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By using two very different seed pulses we demonstrate that the spatiotemporal gain properties of a 共2兲
optical parametric amplifier can be exploited as an efficient conical reshaping mechanism leading to the generation and amplification of a pulsed Bessel beam. © 2008 Optical Society of America
OCIS codes: 190.4410, 190.4970, 320.5540.

Conical waves such as Bessel X waves (BXW) [1] and
pulsed Bessel beams (PBBs) [2] are the polychromatic pulsed generalization of the monochromatic
Bessel beam. They have recently attracted considerable interest for their potential applications, ranging
from optical communications, metrology, and spectroscopy (see [3] and references therein) to extreme
nonlinear optics [4]. Although they appear spontaneously in many nonlinear interactions [5–8], or can be
created by linear optical methods [9], the ability to efficiently generate a wide family of conical waves has
been untill now far from being achieved.
It has been theoretically shown that the optical
parametric amplifier (OPA) gain, which is dictated by
the energy and momentum conservation laws, i.e.,
the phase-matching conditions [10], can support the
amplification of conical wave packets thanks to the
angular dispersion of the phase-matched radiation
[11–13]. Moreover, vacuum seeded OPA generates radiation with intriguing conical spatiotemporal coherence properties [14], which can be exploited for conical pulse generation via a self-locking mechanism
[15].
In this Letter, we experimentally demonstrate the
possibility of efficiently generating and amplifying
particular conical wave packets, i.e., PBBs, thanks to
the pulse reshaping mechanism that occurs in a coherently seeded OPA. The PBB is a conical pulse having all the temporal frequencies distributed along a
constant transverse wave vector component, i.e., with
the amplitude front perpendicular to the propagation
direction [16].
We start by describing a simple graphical representation of the spatiotemporal spectral characteristics
of the radiation generated in parametric amplification processes. This can be obtained considering the
spectral properties of the perfectly phase-matched radiation in the 共k⬜ , 兲 domain, where k⬜ and  are, respectively, the wave vector components orthogonal to
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the pump propagation direction and the frequency of
the amplified radiation. Phase-matching curves for
our experimental parameters, i.e., for a type I beta
barium borate (BBO) crystal pumped by a 405 nm
carrier wavelength pump pulse, are shown in
Fig. 1(a). Different curves correspond to different
crystal angular tuning conditions, i.e., for internal
angles between the pump wave vector and crystal optical axis 共t兲 ranging from 27° to 39°.
Each phase-matching curve, or section of it, if coherently excited, results in a conical pulse. For in-

Fig. 1. (Color online) (a) Phase-matching curves for a type
I BBO crystal pumped by a 405 nm pulse. The dashed
curve corresponds to the experimental conditions and the
circled section indicates the experimentally generated
PBB; (b) group velocity of the phase-matched frequency
components for the same conditions as in (a). Dots highlight the carrier frequencies for which the radiation group
velocity is equal to that of the pump.
© 2008 Optical Society of America
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stance, the circled segment in Fig. 1(a) shows the
spectral support of the PBB generated in our experimental conditions, with each temporal spectral component dispersed with the same transverse wave
vector.
In the general case the group velocity of the conical
wave obtained with a coherent seeding at the carrier
frequency 0 can be extracted from the angular dispersion of the phase-matched radiation. Indeed
2
is the lonvg共0兲 = 兩1 / 共dkz / d兲兩0, where kz = 冑兩k兩2 − k⬜
gitudinal phase-matched component of the amplified
signal. In Fig. 1(b) the group velocity has been plotted versus  for the same crystal tuning conditions
considered in Fig. 1(a); the dots identify the carrier
frequencies of the amplified wave packets for which
the group velocity is equal to that of the pump pulse.
In this work we have exploited the possibility of tuning the phase-matching curve so as to obtain a groupvelocity-matched interaction between the pump and
the seed, thus maximizing the overall amplification
gain. It is worth noting that in our specific operating
conditions the group-velocity-matching constraint
implies reshaping and amplification of the seed into a
PBB (see Fig. 1).
We have experimentally realized an OPA by pumping a 4 - mm-long type I BBO crystal with the second
harmonic pulse (405 nm, 100 fs FWHM duration)
from a Ti:sapphire laser source. The 100 fs OPA seed
obtained by frequency doubling the radiation generated by a commercial tunable noncollinear OPA (Topas, Light Conversion) was chosen to have a carrier
wavelength at 600 nm 共⬃3.1⫻ 1015 rad Hz兲. We identified the tuning angle condition [phase-matching described by the dashed curve in Fig. 1(a)] for which the
interacting waves are group-velocity matched
at their respective wavelengths [see Fig. 1(b)],
i.e., t = 36.95°.
The first experiment demonstrates the reshaping
into a PBB of a Gaussian seed. The Gaussian seed
pulse was strongly focused collinearly with the pump
onto the input facet of the nonlinear crystal by means
of a long working distance, infinity corrected, 50⫻,
microscope objective (Plan APO 50⫻ NIR, Mitutoyo),
to obtain a Gaussian spatial intensity profile of
⬃1.13 m width (half-width at 1 / e2 of maximum).
Such a high spatial localization in the focus corresponds approximately to a spatial spectral width (at
1 / e2) of 1.84 m−1, thus guaranteeing an adequate
distribution of the seed transverse k vectors compatible with the phase-matched spatial frequencies of
the OPA. Note that in the chosen configuration the
angle between the collimated pump pulse direction
and the seed wave vectors reached a value as wide as
11°. When the seed and pump pulses were spatially
and temporally overlapped inside the nonlinear crystal, reshaping and amplification occurred. We recorded the near-field signal intensity profile at the
output of the BBO with a modified Nikon D70 camera, by means of a long working distance, infinity corrected, 80⫻ objective (Plan APO 80⫻, Mitutoyo). The
intensity distribution is shown in Fig. 2, while the
seed input spatial intensity profile, measured at the
input facet of the crystal, is presented in the inset for
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Fig. 2. (Color online) Near-field intensity distribution of
the reshaped and amplified radiation in the case of strongly
focused (Gaussian) seed pulse. Inset, near-field intensity
profile of the input seed measured at the input facet of the
crystal.

