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ABSTRACT: Recent developments of high harmonic generation (HHG) have enabled the
production of structured extreme-ultraviolet (EUV) ultrafast laser beams with orbital angular
momentum (OAM). Precise manipulation and characterization of their spatial structure are
paramount for their application in state-of-the-art ultrafast studies. In this work, we report the
generation and characterization of EUV vortex beams bearing a topological charge as high as 100.
Thanks to OAM conservation, HHG in noble gases offers a unique opportunity to generate
ultrafast harmonic beams with a high topological charge from low charge infrared vortex beams.
A high-resolution Hartmann wavefront sensor allows us to perform a complete spatial
characterization of the amplitude and phase of the 25th harmonic beam (32.6 nm), revealing
very high-topological charges in the EUV spectral regime. Our experimental results, supported by
numerical HHG simulations, demonstrate the linear upscaling of the OAM of the high-order
harmonics with that of low-charge driving vortex beams, showing the sensitiveness of the OAM
content to the purity of the driving beam. The generation of structured EUV beams carrying
large topological charges brings in the promising scenario of OAM transfer from light to matter at both macroscopic and microscopic
scales.

KEYWORDS: structured light, orbital angular momentum, optical vortices, nonlinear optics, high-order harmonic generation,
short-wavelength wavefront sensing

Structured light beams are emerging as a unique tool for the
next generation of applications of laser light.1,2 In

particular, our ability to control the spatial phase distribution
of laser beams, or their wavefront, allows us to imprint orbital
angular momentum (OAM) into light beams. Light beams
carrying OAM,3 also known as optical vortex beams, exhibit a
spatially varying phase dependence around the beam
propagation axis given by ϕei . The topological charge
designates the number of 2π phase shifts along the azimuthal
coordinate ϕ in the transverse plane. The central phase
singularity results in a donut-like intensity profile with a null
on-axis intensity. Optical vortex beams have proven their utility
for a wide range of applications,4 including optical trapping and
tweezing,5,6 super-resolution microscopy,7,8 optical communi-
cation,9,10 and quantum information.11,12 Moreover, with the
demonstration of OAM transfer to bound,13 free electrons14

and the observation of magnetic helicoidal dichroism,15 optical
vortex beams have brought light−matter interactions to a novel
regime.
In the visible, infrared (IR), and long wavelength regimes,

helical phased beams can be readily obtained using diffractive
and refractive optical elements, such as, but not limited to, a
spiral-phase plate (SPP), q-plates, and spatial light modu-
lators.16 These techniques are highly inefficient in the extreme-

ultraviolet (EUV) and X-ray spectral ranges, where the
generation of vortex beams is of particular interest, as it offers
the possibility of extending their applications down to
nanometric spatial and subfemtosecond temporal resolutions.
Although already demonstrated at large scale synchrotron and
X-ray free-electron laser facilities,17−19 in the recent past, high-
order harmonic generation (HHG) in noble gases has proven
to be a handy way to produce EUV vortex beams with
configurable topological charge,20−26 circular polarization,27,28

and even time-varying OAM,29 using a table-top setup. A
typical HHG spectrum consists of a perturbative region where
the intensity exponentially decreases with the harmonic order,
followed by a large set of high-orders scaling nonperturbatively
with the driving beam intensity.30,31 In the context of OAM-
driven HHG, when a beam of topological charge 1 drives
HHG, the topological charge of the upconverted harmonics
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scales linearly with the harmonic order:21 = qq 1, where q is

the topological charge of the qth harmonic. This linear scaling,
which has been experimentally validated for perturbative,32,33

as well as for nonperturbative, harmonic generation,22,23,26

results from the energy conservation during frequency
upconversion: ωq = qω1, where ω1 and ωq are the frequencies
of the driving and the qth order harmonic beams, respectively.
The combination of different vortex driving modes has

enabled outstanding control over the properties of harmonic
vortex beams. On the one hand, HHG driven by a
combination of two vortex beams of different topological
charges in a noncollinear geometry leads to an array of spatially
separated beams, each carrying a different OAM, and hence, it
has provided an additional knob to control the topological
charge of EUV vortex beams.24,25 On the other hand, in a
collinear HHG configuration involving two distinct topological
charge drivers, theoretical investigations predict a more
involved OAM distribution.34 Indeed, by properly selecting
the OAM of the two driving beams, several properties, such as
polarization,27,28 self-torque,29 and spectral line spacing of
high-order harmonic beams,35 can be tailored. Moreover, the
effect of the nonperturbative harmonic intrinsic phase has been
studied numerically in ref 34 and can further increase the
OAM content. In this regard, a suitable experimental method
of characterization is a prerequisite to constructively utilize
EUV vortex beams with a broad OAM spectrum or to pave the
way toward the generation of high-purity OAM modes.

