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Extreme-ultraviolet vortices may be exploited to steer the magnetic properties of nanoparticles, increase
the resolution in microscopy, and gain insight into local symmetry and chirality of a material; they might
even be used to increase the bandwidth in long-distance space communications. However, in contrast to the
generation of vortex beams in the infrared and visible spectral regions, production of intense, extreme-
ultraviolet and x-ray optical vortices still remains a challenge. Here, we present an in-situ and an ex-situ
technique for generating intense, femtosecond, coherent optical vortices at a free-electron laser in the
extreme ultraviolet. The first method takes advantage of nonlinear harmonic generation in a helical
undulator, producing vortex beams at the second harmonic without the need for additional optical elements,
while the latter one relies on the use of a spiral zone plate to generate a focused, micron-size optical vortex
with a peak intensity approaching 10'* W/cm?, paving the way to nonlinear optical experiments with

vortex beams at short wavelengths.
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I. INTRODUCTION

Optical vortices are helically phased light beams with a
field dependence of exp(ilg), where [ is the topological
charge and ¢ the azimuthal coordinate in the plane
perpendicular to the beam propagation [1]. Such beams
carry an orbital angular momentum (OAM) of [ per
photon. The interaction between matter and extreme-
ultraviolet (XUV) optical vortices is predicted to trigger
new phenomena. Among these are violation of dipolar
selection rules during photoionization [2], generation
of charge current loops in fullerenes with an associated
orbital magnetic moment [3], and the production of
Skyrmionic defects [4], which show promise for applica-
tions in nanoscale magnetic memory devices. Recent
theoretical and experimental advances in the field of
generation and application of XUV vortex beams [5]
have led to proposals for new material characterization
techniques such as OAM dichroism [6] for studying
technologically important materials (e.g., cuprates, man-
ganites, and ruthenates) and stimulated emission depletion
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(STED)-like microscopy [7] for enhancing the imaging
resolution without the need to use fluorophores. Potential
applications may even include super-resolution laser
machining and long-distance space communications [8].

Most of the above-mentioned proposals require an
ultra-short, high-intensity XUV or x-ray source capable
of producing vortex beams. As opposed to optical vortex
generation in the visible and infrared (IR) spectral
regions, where such beams have been successfully used
in a wide array of applications ranging from particle
manipulation [9,10] and detection of spinning objects
[11,12] to optical communications [13] and super-
resolution imaging [14], generation of intense XUV or
x-ray vortices still remains a challenging task and is
undergoing extensive research.

Recently, two groups reported on the production of
XUV beams with tunable topological charge using high-
harmonic generation in a wave-mixing setup [8,15]. In
Ref. [16], significant experimental progress was made
towards plasma-based vortex generation [17,18], which
shows promise for producing intense harmonics of the
driving laser with adjustable OAM. However, the current
performance of such tabletop systems in terms of the
intensity of the generated XUV light is orders of magnitude
lower compared to the new generation of accelerator-based
sources such as free-electron lasers (FELs) [19], and may
not be sufficient to perform some of the proposed
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Generation of coherent optical vortices through nonlinear harmonic generation at a FEL (not to scale). A transversely Gaussian

seed density modulates the e-beam using a combination of an undulator (modulator) and a dispersive section (D.S.) so that it emits
coherent XUV light in the radiator. The interaction between FEL radiation at the fundamental wavelength and the e-beam induces
bunching at the second harmonic, which is amplified along the radiator chain, leading to emission of intense, coherent optical vortices in
the XUV spectral range. A Zr filter is placed at the FEL output to suppress the fundamental Gaussian mode, transmitting only the optical

vortex.

experiments. Therefore, several schemes are being studied
for producing optical vortices at a FEL.