comparison. It is evident that the seed pulse has been
reshaped into a conical wave, as confirmed by the
clear Bessel-like pattern recorded at the crystal output. Starting from 0.7 nJ and 42 J energy for the
seed and pump pulses, respectively, we measured
⬃140 nJ of the amplified signal radiation, corresponding to a gain factor of ⬃200. Note that in Fig. 2
an asymmetry of the first Bessel circle is evident and
is likely a consequence of phase distortions of the input seed pulse.
The spatiotemporal power spectrum of the amplified radiation was also recorded by means of a farfield diagnostic (see [17] for details of the technique)
based on an imaging spectrometer (Shamrock, Andor) combined with a CCD camera (IDUS, Andor).
The measured spectrum is indistinguishable from
that obtained in the second experiment and shown in
Fig. 3(b), to which we shall refer from here on. It is
clear from that figure that the generated wave packet
is a PBB, as it results from the distribution of temporal frequencies, which all have the same transverse
wave vector component, with a 10 nm bandwith centered around the seed carrier wavelength. This result
perfectly matches the theoretical curve presented in
Fig. 1(a) (circled segment).
In the second experiment the OPA was seeded with
a 100 fs, 600 nm carrier wavelength BXW. Such a
conical wave has all temporal frequency components
dispersed at the same angle 共兲 and is thus characterized by an amplitude front perpendicular to the
cone surface [16]. The seed was obtained by means of
a 175° base angle, fused silica axicon, inserted into a
magnifying
4f
telescope
system
(f1 = 80 cm,
f2 = 10 cm). In this way the cone angle of the BXW
generated by the axicon, namely,  = 1.15°, could be
tuned (see [18] for details) and was here adjusted to
the value of  ⬃ 10.45°. Note that this corresponds to
a central spatial frequency of 1.9 m−1, ensuring
therefore the crossing of the seed spatiotemporal
spectrum with the phase-matching curve selected in
our experimental conditions [see inset in Fig. 3(a)].
The spatial reshaping process occurring here in the
OPA is clearly evident from the comparison between
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tiotemporal spectral measurements, the reshaping of
a Gaussian and BXW signal into an amplified PBB
with a gain of 200 and 300, respectively. It is worth
noting, finally, that PBBs are generally produced by
means of linear methods, which may be affected by
losses [19]. In contrast, here we have shown that
PBBs can be efficiently generated in seeded OPAs,
i.e., with gain.
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Fig. 3. (Color online) Spatiotemporal power spectra for (a)
the BXW input seed and (b) the PBB reshaped and amplified pulses. Different colors correspond to different intensities of the power spectra, represented as a function of temporal and spatial frequency on the horizontal and vertical
axis, respectively. In the inset, the seeding condition is
sketched and compared with the phase-matching condition
of the experiment.

Figs. 3(a) and 3(b). Figure 3(a) shows the power spectrum of the input seed. Considering the relation
k⬜ = cos共兲n共兲 / c the spatiotemporal power spectrum of the seed BXW is clearly skewed. In contrast
Fig. 3(b) shows the power spectrum of the amplified
signal radiation, which has a single transverse wave
vector component associated with all the temporal
frequencies of the pulse. This clearly demonstrates
the reshaping of the BXW seed into a PBB. In this
case amplification occurs with a gain factor of ⬃300
(we measured an energy of 7.5 nJ for the input seed,
and 2.2 J for the amplified signal pulse).
It is worth noting for completeness that during the
parametric process where the seed is reshaped into a
PBB and then amplified, the so-called “idler” conical
wave is also generated. Such an idler has a carrier
frequency dictated by the energy conservation law,
namely, i = p − s, where p, s, and i stand for pump,
signal, and idler field, respectively, and is also a PBB
being a frequency reversed copy of the signal (as also
illustrated from the phase-matching curves of Fig. 1).
In conclusion, we have shown that a broadband collinear seeded OPA is able to efficiently reshape and
amplify an input pulse signal into a PBB as a result
of the spatiotemporal gain properties of the parametric amplification process. In particular, we have experimentally demonstrated in two different seeding
configurations and by means of near-field and spa-
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