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High-Brightness High-Order Harmonic Generation
by Truncated Bessel Beams in the Sub-10-fs Regime
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Low-divergence, high-brightness harmonic emission has been generated by using a fundamental beam
with a truncated Bessel intensity profile. Such a beam is directly obtained by using the hollow-fiber
compression technique, which indeed allows one to optimize both temporal and spatial characteristics
of the high-order harmonic generation process. This is particularly important for the applications of
radiation, where extreme temporal resolution and high brightness are required.
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When an intense short light pulse is focused into an
atomic gas medium, extremely high harmonics of the
incident-laser frequency can be generated [1-4]. High-
order harmonic generation provides a tabletop source of
coherent extreme ultraviolet (XUV) radiation, with pulse
duration potentially in the subfemtosecond regime. The
unique properties of the harmonic emission have opened
the way to new applications in atomic and molecular spec-
troscopy, solid state and plasma physics, with a wide range
of potential applications, such as plasma and material
diagnostics, XUV nonlinear optics and attosecond physics.
The optimization of the harmonic-generation conversion
efficiency and of the spatial properties of the harmonic
radiation are very important issues in such applications.
Salieres et al. [5,6] and Balcou et al. [7] have shown
that, by using an excitation beam with Gaussian intensity
profile, the conversion efficiency for harmonic generation
strongly depends on the position of the nonlinear medium
relative to the laser focus. In particular, the maximum
efficiency is obtained when the medium is located just
before the focus. For this position, the harmonic beam is
completely annular with a large divergence, and therefore
is characterized by low brightness. In order to generate
high-order harmonics with good spatial properties, the
medium must be located sufficiently after the laser focus,
where the conversion efficiency is lower.

In this Letter we show, for the first time at our knowl-
edge, that the use of a fundamental beam with a truncated-
Bessel intensity profile, produced by propagation in a
hollow fiber, allows one to significantly improve the
spatial properties of the high-order harmonic beam. Since
the hollow-fiber compression technique allows generation
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of few-optical-cycle pulses, this result is of particular
relevance for applications of the XUV radiation, where
extreme temporal resolution and high brightness are re-
quired. Thus far, the application of Bessel-Gauss beams to
harmonic generation has been restricted to very low-order
harmonics (third and fifth) [§—10].

In the experiments, the harmonic beam is produced by
focusing sub-10-fs laser pulses into a neon jet. 25-fs
pulses are coupled into an argon-filled hollow fiber [11,12],
the spectrally broadened pulses are then compressed by
chirped mirrors. Typical pulse duration ranges from 5 to
7 fs, and the spectral phase is nearly constant over the
pulse spectrum [13]. By proper mode matching [14], the
incident radiation can be dominantly coupled into the fun-
damental EH;; hybrid mode, whose intensity profile as a
function of the radial coordinate, r, is given by I(r) =
10J8(2.405r /a) with r =< a, where I is the peak intensity,
a is the capillary radius, and Jy is the zeroth-order Bessel
function of the first kind [15,16]. The sub-10-fs pulses are
focused onto the gas jet by 25-cm focal length silver mir-
ror. The laser-gas interaction length is ~1 mm, with a gas
pressure of ~60 mbar. To observe the harmonic emission,
we have used a high-resolution flat-field soft x-ray spec-
trometer and a high-resolution CCD detector, designed for
the simultaneous acquisition of the spectrum and the far
field pattern of the harmonic beam [17]. The spectrometer
has been calibrated in order to provide an absolute mea-
surement of the emitted photon flux.

