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Quantum to classical walk transitions tuned by spontaneous emissions
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We have realized a quantum walk in momentum space with a rubidium spinor Bose-Einstein condensate by
applying a periodic kicking potential as a walk operator and a resonant microwave pulse as a coin toss operator.
The generated quantum walks appear to be stable for up to ten steps and then quickly transit to classical walks
due to spontaneous emissions induced by laser beams of the walk operator. We investigate these quantum to
classical walk transitions by introducing well-controlled spontaneous emissions with an external light source
during quantum walks. Our findings demonstrate a scheme to control the robustness of the quantum walks and
can also be applied to other cold atom experiments involving spontaneous emissions.
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I. INTRODUCTION

Quantum walks (QWs) have been actively studied in
many experimental systems, such as photons, lattice-confined
atoms, and trapped ions, since the first theoretical model was
introduced in 1993 [1–7]. Possessing spin degrees of freedom,
spinor Bose-Einstein condensates (BECs) have also been sug-
gested as ideal candidates for QW implementation [8]. Two
important components of QWs are a walk operator to shift
a walker in positions or momentum space and a coin toss
operator to determine the direction that the walker shifts in
each step [9]. In this work, a rubidium spinor BEC subjected
to a series of periodic optical pulses, which can be described
as an atom-optics kicked rotor, is utilized to create a QW in
momentum space [10–13]. These periodic pulses construct
one-dimensional optical lattices and act as a walk operator
in momentum space. Resonant microwave pulses, entangling
two hyperfine spin states, are the coin toss operator. In contrast
to classical random walks with Gaussian distributions, QWs
distribute ballistically because atoms conducting QWs can be
in a superposition state [1,10,11]. Other advantages of QWs
studied in this paper include hitting target points faster than
classical walks, fast propagation, and entanglement between
internal and external degrees of freedom [1,14]. QWs thus
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have many proposed and realized applications in various re-
search fields including quantum information, metrology, and
topological phenomena [15].

In this work, we demonstrate that quantum walks generated
in momentum space can be stable for up to 10 steps and then
quickly transit to classical walks due to spontaneous emission
(SE) induced by the laser beams imprinting a momentum
change. The SE effects have been observed in our previous
experiments and are pervasive in other experiments utilizing
atom-optics kicked rotors [16–18]. In principle, the SE effects
could be inherently present in most experiments involving a
quantum system and the impact of these effects on quantum
measurements increases as the duration of the experiment in-
creases. To better understand the SE effects, we investigate the
SE-tuned quantum to classical walk transitions by introducing
well-controlled SE events with an additional laser which does
not interfere with the kick or shift laser used in our QW exper-
iments. Those effects are manifold since SE acts as projective
measurement in the internal electronic spin degree of freedom
of the atom. On the other hand, SE has the twofold effect on
the external center-of-mass degree of freedom of the atoms
in our BECs: First, it changes the quasimomentum and hence
the conditions of being in the QW or not, see Refs. [10,11],
and, second, it biases the QW toward the direction of the
ground state into which the electronic degree is projected.
This is also contrary to previous experiments [16] with just
one effective internal state in which SE only had an influence
on the quantum-resonance condition and hence on the external
degree of freedom. In our experiments, the probability of a SE
event and the induced decoherence appear to increase with the
evolution of time, i.e., with the number of steps in a QW. We
also confirm the SE events lead to a biased momentum dis-
tribution, which agrees well with our numerical simulations.
Our findings demonstrate a scheme to control the robustness
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of quantum walks and can also be applied to other cold atom
experiments involving spontaneous emissions [19,20].

II. THEORETICAL PREDICTIONS

Similarly to our previous works, we describe each QW step
with an operator Ûstep = T̂M̂ [10,11]. A unitary walk operator
T̂ implemented by atom-optics kicked rotors entangles the
internal (i.e., spin) and external degrees of freedom, which
leads to a momentum change of pm = mh̄P0 [10–13]. Here
P0 is the wave vector of the one-dimensional lattice, h̄ is the
reduced Planck’s constant, and m is an integer number. The
coin operator M̂, created by a microwave pulse resonant with
the transition between |F = 1, mF = 0〉 and |F = 2, mF = 0〉
states of 87Rb atoms, produces a superposition of these two
internal states. We apply a controlled amount of SE during a
QW sequence using an independently controlled laser, which
excites atoms from the |F = 2〉 ground state resonantly to

