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Uninhibited control of the complex spatiotemporal quantum wavefunction of a single photon has
so far remained elusive even though it can dramatically increase the encoding flexibility and thus
the information capacity of a photonic quantum link. By fusing temporal waveform generation
in an atomic ensemble and spatial single-photon shaping, we hereby demonstrate for the first time
complete spatiotemporal control of a propagation invariant (2+1)D Airy single-photon optical bullet.
These correlated photons are not only self-accelerating and impervious to spreading as their classical
counterparts, but can be concealed and revealed in the presence of strong classical stray light.

In the quest for boosting the information capacity and
security of tomorrow’s quantum communication links,
considerable effort has been made towards harnessing the
properties of entangled flying photons within their avail-
able degrees of freedom, e.g. frequency, polarization, and
orbital angular momentum, to mention a few [1–6]. Re-
markably, the spatial and temporal degrees of freedom—
perhaps the most archetypical ones—have not been si-
multaneously exploited in generating robust propagation
invariant information-carrying wave packets [7].

One of the most prominent members of such non-
spreading wavefronts is that associated with self-bending
optical fields: the Airy beam. Unlike any other class
of nondiffracting waves that relies on conical superposi-
tion [8], these intriguing self-healing waves tend to freely
propagate with minimal expansion while their intensity
features move in a self-similar manner along curved tra-
jectories. After their experimental observation, Airy
beams [9] have found numerous applications in opti-
cal and electron microscopies [10–12], plasma genera-
tion [13, 14], ultrafast optics [15] and hot atomic va-
pors [16], as well as in microparticle manipulation [17,
18]. Even though their extraordinary attributes have
been extensively investigated within the realm of clas-
sical optics [19], the same is not true for their quantum
counterparts.

In recent years, nonclassical Airy beams have been
demonstrated through spontaneous parametric down-
conversion (SPDC) in nonlinear crystals [20–22] in the
spatial but not in the temporal domain. Evidently,
merging Airy quantum wave packets in space and time
can be used to synthesize spatiotemporal photon bul-
lets [23] that can traverse homogeneous space spatially
undistorted while also being impervious to temporal dis-
persion. Generating a nonclassical photon bullet is by
no means a straightforward task given that the photon

statistics always reflect the quantum/classical nature of
the optical source, even when dimmed at extremely low
levels. Realizing optical bullets [9, 15] in quantum set-
tings will require altogether new strategies for single-
photon manipulation.
In this work, we demonstrate for the first time in the

quantum realm spatiotemporal Airy wave packets. This
is achieved using heralded single photons with subnat-
ural linewidth and thus long coherence time, produced
in an atomic medium by transferring the spatial degree
of freedom into the temporal domain (space-time morph-
ing) [24]. We show that these single-photon wave packets
can be retrieved even when embedded in noisy environ-
ments. Our methodology allows one to synthesize in a ro-
bust and versatile manner arbitrary quantum nonspread-
ing spatiotemporal light bullets and in this respect could
have ramifications in a broad range of applications such
as quantum imaging, long-distance quantum communi-
cations, and multidimensional information encoding.
To generate pairs of entangled photons we use an elon-

gated cloud of Doppler cooled rubidium atoms, as shown
in Fig. 1a. The atoms are prepared to the lowest hyper-
fine manifold |1⟩ in a two-dimensional magneto-optical
trap (MOT). After MOT loading, the atoms are released
and a 1.0ms of biphoton generation via spontaneous four-
wave mixing (SFWM) takes place. A pump, ωp, and a
control beam, ωc, generate entangled Stokes, ωS , and
anti-Stokes photons, ωAS , as shown in the four-level sys-
tem of Fig. 1b. The emission of the generated photons
by the opposite ends of the cloud is determined by the
phase matching condition along the elongated atomic
trap [24]. The transverse spatial profile of the pump
beam is shaped into a one-dimensional Airy beam by a
spatial light modulator (SLM), as shown in Fig. 1a. The
Stokes photons act as a trigger to herald the slow anti-
Stokes photons which are delayed by τ . Subsequently, the
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FIG. 1. Experimental scheme for the observation of spatiotemporal Airy biphotons. (a) Optical setup. Two classical circularly
polarized (σ), counter-propagating beams with frequencies ωp (Airy) and ωc (Gaussian) generate circularly polarized Stokes,
ωS , and anti-Stokes, ωAS , entangled photons via spontaneous four-wave mixing. A space-to-time mapping generates nonclas-
sical temporal Airy biphotons Ai (τ). The ωAS photons are subsequently shaped into a nondiffracting Airy wave packet to
form a three-dimensional spatiotemporal photon, Ai (x)Ai (y)Ai (τ). Single-photon counting modules (SPCM) register the
photons that have been filtered by Fabry-Pérot (FP) cavities. A classical noise pattern is superimposed for correlated photon
concealing. (b) Double-Λ configuration for spontaneous four-wave mixing. The 780 nm 1D-Airy pump beam, ωp, has a detuning
of ∆p = 120MHz, while the 795 nm coupling beam, ωc, is on resonance. The twin photons ωS (780 nm) and ωAS (795 nm)
are spontaneously emitted. (c) Simulated formation of spatiotemporal quantum Airy wave packets as the photon number is
increased. The temporal (left) and the spatial (right) wave packets emerge simultaneously.

