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The process of measurement can modify the state of a quantum system and its subsequent evo-
lution. Here, we demonstrate the control of quantum tunneling in an ultracold lattice gas by the
measurement backaction imposed by the act of imaging the atoms, i.e. light scattering. By vary-
ing the rate of light scattering from the atomic ensemble, we show the crossover from the weak
measurement regime, where position measurements have little influence on tunneling dynamics, to
the strong measurement regime, where measurement-induced localization causes a large suppression
of tunneling - a manifestation of the Quantum Zeno effect. Our study realizes an experimental
demonstration of the paradigmatic Heisenberg microscope and sheds light on the implications of
measurement on the coherent evolution of a quantum system.

A fundamental distinction between a classical and a
quantum system is its response to a measurement. While
a classical system can be measured to arbitrary precision
with negligible concomitant backaction, the act of mea-
surement has profound consequences on the subsequent
evolution of a quantum system [1]. In the extreme limit,
a sequence of rapid, projective measurements can freeze
the decay of an unstable quantum system [2–5], suppress
its coherent evolution [6, 7] or confine such coherences to
Hilbert subspaces demarcated by measurement-induced
boundaries [8–10]. These phenomena are different man-
ifestations of the Quantum Zeno Effect (QZE) [11, 12].
In addition to its foundational implications on the nature
of quantum mechanics and the measurement process, the
QZE has also garnered attention as a means of stabilizing
fragile quantum states, studying emergent classicality in
a quantum system due to measurement [13–15] and for
controlling the thermodynamic properties of an isolated
quantum system [16].

In a broader context, a measurement can be regarded
as an interaction between a quantum system and a bath
whose intrinsic, spatial and dynamical properties can be
precisely engineered. As such, measurements can be used
to coax a quantum system into novel collective phases
and non-equilibrium states that might otherwise be in-
accessible through more conventional means of cooling
or state preparation. This is of particular relevance for
ultracold atomic and molecular gases in optical lattices
which have emerged as pristine realizations of correlated
quantum many-body systems [17]. The inherent control
and tunability of various properties of these gases have
allowed for a diverse range of studies focused on the re-
alization of ultracold analogues of correlated electronic
materials [18], studies of non-equilibrium dynamics of iso-
lated quantum many-body systems [19], and the creation
of novel many-particle states of matter.

In this work, we use a two-photon in situ lattice imag-
ing technique to demonstrate the measurement-induced
control of quantum tunneling in an ultracold lattice gas.
In contrast to molasses-based lattice imaging schemes,
our imaging technique extracts fluorescence from the lat-
tice gas while retaining the atoms in the ground vibra-

tional band of the lattice [20]. By extending this tech-
nique down to shallow lattice depths with correspond-
ingly large tunneling rates, we show that the process
of imaging has the concomitant effect of dramatically
changing the tunneling dynamics. By taking advantage
of the large dynamic range of photon scattering rates that
are made available by our technique, we observe the con-
tinuous crossover of tunneling dynamics from the ‘weak
measurement’ regime, where the act of measurement ex-
erts negligible backaction on the lattice gas, to the ‘strong
measurement’ or Quantum Zeno regime, where the act of
measurement localizes an atom to a lattice site and leads
to a strong suppression of tunneling.

The principle of the imaging scheme is depicted in Fig.
1. Raman sideband cooling (RSC) [21–24] is used to cool
atoms within an optical lattice to the lowest vibrational
band while simultaneously pumping them to the high
field seeking spin state |D〉 ≡ |F = 1,mF = 1; ν = 0〉.
This state is decoupled from the light field and as such,
does not emit fluorescence. As shown in [20], fluorescence
can be induced by shining an auxiliary ‘imaging’ beam
that controllably promotes the atoms to a bright state
|B〉 and subsequently re-cooling them back to |D〉 (see
Fig. 1(a)).