We have performed measurements of the harmonic spa-
tial profiles as a function of the nonlinear order and of the
position of the gas jet relative to the laser focus. Here-
after, such relative position will be called z and will be
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taken as positive when the laser beam is focused before
the gas jet. Typical harmonic spectra obtained in neon for
a laser peak intensity of ~9 X 10'* W/cm? at focus, are
displayed in Fig. 1, for different z values. The horizontal
axis is the spectral dispersion, going to longer wavelengths
from the left to the right. The harmonic beam is charac-
terized by regular spatial profiles, with small divergence
even when the gas jet is located before and around the
laser focus, without any evidence of annular profiles. The
harmonic divergence continuously increases upon increas-
ing the z value. This behavior is in contrast with previous
measurements performed using longer pulses (135 fs) with
different spatial characteristics [5,6]: In this case, when
the gas jet was located close to the laser focus the har-
monic angular distribution became increasingly distorted
and eventually annular. The full width at half maximum
(FWHM) of the harmonic angular distribution as a func-
tion of the nonlinear order, for different z values, is re-
ported in Fig. 2. The spectrometer makes the projection
of the two-dimensional profile of the harmonic beam in
the direction perpendicular to the spectral dispersion. The
minimum divergence is obtained when the laser is focused
~1 mm after the jet. Divergence increases with harmonic
order in the plateau and slowly decreases in the cutoff re-
gion. Similar results have been obtained using helium as a
nonlinear medium. The developed sub-10-fs-pulse-driven
neon harmonic source emits ~10° photons/pulse per har-
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FIG. 1 (color). Harmonic spectra in neon generated by
sub-10-fs pulses for three positions of the gas jet with respect
to the laser focus: (a) z = —1 mm, (b) z = 0, (¢c) z = 3 mm.
Vertical direction shows the spatial profile.
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monic (in the plateau region), and within an estimated
time interval of ~3 fs [18]. Figure 3 displays the bright-
ness of the harmonic beam as a function of the position
of the gas jet with respect to the focus, for two plateau
harmonics (45th and 59th). The measured brightness per
harmonic shows a maximum around z = —1 mm, given
by ~6 X 10'> W/cm? srad (we have assumed a spot size
of the emission area ranging from 13 to 25 um for the dif-
ferent harmonic orders). It is worth pointing out that we
have observed the same spatial characteristics using 25-fs
driving pulses propagated along the hollow fiber without
gas (in order to prevent spectral broadening). The reported
measurements clearly demonstrate novel spatial proper-
ties of the harmonic emission: Regular harmonic spec-
tral profiles, with small divergence, can be generated not
only when the gas jet is located significantly after the laser
focus, where conversion efficiency is not optimal, as pre-
viously observed, but in a considerably larger range of
positions around the laser focus, including that correspond-
ing to the maximum conversion efficiency. This result is
particularly significant for applications where high XUV
brightness is required.

We have then performed a theoretical study of the spa-
tial properties of high-order harmonic radiation, using a
nonadiabatic three-dimensional numerical propagation
model [19,20] and the same parameters used in the
experiments. The single-atom response is calculated
using the strong-field model [21], generalized to account
for nonadiabatic effects. As reported in Ref. [20], the
numerical model can reproduce correctly the spectral
characteristic of the harmonic beam. We have used the
same numerical model to investigate the spatial properties
of the harmonic beam.

By using in the calculation a fundamental beam with
Gaussian intensity profile, we were unable to reproduce
the experimental data. In particular, in this case the results
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FIG. 2. Harmonic beam divergence vs harmonic order for vari-
ous positions, z, of the gas jet with respect to the laser focus.
The inset shows the interaction geometry.
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FIG. 3. Brightness of two harmonics (45th and 59th) vs posi-
tion of the gas jet relative to laser focus.

of the calculation predict a harmonic divergence decreas-
ing upon moving the gas jet away from laser focus in the
propagation direction. Moreover, the spatial harmonic pro-
file is narrow and regular only when the gas jet is placed
well after focus (z = 3 mm). When the jet is moved near
and before the focus, the profile becomes annular, as shown
by the dashed line in Fig. 4(a), which presents the radial
intensity profiles of the 45th harmonic for z = 0 in the
case of the Gaussian excitation beam. These results are
in agreement with previous calculations made by Salieres
et al. [5], in the case of longer driving pulses (150 fs),
assumed to be Gaussian in space and time, but at odds
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FIG. 4. Radial intensity profiles of 45th harmonic for (a) z =
0 and (b) z = 3 mm, calculated using the model described in