the |F ′ = 3〉 excited state. The laser coupling � = γ
√

I
2Is

is

small compared to the excited state hyperfine splitting be-
tween |F ′ = 3〉 and |F ′ = 2〉, so that the |F = 2〉 → |F ′ = 2〉
transition can be assumed to be too far detuned to create a
significant population in |F ′ = 2〉. Here I is the intensity of
the laser, Is is the saturation intensity, and γ is the decay
rate [21]. Due to selection rules, the atom can only decay from
|F ′ = 3〉 back to |F = 2〉, corresponding to a projection of
the atom onto |F = 2〉. The SE pulse is long enough that we
can assume the atom reaches the steady state (the coin pulse
should not interfere with that) meaning that the effective SE
rate γeff is given by the natural line width times the steady-
state population of |F ′ = 3〉 as follows [21],

γeff = γ

2

I/Is

1 + I/Is
, (1)

from which we get the probability of a SE event per pulse

ρ = γefftSE. (2)

Technically, γeff and ρ change during a single trajectory. The
probability of the first decay overall and in each further decay
has to be scaled down by a factor 2 since the atom will be
either exactly or close to an equal superposition of the two
ground states. So the given rate represents an upper limit, good
only for a couple of microseconds after a SE event. We esti-
mate ρ ≈ 0.35 for a SE power of 3 μW for our experimental
system, as elaborated in Sec. IV.

Since the SE light is introduced 30 μs after the start of the
coin, SE events will interrupt the coin pulse at random times,
the partial action of the coin operator in between two events
of time delay t is

ei πt
4T σ̂x =

[
cos

(
πt
4T

)
i sin

(
πt
4T

)
i sin

(
πt
4T

)
cos

(
πt
4T

)
]
, (3)

where T is the total length of the coin pulse.
This means that the state ψ of the internal degree of free-

dom at the end of the coin sequence is only determined by
the time of the last SE event t ′ ∈ [0.29, 0.58] × T and thus

given by

|ψint〉 = cos

[
π (T − t ′)

4T

]
|2〉 + i sin

[
π (T − t ′)

4T

]
|1〉. (4)

Here |1〉 and |2〉 represent the two internal states, |F =
1, mF = 0〉 and |F = 2, mF = 0〉, respectively. Equation (4)
clearly shows that SE creates an imbalance in the internal
state of the atoms toward |F = 2〉, which gets transferred to
the populations and results in a biased momentum distribution
(see our simulations in Fig. 1). The initial external states in
momentum space are given by

|ψext〉 = 1/
√

2(|n = 0〉 + eiφ|n = 1〉). (5)

Each SE event also affects the external degree of freedom by
shifting the quasimomentum q by a random amount. Contrary
to SE induced by the kicking beams [12], the atom does
not incur any recoil from the absorption of a photon from
the SE beam due to its perpendicular alignment to the walk
axis. Note that SE is not only a phase scrambling because it
affects both the internal (projection on to hyperfine levels) and
external (shifting of the quasimomentum) degrees of freedom.
Possible heating during the experiment is taken into account
during these simulations by considering an initial distribution
of the quasimomentum, 	q. This quasimomentum represents
the distribution of the BEC and is selected to best represent the
experimental conditions. Also, possible recoil from emission
is taken into account in the theoretical model.

In our simulations, we draw up to three Poisson-distributed
times and perform the partial coin operator from the largest
time that is still inside the coin duration. We also add the
corresponding amount of random recoil (here taken to be
uniformly distributed). Typical simulation results for five-step
quantum walks at two kicking strengths k are shown in Fig. 1,
which clearly show transitions from quantum walks to classic
walks as the SE probability ρ increases.

III. EXPERIMENTAL PROCEDURES

Each experimental sequence starts with a BEC of approx-
imately 4 × 104 87Rb atoms at the |F = 1, mF = 0〉 state.
The BEC is then subjected to Bragg, walk operator kicking,
and microwave pulses. A schematic outlining of the pulse
sequences is shown in Fig. 2. The walk operator kicking
pulse and Bragg pulse are realized with the same two counter-
propagating laser beams that intercept on the BEC, although
the Bragg pulse has a longer duration to drive the BEC into the
state |ψext〉 = 1/

√
2(|n = 0〉 + eiφ|n = 1〉) [10,22]. We con-

trol populations of the two internal states |1〉 and |2〉 using
the microwave (coin toss) pulses resonant with the |1〉 to |2〉
transition.

