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The generation of spatiotemporal optical wave packets that are
impervious to both dispersion and diffraction has been a fasci-
nating challenge1. Despite intense research activity, such loca-
lized waves, referred to as light bullets, have remained elusive.
In nonlinear propagation, three-dimensional light bullets tend
to disintegrate as a result of inherent instabilities2,3. Three-
dimensional wave packets that propagate linearly have been
reported4–9, but their utility is severely limited by the need to
tailor the wave packet precisely to material properties. To over-
come these limitations, we explore a new approach based on
the one-dimensional Airy wave packet10. Here, we report the
first observation of a class of versatile three-dimensional
linear light bullets, which combine Bessel beams in the trans-
verse plane with temporal Airy pulses. Their evolution does
not depend critically on the material in which they propagate,
and the consequent versatility will facilitate their study and
applications ranging from bioimaging11 to plasma physics12.

Any localized wave packet tends to broaden in space and time
under the combined actions of diffraction and dispersion, which
are universal physical processes1. Methods to overcome the often
undesirable consequences of these two effects have been pursued
since the early days of lasers. In 1990, Silberberg proposed the use
of self-action nonlinearities to simultaneously arrest dispersion
and diffraction3. In this regime, light bullets correspond to three-
dimensional (3D) solitons, propagation-invariant solutions of
their respective evolution equations with particle-like properties.
A major challenge arises from the fact that a single nonlinear
process is responsible for balancing two linear effects simul-
taneously. These self-trapped bullets can only exist as ‘spherical’
spatiotemporal entities, that is, only when the effects of diffraction
and dispersion are exactly equal2. In addition, the ultrafast electronic
nonlinearity responsible for self-focusing is supercritical, so 3D
soliton bullets are by nature highly unstable; the wave packet
either disperses or disintegrates during propagation13. As a conse-
quence of these issues, 3D optical solitons have never been pro-
duced, and the generation of stable spatiotemporal solitons in
even two-dimensional (2D) settings is achieved only in specific
materials and with complicated experimental arrangements14.
Nonlinear approaches generally require very high peak powers,
which add to the challenge and will be undesirable in possible
applications in which delicate materials such as biological tissue
are to be probed. Thus, although the generation of 3D spatio-
temporal solitons is a major scientific goal, we are motivated to con-
sider other 3D localized waves.

Linear optics may provide an alternative route to the realization
of 3D light bullets. Several diffraction/dispersion-free field configur-
ations have been identified, with the Bessel beam15,16 perhaps being
the best known. Non-diffracting beams can propagate over many
Rayleigh lengths without any appreciable change in their intensity
profiles. This property is used in applications such as optical

tweezing17, the generation of plasma channels18, material modifi-
cation19 and microlithography20. The availability of 3D localized
wave packets would extend this list to settings that benefit from
invariant temporal profiles. For example, a 3D light bullet is evi-
dently the ideal field configuration for recently developed optical
projection tomography, which has the potential to image to much
greater depths than confocal microscopy21. If the group-velocity dis-
persion is normal (anomalous), linear light bullets in the form of
X-waves6,7 (O-waves8,9) are possible . Like their soliton counterparts,
these waves can only exist if the diffraction and dispersion lengths
are equal. In addition, the space and time variables are intertwined
in these solutions, which makes their synthesis challenging.
Sophisticated techniques for coupling the temporal (spectrum)
and spatial (cone angle) profiles underlie the invariant propagation
of the so-called Bessel-X pulses5. Clearly, sufficiently detailed
knowledge of the optical properties of the propagation medium is
a prerequisite to the generation of such 3D states. The only way
to circumvent this problem is to disengage space and time.

Separation of the 3D spatiotemporal problem into elemental
constituents requires at least one one-dimensional (1D) disper-
sion/diffraction-free wave packet. Such non-dispersing solutions
do exist in the form of Airy functions, and in fact the Airy functions
are unique: they are the only possible dispersion-free solutions
in one dimension22,23. It is only recently that Airy beams have
been realized in optics10,24.

In this Letter we report the generation of Airy–Bessel wave
packets, first envisioned theoretically in ref. 24, that propagate
without spreading despite diffraction and dispersion. Temporal
self-healing and free acceleration, which are signatures of these
wave packets, are demonstrated. These spatiotemporal waves are
possible for either sign of dispersion and do not require equalization
of diffraction and dispersion. This class of robust and versatile waves
can be used in ultrafast probing or imaging in media with poorly
known or dynamically varying properties.
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Figure 1 | Experimental schematic. 3D plots comprising iso-intensity contour

plots of Gaussian–Gaussian (initial profile), Airy–Gaussian (after adding a

large cubic spectral phase) and Airy–Bessel (after the axicon) wave packets.

