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Abstract: Short wavelength high-harmonic sources are undergoing intense development for
applications in spectroscopy and microscopy. Despite recent progress in peak and average power,
spatial control over coherent extreme ultraviolet (XUV) beams remains a formidable challenge
due to the lack of suitable optical elements for beam shaping and control. Here we demonstrate
a robust and precise approach that structures XUV high-order harmonics in space as they are
emitted from a nanostructured MgO crystal. Our demonstration paves the way for bridging the
numerous applications of shaped light beams from the visible to the short wavelengths, with
potential uses for applications in microscopy and nanoscale machining.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The development of short-wavelength coherent light sources is one of the frontiers of ultrafast
science. Impressive technological leaps are being achieved at both large scale facilities, such
as X-ray free electron lasers, and in smaller laser laboratories. For example, with free-electron
lasers it is now possible to generate X-ray pulses of attosecond duration [1] with unprecedented
power and coherently combine multiple Extreme Ultraviolet (XUV) colors [2]. At the laboratory
scale, high-harmonic sources can generate soft X-ray photons in the transparency window of
water [3–5] (300 eV<hν<500 eV), and high average power XUV sources are being developed
thanks to femtosecond Ytterbium pump lasers [6].

Despite these advances, XUV laser beams still lack the degree of control that is routinely
achieved with traditional visible and infrared lasers, where spatial, temporal and polarization
properties can be tuned with conventional transparent optical materials. Structured light has
greatly extended the reach of optical lasers, with prominent applications in super-resolution
microscopy, optical tweezers, quantum communication (see Ref. [7] for a review). Shaping
short-wavelength beams is very challenging due to the strong absorption, especially in the XUV
and soft x-ray regime. Producing tailored XUV beams requires a different method.

An effective approach to achieve structured light utilizes the nonlinearity of high-harmonic
generation to transfer the properties of the driving infrared laser beam to the generated short-
wavelength photons. Therefore, only a precise control of the infrared beam is required - which is
easily achieved. For example, polarization-structured infrared fields [8,9] generate circularly-
polarized high harmonics - of use for ultrafast magnetization studies [10,11], and vortex infrared
beams [12,13] generate XUV photons with orbital angular momentum.

Rather than structuring the driving laser beam, one can pattern the nonlinear medium. This
method can be applied to solids, from which high harmonics can be generated [14,15]. In
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Ref. [16], ZnO and Si nanocones modify an infrared driver resulting in the generation of high
harmonics from a periodic arrangement of localized hotspots. The far-field distribution of the
high harmonics encodes the periodic near-field arrangement as a regular diffraction pattern. In
the same work, a Fresnel zone plate is fabricated by Ga-ion implantation of the Si surface. High
harmonics generated from such surface automatically focus down to the numerical aperture of
the zone plate. Recently, Fresnel zone plates milled in a ZnO crystal were utilized to generate
focused vortex high harmonics [17]. In Ref. [18,19], plasmonic structures create nanoscale
hotspots where high-harmonic emission is preferentially initiated. Waveguides have also been
explored as a means to control high-harmonic emission [20]. Finally, enhanced and controlled
high-harmonic emission can occur from metasurfaces [21]. With one notable exception [18], all
prior work was limited to visible and ultraviolet harmonics.

Here we report a robust method to control the spatial properties of high-harmonic beams at
XUV photon energies. To achieve this control we utilize nanostructured MgO crystals, because
MgO is known to emit XUV high harmonics [22]. With a nano-fabrication method that we
developed, we create micron-scale 1- and 2-dimensional gratings on the surface of MgO with
nanometer-scale depth profiles. Just like in ordinary gratings, when an intense infrared laser pulse
illuminates the MgO surface it acquires a phase modulation across the beam due to the nanoscale
depth of the grooves, while simultaneously generating high harmonics from the grating itself.
The harmonics inherit the same phase modulation, multiplied by the harmonic order, and are
therefore very efficiently diffracted. We record clear far-field diffraction patterns that demonstrate
a highly precise control of the spatial properties of XUV beams emitted from the crystal. Our
demonstration paves the way for the generation of more complex XUV structured beams.