The standard QW of i number of steps is created with
a sequence of pulses described by the operator (Ûstep)i =
[T̂M̂(π/2,−π/2)]i−1[T̂M̂(π/2, π )]. To ensure that the QW
is symmetric the first coin pulse in the sequence is a
Hadamard gate, which prepares the initial internal states as
M̂(π/2, π )|1〉 = 1/

√
2(|1〉 + |2〉). For the standard QWs in

our experiments an additional phase offset is applied to the
coin microwave pulses to cancel out a global phase that acts
on the QW due to the kicking pulses [10,23]. A QW that has
the proper phase offset is referred to as phase compensated.
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FIG. 1. Simulated momentum distributions of five-step quantum walks at two kicking strengths, k = 1.45 (a) and k = 2.0 (b), averaged
over 103 trajectories with 	q = 0.025 h̄P0 at various SE probability ρ. Here 	q is the width of the quasimomentum q. Note the increasing
asymmetry as the probability ρ increases.

During the coin toss pulses a SE light with a pulse duration
of 30 μs is added to induce well-controlled SE effects onto
the QW. A walk operator kicking pulse is then applied as the
walk operator in momentum space followed by a coin toss
microwave pulse. This coin toss pulse acts on the internal
states to entangle the internal and external degrees of freedom.
To avoid interfering with the walk operator kicking pulses, the
SE pulses are set to apply only during the microwave coin
pulses. This sequence of a coin toss pulse followed by a delta
pulse is then repeated until QWs for i number of steps are
recorded and time-of-flight images are taken via the standard
absorption imaging method [10,23].

IV. RESULTS AND DISCUSSIONS

Figure 3 shows the effects of SE on a five-step QW in
which the phase of the walk is noncompensated although the
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FIG. 2. Schematic diagram showing the sequence of various
optical and microwave pulses used in our experiments. (a) The
sequence of SE pulses each with a duration of 30 μs. (b) The se-
quence of the walk operator kicking pulses. (c) The sequence of the
Hadamard gate and coin toss microwave pulses. The time duration
of each of these pulses is 103.04 μs. (d) The sequence of the Bragg
pulse with a duration of 103.04 μs. Axes are not to scale.

phase of the microwave pulses is held constant throughout the
data run. The walk operator kicking pulse strength during the
noncompensated QWs is kept at k = 1.45, which has been
proved to yield ideal QWs [10,23]. The time-of-flight images
shown in Fig. 3(a) indicate that the population of the atoms
shifts toward the positive momentum states as the SE prob-
ability ρ increases. This observation confirms the prediction
of Fig. 1, i.e., SE creates an imbalance in the internal state of
the atoms toward the |2〉 state leading to a biased momentum
distribution because the projection of the |2〉 state moves in
the direction of positive momenta. This shift in momentum is
quantitatively analyzed in Fig. 4(c). In addition, the overall
population of atoms present also decreases as ρ increases.
The effective decay rate of the QW is estimated from the
observed exponential atom losses as ρ increases [see the solid
lines in Fig. 3(b) and Fig. 3(c)]. A typical example of our SE
calibrations is shown in Fig. 3(c) which plots the condensate
fraction of a BEC versus the duration of a single SE pulse
at a fixed SE power of 3 μW. The BEC is first prepared in
the F = 2 state before being subjected to a SE pulse of light
increasing in 50-μs intervals. The exponential fitting of this
data indicates that the probability of SE events at this power
is ρ = 0.35, as shown in Fig. 3(c).

We repeat the above experiment with a properly compen-
sated QW generated at a higher kicking strength of k � 2 to
ensure that the QW distribution is broader than those created
with the lower kicking strength. We scan the SE probability up
to ρ = 0.84 with an average of eight runs per power setting.
The observed distribution of the QWs does not show notice-
able differences beyond this ρ value. Typical time-of-flight
images of the compensated QWs are shown in Fig. 4(d), which
indicate that the atoms in the compensated walks also shift
toward the positive momentum states as the SE probability ρ

increases. The decay of the QW distribution can be more eas-
ily discerned from the momentum distributions, as displayed
in Figs. 4(a) and 4(b). We also extract the mean momentum
and mean energy from the noncompensated and compensated
QW data, and respectively show them as a function of the SE
probability ρ in Fig. 4(c) and Fig. 4(e). A positive shift in the
mean momentum as the SE pulses become more powerful is
confirmed in Fig. 4(c) for both compensated and noncompen-
sated QWs. In the case of the compensated QWs the mean
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FIG. 3. (a) Time-of-flight images of a phase noncompensated five-step QW under various SE probability ρ at the kicking strength k = 1.45
and the SE pulse duration of 30 μs. (b) The number of condensed atoms versus ρ in the noncompensated QWs shown in panel (a). (c) The
condensate fraction versus SE pulse duration for a single BEC subjected to a pulse of SE light with a power of 3.0 μW. Solid lines in panel
(b) and panel (c) are exponential fits (see text).

