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Abstract Vigorous efforts to harness the topological properties of light have enabled a multitude of novel
applications. Translating the applications of structured light to higher spatial and temporal resolutions
mandates their controlled generation, manipulation, and thorough characterization in the short-wavelength
regime. Here, we resort to high-order harmonic generation (HHG) in a noble gas to upconvert near-infrared
(IR) vector, vortex, and vector-vortex driving beams that are tailored, respectively, in their spin angular
momentum (SAM), orbital angular momentum (OAM), and simultaneously in their SAM and OAM. We
show that HHG enables the controlled generation of extreme-ultraviolet (EUV) vector beams exhibiting
various spatially dependent polarization distributions, or EUV vortex beams with a highly twisted phase.
Moreover, we demonstrate the generation of EUV vector-vortex beams (VVB) bearing combined char-
acteristics of vector and vortex beams. We rely on EUV wavefront sensing to unambiguously affirm the
topological charge scaling of the HHG beams with the harmonic order. Interestingly, our work shows that
HHG allows for a synchronous controlled manipulation of SAM and OAM. These EUV structured beams
bring in the promising scenario of their applications at nanometric spatial and sub-femtosecond temporal
resolutions using a table-top harmonic source.

1 Introduction

Recent advances in harnessing the topological proper-
ties of light beams have led to exciting new develop-
ments in various fields [1, 2]. Out of numerous com-
plex and exotic configurations [1], vortex and vector
beams are perhaps among the paramount examples
of structured light. On the one hand, vortex beams
carrying orbital angular momentum (OAM) mani-
fest azimuthally twisting wavefront given by exp(i�φ)
around the beam propagation axis [3], where the topo-
logical charge �, also known as the phase winding
number, signifies the number of 2π shifts across the
azimuthal coordinate φ in the transverse plane. On
the other hand, vector beams are characterized by
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their spatially varying polarization, which is encoded
in their spin angular momentum (SAM) [4]. A vec-
tor beam can also be interpreted as a superposition
of two optical vortices with counterrotating circular
polarization (right circular RCP and left circular LCP)
and equal but opposite topological charges, thus null
OAM: �RCP = −�LCP. Consequently, the phase differ-
ence between the two circularly polarized components
governs the spatially varying linear polarization distri-
bution. Contrastingly, vector-vortex beams (VVB) that
are tailored simultaneously in their SAM and OAM, can
be interpreted as a superposition of two circularly polar-
ized optical vortices of opposite handedness and distinct
topological charges: �RCP = �p + 1 and �LCP = �p − 1,
where the topological Pancharatnam charge �p defined
in terms of the Pancharatnam–Berry phase [5] accounts
for the intertwined phase and polarization properties of
the VVB [6].

Structured light beams have enabled numerous inter-
disciplinary applications [1, 2, 4]. In particular, struc-
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tured light has opened new frontiers in light-matter
interactions: photonic induction and control of ultra-
fast currents in semiconductors, thus opening the pos-
sibilities of reconfigurable optoelectronic circuits [7, 8],
OAM transfer to valence electrons [9], photoelectrons
[10], observation of magnetic helicoidal dichroism [11],
and selective excitation of multipolar modes in localized
surface plasmons [12], to name a few. Given the pleni-
tude of applications, controlled generation and manipu-
lation of light beams exhibiting OAM, SAM, or both in
the short-wavelength regime are particularly relevant as
they can allow extending their applications to nanomet-
ric spatial and subfemtosecond temporal scales [13]. We
note that short-wavelength structured beams have been
demonstrated at large-scale synchrotron and X-ray free-
electron lasers facilities utilizing diffractive optical ele-
ments [14, 15]. However, these alternatives often suffer
from poor throughput, lack of widespread accessibility,
and less tunability in the sense that each desired con-
figuration requires a custom-designed diffractive opti-
cal element. On the other hand, high-order harmonic
generation (HHG) resulting from the highly nonlinear
interaction of intense laser light with atoms [16], leads
to highly coherent, ultrashort, and high-frequency (odd
multiples of the driving field) radiation rainbow that
can extend up to soft-X-ray spectral range [17]. On the
macroscopic level, when the emitted radiation from a
large number of individual atoms is phase-matched, the
HHG allows mapping certain characteristics of the driv-
ing beam into the harmonic radiation. Exploiting the
field-driven coherent nature of the HHG process, long-
wavelength structured-beam-driven HHG in noble gases
has made long strides, enabling control and manipula-
tion of OAM and/or SAM in the extreme-ultraviolet
(EUV) spectral range [18–30].

