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Space–time focusing of Bessel-like pulses
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We report on a space–time compression technique allowing for complete and independent control of the longitudinal dynamics and of the transverse pulse localization by means of spatial beam shaping. We experimentally
observe both strong temporal compression and high transverse localization, of the order of a few wavelengths, along
free-space propagation. © 2010 Optical Society of America
OCIS codes: 320.5520, 320.5540, 140.3300.

Controlling the temporal properties of a pulse by means
of spatial shaping is fundamental for a number of fields
related to light-matter interaction. For instance, active
control of pulse temporal properties by spatial shaping
has been employed for terahertz [1,2], high-harmonic,
and attosecond pulse generation [3,4].
The propagation dynamics of space–time coupled
wave packets has recently become a major issue of laser
physics. For instance, it has been related to filamentation
[5,6] and to the generation of single-cycle pulses and
high-order harmonics [7,8].
The ability to actively control, through spatial shaping,
the temporal properties of a pulse during its propagation
is a promising tool for many applications. To date, the
majority of proposals in this sense have relied on the
use of tilted pulses (TPs) that are characterized by a temporal dynamics during free-space propagation (i.e., even
in vacuum) that is due to the angular dispersion, i.e., to
the spatial properties of the pulse [9–12]. However, one
of the major drawbacks of these TP-based schemes is the
intrinsic dependence of the spatial dynamics on the temporal dynamics, i.e., it is not possible to independently
control the beam size and the pulse width, and a strong
temporal compression always comes at the expense of a
weak spatial localization [10,13].
In this Letter we report the experimental results obtained with a novel beam shaping technique relying on
the temporal focusing of a conical wave (CW), i.e., the axisymmetric counterpart of the TP (see [14] for a review).
The proposed technique allows for complete and independent control of the spatial localization at the compression
position and of the pulse duration evolution.
CWs and TP share the same temporal dynamics, with
the sole difference dictated by the different choice of the
preferential axis identifying the temporal direction [15].
In Fig. 1 a sketch of the similarities and differences
between TP and CW is shown. Note that for a CW, the
spatial localization σ b differs from the width σ g of the
Gaussian spatial apodizing envelope, while these two dimensions match, by definition, for a TP. In both cases the
temporal dynamics is determined by the angular dispersion of the frequency components, i.e., by the tilt angle δ
[9] and the width σ g (FWHM) of the Gaussian spatial apodizing envelope [10]. The novelty introduced by considering CWs instead of TPs comes from the fact that the
axial interference of the conical components induces a
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Bessel-shaped profile with width σ b (FWHM) that can easily reach the wavelength limit or less [16] (see Fig. 1).
This localization does not influence the temporal dynamics and can be varied by tuning the CW cone angle
θ of the carrier wavelength λ as follows from the relation:
jJ 0 ðπσ b sinðθÞ=λÞj2 ¼ 1=2:

ð1Þ

We have experimentally verified the possibility of controlling the pulse temporal compression and a simultaneous spatial localization down to few wavelengths by
the spatiotemporal focusing of a CW. The sketch of the
setup is shown in Fig. 2.
An input 1 mJ, 1:5 cm beam width (FWHM), 800 nm
Gaussian pulse with a spectral bandwidth supporting a
transform limited 30 fs (FWHM) pulse duration, delivered by a Ti:sapphire laser source (Trident, Amplitude
Technologies, France), is focused by means of a spherical mirror of focal length f 1 ¼ 2:5 m. After the mirror,
two different axicon (conical lens), ax1 and ax2 , are inserted in the beam path in order to introduce radially
symmetric frequency angular dispersion.
By properly choosing axicon of different materials and
with different base angles, it is possible to cancel the carrier wavevector angle, thus creating a collimated ring
with a strong angular dispersion. The distance d between
the two axicon determines the output ring radius.
For the experiment we used a fused silica, 20° base
angle, first axicon ax1 , and an SF11, 12:3° base angle,
second axicon ax2 . The distance d was set at 8 cm.
Because of the initial beam focusing, the radially symmetric angular dispersion out of the two-axicon system
translates, in the focal plane of the first mirror, i.e., at
z ¼ f 1 , into a radially symmetric spatial chirp, and the
beam is ring shaped with a central radius of nearly

Fig. 1. (Color online) Comparison between (a) TP and (b) CW
in the reference frame moving at each pulse group velocity. The
dashed/solid blue lines represent the amplitude/phase fronts,
respectively.
© 2010 Optical Society of America
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Fig. 2. (Color online) Sketch of the experimental layout.
f 1 ¼ 250 cm, f 2 ¼ 15 cm, and d ¼ 8 cm. ax1 and ax2 are the
two axicon of base angle 20° and 12:3° made of fused silica
and SF11, respectively.