f, v and vg are phase, optical frequency and group velocity, respectively.
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The equation that governs the linear spatiotemporal evolution of
an optical field E is
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where z is the propagation axis and t¼ t 2 (z/vg) is time in a refer-
ence frame moving at the group velocity vg of the wave. The second
term in equation (1) accounts for diffraction, and the last term
describes dispersion. k¼ von(vo)/c (n is the index of refraction, c
is the speed of light, and vo is the centre frequency) is the wave
number and ko

0 0
¼ @2k/@v2 is the dispersion coefficient of the

medium evaluated at vo. Equation (1) admits an invariant, separable
solution with intensity profile24
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Io is the peak intensity, J0(x) and Ai(x) are Bessel and Airy functions
respectively, r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
, 1¼+1 determines the direction of the

Airy function envelope, and ro and to determine the radial and tem-
poral widths of the wave packet, respectively. An iso-intensity
contour of this wave is shown in Fig. 1. Unlike other types of self-
localized waves, these bullets exist without dispersion/diffraction
equalization (that is, for any values of ro and to) and for either
normal (ko

0 0
. 0) or anomalous (ko

0 0
, 0) dispersion. The bullet can

be launched with its main lobe at the front (1¼21, as in Fig.1),
in which case it will accelerate in time, or tail-first (1¼ 1), in
which case it will decelerate. Other families of localized solutions
are possible. These include Airy temporal packets coupled with
other 2D non-diffracting beams (higher-order Bessel or Mathieu
beams, and so on4,25) or even an Airy–Airy–Airy configuration.
These wave packets will require more complicated arrangements
than the single optic used to produce a Bessel beam, but they may

have interesting and useful features. For example, the Airy–Airy–
Airy wave packet will follow a curved trajectory, which may be
useful for some applications26.

Techniques for producing Bessel beams are established15, so we
first address the temporal profile. The creation of an Airy beam or
pulse relies on the fact that the Fourier transform of the exponen-
tially apertured Airy function is a Gaussian amplitude spectrum
with a cubic phase, c(v)� exp(2av2)exp(ibv3), where a deter-
mines the spectral bandwidth and b determines the cubic phase10.
We find that a grating–telescope combination in a standard con-
figuration for controlling group-velocity dispersion offers a simple
and convenient way to impress the required spectral phase on a
short light pulse. A fibre laser generates a broadband spectrum
with a large quadratic spectral phase. A small portion of this
pulse is split off and compressed to the Fourier-transform limit of
�50 fs, for use as a reference pulse in measurements. A grating–
telescope combination compensates the quadratic spectral phase
completely, and impresses an adjustable cubic phase on the main
pulse, to create the Airy profile.

The intriguing features of the Airy pulse are revealed by recording
the cross-correlation with the reference pulse after various propa-
gation distances. Figure 2a, b shows the Airy pulse and the theoretical
cross-correlation, respectively. The synthesized Airy pulse (Fig. 2d)
consists of a main lobe of duration �100 fs, followed by a series of
smaller peaks. By inverting the sign of the cubic phase, an Airy
pulse with the smaller peaks preceding the main lobe (1¼ 1) can
also be created. Figure 2e–g shows the profiles of the Airy packet
after propagation through 25, 50 and 75 cm of silicate glass (BK7).
The main lobe is almost invariant over this range. These distances
correspond to 2, 4 and 6 characteristic dispersion lengths (Ld¼ to

2/ko
0 0
,

where to is the half-width at 1/e-maximum pulse duration), so a
Gaussian pulse with the duration of the main lobe would have
broadened by a factor of 6 in the same propagation distance. Note
that, without the cubic phase being impressed on the broad spectrum,
the pulse would broaden by a factor of 24 after propagation through
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Figure 2 | Non-dispersive propagation, free acceleration and self-healing of an Airy pulse. a, Theoretical Airy pulse. b, Cross-correlation (XC) of the

theoretical pulse with a reference pulse. c, Measured (symbols) and theoretical (line) temporal shift of the peak of the Airy pulse with propagation. d–g, The

Airy pulse after dispersive propagation through 0 (d), 2 (e), 4 (f) and 6 (g) dispersion lengths (Ld). h–k, Self-healing of the Airy pulse: injured Airy pulse (h);

gradual healing of its peak at 2 (i), 4 ( j) and 6 (k) Ld.
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the same distance. These features are observed irrespective of whether
the Airy pulse experiences normal or anomalous dispersion. A note-
worthy property of Airy packets is their ability to accelerate freely
during propagation without violating Ehrenfest’s momentum
theorem23. Spatial acceleration was recently used in the production
of curved plasma channels26. To study their temporal acceleration,
the Airy and reference pulses were arranged to propagate collinearly
through the glass. The Airy pulse was delayed by 2 ps with respect to
the reference pulse, and the relative delay between the pulses was
recorded versus propagation distance in the glass. The peak of the
Airy pulse follows a parabolic trajectory in time, as expected theoreti-
cally (Fig. 2c). The acceleration refers to the local features of the pulse;
the temporal position of its centroid is invariant. Finally, Airy wave
packets exhibit remarkable ‘self-healing’ after distortion27,28. Because
its duration is only �100 fs, it is technically difficult to modulate
the Airy pulse in the time domain. Intuitively, the cubic phase
delays both the low- and high-frequency components of the pulse,
so the central part of the spectrum corresponds to the main temporal
lobe. By filtering out the centre of the spectrum, the main temporal
peak can be selectively attenuated to ‘injure’ the packet (Fig. 2h).
The main peak and the overall pulse shape are restored during the
propagation through 25–75 cm of glass (Fig. 2i–k). The secondary
pulses serve as an energy reservoir to restore the primary lobe of
the Airy packet. These measurements clearly demonstrate the key
features of the Airy pulse.