The manuscript is structured as follows. In section 2, we present our newly-developed
fabrication procedure to produce micro and nano-structures on MgO surfaces. Then, in section 3,
we detail the experimental setup for measuring the diffracted high harmonics. Finally, in section
4, we present and discuss the measured diffraction patterns. Finally, we draw the conclusions.

2. Fabrication

Our fabrication method consists of helium-ion beam lithography using polymethylmethacrylate
(PMMA) resist as a mask, followed by transfer of the pattern defined in PMMA into the underlying
MgO crystal with a wet chemical etch. The process is detailed below.

A (100)-oriented MgO substrate (MTI Corporation) is dehydration-baked at 200 °C on a hot
plate for an hour, then exposed to Ar reactive ion etching (RIE, SAMCO 10NR system) for 2 min
at an applied RF power of 25 W, Ar flow rate of 10 SCCM and a chamber pressure of 3 Pa to
remove surface contaminants. We immediately spin-coat PMMA resist (950k MW, 2% wt. in
anisole, Kayaku Advanced Materials) on the MgO substrate to a thickness of 70 nm (Laurell
WS-650-23NPP spin coater), then bake the sample at 200 °C for 15 hours. Then, we spin-coat
ESPACER 300Z (SHOWA DENKO) on the substrate to dissipate charging during ion beam
patterning. We pattern the structures with the helium ion microscope (HIM, Orion NanoFab,
Zeiss; Nano Patterning and Visualization Engine, Fibics). A beam current of 1.5 pA at a landing
energy of 25 kV is used to deliver a dose of 8 µC/cm2 with a beam step size of 1 nm, and a dwell
time of 0.2 µs. The patterning process of PMMA with a helium ion beam is described elsewhere
in detail [23]. Post-exposure, we submerge the substrate in a deionised (DI) water bath for 30 s
to remove ESPACER 300Z, rinse it with DI water and dry it with nitrogen. Then, we develop
PMMA in a mixture of methyl isobutyl ketone (MIBK):IPA in a ratio of 1:3 for 2 min at 20 °C,
followed by a 30 s bath in IPA. A step height of 41 nm is etched into the MgO by submerging the
substrate in 25% H3PO4 for 43 s at room temperature. Finally, we submerge the substrate in
acetone for 2 min to remove PMMA and another 30 s in an IPA bath.

Our fabrication method is born out of our recent development of helium-ion beam lithography
on PMMA for plasmonic applications [23], but replacing the liftoff and metal deposition steps
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with wet-etch of the MgO substrate. Wet etch of MgO has been demonstrated previously using
H3PO4 and an SiO2 mask [24]. We replace the SiO2 mask with PMMA to make the process
compatible with our lithographic approach.

Figures 1(a) and (b) show an AFM scan of the 41 nm-deep etched structures, obtained in
tapping mode using a Park Systems NX10 atomic force microscope (AFM) with a Tap300Al-G
tip (NanoAndMore). Figure 1(c) shows a HIM image of a 41 nm-deep, 50 × 50 µm2 grating
with a 4 µm pitch etched in MgO. Figure 1(d) shows a zoomed-in image of the grating and the
measured dimensions. Figure 1(e) shows a HIM image acquired at a stage tilt of 54° revealing
the RMS roughness, Rq, of the etched MgO and the non-etched surface to be 2.9 nm and 0.8 nm,
respectively. We obtain the Rq roughness from the AFM scan shown in Fig. 1(a). Figure 1(f)
shows a HIM image of a 33 nm-deep, 50 × 50 µm2 two-dimensional grating with a 4 µm pitch
etched in MgO, fabricated with a similar procedure. All gratings have a nominal duty cycle of
50%. Deviations from the nominal value, visible in Fig. 1(d) are due to imperfections of the
fabrication process. The duty cycle is clearly imprinted on the diffracted high harmonics, as
explained below.