In this work, we resort to HHG in a 15 mm-long
argon-filled gas cell to demonstrate the generation and
characterization of EUV structured beams. We show
that the HHG process allows for a continuous tunabil-
ity of the polarization state of the upconverted vector
beam from radial to azimuthal. Moreover, by driving
HHG with IR vortex beams, we report the produc-
tion, and single-shot intensity, wavefront characteriza-
tion of EUV vortex beams exhibiting very high topo-
logical charges. Furthermore, we demonstrate that the
HHG process allows combining the spatially inhomoge-
neous polarization distribution of a vector beam and the
twisted wavefront of vortex beams in a controlled man-
ner, yielding EUV vector-vortex beams carrying large
OAM, and tunable polarization state. Controlled gener-
ation and manipulation of EUV light with phase and/or
polarization singularities pave the way for their applica-
tions in fundamental and applied studies using a table-
top high-harmonic source.

2 Experimental setup

In Fig. 1, we depict the experimental setup to generate
EUV vector and VVB from a linearly polarized near-

infrared (IR) Gaussian beam of central wavelength 815
nm, pulse duration ∼ 40 fs, ∼ 15 mJ maximum energy,
and diameter ∼ 24 mm at 1/e2. On the one hand, the
vertically polarized incoming Gaussian beam is trans-
formed into a vector beam using a large aperture (3-in.
diameter) segmented polarization converter composed
of eight half-wave plates with azimuthally varying opti-
cal axis orientation. On the other hand, the IR vector-
vortex driver with topological charge �p1 is obtained by
inserting both a spiral phase plate (SPP) comprising
16 segments per phase ramp and the polarization con-
verter in the incoming Gaussian beam. We remark that
the utilized configuration allows continuous tuning of
the polarization state of the vector and vector-vortex
driving beams from radial to azimuthal by altering the
polarization of the fundamental IR beam from vertical
(s-polarization) to horizontal (p-polarization) using a
half-waveplate.

We focus the IR vector, vortex, or vector-vortex driv-
ing beam into a 15 mm long argon-filled gas cell using
a 2-meter focal length lens to generate high harmon-
ics. We remark that for the results reported here, the
gas cell is positioned to have the waist of the driving
beam at its center. The remaining IR driving beam
after the generation medium is filtered using a 300 nm-
thick Al filter. Thereafter, we steer the HHG structured
beam towards a high-resolution EUV Hartmann wave-
front sensor (EUV-HASO, Imagine Optic) through a
narrowband 45-degree multilayer flat mirror [31]. This
narrowband flat mirror serves for two purposes: spec-
tral and polarization filtering of the structured HHG
beams. The vertical polarization intensity component
of the q = 25th harmonic of the driving beam centered
at λEUV = 32.6 nm is guided to the EUV wavefront sen-
sor: the extinction of neighboring orders exceeds 90%
[31], while the experimentally determined polarization
selectivity is better than ∼ 10:1. As we will show later,
our approach based on spectral and polarization fil-
tering allows for an unambiguous interpretation of the
topological charge and/or polarization state of the EUV
structured beams. Additionally, a high-magnification
(∼ 6) spectrally selective imaging system facilitates the
characterization of the vertical polarization intensity
component of HHG beams at the exit plane of the gen-
eration medium. The EUV imaging system is composed
of a narrowband near-normal incidence (∼ 1.20) mul-
tilayer converging mirror of focal length ∼ 500 mm.
Though this configuration is not sensitive to the polar-
ization due to the small angle of incidence, we image
the exit plane of the gas cell through the polarizing
45-degree multilayer flat mirror placed before the EUV
CCD (see Fig. 1). This allows us to characterize the ver-
tical polarization intensity component of the harmonic
beam at the gas cell exit plane, hence permitting an
unambiguous affirmation of the HHG beams’ polariza-
tion state at the source. As the used EUV multilayer
mirrors offer high reflectivity within a small spectral
range, we use a spectral-phase control of the IR driver
by an acousto-optic modulator (Dazzler, FASTLITE)
to spectrally tune the high-harmonic beam. We remark
that the truncation of a vector beam can deform its
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Fig. 1 Experimental setup for the generation and characterization of structured HHG beams. To obtain the IR vector
driver, a segmented polarization converter (pol. converter) is inserted in the incoming vertically-polarized fundamental
Gaussian beam. The polarization converter and a spiral phase plate (SPP) are concatenated to yield the vector-vortex
driving beam. The IR driving beam is focused into a 15 mm-long argon-filled gas cell by a 2 m focal length lens to generate
high harmonics. The remaining IR driver is removed using a 300 nm-thick Al filter. The harmonic beam is guided towards
either the EUV Hartmann wavefront sensor (EUV-HASO) located ∼ 1.98 m from the HHG source or the nearfield imaging
system. Spectral and polarization filtering by the 450 multilayer plane mirror allows detection of the vertical polarization
component of the 25th harmonic beam centered at λEUV = 32.6 nm in the far field of HHG source (at EUV HASO) and
the exit of generation medium