In a FEL, light is generated by relativistic electrons
wiggling inside a periodic magnetic field of an undulator
[20]. The interaction between the emitted light and the
electrons leads to exponential amplification of the emis-
sion, producing intense (gigawatt peak power) pulses with
laserlike properties. In special FEL operation modes, XUV
or x-ray vortices may be generated, e.g., by bunching the
electrons into a helical pattern either using a seed laser
with a proper transverse phase structure [21,22] or
through the interaction of the electron beam (e-beam)
with a laser having a Gaussian transverse profile in a
helical undulator [23]. The first scheme has the potential
to produce vortex beams at high harmonics of the seed
laser but has yet to be demonstrated in practice, while the
latter one works only at the fundamental wavelength (i.e.,
the setup acts as a mode converter) and therefore requires
a coherent seed laser in the XUV or x-ray wavelength
range. XUV vortices can also be produced by placing a
diffractive optical element, such as a phase mask or a
computer-generated hologram, directly into the XUV
beam path. This method was successfully used to gen-
erate vortex beams at synchrotrons [24,25]; however, for
FELs, the optical elements have to be properly designed
to withstand the extremely high photon flux, and up to
now, there are no reports of XUV vortex generation at a
FEL using such direct approaches.

Here, we demonstrate two methods for generating
intense XUV beams carrying OAM. In the first one,
we take advantage of the vortex nature of harmonics
emitted in a helical undulator [26,27]; however, unlike
the previous experiment [28], where XUV vortices were
produced by incoherent undulator emission, we exploit
high-harmonic [29] and nonlinear harmonic generation
[30-33] to obtain intense, femtosecond, coherent XUV
vortices from a chain of six undulators at the FERMI
FEL [34]. The method can be easily implemented at
existing FEL facilities. The second technique relies on
the use of a spiral zone plate (SZP) [35], which is placed

directly into the FEL beam path. The setup produces
a focused, micron-sized, high-intensity optical vortex
without requiring extensive modifications of the FEL
beamline.

II. COHERENT OPTICAL VORTICES FROM
NONLINEAR HARMONIC GENERATION

Recent theoretical studies demonstrated that vortex
beams emitted by free electrons may be more ubiquitous
than previously thought. It was shown that harmonic
components of radiation produced by a relativistic electron
moving on a circular or spiral trajectory, such as the one in a
helical undulator, carry a total (spin and orbital) angular
momentum of nA per photon, where n is the harmonic
number [27]. In the paraxial regime, this translates into an
OAM content corresponding to / = n — 1; see Ref. [26].
Although it has been known for a while that harmonics
emitted by a helical undulator show a characteristic donut-
like distribution with zero on-axis intensity [33,36,37], the
helical phase of such radiation has only recently been
addressed in more detail [26,27]. These theoretical pre-
dictions were first confirmed in a synchrotron experiment
using a helical undulator to produce optical vortices in the
XUV spectral range [28]. However, in a synchrotron, the
emission from individual electrons, which are randomly
distributed within the e-beam, adds up incoherently, result-
ing in a relatively low intensity and poor temporal coher-
ence of the emitted light. Both the temporal coherence and
intensity can be strongly enhanced by density modulating
the e-beam at the emission wavelength with a seed laser.
This scheme was used in Ref. [38] to generate coherent
optical vortices in the IR from a single undulator.

Here, we extend the approach to the XUV spectral range
by exploiting the principles of high-harmonic [29] and
nonlinear harmonic generation [30-33]. The experiment
was performed at the FERMI FEL [34]. An ultraviolet
(250-nm) seed laser was used to energy modulate the
e-beam in the first undulator (modulator), as shown in
Fig. 1. The e-beam was then sent through a dispersive

031036-2



EXTREME-ULTRAVIOLET VORTICES FROM A FREE- ...

PHYS. REV. X 7, 031036 (2017)

section (a four-dipole-magnet chicane), where the energy
modulation was transformed into a current-density modu-
lation (bunching) with Fourier components spanning many
harmonics of the seed laser frequency. Such a bunched
e-beam entered the helical radiator tuned to a fundamental
wavelength of 31.2 nm (i.e., the eighth harmonic of the
seed), producing coherent light in the XUV. The FEL was
operated in the high-gain regime, close to the saturation
point [39,40]. Under these conditions, the interaction
between the radiation at the fundamental FEL wavelength
and the e-beam induces bunching at the second harmonic
(15.6 nm); see, e.g., Ref. [41]. Contrary to the experiment
in Ref. [38] where optical vortices were produced by
coherent harmonic generation using only a single undu-
lator, the bunching at the second harmonic (already present
after the dispersive section) was maintained, and the
resulting coherent emission was amplified along the whole
undulator chain, giving intensities at the second harmonic
on the order of 1073 of the fundamental FEL emission [42].