The characterization of optical vortex beams is a nontrivial
task, which becomes even more challenging in the EUV
domain. Techniques based on interferometry, diffraction,
employing cylindrical lenses, and exploiting dimensional
properties of optical vortex beams, have been widely
used.36−40 Some of these methods have also been used to
deduce the topological charge of HHG vortex beams.22,23,25

However, since these methods are unable to measure both
amplitude and phase, they often retrieve only the average
OAM value. As it is imperative to characterize the complex
wavefront of high-harmonic OAM beams for practical
applications, these techniques have limited utility. In this
sense, Shack−Hartmann and Hartmann wavefront sensors
enable a high resolution characterization of both the amplitude
and the wavefront of laser beams. Regarding optical vortex
beams, it is worthwhile to note that Shack−Hartmann
wavefront sensing has been previously used to reconstruct
the helical wavefront,41 to measure the Poynting vector skew
angle,42 and to determine the coherence properties of partially
coherent vortex beams.43 Most recently, the availability of EUV
Hartmann sensors has allowed wavefront characterization of
topological charge up to 25.24,26

In this work, we report the characterization of EUV vortex
beams manifesting a topological charge as high as = 100,
which, to the best of our knowledge, represents the highest
topological charge measured in the EUV regime. Such
extremely high charge vortex beams are obtained through
HHG under a loose focusing geometry in an extended argon

Figure 1. Experimental setup for the generation and characterization of EUV vortex beams. (a) A loosely focused IR vortex beam drives HHG in an
extended (15 mm long) argon-filled gas cell. The intensity and wavefront of IR and upconverted EUV vortex beams are characterized using Shack−
Hartmann (HASO) and Hartmann (EUV-HASO) wavefront sensors, respectively. In the insets of (b)−(e), we show the working principle of IR
and EUV wavefront sensors. Each element of the sampling array (microlens in the case of IR-HASO (b) and microhole for EUV-HASO (d))
divides the incident beam into numerous beamlets. Depending on the local wave vector direction, these beamlets are displaced concerning the
reference spots of the calibrated wavefront sensor, as shown in (c) and (e). The wavefront is reconstructed from the sampled spot distribution
registered on a CCD camera located at a certain distance L from the sampling array (see Supporting Information).
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gas cell. Moreover, instead of relying on diffractive or
interferometric techniques, we exploit both EUV and IR
wavefront metrology to fully characterize the intensity,
wavefront, and OAM content of the 25th harmonic beam
(32.6 nm) and its IR driver (815 nm). By driving HHG with
vortex beams with topological charges up to = 41 , we show
that the EUV vortex beams reach = 10025 as expected,
comprising a rich OAM content influenced by the modal
purity of the driving beams and the underlying nonperturbative
nature of HHG. To further corroborate this observation, we
perform advanced theoretical simulations of HHG using the
experimentally retrieved IR vortex beam. Our results are
general, being relevant not only to upconverted vortex beams
obtained via HHG in noble gases, but also from plasma
surfaces44 and semiconductors,45 where the generation
mechanism is known to be nonperturbative.44,46 Interestingly,
ultrafast EUV beams with such a high topological charge open
the route to transfer OAM not only to macroscopic particles,
but also to clusters or even molecules, bringing in the scenario
of light−matter OAM transfer and providing a novel tool to
test the correspondence principle between classical and
quantum physics for large quantum numbers.

■ GENERATION AND CHARACTERIZATION OF HIGH
TOPOLOGICAL CHARGE HHG VORTEX BEAMS

We show the experimental setup overview in Figure 1. A more
complete description of the setup is provided in the Supporting
Information. A linearly polarized near-IR Gaussian beam with
an 815 nm central wavelength, ∼40 fs pulse duration full width
at half-maximum (fwhm), ∼15 mJ maximum energy, ∼24 mm

diameter at 1/e2, and a root-mean-square (RMS) wavefront of
∼λ/32 drives HHG in an extended argon gas cell. The HHG
beamline is equipped with IR Shack−Hartmann and high-
resolution EUV Hartmann47 wavefront sensors that allow the
wavefront characterization of the IR and the upconverted high-
order harmonic beams, respectively. The working principle of
the two sensors is illustrated in Figure 1b−e, whereas their
characteristics and methodology of wavefront reconstruction
are detailed in the Supporting Information. Unlike ptycho-
graphic,48 or other iterative techniques,49 wavefront sensors
offer the possibility of single-shot amplitude and phase
characterization. Besides, the sign of the topological charge
can be easily determined from the measured wavefront, which
allows to distinguish the OAM helicity.
In order to obtain IR vortex drivers, the incoming Gaussian

