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Strong-field physics with singular light beams

M. Ziirch?*, C. Kern'?, P. Hansinger"?, A. Dreischuh?® and Ch. Spielmann"?4*

Light beams carrying a point singularity with a screw-type
phase distribution are associated with an optical vortex. The
corresponding momentum flow leads to an orbital angular
momentum of the photons™3. The study of optical vortices
has led to applications such as particle micro-manipulation*?,
imaging®, interferometry’, quantum information® and high-
resolution microscopy and lithography®. Recent analyses
showed that transitions forbidden by selection rules seem to
be allowed when using optical vortex beams'. To exploit these
intriguing new applications, it is often necessary to shorten
the wavelength by nonlinear frequency conversion. However,
during the conversion the optical vortices tend to break
up™3, Here we show that optical vortices can be generated
in the extreme ultraviolet (XUV) region using high-harmonic
generation%, The singularity impressed on the fundamental
beam survives the highly nonlinear process. Vortices in the
XUV region have the same phase distribution as the driving
field, which is in contradiction to previous findings'®, where
multiplication of the momentum by the harmonic order is
expected. This approach opens the way for several applications
based on vortex beams in the XUV region.

Places where physical quantities become infinite or change
abruptly are called singularities. The presence of phase dislocations
(singularities) in the wavefront of a light beam determines both the
phase and intensity structure around them. As the phase becomes
indeterminate at singularities, both the real and the imaginary parts
of the field amplitude (that is, also the field intensity) vanish. The
characteristic helical phase profiles of optical vortices are described
by exp(im0) multipliers, where 0 is the azimuthal coordinate
and the integer number m is their topological charge, also called
dislocation strength or winding number.

Recalling the fact that in free space the Poynting vector gives
the momentum flow, for helical phase fronts the Poynting vector
has an azimuthal component that produces an orbital angular
momentum parallel to the axis of the beam. The momentum
circulates around the beam axis, so such beams are said to contain
an optical vortex. As has been shown'™, an m-fold charged optical
vortex beam carries an orbital angular momentum of mh per
photon independent of the spin angular momentum (that is,
the polarization state). It was shown that transitions that are
forbidden by known selection rules in the electric and magnetic
dipole approximation seem to be allowed when using optical vortex
beams'?. This provides a new degree of freedom in the spectroscopy
of forbidden transitions. Multi-coloured optical vortices can be
generated through a nonlinear frequency-conversion process such
as second-harmonic generation'® or four-wave mixing, which is an
important process in the white-light vortex generation. However,
as predicted in ref. 11 and observed in ref. 12, vortex break-
up in self-focusing nonlinear media is an important issue for
supercontinuum vortex generation'’.

On the other hand, the development of femtosecond lasers has
paved the way towards time-resolved spectroscopy in the optical
range. More recently the wavelength range of ultrashort pulses
has been extended into the XUV region by nonlinear frequency
conversion, termed as high-harmonic generation'” (HHG). HHG
is microscopically described by tunnel ionization, followed by
propagation of the free electron in the laser field and finally
recombination with the parent ion, accompanied by the emission of
an XUV photon. The macroscopic build-up of the XUV radiation
is governed by coherent superposition, and is limited by phase mis-
match and re-absorption'>. HHG-based XUV sources are nowadays
widely used for spectroscopic applications owing to their ultrashort
pulses in the attosecond range'® and the high spatial and temporal
coherence. Combining the unique properties of laser-driven XUV
sources with the peculiarities of laser beams carrying orbital angular
momentum will open new spectroscopic possibilities. Here we
present the nonlinear frequency conversion of a near-infrared laser
beam carrying a phase singularity into the XUV by HHG. It should
be emphasized that, in contrast to previous wavelength conversion
experiments relying on perturbative nonlinear optics, HHG is a
non-perturbative nonlinear process!#!>1718,

The experiments are performed with a sub-30fs laser system.
With a reflective spatial light modulator (SLM) the helical phase
is imprinted onto the laser beam, before focusing it into an argon
target for HHG. The short-wavelength radiation is either analysed
with a spectrometer or imaged onto a CCD (charge-coupled device)
detector. All XUV images are taken after blocking the laser light with
a thin Al filter. Further details are given in the Methods.