For the scheme to work, the e-beam trajectory has to be
centered through all the radiator sections so that emission
from each undulator interferes constructively in the trans-
verse plane. Any deviations from the ideal e-beam trajec-
tory result in the distortion of the OAM mode. The electron
trajectory was carefully aligned using the fundamental
emission (Gaussian mode) from each radiator. First, the
seed laser path was aligned with the e-beam trajectory in
the modulator. The downstream e-beam trajectory was then
adjusted by tuning each of the radiator sections one by one,
while maintaining the direction of the resulting emission.
The transverse intensity distribution was collected 50 m
downstream from the last radiator by inserting a YAG
screen, which was imaged by a CCD camera. The result is
shown in the top panel of Fig. 2 and resembles a laserlike
Gaussian pattern with an additional ringlike intensity
distribution. Such an intensity pattern is the result of
interference from six 2.42-m-long radiator sections, whose
emission is aligned along the same optical axis, separated
by 1.1-m-long drift spaces to accommodate the e-beam
focusing optics; see Fig. 1. The intensity distribution is in
very good agreement with a simple model, where a
Gaussian-mode emission was assumed for each of the
undulators (see Fig. 2, bottom panel). Because of different
wave-front curvatures [43] at the YAG screen, the inter-
ference produces an additional ringlike pattern with a
radius of around 7 mm from the beam axis. To reproduce
the experimental pattern, we fixed the electric field
strengths by measuring the emission intensities from each
of the undulators (most of the intensity was coming from
the last four radiator sections). The only free parameter was
the root mean square (rms) radiation size, which was
determined to be ~55 um, in relatively good agreement
with the theoretical rms e-beam size, assuming a normal-
ized (slice) emittance of 1 mm mrad at an e-beam energy of
1.1 GeV, and an average beta function of 8 m. The
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FIG. 2. A typical single-shot interference pattern of the FEL
emission from a chain of six undulators. Top panel: Experiment.
Bottom panel: Calculation (obtained assuming emission only at
the fundamental wavelength).

asymmetries in the experimental interference pattern
indicate small deviations from the ideal e-beam trajectory
and/or asymmetries in the e-beam transverse distribution.

The spot in Fig. 2 is a superposition of the field emitted
by the undulators at the fundamental frequency and its
higher-order harmonics [44]. A 100-nm Zr filter allowed us
to suppress (by a factor of 107%) the fundamental Gaussian
mode and observe only the emission at the second
harmonic. The result in the left panel of Fig. 3 shows a
typical hollow intensity distribution, characteristic of an
optical vortex. Because of the small e-beam size, the
divergence angle of light from each of the undulators
was relatively high, resulting in a multi-ring-like interfer-
ence pattern in the far field. Furthermore, because of
enhanced sensitivity to wave-front distortions of the radi-
ation at the second harmonic, the intensity pattern was not
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Left panel: A typical single-shot image of an optical vortex generated at 15.6 nm. The multiple-ring pattern comes from the

interference of the emission from six undulators. Middle panel: Calculation. Right panel: A single-spiral pattern obtained by interference
of the optical vortex with a Gaussian mode (in a single-shot measurement), confirming the / = 1 charge of the vortex beam.

perfectly symmetric for the two observed rings. In the
middle panel in Fig. 3, we calculated the intensity dis-
tribution assuming a Laguerre-Gaussian [ =1 [I] mode
emitted from each of the undulators. Despite its simplicity,
the model qualitatively reproduces the measured intensity
distribution, although the size of the inner ring is
underestimated.

To confirm the vortex nature of the emitted light, we
performed an interference experiment by tuning the first
undulator to a resonant wavelength corresponding to the
second harmonic of the following undulators. The inter-
ference between the Gaussian mode produced by the first
radiator section and the OAM-carrying light from the rest
of the undulators gave a single spiral structure [28], a clear
proof that the vortex beam carried a topological charge of
[ =n—1=1, as shown in the right panel of Fig. 3.