12 mm. Finally, an f 2 ¼ 15 cm BK7 focal lens, placed at a
distance f 2 from the focal plane of the first lens, focuses
the chirped pulse, generating the axial interference of the
conical components, and hence a Bessel-shaped pulse, in
a propagation region called the Bessel zone (BZ) around
the lens focus. In our experimental condition the BZ was
nearly 6 mm long. In order to characterize the spatial
properties of the focused pulse and the temporal dynamics inside the BZ, we performed a spatially resolved
cross correlation in a second-order nonlinear crystal
(BBO, 10 μm thickness), i.e., a 3D-mapping [17], at different z coordinates of the BZ. The extremely short gate
pulse, namely 7 fs, was obtained by compressing the
spectral broadened radiation out of an argon-filled capillary [18] and was separately characterized by an interferential frequency resolved optical gating [19].
The experimental results are reported in Fig. 3. The
spatial intensity profile Iðx; yÞ in Fig. 3(a) is a slice of
a 3D mapping result at the temporal position of the pulse
peak intensity and for a z coordinate corresponding to
the center of the BZ. Note the nearly 3:7 μm width of the
central peak that demonstrates the extreme spatial localization. From our measurements this localization remains almost invariant for the whole BZ (data not
shown). In Fig. 3(b) a spatiotemporal slice, Iðy; tÞ, of the
same measure is reported. Finally, in Fig. 3(c) the evolution of the FWHM pulse duration inside the BZ is shown.
It is clear that the pulse duration shrinks during the propagation while the temporal oscillations are due to diffraction from the axicon system edges. By adjusting
the laser grating compressor, we were able to measure
down to 29  6 fs pulse duration (FWHM), which is
compatible to that of a transform limited pulse with
the available bandwidth. Note also that the maximum
compression is obtained at the end of the BZ. This is a

Fig. 3. (Color online) Experimental results. (a), (b) Spatial and
spatiotemporal intensities of the focused CW at the center of
the BZ, i.e., ∼3 mm, respectively. (c) Pulse duration evolution
inside the BZ.

Fig. 4. (Color online) (a), (b) Logarithmic intensity profiles of
a focusing CW. In (a) z1 ¼ 0 cm and z2 ¼ 6 cm from the f 2 ¼
15 cm lens. In (b) the pulse is in the focus. (c) Evolution of the
pulse duration τ and beam width σ at FWHM (blue dashed and
green solid curves, respectively) along the propagation. f 2 is at
z ¼ −15 cm from the center of the BZ (shaded region).

consequence of an additional phase term in the back
focal plane of f 2 due to the positioning of the two-axicon
system after f 1 .
To quantify the temporal dynamics associated to the
pulse focusing, we introduce the compression factor
γðzÞ ≡ τðzÞ=τ0 , where τ is the temporal pulse duration
(FWHM) at a distance z from the focusing lens, while
τ0 is the shortest pulse duration achieved during the focusing. We note that, because of the small ∼4:5°, average
cone angle, the geometrical correction linking τ0 to τ00 (as
in Fig. 1) is negligible.
The specific choice of the experimental parameters for
the proposed setup influences both the temporal and the
spatial behavior of the focusing CW. For instance, by
changing the distance between the two axicon, it is possible to control the carrier cone angle of the CW in the
focal plane of f 2 , thus controlling the spatial localization
according to Eq. (1). On the other hand, the temporal
evolution can be analytically described, as reported in
Eqs. (3)–(5) of [10]. Specifically, increasing the input
Gaussian beam width or increasing the tilt angle of the
CW, e.g., by reducing the magnification f 2 =f 1 of the telescope, will increase the compression factor γ. It is thus
clear that the proposed system allows for an independent
control over the temporal dynamics and spatial localization. In addition, note that for the chosen set of parameters, the value of γ within the BZ is more than 5. In contrast, a TP of 3:7 μm width, featured by a tilt angle of
nearly 10°, similar to the experiment, would exhibit no
appreciable temporal dynamics. For the sake of clarity
we illustrate the results of focusing a spatially chirped
ring pulse by means of a numerical simulation obtained
with a linear, nonparaxial, spectral propagator, assuming
the thin-lens approximation. The results are reported in
Fig. 4, for input parameters compatible to our experimental setting.
In Fig. 4(a) the spatiotemporal intensity of the pulse at
z1 ¼ 0 cm and z2 ¼ 6 cm far from the lens is reported in
logarithmic scale, respectively, while in Fig. 4(b) the
same is shown at the focus. It is clear that the pulse
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shrinks both spatially and temporally as it propagates toward the focus, a Bessel modulation appears on axis and
the pulse is X shaped. In Fig. 4(c) the beam width σ
(FWHM) and the pulse duration τ are shown with solid
and dashed curves, respectively. Note that, when the
conical components start to interfere on axis, i.e., in the
BZ (shaded region), the beam width suddenly decreases
to the ∼3:7 μm value, while the temporal dynamics is featured by a further compression of nearly γ ¼ 3, not
achievable with such a spatial localization in the TP configuration. We point out that, in order to obtain a quantitative agreement with the experimental measurements,
some of the assumptions underlying the numerical results here reported have to be removed, for instance,
the thin-lens approximation, and also the propagation
through the two-axicon system should be fully modeled.
Note that the pulse duration in the numerical simulation
reaches a minimum at the center of the BZ, while in the
experimental results of Fig. 3(c) the already mentioned
residual phase term imposes a shift of the compression
point at the end of the BZ.
In conclusion, we have proposed an experimental
technique aimed at control of the temporal pulse dynamics with an independent control of the spatial localization. The results reported here demonstrate the
possibility of achieving high values of temporal compression with a simultaneous strong spatial localization.
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