structure upon propagation [32, 33]. Therefore, in the
results presented here, we avoid the aperturing of IR
vector and vector-vortex driving beams (see Fig. 1).
On the other hand, in the case of HHG driven by IR
vortex, we aperture the incoming beam by an iris of 18
mm diameter to optimize the phase matching.

3 Results and discussion

3.1 EUV vector beams via HHG

Owing to their remarkable properties, particularly
under high numerical aperture focusing conditions [34,
35], vector beams have enabled a wide range of novel
applications [4, 34, 36, 37]. Conclusively, obtaining
intense vector beams in the EUV domain is highly
desirable. We also note that the frequency upconver-
sion of vector beams in a thin (500 µm gas jet) gener-
ation medium was reported in [26], where authors used
a Rowland-circle type spectrometer as a polarizer to
affirm the vectorial polarization of HHG beams. Here,
we use a 15 mm-long gas cell and exploit our EUV
imaging system (Fig. 1) to unambiguously confirm the
spatially variant polarization distribution of the HHG
beam.

In Fig. 2, we show the measured intensity distribution
of radially (a) and azimuthally (b) polarized IR vector
beams at the waist. In both cases, the intensity distri-
bution presents an annular structure with a dark hole
at the center. We note that the donut-like profile of a
vector beam arises from on-axis polarization singularity
resulting from spatially varying linear polarization [4].
We mark the tentative polarization distribution using
white arrows in Fig. 2a, b. To affirm their polarization
state, we image the vertical polarization intensity com-
ponent of the IR vector beams through a linear polar-
izer. Indeed, the two vertical intensity lobes for radial

(Fig. 2c), and the two horizontal lobes for azimuthal
(Fig. 2f), confirm their respective polarization states.
As noted before, by rotating the polarization of the
fundamental IR Gaussian beam from vertical to hori-
zontal using a λ/2 wave plate, we can continuously vary
the polarization distribution from radial (λ/2 = 00) to
azimuthal (λ/2 = 450). In Fig. 2d, e, we present the ver-
tical polarization intensity distributions for two inter-
mediate polarization states: λ/2 wave plate is rotated
by d ∼ −300, and e ∼ 300 from the neutral axis. In
all the cases, the two-lobed intensity profile signifies
their vectorial polarization distribution, while their ori-
entation represents radial, azimuthal, or intermediate
polarization states.