In an effort to obtain an optical vortex that can be
described with a single Laguerre-Gaussian transverse mode,
we increased the e-beam size to ~85 um by decreasing the
strength of the focusing quadrupoles between the radiator
sections. This resulted in a smaller emission angle from each
undulator and decreased interference features, giving a

single donut-shaped emission pattern, characteristic of a
single Laguerre-Gaussian mode, as shown in Fig. 4. The
interference with the Gaussian emission mode from the first
undulator again revealed an [ = 1 charged beam. From the
measurements, we estimated an intensity ratio between the
second harmonic and the fundamental emission of
~3 x 1073, in good agreement with theory [42].

III. COHERENT OPTICAL VORTICES FROM A
SPIRAL ZONE PLATE

A high-intensity optical vortex can also be obtained
by putting a SZP directly into the optical path of the
fundamental (transversely Gaussian) FEL beam. The SZP
simultaneously imprints a helical phase onto the FEL
beam and focuses it, just like an ordinary Fresnel zone
plate, generating a focused optical vortex [45]. This
possibility was demonstrated with synchrotron radiation
[35,46], yet the high photon flux at a FEL imposes
serious limitations for the design of such zone plates,
as many common materials cannot withstand even the
unfocused FEL beam intensity [47]. An excellent

FIG. 4. Left panel: A typical single-shot image of the donut-shaped intensity pattern obtained by increasing the e-beam size. Middle
panel: Calculation. Right panel: A single-spiral pattern obtained by interference of the optical vortex with a Gaussian mode (in a single-
shot measurement), confirming the / = 1 charge of the vortex beam.
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FIG. 5. SEM images of ZPs with charges of [ = 0 (left panel), [/ =1 (middle panel), and / = 2 (right panel).

material for the fabrication of radiation-hard diffractive
optical elements in the XUV regime is silicon [48], with a
damage threshold above 4 J/cm?, several orders of
magnitude higher than the energy density used in our
experiment.

The SZPs used in the experiment were etched into ultra-
flat, 340-nm-thick silicon membranes. For this purpose, the
silicon membrane was coated with a chromium layer and a
polymer resist, which was subsequently exposed with the
zone plate pattern using e-beam lithography. After develop-
ment, the pattern was transferred into the chromium layer
by reactive ion etching (RIE), which was then used as a
hard mask in a subsequent RIE step to etch the zone plates
200-230 nm deep into the silicon membrane.

Figure 5 shows scanning electron microscope (SEM)
images of an ordinary Fresnel zone plate (ZP) and SZPs
with topological charges of 1 and 2. The ZPs were designed
for a wavelength of 26 nm and had a focal length of
120 mm. The ZP diameter was 1.90 mm, with an outermost
zone width of 1.64 um. The lateral dimensions of opaque
and transparent zones were adjusted to a ratio of 60:40.
This geometry almost completely suppresses the zeroth
diffraction order (the directly transmitted FEL beam) that
carries no OAM without the use of a central beam stop.

The experimental layout is sketched in Fig. 6. A
motorized setup (not shown) was installed into an exper-
imental chamber ~100 m downstream of the last radiator
section to align the ZPs with respect to the FEL beam. The
setup included a 2-mm upstream pinhole to limit the FEL
beam size (~6 mm) and a set of downstream pinholes

MODULATOR D.S. RADIATORS
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placed into the focal plane to filter out the negative and
higher diffraction orders, allowing for exclusive detection
of the first diffraction order.

Because of micrometer spot sizes, the detection of the
phase was performed in the far field with a Hartmann
wave-front sensor (WFS) [49] mounted 80 cm downstream
of the ZP focus. The results are shown in the left and middle
columns of Fig. 7. To characterize the focal spot, an imprint
technique was used [50]. With this method, the transverse
intensity distribution was obtained by analyzing the holes
made by the FEL beam in a poly-methylmethacrylate
(PMMA) layer by ablation. Using the Beer-Lambert law
and taking into account the mean free path of XUV light in
PMMA, the depth of the imprints reflects the intensity on a
logarithmic scale; see right column in Fig. 7.