The fluorescence emitted by the atoms can, in prin-
ciple, be captured by a detector and thus constitutes a
position measurement of the emitting atom. While such
position measurements nominally impart energy to the
atom as a measurement backaction, the simultaneous use
of RSC mitigates this increase in energy by cycling the
atoms back to the lowest vibrational band. Due to this
cycling, fluorescence can be repeatedly extracted from an
atom while restoring it to its original state. We introduce
a position measurement rate Γm which we define to be
the scattering rate of photons from the imaging beam,
and note that this underestimates the actual scattering
rate since it neglects the spontaneous emissions during
the subsequent re-cooling of atoms to |D〉.

In shallow lattices, the atoms can coherently tunnel
across sites at a rate J that is exponentially dependent
on the lattice parameter s = U0/Er, where U0 is the
depth of the lattice and Er is the recoil energy [25]. For
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FIG. 1. (a) Lattice imaging scheme : An atom within a lattice
site is cooled to the ground state |D〉 ≡ |F = 1,mF = +1; ν =
0〉 via RSC. This state is nominally a ‘dark state’, i.e. it does
not emit fluorescence. An auxiliary ‘imaging’ beam promotes
the atom out of this state to a fluorescing state |B〉 which
is subsequently cooled back to |D〉. Repeated cycles of this
process extract fluorescence from the atom while continually
restoring the atom to |D〉. (b) The imaging scheme thus al-
lows us to distinguish between two possible states of the atom
- a bright state |B〉 that can be imaged and a dark state |D〉
that cannot be imaged. (c) Fluorescence images of a lattice
gas obtained at increasing levels of the measurement rate Γm.
The field of view of each frame is 250 µm × 250 µm.

the filling fractions in this work (f ∼ 0.25), such tun-
neling events frequently lead to multiply-occupied lat-
tice sites at a rate Γ2 = 4qJf where q = 6 is the
number of nearest neighbours in the 3D lattice [26]. In
the presence of the near-resonant light used for fluores-
cence imaging, such multiply-occupied sites are suscep-
tible to photoassociation and subsequent atom loss at
a rate κPA = β

∫
|w0(r)|4d3r ≈ (0.1 − 0.3) × Γm (see

SI). Here, β is the photoassociation rate coefficient and
w0(r) is the ground band Wannier function. Thus, the
effective two-body loss rate is κ = Γ2κPA/(Γ2 + κPA).
For our studies described here, we typically operate in
the regime Γ2 � κPA < Γm. In other words, the for-
mation of multiply occupied sites, at the rate Γ2, is the
rate limiting step for photoassociative loss, i.e. κ ≈ Γ2.
Based on these rates, we identify photoassociation loss
as a sensitive probe of multiply-occupied sites and hence,
the tunneling rate of atoms within the lattice.

Coherent tunneling of atoms within the lattice can
be strongly influenced by continuous projective measure-
ments of atomic position. Depending on the relative mag-
nitudes of the tunneling rate J and the measurement rate
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FIG. 2. Photoassociation measurements demonstrating the
crossover from the weak measurement regime (Γm � J) to the
strong measurement regime (Γm � J). In the former regime
(a), position measurements have little influence on tunnel-
ing and the two-body lifetime τ = κ−1 is independent of the
imaging rate. In the latter regime (b), measurement-induced
localization suppresses tunneling rates leading to an increase
of the two-body lifetime. (c) Measurements of two-body life-
time vs measurement rate. These data were obtained at a
lattice parameter s = 8.5(2.0) with τ0 = 31(3) ms.

Γm, we can identify two distinct regimes. In the weak
measurement limit Γm � J , the sporadic position mea-
surements have negligible influence on tunneling, and the
photoassociation rate κ is independent of the measure-
ment rate (Fig. 2(a)).

In the strong measurement limit Γm � J , repeated
fluorescence emission events continually project the atom
into the same lattice site. In our experiments, the wave-
length of the emitted photon is commensurate with the
lattice spacing. As such, atoms are localized to within
a lattice site subsequent to the emission of a photon.
This frequent and stochastic localization [27] leads to an
incoherent diffusion of atoms within the lattice at an ‘ef-
fective’ tunneling rate given by J̃eff ∼ J2/Γm [28, 29].