the text, assuming a fundamental beam with Bessel (solid line)
and Gaussian (dashed line) intensity profile.
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with our experimental evidence. We have then performed
simulations considering the actual spatial profile of the fun-
damental beam: a zeroth-order Bessel function truncated
in correspondence of the first zero [15]. Figure 5 shows
the FWHM of the harmonic angular distribution as a func-
tion of the harmonic order, for two different positions of
the gas jet. The angular distributions have been calcu-
lated by integrating the two-dimensional profile of the har-
monic beam over one direction, in order to reproduce the
operation of the spectrometer. In this case, the numerical
simulation presents a qualitative agreement with experi-
mental data; in particular, the divergence correctly in-
creases upon increasing the z value. The slight quantitative
disagreement may be due to an unavoidable uncertainty
of some experimental parameters (shape of the gas jet,
gas pressure, etc.). Moreover, in agreement with the ex-
perimental results, the calculated harmonic beam displays
regular spatial profiles even when the gas jet is moved near
the laser focus, as shown by the solid lines in Figs. 4(a) and
4(b). When the gas jet is located well beyond the laser
focus [z = 3 mm, see Fig. 4(b)], The profiles are of bell
shape, irrespective of the order. On the other hand, when
moving the jet around the laser focus [see Fig. 4(a)], the
harmonic profile becomes very narrow, and does not dis-
play any annular structure. Upon increasing the nonlinear
order, the profile presents narrow central peaks and long
wings. It is important to note that the spectral characteris-
tics of the harmonic beam are not significantly affected by
the spatial profile of the fundamental beam.

To discriminate between the role of pulse duration
and spatial characteristics of the fundamental beam,
we have performed simulations using the analytical
Lewenstein model [21], considering a continuous-wave
monochromatic beam and neglecting ground-state deple-
tion. The simulations show that, using a fundamental
truncated-Bessel beam, the harmonics present a regular
and collimated intensity profile, even when the gas jet is
located before and around the laser focus, contrary to what
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FIG. 5. Harmonic beam divergence vs harmonic order for vari-
ous z positions, calculated using the model described in the text.

033902-3



VOLUME 88, NUMBER 3

PHYSICAL REVIEW LETTERS

21 JANUARY 2002

60_ T T T T T T T ]

-60 |

-120

Phase (rad)

-180

-240

z (mm)

FIG. 6. Calculated phase of the nonlinear polarization on the
propagation axis (solid line). The dashed line is the dipole phase
for a peak intensity Iy = 9 X 10'* W/cm?; the dotted line is the
phase term due to the propagation of the fundamental beam.

was obtained using a Gaussian excitation beam. There-
fore, we can conclude that the improvement in the spatial
characteristics of the harmonic radiation is essentially re-
lated to the use of a Bessel beam. A significant difference
between a Gaussian and a truncated-Bessel beam, both
focused by a spherical mirror, is that the latter shows an
axial intensity, which, in the focal region, oscillates, with
respect to the propagation coordinate, around an almost
constant value. The extension of such oscillatory behavior
is roughly equal to half of the confocal parameter of the
best Gaussian fitting of the Bessel profile. The phase of
the nonlinear polarization is the sum of two contributions:
the dipole phase and a term due to the propagation of the
fundamental beam. In the plateau, the dipole phase can
be roughly approximated by —5.8U,/w, where w is the
laser frequency and U, is the ponderomotive energy [5].
The dipole phase depends on the z coordinate through the
corresponding variation of the intensity of the fundamental
beam, as displayed by the dashed line in Fig. 6, for a peak
intensity Iy = 9 X 10'* W/cm?. As it is clearly shown in
Fig. 6, due to the peculiar properties of a truncated-Bessel
beam, the polarization phase on the propagation axis (solid
line in Fig. 6) presents an oscillatory behavior around an
almost constant value, in a ~2-mm-wide region across
the laser focus. We propose that such phase oscillations,
which lead to a series of stationary phase points, provide
a novel phase-matching mechanism, which favors the
on-axis harmonic emission when the gas jet is located
near the focus. On the other hand, when the nonlinear
medium is placed well beyond the focus, the calculated
polarization phase is similar to that obtained considering a
Gaussian fundamental beam, and a good phase-matching
condition on-axis is obtained [5].
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In conclusion, we have shown that the angular distri-
bution of high-order harmonics strongly depends on the
spatial properties of the fundamental beam. The use of
fundamental beams with a Bessel intensity profile allows
significant improvements of the spatial quality of the
harmonic beam. The hollow-fiber pulse compression
technique, which allows one to directly obtain a Bessel
intensity profile, thus provides an efficient tool to optimize
both temporal and spatial characteristics of the high-order
harmonic generation process. This is of special concern
in the application of the XUV emission in various ex-
periments, where extreme temporal resolution and high
brightness are required.
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