To generate high-harmonics, the IR vector driving
beam is focused into the Argon gas cell, as depicted
in Fig. 1. Subsequently, the vertical polarization inten-
sity component of the 25th harmonic at the gas cell
exit plane is acquired by employing the polarization-
selective monochromatic imaging system (see Fig. 1). In
the bottom row of Fig. 2, we show the intensity distri-
bution of the vertical polarization component of HHG
vector beams exhibiting radial (g), azimuthal (j), and
intermediate polarization distributions (h, i). Remark-
ably, akin to the vertical polarization components of IR
vector beams (Fig. 2c–f), the HHG beams also display
a two-lobed profile whose orientation closely follows the
trend of the IR driving beams. Conclusively, the coher-
ent nature of the HHG process indeed permits the gen-
eration of EUV beams with vectorial polarization distri-
bution in an extended generation medium (15 mm gas
cell) from the IR vector drivers. A further loose focusing
geometry and a longer gas cell can therefore allow the
production of intense EUV vector beams, bringing in
the prospect of their practical applications in the EUV
domain. Additionally, we note that HHG allows upscal-
ing of the photon energies up to the soft X-ray wave-
length range [17], hence further adding to the utility
of HHG-based polarization structured short-wavelength
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Fig. 2 Polarization-structured EUV vector beams via HHG. Left panel: experimental intensity distribution of the IR
vector beams with a radial and b azimuthal polarization distributions at the waist. Right panel: top rows shows the
vertical polarization (‘s’-polarization) component of the driving beam at the waist bearing radial (c), azimuthal (f), and
intermediate polarization states (d, e). The dotted lines in c–f represent the segments of the polarization converter whereas
the orientation of the half-wave plate in regards to its neutral axis is noted on the top of the respective figures. Note that
the white arrows in the left panel represent tentative polarization distribution, which is affirmed through the intensity
profiles of vertically polarized components depicted in the right panel. In the bottom row, we show the vertical polarization
components of the HHG vector beams (25th harmonic) manifesting radial (g), azimuthal (j), and in-between polarization
distributions (h, i). These intensity distributions of HHG vector beams are acquired using the monochromatic polarization
selective EUV imaging system that is configured to image the exit plane of the gas cell (see Fig. 1)

pulses. We also remark that unlike frequency upconver-
sion in nonlinear crystals where spatially varying linear
polarization of the fundamental vector beam is unfa-
vorable, the uniqueness of the HHG process permits
the generation of EUV vector beams.

3.2 Generation of high-harmonic vector-vortex
beams

Here, we detail the high-harmonic frequency upconver-
sion of IR VVB driving beams of different topological
Pancharatnam charges that are obtained by concate-
nating SPP and the polarization converter (see Fig. 1).
In Fig. 3, we depict the theoretical (left panel) and
experimental (right panel) characterization of the IR
vector-vortex driving beam of |�p1|= 1 (top row) and
|�p1|= 2 (bottom row). The theoretical panel shows
the evolution of the intensity profile and the polar-
ization distribution-denoted by the embedded polar-
ization ellipses-as the driving beam propagates from
the polarization converter (a, b) to the gas cell (c, d).
Note that the theoretical distribution of the IR beam
at the gas cell is computed utilizing Fraunhofer diffrac-
tion integral along the transverse profile of the driver
at the polarization converter plane. In the experimen-
tal panel, in addition to the intensity distribution of

the IR driver at the waist (e, f), we present the sepa-
rated RCP and LCP components comprising the total
beam for the respective cases in (g, h). The topologi-
cal charge of the RCP and LCP components is inferred
using the relationship between the topological charge
and the radius of maximum intensity [38]. We note
that the divergence of Laguerre–Gauss modes depends
on the topological charge [39]. As the two components
comprising the total beam exhibit different topological
charges, vector-vortex beams manifest complex behav-
ior upon propagation. In particular, the radial polariza-
tion right after the polarization converter (a, b) trans-
forms into a complex polarization distribution resem-
bling a full-Poincaré beam [40, 41]. Nevertheless, a ring
of linear polarization (indicated by the green lines in (c,
d)) occurs wherever RCP and LCP components over-
lap with equal intensity. Interestingly, in the region of
linear polarization, the dephasing induced between the
RCP and LCP components due to the difference in
their Gouy phase leads to the evolution of the initial
polarization distribution from radial at the polarization
converter (a, b) to azimuthal at the gas target (c, d).
Contrastingly, in the case of a pure vector beam com-
prising two counterrotating circularly polarized vortices
with equal and opposite topological charges (�RCP =
−�LCP), there is no polarization rotation due to the