beam is passed through a spiral phase plate (SPP), imparting a
helical wavefront. The resulting beam is apertured using an iris
with a diameter of ∼18 mm, and it is focused by a 2 m focal
length lens to generate high-harmonics in a 15 mm long argon-
filled gas cell. A loose-focusing geometry and an extended
generation medium allow the production of intense HHG
vortex beams, permitting wavefront characterization in a single
to few tens of laser shots. After removing the copropagating
residual driving beam using a thin metallic filter, the 25th
harmonic of the fundamental driver is spectrally filtered using a
narrowband multilayer flat mirror, and it is guided to the EUV
Hartmann wavefront sensor. Detection of a given harmonic
order allows an unambiguous interpretation of the EUV vortex
wavefront; extinction of neighboring orders exceeds 90%.26

The intensity and wavefront are reconstructed from raw

Figure 2. Experimental characterization of high topological charge EUV vortex beams. Intensity (left) and wavefront (center) of the 25th harmonic
driven by a vortex beam of topological charge (a) = −11 , (b) = 31 , and (c) = 41 . We plot the wavefronts in units of wavelength, λ, and the
peak-to-valley wavefront values are (a) ∼25.01λ, (b) ∼75.01λ, and (c) ∼98.6λ. Though the intensity and wavefront already characterize the
harmonic vortex beams, for the sake of completeness, we retrieve the radially integrated OAM spectrum for each case (right) via azimuthal Fourier
Transform. The dominant OAM modes are the 26th, 73rd, and 98th for | |1 = 1, 3, and 4, respectively.
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Hartmanngrams using an iterative algorithm (see Supporting
Information).
Figure 2 shows the intensity (first column) and wavefront

(second column) of the 25th harmonic beam when driven by
an IR vortex beam with (a) = −11 , (b) = 31 , and (c) = 41 .
The wavefront is represented in units of the central wavelength
of light. Note that the positive (negative) sign of the
topological charge indicates the clockwise (anticlockwise)
rotation of the wavefront. An annular intensity profile,
although irregular, along with a continuous and smooth
wavefront rotation are observed for all the configurations. The
total wavefront twist around the intensity ring, which is the
peak-to-valley (PtV) wavefront value, points out the overall
topological charge of the vortex beam. Resulting from the
OAM conservation,21 for the driving beams of = −11 , 3, and
4, the 25th harmonic is expected to exhibit a wavefront
rotation of −25, 75, and 100 wavelengths, respectively.
Remarkably, in all the cases, the harmonic wavefront twist is
within 2% of the theoretically expected value: ∼−25.01,
∼75.01, and ∼98.6λ for = −11 , 3, and 4, respectively.
Conclusively, even for such a high topological charge, the
harmonic vortex obtained in an extended generation medium
retains its helical wavefront during up-conversion, hence, ruling
out any disruptive effects from propagation and phase
matching.20,50

Once the amplitude and phase are experimentally charac-
terized, in order to extract more information about the OAM

content of the high-order harmonic beam, we use the Fourier
relationship between the topological charge and the
azimuthal angle ϕ to retrieve the OAM spectrum as a function
of the radial coordinate.51 The radially integrated OAM
spectrum for each case is shown in the right column of Figure
2. Noticeably, a broad distribution with a rich OAM content is
observed for all the configurations. Moreover, the OAM
spectrum is much broader for = 7525 and 100 than for

= −2525 . This indicates that even if the overall topological
charge indeed follows the linear scaling with the harmonic
order = q( )q 1 ,

21 the retrieved EUV vortex beams feature a

superposition of several OAM modes. This nonpure character
of the harmonic beams may come from the azimuthal
modulations present in their intensity distribution, since the
azimuthal Fourier transform requires cylindrical symmetry to
obtain pure OAM modes. However, the lack of perfect
symmetry around the principal OAM value (right column of
Figure 2) suggests that the IR vortex driver might be
contaminated with OAM modes other than the principal
one. In fact, the use of a nonpure IR vortex beam has been
theoretically proposed as a source of the rich OAM content of
harmonic beams due to the highly nonperturbative nature of
HHG.34 To examine if we are under these conditions, we
characterized the intensity, wavefront, and OAM content of
the IR driving beams.