momentum is initially negative due to the phase of the applied
microwave coin pulses being larger than 2π thus causing an
initial bias toward negative mean momentum. For a standard
QW in our experiments this phase on the coin microwave
pulses is normally below (2k + π ) to cancel out a global
phase that acts on the QW due to the kicking pulses [10,23].
Although this bias can adversely affect the momentum dis-
tribution of a QW that evolves in time, it does not prevent

the observation of the positive shift in mean momentum as
the SE probability ρ increases. This is because the same
microwave coin phase is applied throughout an experiment as
the SE probability is scanned. On the other hand, Fig. 4(e)
implies the mean energy remains constant for the compen-
sated QWs as the SE probability ρ increases within the range
of 0 to 0.85, which agrees with our simulations shown in
Fig. 5(b).
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Our data in Fig. 3 and Fig. 4 indicate that the quantum to
classical walk transitions happen at around ρ = 0.58, much
lower than the maximum SE probability studied in this paper.
To clearly demonstrate the transition of walks from displaying
quantum to classical behaviors under the applied SE pulses,
we conduct similar experiments on walks of various num-
bers of steps. For each step, the kicking strength is kept at
k = 1.4 to reduce the probability of extra SE events induced
by the kicking beams. The mean energy extracted from these
experiments is plotted as a function of the QW steps for
various ρ in Fig. 5(a), which shows that the mean energy
increases with increasing number of steps at a rate R. Each
data set in Fig. 5(a) is fit with a linear function and the
rate R is calculated and tabulated in Fig. 5(c). The rate R
appears to increase as ρ reduces and reach the largest value
at ρ = 0, as shown by the red markers in Fig. 5(a) and in
Fig. 5(c). Our observations shown in Fig. 5 agree well with
a predicted signature of quantum to classical walk transitions,
i.e., QWs have larger mean energy than classical walks at a
given step because QWs distribute ballistically while classical
walks follow Gaussian distributions [1,10,11]. Figure 5 thus
indicates that the QWs gradually transit to classical walks with
less mean energy as the applied SE effect becomes powerful
enough to destroy the entanglement of the two internal spin
states. These results suggest that the rate R could potentially
be used as a good indicator for the quantum to classical walk
transitions especially if only small numbers of walk steps
are achievable. We also conduct theoretical simulations using
similar parameters and typical simulation results are shown
in Fig. 5(b) and Fig. 5(c). These simulations confirm that the
rate R reduces as the SE probability ρ increases, leading to
an increased difference in the mean energy among simulated
data taken under various ρ at a high-enough step, as clearly
demonstrated by the six-step and eight-step data in Fig. 5(b).
Good theory-experiment agreements demonstrated in Fig. 5

thus suggest that the rate R can be an observable to quantify
quantum to classical walk transitions. Figure 5 also shows that
QWs are able to maintain their robustness when the number
of steps is lower than five.

V. CONCLUSIONS AND OUTLOOK

We have presented quantum to classical walk transitions
tuned by spontaneous emissions. The SE rate is derived from
the observed atom losses during QWs. We have demonstrated
that the addition of the SE light yields quantum to classical
walk transitions and leads to biased momentum distributions,
which can be well explained by our numerical simulations
in both the compensated and noncompensated QWs. Our
findings suggest a scheme to control the robustness of the
quantum walks and demonstrate that the effects of the SE
light are intrigue. While a SE event acts as a projective
measurement on the internal spin degree of freedom, its effect
on the external motion, that is the actually observed quantity,
is direct by a change of the necessary resonance conditions
for the QW, but also indirect since the motion becomes biased
into the direction into which the ground state likes to move.
Hence, for the center of mass of our atoms, SE is not a strong
but rather a weak form of quantum measurement, with the
internal state acting as an ancilla that is actually strongly
measured. Many SE events will then necessarily have a larger
effect than just one SE event since they bias more the walk
into one direction of the external motion. Similar ideas have
been put forward, e.g., in Ref. [24]. In conclusion, our results
open further possibilities of utilizing the tunable SE light
to engage on the theory of measurements in experimentally
easily accessible quantum systems.
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