In other words, the effective tunneling rate J̃eff , the rate
of multiple-occupied sites Γ2, and hence the two-body
loss rate κ, monotonically decrease with increasing mea-
surement rate. In essence, the act of observation ‘freezes’
the lattice gas (Fig. 2(b)). This quantum phenomenon,
which does not have a classical equivalent, is a manifes-
tation of the Quantum Zeno effect.

In our experiments, we prepare ultracold gases in the
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ground vibrational band of a 3D lattice (see SI). In the
absence of the imaging sequence, the lattice gas has a
characteristic two-body lifetime τ0 that is dependent on
the lattice depth (and corresponding ‘bare’ tunneling
rate) and residual light scattering due to Raman side-
band cooling. In the simultaneous presence of sideband
cooling, the lattice gas is subjected to either continuous
or pulsed position measurements by the lattice imaging
sequence at various photon scattering rates. The scatter-
ing rate is calibrated based on the measured power, beam
profile and polarization of the imaging beam, and its ori-
entation relative to the ambient magnetic field. At the
lowest rates, allowing for various losses and stray light
scattering, we estimate that this calibration is accurate
to within a factor of two. This rate can be tuned over a
large dynamic range (O(104)) by varying the intensity of
the imaging beam that induces fluorescence, allowing us
to probe both the weak and strong measurement limits
as well as the crossover regime.

At low rates of imaging, we observe that the two-
body lifetime is unchanged by measurement, reflecting
the negligible influence of photon scattering on coherent
tunneling. However, as the imaging rates increase, the
two-body lifetime of the lattice gas is seen to grow (Fig.
2(c)). This reflects the crossover from the weak measure-
ment regime to the strong measurement regime where
now, the measurement-induced localization of the atoms
is the dominant influence on tunneling dynamics. This
crossover regime offers a novel platform for quantitative
studies of measurement-induced emergent classicality in
a quantum system.

As the rate Γm is made much larger than the coherent
tunneling rate J , we observe the expected behavior of the
effective tunneling rate Jeff ∼ J2/Γm. The measured
lattice lifetime grows in linear proportion to the mea-
surement rate (Fig. 3(a)). This is a characteristic signa-
ture of the Quantum Zeno effect, i.e. increasing the rate
of fluorescence decreases the photoassociation rate. This
suppression of tunneling can also be regarded as arising
from the spectral broadening of atomic eigenstates within
a lattice site when the measurement-induced width of the
eigenstate becomes larger than the bare tunneling rate
J . Also, by confining the lattice gas at varying depths
while imaging the atoms at constant measurement rate,
we show the quadratic dependence of the photoassocia-
tion rate with the bare tunneling rates (Fig. 3(b)). The
latter are estimated within the tight-binding model based
on our calibration of the imposed lattice depth.

We note that two-body loss can also be suppressed due
to an effective repulsion arising from dissipative two-body
interactions such as photoassociation (also see for exam-
ple, [3–5]). This can be regarded as a continuous Zeno
effect and is distinct from the imaging-induced localiza-
tion observed in our work. To further clarify this distinc-
tion, we measure the diffusion rate of atoms within the
lattice under the influence of the imaging light. A short,
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FIG. 3. In the strong measurement regime, the effective tun-
neling rate is given by J̃eff ∼ J2/Γm. This leads to a two-
body lifetime τ = κ−1 that linearly increases (as seen in (a))
with the measurement rate - a clear signature of the QZE.
These data were obtained for s = 23(2). (b) The quadratic
scaling of the effective tunneling rate (and hence, the pho-
toassociation rate κ) with the bare lattice tunneling rate is
demonstrated by measurements of κ for lattice gases con-
fined in different lattice depths. These data were obtained
by imaging the lattice gases at fixed measurement rate Γm.
The dashed line shows a quadratic fit to the data.

focused burst of on-resonant light is used to deplete the
central region of the gas (Fig. 4(a,b)). Following this,
the lattice depth is lowered to s = 8.5 to allow the atoms
to repopulate the central region by tunneling. The pop-
ulation in this central region is quantified by absorption
images of the gas at varying evolution times. In the ab-
sence of imaging, the central region is repopulated over
timescales of 200-500 ms. In contrast, atomic diffusion is
suppressed by imaging (Fig. 4(c)), clearly demonstrating
localization of the atoms due to light scattering.