time-modulated anti-Stokes photons are spatially manip-
ulated by an SLM.

A longitudinally uniform coupling beam is combined
with a far-detuned and weak pump beam. The photon
pairs are simultaneously created via SFWM from single
atoms. Since the Stokes photons are far-detuned from the
atomic resonance, they fly throughout the cloud with the
speed of light. Conversely, the anti-Stokes photons are
on-resonance, and experience the slowing effect stemming
from electromagnetically induced transparency (EIT).
When the EIT window is well within the third-order
nonlinear susceptibility spectrum, χ(3)(ω), the biphoton
wavefunction ψ (τ) is [24, 25]:

ψ (τ) ∝ χ(3) (0)EcEpVgfp

(
L

2
− Vgτ

)
, (1)

where Vg, is the group velocity of the anti-Stokes pho-
tons with a group delay τg = L/Vg = 2γ13OD/|Ωc|2 in
an L-long cold atomic ensemble with a natural linewidth
γ13 for the transition |1⟩ → |3⟩. In this case the optical
depth is OD, and Ωc is the Rabi frequency of the cou-

pling beam. Meanwhile Ep and Ec represent the electric
field amplitudes for the pump and the coupling beam
while fp (z) expresses the z-dependence of the pump,
i.e., Ωp (z) = Ωpfp (z), with fp (z) being normalized as∫ L/2

−L/2
|fp (z) |2dz/L = 1. Specifically, for an Airy-shaped

pump fp (z) is proportional to Ai (z/z0) exp (az/z0), with
z0 being a length scale and a a containment constant.
The physical mechanism determining the space-to-

time mapping of the pump light into the desired wave-
form for the Stokes/anti-Stokes biphotons is elucidated
in Eq. 1. It acts as a spatial multiplexing scheme con-
trolled by the pump beam, and it is fundamentally differ-
ent from the direct—but lossy—temporal reshaping, by
electro-optic modulation [26].
Shaping the spatial wavefunction of the generated Airy

biphotons can conveniently rely on methods from linear
classical optics, and hence, the (2+1)D biphoton source
reported here can be exploited for generating a number
of nonclassical spatiotemporal wave packets. A three-
dimensional space-time Airy wave packet has the separa-
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FIG. 2. Observation of temporal Airy biphotons. (a) Temporal Airy biphoton. Normalized counts of the observed biphotons
(shaded pink), numerically predicted waveform (orange solid line) for OD = 150 and Ωc = 2π × 10MHz, and analytical
prediction, from Eq. 1, (dash dotted green line) for a pump having a beam profile fp (z) = Ai (z/z0) exp (az/z0), with z0 =
18.7mm, and a ≈ 0.1. (b) (top) Two- and (bottom) three-lobe Airy waveforms (shaded pink) and their corresponding self-

correlations, g
(2)
c (τ) (black squares). The biphoton generation rate for the two- and three-lobe waveforms during the SFWM

is 470 s−1 and 374 s−1. The error bars are calculated from the one standard deviation of the photon counts. (c) Locally
probing the biphoton phase. Observed normalized counts when the Airy pump is imposed as a whole (shaded pink), with only
the first lobe (shaded green), and only the second lobe (shaded blue). (d) Simulated (dash dotted green line), and analytical
(orange solid line) Airy waveforms for high optical depths (OD = 500). Experimentally obtained (e) temporal waveform density
|ψ (τ) |2 as a function of OD and fixed Ωc = 2π× 10MHz, and (f) temporal waveform as a function of the normalized coupling
Rabi frequency |Ωc|/γ13 for OD = 150. The curves overlaid on the experimental data highlight the maximum (solid) and the
half-maximum as determined by numerical simulations. The same colormap is used throughout the paper.