123



Eur. Phys. J. Spec. Top. (2023) 232:2045–2054 2049

Fig. 3 Theoretical (left panel) and experimental (right panel) characterization of the IR vector-vortex driver of topological
charges |�p1|= 1 (top row) and |�p1|= 2 (bottom row). For radially polarized driving beams, we show the theoretical
intensity maps with embedded polarization ellipses right after the polarization converter (a, b) and after propagating to the
gas cell (c, d). Note that the clean input beam (a, b) with linear radial polarization transforms into a complex polarization
distribution at the gas target (c, d). The right panel depicts the experimental profiles (e, f), and the separated RCP and
LCP components at the gas target for IR VVB of topological charge (g) �p1 = +1, (i) �p1 = −1, (h) �p1 = +2, and (j)
�p1 = −2. The helicity of the circular polarization between the two parts that compose the total beam reverses when the
sign of topological charge is changed from positive (g, h) to negative (i, j)

absence of phase shift. This aspect is evident from the
experimental characterization presented in Fig. 2c–f,
where the initial polarization state remains static
as the IR vector beams propagate towards the waist
after the focusing lens.

To drive HHG, the IR VVB is focused into the gas
cell (see Fig. 1). In Fig. 4, we depict the far field vertical
polarization intensity (top row) and wavefront (bottom
row) profiles of the HHG VVB driven by the IR beam
of topological Pancharatnam charge �p1 = −1 (c, d),
and �p1 = +2 (g, h). To contrast the behavior con-
cerning harmonic vortex beam exhibiting uniform ver-
tical polarization, we present the intensity and wave-
front maps of the HHG-OAM beam for IR driver of
topological charge �1 = −1 (a, b) and �1 = +2 (e, f).
Note that all the wavefronts here are represented in the
unit of the central wavelength of EUV light (λEUV =
32.6 nm). Regarding uniformly polarized HHG vortex
beams, we observe an annular intensity distribution
(a, e) and azimuthally twisting wavefront (b, f). Inter-
estingly, the 25th harmonic beam bears a total peak-
to-valley (PtV) wavefront variation of ∼ −24.9λEUV

(b) and ∼ +49.2λEUV (f) for the IR vortex driver of
�1 = −1 and �1 = +2, respectively. Therefore, the total
wavefront twist in the transverse plane indicating the
topological charge of vortex beams is within 2% of the
theoretical expectation. These results unambiguously
affirm the topological charge scaling of the HHG-OAM
beams with harmonic order [18, 29]: �q = q�1. Moreover,

the sense of wavefront rotation changes from anticlock-
wise (b) to clockwise (f) following the sign of the topo-
logical charge of the driving beam, indicating tunability
of OAM helicity for HHG-OAM beams. We also remark
that the intensity and wavefront of the harmonic vor-
tex beams are reconstructed from single-shot acquisi-
tions, therefore showing that an extended generation
medium allows the production of intense HHG-OAM
beams without degradation of their high-charge vortex
structure.

In contrast to the uniformly polarized EUV vor-
tex, the vertical polarization intensity projection of the
HHG vector-vortex beams displays a two-lobed profile
with vertical orientation, indicating spatially inhomo-
geneous polarization distribution in the far field of the
HHG source. Note that though the driving beam at the
gas cell plane exhibits complex polarization distribution
(Fig. 3c, d), the severe restriction of harmonic efficiency
on the ellipticity of the driving beam restricts the effi-
cient generation in the region with low ellipticities [42].
We remark that as the initial radial polarization at the
polarization converter transforms to azimuthal at the
focus of the driver (see Fig. 3a–d), the high-harmonics
are generated initially with azimuthal polarization at
the gas cell. However, as the Gouy phase-induced phase
shift is the same for the IR driving and HHG beams [28],
the azimuthal polarization at the gas target remark-
ably transforms to near-radially polarized high-order
harmonics in the far-field. Consequently, in the farfield
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Fig. 4 Characterization of high-OAM HHG vortex and vector-vortex beams. Intensity (top row) and wavefront (bottom
row) profiles of the 25th harmonic beam for IR vortex driver of a, b �1 = −1 and e, f �1 = +2. In c, d and g, h, we depict
the vertical polarization intensity and wavefront components of the HHG beam for radially polarized vector-vortex drivers
of �p1 = −1 and �p1 = +2, respectively. In comparison to harmonic vortex beams with uniform linear-vertical polarization,
the two-lobed profiles with vertical orientation in c, d and g, h represent spatially inhomogeneous linear polarization with
the radial distribution. Additionally, azimuthally twisting wavefront in both the lobes with clockwise (h) and anticlockwise
(d) rotation for the positive and negative sign of the topological charge indicates the control of the OAM helicity of harmonic
VVB