At first glance, it would appear that an atom can be
localized to a lattice site for arbitrary lengths of time
for sufficiently large photon scattering rates. However,
in general, the act of position measurement causes the
atom’s energy to increase linearly with time [30]. In
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FIG. 4. Suppression of atomic diffusion due to position mea-
surements. A brief on-resonant optical pulse depletes the cen-
tral region of the lattice gas (indicated by arrow in (a)). (b)
Cross section of the atomic ensemble following this pulse. (c)
Atoms rapidly diffuse into this central region in the absence
of imaging (blue, s = 8.5, Γm = 0). In contrast, diffusion
is suppressed when the atoms are continuously imaged (red,
s = 8.5, Γm = 1000 s−1.)

our scheme, this increase in energy is mitigated by the
simultaneous use of sideband cooling at a rate ΓRSC .
For measurement rates that are comparable to this cool-
ing rate, there is a significant contribution from higher
vibrational bands with correspondingly larger rates of
tunneling [31]. This causes a deviation from the linear
growth of two-body lifetime with measurement rate (Fig.
5). Monte Carlo simulations of a non-interacting model
of this competition between measurement-induced heat-
ing and Raman cooling are in good qualitative agree-
ment with our observations. In the regime Γm � ΓRSC ,
the measurement-induced heating dominates any cooling
mechanism and the atom is completely delocalized due
to rapid higher-band tunneling, leading to high rates of
photoassociation (Fig. 5 (inset)). Based on these consid-
erations, it is clear that the Zeno effect is most readily
seen for the regime J � Γm � ΓRSC .

In summary, we use an in situ lattice imaging tech-
nique to demonstrate the measurement-induced localiza-
tion of an ultracold lattice gas. By varying the rate of
imaging, i.e. position measurements, in relation to the
tunneling rate within the lattice, we show the smooth
crossover from the weak measurement regime where the
act of observation causes negligible backaction on the lat-
tice gas, to the strong measurement or Zeno regime where
measurement-induced localization causes a strong sup-
pression of coherent tunneling. The large dynamic range
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FIG. 5. For measurement rates Γm that exceed the Raman
cooling rate ΓRSC , atoms are promoted to higher vibrational
bands due to the measurement. The increased tunneling rates
in these higher bands cause a deviation from the linear scaling
of the lifetime τ with Γm. Due to the proportionate relation
between the Raman cooling rate and the lattice depth, this
deviation occurs more readily for atoms in shallow lattices.
The data shown represent two-body lifetimes in the Zeno
regime for lattice parameters s = 9.5(1.5), (�), s = 21(2),
(•). The shaded region represents a Monte Carlo simulation
of a kinetic model of the measurement process. Inset: Sim-
ulated two-body lifetimes vs measurement rate : the onset
of higher-band tunneling occurs at larger Γm for increasing
Raman cooling rates (bottom to top).

and quantum-limited tunability inherent to this imaging
scheme should enable new forms of measurement-induced
control of a lattice gas by spatially and dynamically vary-
ing measurement landscapes.

In addition to shedding light on the nature of measure-
ments and their influence on coherent quantum evolution,
we also note the relevance of this study in the context of
state preparation in ultracold many-body systems. While
the isolation of such systems from the environment has
notably allowed for the observation of various forms of
long-lived mesoscopic quantum behavior, this decoupling
also stymies the creation of low entropy states within ex-
perimentally viable timescales. The phenomena observed
here could lead to new techniques of backaction-induced
cooling, state preparation and spatially-resolved entropy
segregation in a lattice gas.
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