evenly spaced by hwf}l), ﬁwf}z), ..., which differ because of
anharmonicity of the potential [Fig. 1(c)]. By averaging the
vibrational level spacing over anharmonicity with weights
reflecting the temperature-dependent populations of given vi-
brational levels, one can find positions of the most distinct
Raman vibrational resonances [7,20]. The first harmonic,
5=i(7)£, and, overtone, 5=tc5£’, are associated with the
change of vibrational quantum numbers by 1 and 2, respec-
tively. Atoms trapped in the lattice do not give rise to the
wide RIR signal associated with movement in the €, direc-
tion. They participate only in the generation of a narrow RIR
and Raman vibrational spectrum. Such a suppression of re-
coil in an optical lattice, consistent with the previous predic-
tions [12-15] and experiments [7,8], suggests a novel
method for diagnostics of lattice loading by measuring the
magnitude of the appropriate RIR signal.

Various kinds of pump-probe spectra discussed in this
section are illustrated in Figs. 2(a) and 2(b), by the results of
experiments described below in Sec. III. All measured sig-
nals are fitted with the formula

9G(8,4) 9G(8,¢,)
—A,
) %)

- 6(5» (1_){), })/)] + LII[‘C(57_ (1_){;1’ 7") - E((S, (1_){;1’ 7")],
(1)

where G(6, &) is the normalized Gaussian describing kinetic
momentum distribution of width ¢ and L(8,w,7y) is the
Lorentzian used for modeling the Raman vibrational reso-
nance of width vy centered at w; A, and A, represent ampli-
tudes of the wide (ll) and narrow (L) RIR contributions, and
L; and Lj; are the amplitudes of the vibrational resonances
associated with the first harmonic at ! and overtone at @,
respectively [22]. Figures 2(c) and 2(d) show isolated recoil
and vibrational contributions of expression (1) to the spec-
trum of Fig. 2(b). In principle, in addition to the discussed
RIR and vibrational transitions, elastic transitions with 6=0
are possible both in an optical lattice and for free atoms.
However, as shown in Refs. [12,14,15], the resulting Ray-
leigh elastic scattering contribution is negligibly small in our
geometry and polarization configuration.

s(5)=—A” +Ll[£(5’_a£’ )

III. EXPERIMENT

In our experiment (see Fig. 3), we use the 8Rb atoms
trapped and cooled in a standard six-beam, vapor-loaded
MOT [19]. Additional beams intersect at a small angle in the
trap center: the lattice standing wave and the running probe
beam. Both have the same, linear polarization and are blue-
detuned from the trapping transition 52S,,(F=3)
—52P,,(F'=4) by A=2mXx 140 MHz~23.3T", where T’
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FIG. 2. Experimental spectra recorded at 7=64 uK and corre-
sponding fits. (a) Single, wide RIR spectrum (gray) acquired in the
simple two-beam configuration shown in the inset. Dotted black
line represents the fit by the first term of Eq. (1). Such spectra are
used to determine the temperature of the atomic cloud. (b) Experi-
mental spectrum (gray) recorded in the presence of the 1D optical
lattice (inset) and the fit by all terms of Eq. (1) (black). (c) RIR
components of the fit: wide RIR associated with the momentum
exchange in the || direction (dotted line) and narrow RIR associated
with the exchange in the L direction (solid line). (d) Vibrational
components: first harmonic (solid line) and overtone (dotted line),
extracted from the fit.

denotes the natural linewidth. The same polarization of the
probe and lattice beams allows a multilevel structure of
Rb to be treated as a set of independent two-level
systems. The relatively big detuning reduces resonant inter-
action with the atoms; the scattering rate did not exceed
44 kHz=7X107°T'/27 for the lattice beam intensities
L.e=5-35 mW/cm?. We have measured that such lattice in-
tensities do not cause any visible heating. The trapping,
probe, and lattice beams are generated by diode lasers
injection-locked to a common, external-cavity master oscil-
lator. The probe beam is scanned by 6/27= +1 MHz around
frequency w of the lattice beam and its transmission is moni-
tored by the photodiode.

IV. RESULTS

As already discussed in Sec. II, in our geometry of the
probe and lattice beams, three contributions are expected in
the probe transmission spectrum. Two of them are recoil-
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FIG. 3. Layout of the experiment. The pump and retroreflected
lattice beams intersect in a cloud of cold atoms in the working
MOT. The momentum exchange due to Raman transitions involving
the probe and the lattice photons is allowed in two directions: L
and ||. The 1D lattice constrains atomic motion along the z direction,
which, for small 6, nearly coincides with the || direction. The third
pair of the MOT beams and the MOT coils is not shown.

induced resonances: the narrow one involves the probe and
the nearly copropagating lattice beam with Ap along the € |
direction, and the wide one is for the probe and lattice beams
nearly counterpropagating, with Ap along the €, direction
(Fig. 3). The third contribution is the vibrational spectrum
resulting from Raman transitions between quantized energy
levels of the atoms trapped and oscillating in the 1D lattice
micropotentials [7]. The spectra acquired in our experiment
indeed exhibit all expected contributions, as shown in Figs.
2(b)-2(d). It proves the coexistence of two atomic fractions
in a MOT: the free moving atoms and the atoms captured by
the 1D lattice. Thanks to the large detuning A, resonances
induced by the lattice and probe beams are not influenced by
those involving the MOT beams. This is a significant simpli-
fication with respect to the previous work [21], allowing
spectroscopic discerning of two stable atomic fractions and
sensitive study of their coexistence.

