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Inelastic light scattering is used to study correlated phases of one-dimensional Bose gases. This spectroscopic
technique can distinguish superfluid and insulating phases and allow identification of the transition from one
to the other.
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Scattering particles off solids has provided some of
the most fundamental insights into the structure of matter. For instance, interference peaks observed in elastic
Bragg scattering of x-ray photons established the existence of crystals with well-localized atomic particles arranged in periodic patterns in space. Similarly, inelastic
scattering can measure the relation between momentum
and energies transferable to these crystals. Such dispersion relations of phonons and electronic band structures
have thus been obtained for a wide range of solid-state
systems and can in most cases tell us if the material is
a metal or an insulator. Now, David Clément, Nicole
Fabbri, Leonardo Fallani, Chiara Fort, and Massimo Inguscio at the Physics Department of the University of
Florence in Italy report in Physical Review Letters[1] their
use of stimulated inelastic scattering of photons to probe
a strongly correlated ultracold bosonic gas trapped in a
net of interfering laser beams. The laser light creates a
periodic lattice potential for the atoms, which thus acquire properties of a crystal. This spatial periodicity
leads to Bloch bands of allowed energies for the atomic
motion. The authors analyze the ensuing atom dynamics for weak lattices where the atoms tunnel easily between lattice sites and delocalize to form a superfluid.
They then quench tunneling by increasing the potential
barrier height between the lattice sites. That causes repulsive atom-atom interactions to dominate and localizes the atoms to the lattice sites into a Mott insulating
state. This work demonstrates how to experimentally
gain detailed insight into the properties of atomic lattice
systems and poses new challenges for theorists.
The most common way to probe ultracold atomic
gases is to turn off the trapping potential, allow the
gas to expand ballistically, and measure the shadow
cast by the expanded cloud. The shadow reveals the
density distribution in the gas, which is significantly
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determined by the initial momentum distribution and
interactions between the atoms. By suitably manipulating the gas before the expansion, the properties of
interest become visible in the expanded cloud. This
method has been successful, for example, in demonstrating the matter-wave behavior of Bose-Einstein condensates by observing interference patterns, or to measure the density-density correlations. Also, Bragg spectroscopy of cold atomic gases is based on the same principle. It uses inelastic scattering of photons to subject
the atomic system to a periodic perturbation with welldefined and adjustable momentum and frequency. The
amount of energy absorbed by the gas is a measure of
its response to this perturbation and can be determined
by measuring the width of the gas cloud after ballistic
expansion. This technique has been used for investigating Bose-Einstein condensates since 1999, first to probe
the higher-energy particlelike excitations [2] and later in
the same year for measuring low-energy phonons [3].
More recently, this method has also been applied to explore strongly interacting bosonic [4], and fermionic [5]
gases. The work by Clément et al.[1] is the first to apply
Bragg spectroscopy to an ultracold atomic gas trapped
in an optical lattice and to probe its properties from the
superfluid into the Mott regime.
The authors load a three-dimensional Bose-Einstein
condensate, which is trapped in a harmonic confining
potential, into an optical lattice. With two pairs of
counter-propagating laser beams, they create a lattice
potential that splits up the condensate into a regular array of cigar-shaped, essentially one-dimensional Bose
gases (see Fig. 1). The lattice barriers are sufficiently
high that atom tunneling between the one-dimensional
gases is negligible and the “cigars” can therefore be considered independent. At the same time, a third lattice
is switched on that slices up the one-dimensional gas
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FIG. 1: One layer of a regular array of independent onedimensional chains of ultracold bosonic atoms created by an
optical lattice. The two Bragg pulses are also displayed (blue
and green arrows). The inset shows an atom absorbing a photon from the first laser beam followed by stimulated emission
into the second beam. This process transfers momentum h̄q
and energy h̄ν to the atom cloud. Spontaneous emission Γ is
suppressed by a large detuning ∆ from the atomic transition
| gi ↔ |ei. (Illustration: Alan Stonebraker.)

cigars into regular chains of atoms. This third cigar lattice potential is shallow and tunneling between the sites
along the chain is not completely suppressed. Depending on the depth of the cigar potential, the atom chains
can either be in the superfluid or Mott insulating regime.
Shortly before suddenly turning off all trapping potentials and allowing the gas to expand the authors apply Bragg pulses. These are two laser pulses that irradiate the atomic sample with photon momenta h̄k1 , h̄k2
and energies h̄ν1 , h̄ν2 , respectively. The absorption of a
photon from the first laser beam followed by stimulated
emission into the second laser beam transfers momentum h̄q = h̄(k1 − k2 ) and energy h̄ν = h̄(ν1 − ν2 ) to the
atomic cloud. This basic process is shown in the inset
of Fig. 1. Just like the optical lattice lasers, the Bragg
pulses cause an ac Stark shift in the atoms that can be
described by adding a conservative potential of the form
VB sin(qx − νt) to the Hamiltonian. This potential is periodic in space x and time t; its depth VB is determined
by laser pulse and atom properties.
The authors check that the measured width σ of the
atom cloud after ballistic expansion is proportional to
the amount of energy transferred to the atomic sample
by the Bragg pulses and that σ increases linearly with
the pulse duration and VB . The width σ is thus a measure of the linear response of the atomic system when
coupling its density to a perturbation of momentum h̄q
and angular frequency ν. This is in contrast to previous work on shaking the lattice [6] where the transferred
momentum was not adjustable and the shaking drove
the system into the nonlinear regime [7]. The authors
adjust the angle of their Bragg pulses so that q is aligned
with the longitudinal axes of the atom chains and has a
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fixed magnitude corresponding to a wavelength 2π/|q|
of about twice the lattice period. They then measure the
linear response as a function of the frequency ν. Their
study mostly concentrates on excitations inside the lowest Bloch band of the lattice, but they also demonstrate
that excitations to higher Bloch bands can be probed
with this method.
In the superfluid regime, as the depth of the lattice is
increased, the initially broad response of the atom cloud
becomes narrower and the peak shifts towards smaller
frequencies. This is expected due to the narrowing of the
Bloch band with decreasing tunneling between lattice
sites, and is qualitatively well explained within meanfield theory. The spectra also show an asymmetry that
indicates the presence of a gapped mode in addition to
the phonon modes as already theoretically predicted.
When the lattice potential increases, the atom chains
enter the Mott insulating regime. The overall magnitude
of the response decreases significantly. Simultaneously,
the width of the response in the lowest Bloch band increases again and breaks up into several peaks caused
by the dominance of the onsite atom-atom interaction
over tunneling. The positions of the newly developed
peaks do not agree well with predictions for a homogeneous Mott insulator at zero temperature. Furthermore,
the system shows a sizable response at low frequencies,
below the gap expected for a Mott insulator. The authors attribute these discrepancies to finite temperature
and the fact that they are investigating an atomic system
that is harmonically trapped instead of a homogeneous
one.
In their work Clément et al. have demonstrated that
Bragg spectroscopy is a sensitive and precise tool for
gaining insight into the physics of strongly correlated
atomic lattice gases. In contrast to many other experiments, these results are largely determined by the excitation spectrum of the system. Like all measurement
procedures based on ballistic expansion, the method is
destructive and does not provide very good spatial resolution, but combining Bragg spectroscopy with other
techniques could lead to different insights. For instance,
scanning electron microscopy, which is only minimally
invasive and yields excellent spatial resolution at the
nanometer scale [8], can probe local gas properties in
situ. Each of these measurement methods has their
virtues and shortcomings. However, one may realistically hope that combining results obtained from them
will lead to a complete picture of finite-temperature
and dynamical properties of ultracold atomic lattice systems.
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