of the HHG source (Fig. 4c, d, g, h), the vertical polar-
ization projections exhibit two vertically oriented lobes.
Furthermore, in both cases, the wavefront manifests an
azimuthal twist whose direction of rotation follows the
sign of the topological Pancharatnam charge of the IR
driver. On the one hand, these results demonstrate that
the harmonic beam indeed manifests combined charac-
teristics of vector and vortex beams. On the other hand,
they also reveal that the HHG process allows control-
ling the OAM helicity of the harmonic VVB.

We remark that as for HHG vector beams (Fig. 2),
we were able to generate EUV VVB with intermediate
polarization states by varying the polarization of the
fundamental IR beam, as depicted in the left panel of
Fig. 5. For azimuthally polarized IR driver of �p1 = −2,
the right panel shows the vertical polarization compo-
nents of (e) intensity and (f) wavefront. In all the cases,
vector and vortex characteristics of the HHG beams
are apparent from the two-lobed intensity distribution
and the azimuthally twisting wavefront, respectively.
Besides, as expected, the direction of wavefront rota-
tion reverses with a change in the sign of �p1 (Fig. 5f).
In conclusion, the experimental results in Figs. 4 and
5 demonstrate the controlled generation of HHG VVB,
and manipulation of their polarization state, as well as,
their OAM helicity.

3.3 Topological charge scaling of HHG VVB

In the case of complete intensity distribution, as for
uniformly-polarized harmonic vortex beams (Fig. 4a,
b, e, f), the topological charge can be conveniently

retrieved from the overall wavefront twist along the
azimuthal coordinate. However, as the HHG vector-
vortex beams exhibit a non-uniform linear polariza-
tion distribution, the spectrally selective EUV mirror
at 450 angle of incidence offer maximum reflectivity
for the vertically polarized component, while the hor-
izontal polarization component is poorly reflected (a
factor of 10:1). Consequently, the HHG vector-vortex
beams detected by the wavefront sensor present a two-
lobed intensity distribution (Figs. 4 and 5). There-
fore, to deduce the topological charge in these cases,
we adopt a different approach. We subtract the theo-
retically defined phase of different topological charges
from the experimental wavefront map. Thereafter, the
theoretical order that yields a minimum root-mean-
square (RMS) wavefront residue designates the topo-
logical charge of the HHG VVB.

We present the result of this analysis for the selected
case of HHG vector-vortex driven by the radially polar-
ized beam of �p1 = −1 in Fig. 6. Remarkably, a mini-
mum RMS wavefront residue is obtained after subtract-
ing the theoretical azimuthal phase of order � = 25
(Fig. 6a). To further corroborate this aspect, we show
the residual wavefronts after subtracting the theoreti-
cal orders of � = 20, � = 25, and � = 30 in Figs. 6b–d,
respectively. Indeed, relatively, the flattest wavefront
with a minimum RMS residue is obtained after sub-
tracting the theoretical phase of topological charge � =
25 (comparing Figs. 6b–d). This behavior shows that
for vector-vortex driven HHG, the topological charge
of the qth harmonic scales linearly with the Pancharat-
nam topological charge of the IR driving beam [28]:
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Fig. 5 HHG vector-vortex beams driven by �p1 = +2 and �p1 = −2 IR beam with intermediate and azimuthal polarization
states. Left panel: measured intensity (top row) and wavefront (bottom row) of the HHG vector-vortex beams with polar-
ization states in between radial and azimuthal for �p1 = +2 IR driver. Note that the IR driving beams with intermediate
polarization states are generated by varying the polarization of the fundamental Gaussian beam using a half-waveplate. The
orientation of the half-waveplate is noted on top of each column: 00 corresponds to the neutral axis that leaves the initial
vertical polarization of the Gaussian beam unchanged. The vertical polarization intensity distributions of the HHG beam
show a rotated two-lobed profile, while the wavefronts manifest a clockwise twisting wavefront. Right panel: (e) intensity,
and (f) wavefront of vertical component for azimuthally polarized HHG VVB driven by �p1 = −2 IR beam. Remarkably,
the handedness of the wavefront twist reverses from clockwise (b, d) to anticlockwise (f) when the sign of topological charge
changes from positive (b, d) to negative (f)