In a first step we studied whether the vortex structure is
maintained during the highly nonlinear interaction of HHG.
Without modulating the spatial phase of the laser beam, the XUV
radiation is collinear with the laser beam and has a Gaussian
intensity distribution (Fig. 1a). When imprinting a helical phase
with the SLM in the centre of the Gaussian input mode, fragments
of a doughnut-like structure with a vanishing intensity in the
centre can be seen in the XUV region (see Fig. 1b). The two
lobes are centred symmetrically around the XUV beam without
phase modulation, and the signal in the centre vanishes within
the dynamic range of the CCD (Fig. 1c). Applying a helical phase
modulation, the XUV signal is about one order of magnitude lower
when compared with a Gaussian fundamental mode. The lower
integrated yield is explained by the strong intensity dependence!
(roughly proportional to I°®) of the conversion efficiency. The
missing parts of the XUV beam are attributed to a lack of phase
matching'»!” and the non-uniform intensity of the fundamental
laser beam. Replacing the CCD with an imaging spectrometer,
we checked whether the diameter of the doughnut depends on
the harmonic order. As described in detail in the Supplementary
Information, we found no significant dependence of the hole
diameter on the harmonic order.
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Figure 1| Far-field intensity distributions of XUV light generated with Gaussian and vortex beams. a, Gaussian XUV beam produced by a Gaussian
driving beam (insets show the corresponding infrared foci at the interaction region). b, An optical vortex in the XUV at 74 nm wavelength showing
vanishing intensity in the centre (the cross coincides with the maximum of the Gaussian case (a) in the otherwise unchanged set-up) and fragments of a
doughnut-like intensity distribution (dashed line to guide the eye) consisting of two lobes. A part of the beam on the left side is blocked with a razor blade
to define the zero signal level. ¢, Same as b but with logarithmic intensity emphasising the zero intensity at the centre. Note the signal level in the centre is

the same as in the shadow of the razor blade.

e

Figure 2 | Measurement and simulation of diffraction patterns of optical vortex beams caused by thin-wire diffraction. a, Measured fringe pattern of a
vertical 5 um tungsten wire. The shift of the fringes between the two lobes is clearly seen and also highlighted by the dashed lines and the corresponding
line-outs. The vanishing intensity on the sides is caused by the lobe structure of the XUV beam. b, Results of a simulation predicting the thin-wire
diffraction pattern of a beam carrying an optical vortex with a topological charge of 1. The shift of the fringes can be clearly seen. More details about the

calculations are provided in the Supplementary Information.

The doughnut-like shape is a strong indication of an optical
vortex; however, to strengthen the claim the helical phase has to
be verified”. This is done by diffracting the XUV beam at a 5um
tungsten wire behind the gas jet and recording the diffraction
pattern (Fig. 2a). For these experiments we have not selected a single
harmonic; however, the main contribution to the signal comes
from the 23rd harmonic (36 nm wavelength) of the fundamental
laser beam. In the recorded pattern in Fig. 2a the fringes in the
two opposing lobes are shifted (dashed line in Fig. 2a), indicating
a different phase in each of the two lobes. Simulations of thin-wire
diffraction from beams (at 36 nm wavelength) carrying angular
momentum (see Fig.2b) reveal that an optical vortex with a
topological charge of 1 reproduces the measured interference
pattern best. More details are presented in Supplementary Section
S5. As a final proof we measured the wavefront of the XUV
beam?! with a Hartmann sensor. Similar experiments in the optical
range have shown that the wavefront should wind up like a
screw around the singularity in the centre??. The measured XUV
wavefront together with the intensity distribution is shown in
Fig. 3. It can be clearly seen that two lobes of the XUV beam with
non-vanishing signal have an opposite tilt of the wavefront. These
two observations back our claim of an optical vortex in the XUV
with a topological charge of 1.

From the theory of HHG (ref. 23), an N-times multiplied phase
for the N'th harmonic is expected and thus the topological charge
of the harmonic should be the fundamental topological charge
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times N, accordingly. Moreover, this phase relationship holds true
for any periodic process, where the radiating dipole is a function
of the phase of the driving field d(¢) = f (exp(i[wt + ¢])). The
Nth harmonic of this field is given by the Fourier transform
d(Nw) = [exp(iNw)d(t) dt, which immediately yields the phase
relationship ¢(Nw) = N¢(w). However, the fact that the diameter
of the XUV beam is independent of harmonic order, together
with the interferometric measurements summarized in Fig. 2 and
the measured wavefront, provides clear evidence of an optical
vortex with a topological charge of 1, for all harmonic orders.
The unintuitive experimental observation of topological charge
of 1 is explained as follows: initially, the Nth harmonic carries
an N-times charged optical vortex. The strong background beam
modulation and the strong perturbations in the HHG process force
the optical vortex to decay into single-charged optical vortices. The
decay is enhanced by the fact that all topological charges carry
the same sign, so they will strongly repel each other (eventually
also rotating during propagation)**. Most of the high-order optical
vortices escape from the central part of the beam, thus remaining
invisible outside the oscillating wings of the field behind the wire,
as shown in Fig. 2b. Deviations of the driving laser field from a
perfect Gaussian beam result in a non-ideal intensity distribution
in the focus (Fig. 1b inset). An extended discussion is provided in
Supplementary Section S4.