ble form:

|Ψxyτ ⟩z=0 =
∏

s=x,y,τ

Ai (s/s0) exp (ass), (2)

where s0 = x0, y0, and τ0 are the spatial and temporal
widths of the single-photon Airy wavefunction, while the
as for s = x, y, τ are the corresponding exponential de-
cay parameters. This nonclassical photon wavefunction
inherits the properties of the Airy wave packet [9, 19],
such as nondiffraction and transversal self-bending for
the spatial mode. Importantly, it also exhibits nondis-
persion and longitudinal acceleration for the temporal
component, and self-healing as was demonstrated in [27],
and only recently in the quantum realm [22]. Fig. 1c con-
ceptually illustrates the photon-by-photon formation of
nonclassical spatiotemporal Airy wave packets.

To generate temporal Airy biphotons, we use a one-
dimensional classical Airy-shaped pump, by Fourier
transforming a wide Gaussian beam on which we have
imprinted a cubic phase by an SLM. The characteris-
tic Airy shape is clearly observed , Fig. 2a, in excellent
agreement with the numerical simulations [28]. In addi-
tion, our results conform with the analytical predictions,
directly from Eq. 1, for a medium with optical depth of

150 and a peak Rabi frequency for the coupling beam of
Ωc = 2π × 10MHz. We note that in the first 30 ns we
observe a precursor pulse [29].
To probe the nonclassical features of the generated

Airy photons, we measure by Hanbury Brown-Twiss in-

terference the photon self-correlation, g
(2)
c , for two dif-

ferent pump shapes, as shown in Fig. 2b. In both cases

we measure g
(2)
c < 1, thus verifying their nonclassical na-

ture [28]. The experiments of Fig. 2c, reveal the spatial
origin of the temporal modulation of the biphotons and
provide additional evidence on the manipulation of their
complex (amplitude/phase) waveform. A π phase dif-
ference leads to zeroing of the wavefunction amplitude,
approximately at the location where the first and the
second lobe would be equal in isolation. As displayed in
Fig. 2d, increasing the atomic density [30] can lead to an
even denser time-binning.

To establish the versatility of the implemented method,
we have engineered the temporal biphoton shape by vary-
ing OD and Ωc. The respective experimental results are
shown in Figs. 2e, and f. In Fig. 2e, when the atomic den-
sity is increased a pronounced Airy waveform emerges. In
Fig. 2f, it is evident that coupling power can quadrati-
cally reduce the group velocity of the photons and pro-
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FIG. 3. A three-dimensional spatiotemporal Airy photon.
Isosurface of (a) the experimentally observed |ψxyτ |2 of the
Airy biphotons, and (b) the corresponding theoretical wave
packets. The isosurfaces range from 0.1 to 1.0. The vec-
tor lengths represent x, y, and τ scales of 100 µm, 100 µm,
and 200 ns respectively. A projection of the photon probabil-
ity density (c) for the temporal τ and spatial y distribution
along the x−axis, and (d) for the two-dimensional spatial
x, y−distribution along the time axis τ . (e) Observation of
the z−propagation of the spatially self-bending nonclassical
Airy photons along the diagonal (x = y). The theoretically
expected parabolic trajectories (solid for the maximum and
dashed for the half-maximum) are overlaid.

portionally shrink their temporal width. Additional the-
oretical results are presented in [28].

In Figs. 3a, b the experimentally obtained spatiotem-
poral Airy photons are presented along with the corre-
sponding theoretical ones. We note that this is the first
realization of a single-photon nonspreading optical bullet
in the quantum realm. These (2+1)D Airy wave pack-
ets have been observed in the classical regime of extreme
nonlinear optics where the photons per pulse can exceed
1014 [14]. A complementary way of generating quantum
Airy optical bullets without utilizing the slow light effect
as is in our work would require combining the techniques
reported in [4, 15]. A noteworthy difference is that for
the atomic systems the spectral brightness is particularly
high because of the sub-MHz EIT widths.