Figure 3. IR vortex driver experimental characterization. To facilitate a high spatial sampling of the IR driving beams, the IR wavefront sensor is
placed ∼300 mm after the focal plane, as shown in Figure 1. The complex field detected by the IR wavefront sensor is backpropagated to the waist.
We show the resulting intensity (left), wavefront expressed in the unit of λ (center), and radially integrated OAM spectrum (right) for the driving
beams of (a) = −11 , (b) = 31 , and (c) = 41 . The radially integrated OAM spectra indicate that the contribution to the desired OAM order is
over 90% in all the cases: ∼93.4% for = −11 , ∼92.6% for = 31 , and ∼92% for = 41 .
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■ EXPERIMENTAL CHARACTERIZATION OF THE IR
VORTEX DRIVING BEAMS

Following the focusing optics, a series of beam samplers guide
the driving vortex beam to the IR wavefront sensor, which is
located ∼300 mm after the focal plane (see Figure 1 and the
Supporting Information). The measured intensity and wave-
front of the IR vortex beams at the wavefront sensor plane are
presented in the Supporting Information, Figure S1. Addition-
ally, over an extended period, the topological charge
measurement shows a deviation of ∼1% or less, indicating
the high stability of the driving beams (see the Supporting
Information and Figure S2). To obtain the intensity and the
wavefront of the IR driving beams at the waist, the complex
field reconstructed by the wavefront sensor is numerically
backpropagated to the focal plane (see the Supporting
Information). In Figure 3 we show the resulting intensity
(first column), wavefront (second column) at the waist, and
OAM content (third column) for the IR vortex beams with a
topological charge of 1 = −1, 3, and 4 (first, second, and third
rows, respectively). In addition to the annular intensity profile,
the size of the dark spot resulting from the central phase
singularity increases with the topological charge, as expected.
The merit of our characterization approach can be assessed
through an excellent agreement between the backpropagated
and experimentally acquired intensity distribution at the waist
(see Figure S3 in the Supporting Information). The OAM
content presented in the right column shows that, although the

driving beams possess high modal purity (∼93.4% for = −11 ,
∼92.6% for = 31 , and ∼92% for = 41 ), there is a non-
negligible contribution from other modes as well.
We note that SPPs are nonideal mode converters offering a

limited efficiency,52 whereas the residual aberrations present in
the Gaussian beam can further degrade the mode purity.53

Even for a high-quality Gaussian input such as the one used in
this work (RMS wavefront ∼ λ/32, see the Supporting
Information), the helical beams produced by SPPs are a
superposition of numerous Laguerre−Gauss modes. Addition-
ally, as SPPs are designed for a particular wavelength,
topological charge dispersion is naturally induced for broad-
band femtosecond pulses.54,55 Therefore, SPPs inevitably yield
a driver beam comprising a superposition of different OAM
modes. For a quantitative comparison, the theoretical OAM
mode-conversion efficiency for a 16-segment phase plate of
unit topological charge is ∼95%,54 whereas the experimentally
obtained efficiency for | |1 = 1 is ∼93.4%, which is very close to
the theoretical estimation.

■ SIMULATION OF OAM-DRIVEN HHG USING THE
EXPERIMENTAL DRIVING BEAM

The theoretical simulations of the HHG in argon have been
computed using the experimentally retrieved IR driving beam,
which allows us to obtain a deeper insight into the
experimental results. We utilize the experimental driving
beam at the waist (Figure 3) as an input to our numerical

Figure 4. HHG OAM simulation results using the experimental vortex driver. We use the experimentally retrieved phase and amplitude of IR
vortex beams to simulate HHG in argon. In the left column we show the simulated intensity profiles of the 25th harmonic using our full quantum
SFA macroscopic approach for (a) = −11 , (b) = 31 , and (c) = 41 . For a selected case of = 31 , we show the simulated wavefront (d) and
phase twist (e), expressed in the unit of λ as a function of divergence. Note that, for the driving beam of = 31 , the wavefront twist of 75λ is in
agreement with the experimental observation (Figure 2b) and represents the expected upscaling of the topological charge with the harmonic order.
Again, for the sake of completeness, we show the radially integrated HHG OAM spectra in (f)−(h) for 1 = −1, 3, and 4, respectively. The main
OAM contribution channels are the 26th, 73rd, and 98th for | |1 = 1, 3, and 4, respectively, in excellent agreement with the experimental results
presented in Figure 2.
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model, which is based on a combination of the extended strong
field approximation and the electromagnetic field propagator56