�pq = q�p1. Indeed, by considering separate conserva-
tion of SAM and OAM while satisfying parity conser-
vation that restricts the number of IR photons par-
ticipating in the HHG process to an odd integer, we
can show that HHG VVB results from the superposi-
tion of two circularly polarized vortices with opposite
helicity and distinct topological charges [27, 28, 43]:
|�q, RCP − �q, LCP |= 2. For the IR driver of Pancharat-
nam topological charge �p1 = −1, the harmonic VVB is
composed of: �q, RCP = q�p1−1 and �q, LCP = q�p1+1.
Therefore, the HHG Pancharatnam charge, which is the
average of the topological charge of RCP and LCP com-
ponents, is equal to −25 in this case. On the one hand,
these results demonstrate that the selection rule for
EUV vectorial-vortices obtained through HHG is gov-
erned by the upscaling of the topological Pancharatnam
charge and not the OAM of the constituent RCP and
LCP modes [28]. On the other hand, they simultane-
ously reflect on the merit of our experimental approach
based on EUV wavefront sensing for the characteriza-
tion of HHG structured beams.

4 Conclusion

We demonstrate frequency upconversion of near-
infrared structured beams to the EUV spectral range

via HHG in a 15 mm-long generation medium. Our
work shows that HHG facilitates the generation of EUV
vector beams exhibiting spatially variant linear polar-
ization with tunable distribution ranging from radial to
azimuthal. Concerning OAM-driven HHG, we demon-
strate production and complete spatial characterization
of intensity and wavefront of EUV vortex beams carry-
ing topological charge up to 50. Owing to the long gen-
eration medium and thus a larger emitting volume, the
signal level was sufficiently high to permit single-shot
intensity and wavefront characterization of high topo-
logical charge HHG vortex beams. The characterization
method based on EUV wavefront sensing allowed us to
unambiguously assess the topological charge and OAM
helicity of the HHG vortex beams, affirming the lin-
ear scaling of HHG beam topological charge with har-
monic order [18, 29]. Finally, through synchronous con-
trol of SAM and OAM of the driving beam, we show
that the HHG process allows controlled generation of
vector-vortex beams, thus merging the spatially vary-
ing polarization of a vector beam and the twisted wave-
front of vortex beams. Moreover, the presented results
reveal the possibility of tuning not only the topological
charge but also the polarization state and the OAM
helicity of the EUV VVB. Through wavefront char-
acterization of HHG VVB, we experimentally demon-
strate that the selection rule for EUV vectorial-vortices
obtained through HHG is governed by the upscaling of
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Fig. 6 Deducing the topological charge of experimental HHG vector-vortex beams. (a) For radially polarized HHG vector-
vortex driven by �p1 = −1 IR beam, we show the RMS wavefront residue in λ units after subtracting the theoretical
phase of various topological charges. A minimum RMS wavefront residue is obtained for � = 25, which coincides with the
theoretically formulated scaling of Pancharatnam topological with the harmonic order: �pq = q�p1. Residual phase after
subtracting (b) � = 20, (c) � = 25, and (d) � = 30

topological Pancharatnam charge and not the OAM of
the constituent RCP and LCP modes.

Ultrafast structured EUV light further widens the
scope of table-top high-harmonic sources for funda-
mental and applied studies. On the one hand, tightly
focused high topological charge ultrafast EUV vortex
beams carrying large OAM may enable light-matter
OAM transfer to atoms and molecules [44], and pho-
tonic induction of skyrmionic defect in magnetic mate-
rials [45]. On the other hand, intense EUV vector
beams obtained through HHG in an extended genera-
tion medium pave the way for short-wavelength lithog-
raphy [46, 47], microscopy [48], and diffraction imaging
applications [49, 50]. Our further work involves inves-
tigating the tight focusing of these structured EUV
beams using a Kirkpatrick–Baez focusing system. Con-
cerning HHG VVB with combined characteristics of
vector and vortex beams, our work opens the possibil-
ity of synthesizing attosecond light-springs [18] tailored
to exhibit spatially varying polarization [28], therefore
offering a new degree of freedom in attosecond beams.
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