Figure 4 presents the series of measurements taken for
different temperatures of the atomic cloud. The temperature
is controlled by the MOT beams intensity and is determined
by the width of the wide RIR. At temperatures about the
Doppler limit, Tp=140 uK, atoms localized in lattice wells
become a significant fraction of the whole sample and give
rise to a pronounced vibrational structure.

In the spectra measured with the three-beam configura-
tion, the first vibrational component is very distinct but the

160 uK 96 uK TBuK 62uK
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FIG. 4. Comparison of the probe transmission spectra for vari-
ous MOT-beam temperatures. For sufficiently low temperatures, the
wide RIR contribution disappears while the lattice contribution be-
comes distinct. The sequence of spectra illustrates well the compe-
tition between the free and bound atoms. Vertical scale is the same
for all plots.
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FIG. 5. Probe transmission spectra with 1D optical lattice re-
corded for various MOT-beam intensities and related temperatures.
Left column, measured spectra (gray) and RIR contributions (solid
black) determined from two-beam thermometry (see text). Right
column, vibrational contributions extracted by substraction of RIR
components from full spectra and theoretical fits (dotted). Vertical
scale is the same for all plots.

overtone overlaps with the wide RIR, which greatly obstructs
interpretation of the lattice spectra. This obstacle can be re-
moved by a thorough separation of RIR and lattice contribu-
tions. For this reason, we reduced the number of free param-
eters by determining the temperature of the cold atomic
cloud for each measurement. This was done by blocking the
mirror that retroreflects the lattice beam (Fig. 3) and by per-
forming two-beam RIR velocimetry with nearly counter-
propagating Raman beams [16,23]. In such a configuration,
the only contribution to the spectrum is the RIR associated
with the momentum transfer along the €, direction [Fig.
2(a)]. Since our blue 1D optical lattice does not exhibit spa-
tial polarization modulation and operates on the F—F+1
transition, no additional cooling mechanism is present [24].
This allows us to assume that the temperature of atoms in a
MOT with and without the lattice is the same. Having deter-
mined the width §, we calculated the temperature 7" and the
width &, =§,tan(6/2) [16,21]. Next, the widths & and &,
were used as constants in the first terms of the fit given by
Eq. (1), and then the fitted RIR contributions were subtracted
from the spectra recorded with both lattice beams. The re-
sulting difference constitutes pure lattice contribution, which
is very well reproduced by the last terms of Eq. (1), as seen
in Fig. 5.

For decreasing temperature of the atomic cloud, we ob-
served an increase of the amplitude of the vibrational contri-
bution relative to the RIR contribution. This indicates a
growth of the fraction localized in the 1D optical lattice. We
also observed systematic variation of the relative amplitudes
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of the two RIR contributions. As can be seen in Fig. 5, for
lower temperatures the amplitude of the wide RIR associated
with the momentum exchange in the || direction is noticeably
smaller than the amplitude of the narrow RIR determined by
the exchange in the L direction. This behavior can be ex-
plained by constraints imposed by the 1D optical lattice on
the atomic movement resulting in suppression of the recoil in
the || direction. Hence, localized atoms do not contribute to
the wide RIR. Since the increase of the lattice-trapped frac-
tion caused by the temperature lowering proceeds at the ex-
pense of unbound atoms, the amplitude of the wide RIR
becomes smaller. Inversely, since there is no lattice trapping
in the L direction, the localization does not affect the narrow
RIR. In the considered range of temperatures, atoms popu-
late practically all vibrational levels and localization is weak,
therefore we can assume that the lattice-trapped and free at-
oms interact with the same average light intensity and ignore
the fact that the bottoms of lattice potential wells coincide
with the minima of light interference pattern. Consequently,
we can assume that the narrow RIR signals associated with
the two atomic fractions are generated with the same prob-
ability so that the net narrow RIR amplitude depends essen-
tially on the total number of atoms. Further lowering of the
temperature leads to the complete suppression of the wide
RIR, which indicates that all atoms still remaining in a MOT
are loaded into a 1D optical lattice. This qualitative consid-
eration suggests the way to control the ratio of the lattice
localized to unbound atoms.