(see the Supporting Information).
In the first column of Figure 4 we show the simulated

intensity profile of the 25th harmonic when driven by the IR
drivers presented in Figure 3, for 1 = −1, 3, and 4 (first, second
and third row, respectively). First and foremost, we observe a
close resemblance between the simulated and the experimental
intensity profiles. The complex features of the experimental
intensity profiles are well reproduced by the computed results.
For the selected case of = 31 , we show the wavefront in
Figure 4d and the phase twist as a function of the beam
divergence in Figure 4e. The simulated phase bears a twist of
75λ, which is in agreement with the experimental observation.
In the third column of Figure 4 we show the radially integrated
OAM spectrum corresponding to each condition, obtained
after performing the Fourier transform of the 25th harmonic
along the azimuthal coordinate. The OAM spectrum shows a
broad distribution for all the cases, which is in qualitative
agreement with the experimental results presented in Figure 2.
We also note that for both experimental and simulated results,
the topological charges with the largest contributions are the
26th, 73rd, and 98th for | |1 = 1, 3, and 4, respectively. We
remark that as the intensity profiles present noncylindrical
symmetries, the OAM distribution is very sensitive to the
centering reference from where the azimuthal Fourier
transform is performed. The distortions and modulations of
both numerical and experimental intensity profiles influence
the OAM spectrum, since they introduce additional OAM
modes that are sensitive to small displacements of the
centering reference (see Figure S4 in the Supporting
Information). For this reason, we have optimized the centering
procedure to obtain the minimum standard deviation in each
OAM distribution presented in this work.

■ CONCLUSION

We demonstrate the generation of EUV vortex beams with a
topological charge of up to 100 through HHG in a noble gas.
We use wavefront metrology to fully characterize their
intensity and helical wavefront. To the best of our knowledge,
this is the first work that demonstrates the successful
generation, followed by a complete characterization, of such
a high charge vortex structure in the EUV domain. In this
sense, the presented results pave the way for the character-
ization of very high OAM EUV beams, which is a prerequisite
for their applications. These results also show that, even in an
extended generation medium (15 mm long), the twisted phase
of the IR vortex driver is upconverted and preserved during
HHG. Consequently, a further long medium can be used to
generate intense EUV vortex beams for practical applications.
Though the overall wavefront twist confirms a linear
upconversion of the topological charge with harmonic order,
an in-depth analysis reveals the sensitivity of the EUV OAM to
the purity of the driving beam. Even for a highly pure driver of

= −11 (∼93.4%), a mere contribution of a few percentages
from other modes can affect the high-order harmonic OAM
spectrum.
From a fundamental point of view, we note that the

topological charge carried by an ultrafast vortex beam is limited
by its pulse duration.57 Such a limit for the highest topological
charge in our work would correspond to ∼106, which is far
from our situation due to the relatively long pulse duration of

our driving pulse (∼40 fs) and the high frequency of the
harmonics. However, if several high-order harmonics with the
same high OAM charge were synthesized into a subfemto-
second laser pulse, the limits established in ref 57 would be
experimentally accessible. Thus, if combined with other
techniques to generate high-order harmonics with the same
OAM charge,28 our work would provide a route to
experimentally explore the limits of OAM in ultrafast science.
From a technological point of view, we demonstrate that the
intensity and wavefront of high charge vortex beams can be
reliably characterized using the wavefront sensing approach.
Note that the techniques that are unable to measure both
amplitude and phase profile provide only an averaged OAM
value. Thanks to the high resolution of the EUV Hartmann
sensor, we can numerically extract the OAM composition of
the harmonic vortex beams from the experimentally
reconstructed complex field. Our approach can further be
extended to obtain the radial mode content using the full
Laguerre−Gauss decomposition of the field. This, for instance,
can be used to study the effect of intensity and phase matching
on the radial mode structure of HHG vortex beams.
The generation and characterization of EUV vortex beams

with a large OAM in the high frequency regime paves the way
for ultrafast studies of OAM transfer from light to matter at a
beam size comparable to the natural spatial scales of electronic
dynamics in clusters or molecules.58 Further studies of tight
focusing of such beams are required. Fortunately, the versatility
of the HHG process offers different lensless focusing
approaches35,59,60 that could be used to achieve low divergence
beams without the need for focusing optics. In this regard, we
also note that the EUV wavefront sensing allows for the
determination of the HHG beam waist position from the
measured wavefront curvature radius, therefore, offering the
possibility to investigate the optics-less focusing aspect of high-
OAM EUV vortex beams.
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