To obtain the Airy–Bessel wave packet, we then convert the
spatial wavefront into a Bessel beam. The output of the fibre laser
is a pristine Gaussian beam approximately 1 mm in diameter,
which is unaffected by the conversion to the Airy temporal
profile. The Airy–Gaussian beam was converted to an Airy–Bessel
wave packet by a beam-expansion telescope and an axicon lens29

with 1798 apex angle (Fig. 1; see Supplementary Fig. S1).
The propagation of the Airy–Bessel wave packet through a glass

with large refractive index and dispersion (Schott SF14, Corning;
see Supplementary Information) was monitored simultaneously
by cross-correlation for the time profile and a charge-coupled
device (CCD) camera for the spatial distribution. The profiles of
the initial Airy–Bessel wave packet are shown in Fig. 3a. The dia-
meter of the central lobe is �180 mm, and the pulse duration is
�100 fs. Figure 3b, c shows that the spatiotemporal profile is
maintained after propagation through 5, 10 and 15 cm in the
glass, respectively. A single pass through the glass sample corres-
ponds to 1.3 diffraction lengths (LR¼ pnro

2/l, where ro is the
beam radius, n is the index of refrection and l is the wavelength)
and 1.8 dispersion lengths, with additional �1.2 diffraction length

contribution from the free space propagation to the CCD camera.
Thus, a wave packet with Gaussian spatial and temporal profiles cor-
responding to the main lobe of the Airy–Bessel wave packet would
have broadened by a factor of 7.5 in space and 5.5 in time after
passage through 15 cm of glass. The intensity of the corresponding
Gaussian pulse/beam would fall by a factor of �250. In addition,
these results illustrate an important feature of these linear light
bullets: there is no need to precisely tailor the dispersion and dif-
fraction lengths. The flexibility that is possible in producing these
linear bullets will undoubtedly facilitate their use in applications.
Fundamentally, the Airy–Bessel wave packet in Fig. 3 can have
�10% of the energy of the original Gaussian–Gaussian wave packet
in the main spatiotemporal lobe. The energy required to synthesize
the Airy–Bessel packet may be a limitation for some applications.

The specific role of the Airy temporal profile can be illustrated by
visualizing the propagation of the Airy–Bessel bullet through a dis-
persive and fluorescent medium consisting of Rhodamine B dye
molecules dissolved in a solution of carbon disulphide (see
Supplementary Information). A cuvette with a path length of
10 cm in CS2 corresponds to three dispersion lengths. Because the
two-photon-excited fluorescence depends nonlinearly on the
square of intensity, the fluorescence trace constitutes a sensitive
diagnostic of the peak intensity. As a control experiment, the fluor-
escence channel generated by the corresponding Gaussian–Bessel
pulse was recorded (Fig. 4a), as in ref. 30. The non-diffracting
nature of the Bessel beam is evident, but the fluorescence decays
after �5 cm of propagation owing to dispersive broadening of the
pulse. At the end of the cuvette, the fluorescence excited by the
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Figure 3 | Propagation of an Airy–Bessel bullet. a, Initial spatial and temporal profiles. b–d, Profiles after propagation through 3.3 diffraction lengths, LR, and

1.8 dispersion lengths, Ld (b), 5.4 LR and 3.6 Ld (c) and 7.5 LR and 5.4 Ld (d). LR is the diffraction length of a beam with a diameter of 180 mm, and Ld is the

dispersion length of a 100-fs pulse.

0 5
Propagation distance (cm)

10

0 5
Propagation distance (cm)

10

a

b

Figure 4 | Two-photon-excited fluorescence in a dispersive Rhodamine-B

dye solution. a, Gaussian–Bessel wave packet with a duration of �120 fs and

diameter of 180 mm. b, Airy–Bessel bullet with a main lobe pulse duration of

�120 fs and diameter of 180 mm.
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Airy–Bessel packet is approximately five times more intense than
the fluorescence from the Gaussian–Bessel packet. This implies
that the Gaussian–Bessel packet spreads two to three times more
than the Airy–Bessel pulse, as expected.

In summary, we have generated localized optical wave packets
that propagate without broadening in time or space. The production
of these light bullets does not depend on detailed knowledge of
material properties, which will allow them to be truly versatile as
probes of light–matter interactions as well as in a broad range
of applications.
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published online 17 January 2010
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