We also ventured to verify that XUV radiation can be generated
with a fundamental beam carrying a topological charge greater

NATURE PHYSICS | VOL 8 | OCTOBER 2012 | www.nature.com/naturephysics

© 2012 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nphys2397
http://www.nature.com/naturephysics

NATURE PHYSICS b

038/NPHYS2397

343 343

(WU) JUOBABAN

Figure 3 | Wavefront measurement of an optical vortex beam. Wavefront
of an optical vortex evaluated at points where the signal intensity is above
1/€2 of the maximum in the XUV region reconstructed from a Hartmann
measurement (upper layer). The wavefront is tilted in opposite directions
for opposing lobes of the XUV vortex beam, and a screw-type evolution is
seen (indicated by two white arrows to guide the eye). The intermediate
layer shows the theoretically expected shape, also only for points where, in
a complete vortex ring, the signal intensity would be measured. The scales
represent the actual size of the beam at the Hartmann mask. The colour
scale corresponds to the intermediate and upper layers. The bottom layer
shows the intensity distribution at the Hartmann mask, showing that owing
to limited size only a part of the lobes would be measured. The signal
amplitude (arbitrary scale) is lowest for purple and maximum for red. In the
purple area the signal level is too low for an evaluation of the phase front.

than 1. For an input beam with a topological charge of 2, we
observed a similar intensity distribution consisting of two lobes, but
with increased distance from the centre. This observation suggests
a higher topological charge for the XUV beam, as shown in detail
in the Supplementary Information. However, for input beams
carrying a topological charge of 2 or higher, the XUV beam was too
weak for a detailed analysis.

We have shown the possibility of transferring angular momen-
tum of an ultrashort pulse laser beam from the infrared spectral
domain into the XUV using the highly nonlinear effect of HHG.
From the measurements done in both the spatial and spectral (see
Supplementary Information) domain, evidence for the generation
of an optical vortex beam in the XUV at around 36 nm wavelength
is provided. The most remarkable observation is that the singularity
can survive the highly nonlinear process of HHG, even though
strong ionization takes place?>. Apart from the already known pos-
sibility of second-harmonic generation and four-wave mixing®*%,
another field of nonlinear interaction with beams having an angular
momentum is added by this research. The observed structure is not
a perfect optical vortex yet, owing to azimuthal instabilities and
decay taking place in the generation process. However, the resulting
double-lobe structure clearly shows the main features of a singular-
ity in the centre and the phase evolution around this singularity.
The measured topological charge of 1 and the observed scaling is
in contradiction to theoretical predictions. Taking the decay of the
highly charged optical vortex into account, the results can be well
explained. However, some details still remain unclear and must be
further studied to fully understand the generation process. Laser
beams with singularities offer already many applications in the
optical domain. The research presented here paves the way to extend
the wavelength range into the XUV region. Possible applications
rely on the ultrashort nature of the XUV radiation, opening the
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possibility of steering and controlling electrons with beams having
angular momentum on the attosecond timescale.

Methods

The set-up is shown in detail in Supplementary Fig. S2. A femtosecond laser system
producing pulses with sub-30 fs pulse duration at 800 nm wavelength and energies
up to 1 mJ at a repetition rate of 1 kHz was used. Using a reflective-type SLM, a
calculated phase profile is transferred from a computer to the SLM, and arbitrary
phase patterns can be embedded in the fundamental laser beam?. These modified
laser pulses are then focused (f =300 mm, f /# = 15) into the interaction region
to a diameter of roughly 40 um, resulting in peak intensities of approximately

2x 10" W em™? (ref. 29). The interaction region consists of a nickel tube (2 mm
diameter) sealed at the end and squeezed (d ~ 1 mm) to a flat surface facing the laser
beam. The laser itself drills a hole in the tube, large enough so that both Gaussian
and vortex beams can fit into the interaction region to where the argon is supplied.
A long-distance microscope is used to monitor the laser focus. Typical phase masks
and technical details are given in Supplementary Section S2.

For the phase measurement presented in Fig. 2, the wavefront splitting
technique by introducing a thin wire into the beam was used?’. A 5-um-thick
tungsten wire was placed at a distance of 8 cm downstream of the HHG source. The
fringe spacing revealed that the wavelength was around 36 nm.

The Hartmann set-up to acquire the wavefront (Fig. 3) is described
elsewhere?. The Hartmann pattern obtained from illumination of the mask
with a Gaussian fundamental mode was used for calibration to remove intrinsic
aberrations present in the XUV beam. To do so, the pattern of the Gaussian mode
was assumed as a reference. The recorded Hartmann pattern of the optical vortex
thus represents a differential wavefront in comparison with a Gaussian beam of
otherwise identical experimental conditions.
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