The standard ZP (see first row in Fig. 7) produces a
Gaussian-like beam in the far field with an almost flat phase
profile, after removing the quadratic curvature introduced
by focusing; the residual phase contrast (0.25 rad rms) is
due to the aberrations of the mirrors that were used to steer
the FEL beam into the experimental chamber, aberrations
in the FEL beam itself, and the WFS detection noise. The
reconstructed focus from the PMMA imprints shows the
typical diffraction pattern of the zone plate, which is
described very well with the first-order Bessel function,
with a Rayleigh spot size of 2.0 um, in exact agreement
with theory. Assuming 17% efficiency for the ZP and a
typical energy per pulse of 10 uJ for a 50-fs pulse duration
used during the experiment, a power density on the order
of 10" W/cm? is estimated in the focus. The zone

iy

Focus:
Szp PMMA
imprint

Far field: wavefront
detection with WFS

FIG. 6. Generation of intense, coherent XUV vortices at the fundamental FEL wavelength with a SZP. The fundamental, transversely
Gaussian FEL beam was sent onto the SZP, producing a micron-size optical vortex in the focal plane, which was detected using the
PMMA imprint method; see text for details. The spiral phase of the vortex was measured in the far field (80 cm from the focal plane)

with a WFS.
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FIG. 7. Measured far-field intensity (left column) and phase (middle column), and the intensity distribution in the focal plane (right
column) for ZPs with charges from 0 (top row) to 3 (bottom row). Because of the relatively long distance from the focus (800 mm), the
phase gradients were below the detection threshold of the WFS far from the beam axis. We therefore had to limit the reconstruction of

the phase to a circle with a radius of around 3 mm from the singularity point, as shown for / = 1, 2, and 3. All measurements were done
in single-shot mode.
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widths, and thus the spot size of the ZP in focus, can be
reduced by a factor of 50-100, which, in combination with
an energy per pulse of 100 puJ, routinely achieved at
FERMI, would increase the power density by at least
4 orders of magnitude.

The second, third, and fourth rows in Fig. 7 show the
measured intensities and phases for / =1, 2, and 3. A
characteristic donut-shaped intensity pattern is found in the
far field with a spiral phase gradient whose integration
around the singularity gives approximately 2z/, confirming
the vortex nature of the beams produced by the SZPs. The
small discrepancies, e.g., on the order of 10% for [ = 2,
between the theoretical and experimental values for the
integrated phase are attributed to a relatively low sampling
of the wave front [15]. The focus again shows a character-
istic donut-shaped intensity distribution with an accompa-
nying Airy-like ring, as for the / = 0 case. As expected, the
diameter of the donut-shaped rings in the left and right
columns in Fig. 7 increases with topological charge. As a
control experiment, we also tested SZPs with opposite
helicity, which produced optical vortices with a reversed
helical phase pattern (not shown).

IV. DISCUSSION

We presented two methods to generate intense, femto-
second, coherent optical vortices in the XUV spectral
region. In the first scheme, we took advantage of nonlinear
harmonic generation in a FEL to produce coherent [ = 1
vortex beams at the second harmonic from a chain of six
helical undulators. The setup does not require placing
additional optical elements into the FEL beam path (except
the filter for the fundamental) and can also be used to
generate optical vortices with higher topological charges
according to the formula / = n — 1, by exploiting emission
at higher harmonics. The sign of the topological charge can
simply be controlled by controlling the helicity of the
fundamental emission [28,51]. In the second scheme, a SZP
was placed directly into the optical path of the fundamental
(transversely Gaussian) FEL beam to generate a high-
intensity, focused optical vortex. A set of different SZPs
allowed us to produce / = +1, 2, 3 charged vortices. For
I =1, a peak intensity in the focal plane of 10'* W/cm?
can be easily obtained by using an energy of 100 uJ per
FEL pulse, without damaging the ZPs. This value can be
increased up to 10! W/cm? or more by using SZPs with
smaller zone widths. In the case where a high-intensity
optical vortex is not required, the SZP setup can also be
used at an HHG-based source after isolating the desired
harmonic from the rest of the spectrum. In principle, both
methods described above can be used for the generation of
vortex beams at even shorter wavelengths (soft and hard
x-ray spectral regions) [52].

To our knowledge, this is the first demonstration of the
generation of intense XUV optical vortices at a FEL. The
methods developed here will allow carrying out some of

the recently proposed experiments involving vortex beams
in different areas of fundamental and applied physics
ranging from optics to magnetic switching and from material
characterization to super-resolution laser machining.
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