The projection of the spatiotemporal Airy photons on
the temporal, τ and spatial dimension y, as seen from
the x−direction, is shown in Fig. 3c, while the comple-
mentary spatial photon shape is shown in Fig. 3d where
ax = 0.1 and x0 = 100 µm. The self-bending propaga-
tion of the single photons is shown in Fig. 3e, and is
observed by introducing an additional quadratic phase,
which is equivalent to the phase term appearing in Fres-
nel diffraction [28]. Our method enables us to freely syn-
thesize nonclassical spatiotemporal wave packets.

The nondiffracting and accelerating properties of the
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FIG. 4. Concealing correlated nondiffracting photons in clas-
sical light noise. (a) Airy to noise ratio α/β as a function
of time window tw. Blue and red lines show two measure-
ments with different classical noise powers. The inset depicts
a typical biphoton waveform for a Gaussian pump. The blue
arrow corresponds to image (b) for tw = 0.2 µs of collecting
heralded photons, and (c) is the concealed photon pattern
when no trigger was used. (d) Propagation of nondiffracting
correlated Airy photons over classical noise. When triggering
of Stokes photons is used the self-bending of Airy photons is
clearly visible. (e) Propagation of uncorrelated thermal Airy
photons over classical noise. Without triggering the strong
noise masks the Airy light. The overlaid theoretical curves
indicate the peak (solid) and the half-maximum (dashed).

spatial Airy beams can now be complemented by their
quantum realization. We have taken advantage of pho-
ton correlations to camouflage Airy-shaped photons in
the presence of classical photon noise. The superimposed
pattern of noise is introduced by Fourier-transforming
a weak laser beam by a pseudo-random distribution of
disks imprinted on a phase-only SLM [28]. Fig. 4a quan-
titatively demonstrates a crossover from the quantum to
the classical regime where the noise overshadows the de-
tected signal [28]. α/β represents the ratio of photons
in the Airy, α, and in the classical noise pattern, β. Ex-
perimentally the ratio α/β is extracted by projecting the
whole observed pattern to the predetermined Airy and
noise profiles [28]. Fig. 4b shows a pure Airy photon
distribution even in the presence of classical noise. An
observer without access to the trigger photons would de-
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tect noise-dominated patterns as the one in Fig. 4c.
It must be noted that this quantum illumination be-

havior [31, 32] is not unique to nondiffracting beams. The
novelty here is the photon correlations are combined with
the spreading resilience of spatial Airy photons. This re-
silience allowed us to observe propagation dynamics of
Airy photons despite the noise background as illustrated
in Figs. 4d, e. The nondiffracting Airy photons can be re-
vealed, by exploiting the correlations, after propagation
as shown in Fig. 4d. Even though, the speckled pattern
was selected to have spatial features in the same scale
as the Airy wave packets it diffracts dramatically faster.
Fig. 4e illustrates that without exploiting the correlations
for so strong noise (more than a factor of 10 compared
with the Airy shaped thermal light) the Airy pattern is
unretrievable.

In this work, we have demonstrated for the first time
spatiotemporal control of single photons in the form of
quantum Airy wave packets, by merging quantum op-
tics in cold atomic ensembles and nondiffracting spatial
photonics. A mapping of the longitudinal modulation of
a classical pumping beam has enabled us to sculpt the
complex temporal wavefunction of the heralded photons,
while their spatial degrees of freedom were controlled
by subsequent transverse shaping. In addition, we have
utilized the general concept of quantum illumination to
demonstrate the interplay between temporal correlation
and nondiffraction. For quantum communications non-
diffraction [9] can extend the distance before noise starts
dominating the optical signal and leads to larger than
unity self-correlations, while it can be combined with en-
tanglement self-healing and act as an excellent filter for
long-distance optical communications [33, 34]. Quantum
imaging can benefit by combining an Airy point spread
function as was utilized in [10, 11] with photon post-
selection. As to other future directions, a second atomic
ensemble or a crystal [35] with steep spectral features,
as the ones encountered in electromagnetically induced
transparency, can lead to the observation of spatiotem-
poral dynamics of single-photon bullets. Our work can
shed light on important quests such as imaging and mul-
timode information storage and encoding in the quan-
tum regime [36, 37]. Finally, generating abruptly autofo-
cusing quantum wave packets [18, 38], and nonparaxial
single-photon bullets [4, 15] is another exciting possibil-
ity [39, 40].
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