To examine the behavior of the discussed atomic fractions
quantitatively, we numerically estimated the number of at-
oms that give rise to the relevant terms of Eq. (1). Since RIR
signals are proportional to the derivative of atomic momen-
tum distributions, we first reconstructed their integrals and
then evaluated the areas under resulting curves. In the case of
lattice contributions, we calculated the areas directly under
the vibrational Raman signals.

Figure 6(a) presents the area S,,ow riz @S @ function of
MOT temperature. S,,.ow rir 1S Obtained by calculating the
area under momentum distribution derived from the first
term of Eq. (1) and dividing by the geometrical factor
tan?(6/2) [16,21] for comparison with S,4. rg. the area as-
sociated with the second term of Eq. (1). Since there is no
lattice trapping in this direction, S, ,ow rRIR 1S proportional to
the total number of atoms in the trap. In agreement with
previous observations [25], it decreases linearly when the
MOT-beam intensity is lowered.

Figure 6(b) depicts the ratio (Sparow RIR—Swide RIR)/
Sparow RIR» Which, due to the same transition amplitudes for
both RIRs, is a direct measure of the fraction captured by the
1D optical lattice. As expected, the localized fraction grows
with decreasing temperature. For a temperature of 30 uK, all
the MOT-trapped atoms are in the optical lattice. The abso-
Iute number of atoms localized in the lattice also begins to
grow with decreasing temperature, but then the general de-
crease of the total number of atoms in the MOT prevails. The
number of atoms in the lattice reaches its maximum at about
60 uK when the captured fraction is close to 0.5.

For growing temperatures, we observed a systematic in-
crease of the overtone contribution relative to the first
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FIG. 6. Trap-beam intensity and temperature dependence of the
atomic fractions estimated by calculating areas S associated with
relevant spectra contributions: (a) Sparow rRir> fe€Scaled as described
in the text, proportional to the total number of atoms in a MOT; (b)
(Snarrow RIR—Swide RIR)/ Snarrow RIR» the atomic fraction localized in a
1D optical lattice; (¢) Sovertone’ Sfirst harmonic» the Tatio of atoms un-
dergoing Raman transitions responsible for the overtone and first
harmonic.

harmonic [Syyertone/ Stirst harmonic Tatio, depicted in Fig. 6(c)].
The rising probability of the overtone transitions is attributed
to the fact that for higher temperature, population is shifted
toward higher vibrational levels with more pronounced an-
harmonicity [26].

We have also studied changes of the position of the aver-
age first-harmonic frequency, E)i, with the increase of the
trapping-beam intensity, proportional to atomic temperature
(Fig. 7). Taking only the temperature effect into account, one
might expect a shift of the recorded vibrational resonances
toward lower frequencies with the increasing temperature,
since the higher vibrational levels become more populated.
However, the observed dependence is opposite: (T){) increases
when the trapping light becomes more intense. We interpret
this effect by including also the light-shift effect. The levels
of the atoms in a MOT with the lattice beams switched on
are perturbed by two fields: the red-detuned MOT field and
the blue-detuned lattice field. When the intensity of the trap-
ping light is increased, the related light shifts of the ground
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FIG. 7. Frequency a_){} of the vibrational resonance (marked by
arrows on the lattice spectrum in the inset) as a function of the

MOT trapping beams intensity. The solid line represents predictions
of independent light shifts, as described in the text.

atomic sublevels also increase. This decreases the detuning
of the lattice beams from the atomic resonance frequency.
Since the depth of the lattice potential U, is proportional to
L/ A We observe an increase of U, followed by an in-
crease of @ Uy The calculations based on the assump-
tion of independent light shifts associated with the MOT and
lattice beams (solid line in Fig. 7), similar to those performed
for far-detuned light [27], predict the correct slope, but fail to
reproduce the size of the observed dependence of @,, which
indicates a need for more refined calculations.

V. CONCLUSIONS

We have performed pump-probe spectroscopy of *Rb at-
oms in an operating MOT equipped with an extra pair of
lattice beams, blue-detuned by more than 20I" from the trap-
ping transition F=3—F'=4. Application of a simple 1D lat-
tice of a standing-wave configuration and nondestructive
RIR thermometry allowed studies of the localization effi-
ciency at well-determined atomic temperature, not affected
by the lattice. The recorded pump-probe spectra revealed a
complex structure composed of the recoil-induced and vibra-
tional resonances due to the free and lattice-bound atoms,
respectively. The magnitude of each of these spectral features
yielded information on the population of the corresponding
atomic fraction. We have shown how to resolve the pump-
probe spectra for an atomic system consisting of two atomic
fractions and applied this technique to the spectra taken at
various atomic temperatures. This extension of a standard
RIR velocimetry proved very useful for nondestructive diag-
nostics of 1D-lattice loading. We were able to verify that the
creation of a robust 1D optical lattice is possible by loading
of relatively hot (~100 uK) atoms directly from a continu-
ously operating regular MOT without any further cooling.
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