Fig. 1. (a) AFM scan of etched structures in MgO. These structures are transferred from
a PMMA pattern through wet etching in 25% H3PO4. (b) Depth profile of the etched
structures in MgO gives a step height of 41 nm. (c) HIM image taken with an electron
flood gun of a 50 × 50 µm2 grating with a 4 µm pitch and ≈ 50% duty cycle etched in
MgO and (d) at a high magnification with feature measurements labelled in white. (e) High
magnification HIM image acquired at a stage tilt of 54° with Rq roughness of the etched
MgO and non-etched MgO surface labeled in white. Rq roughness values were obtained
from the AFM scan shown in (a). (f) HIM image of a 50 × 50 µm2 two-dimensional grating
with a 4 µm pitch, ≈ 50% duty cycle and 33 nm-deep etched in MgO.

3. Experimental setup

After fabrication, the nanostructured crystals are loaded into a vacuum chamber equipped for the
generation and detection of the high harmonics. This optical setup is detailed below.

The experimental setup is illustrated in Fig. 2. The fabricated sample is mounted on micro-
positioning stages inside a vacuum chamber, which is kept at 2 × 10−6 mbar. We focus infrared
laser pulses on the sample, in reflection geometry, with an off-axis parabolic mirror with 25 mm
diameter and 25 mm focal length. The pulses are obtained from a Coherent Legend Ti:Sapphire
amplifier (800 nm wavelength), with 50 fs duration and repetition rate of 1 kHz. We measure the
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generated XUV spot size at the crystal, which is the XUV source, by scanning an edge of the
grating structures across the infrared focus. It is ≈ 10 µm. The peak intensity of the infrared
beam on the crystal is estimated to be 10 TW/cm2, consistent with previous reports [22,25]. The
angle of incidence on the crystal surface is 60°, which corresponds to Brewster angle for 800 nm
light. In this geometry, reflection of the infrared beam vanishes for the employed p-polarization,
and thus an XUV beam free of infrared contamination is emitted in the direction of specular
reflection [26]. The linear laser polarization is parallel to the (100) crystal orientation, which
yields the brightest harmonics [22].

Fig. 2. Sketch of the experimental setup. The driving infrared laser (red line) is focused on
the MgO crystal with an angle of incidence of 60 deg. The vacuum chamber is equipped
with a 2"-diameter MCP (dual stack, chevron configuration) and phosphor (P43) detector,
mounted on a translation stage that moves transverse to the emitted high-harmonic beam
(purple lines). This assembly is positioned within a few cm of the MgO crystal, so to collect
high harmonics that diffract with large transverse momentum. Alternatively, this assembly
can be translated away to allow the non-diffracted high-harmonic beam to be captured by
an XUV spectrometer, consisting of a flat-field grating and a flanged MCP and phosphor
assembly. The phosphor screens are imaged with two cameras. The sample is mounted on
(x,y,z) micropositioners.

A 2”-diameter microchannel-plate detector (MCP) with a phosphor screen measures the
diffracted XUV with NA = 0.2. The phosphor image is relayed outside the vacuum chamber
and acquired with a high-speed camera capable of operating at 500 Hz (FLIR Blackfly S). The
camera can either integrate over several laser shots, or capture every other laser shot. In the latter
case, a separate fast thread thresholds the CMOS image to remove background counts and bins
the position of individual photon hits above the threshold. The MCP is operated at saturation
to ensure that no information is encoded in the intensity of the hit. Moreover, we ensure that
only a few hits per image are recorded to avoid overlapping hits (which would not be counted
properly). This "hit count" mode is crucial for the recording of small diffracted signals as it
greatly improves the signal-to-noise ratio of the images by removing the dark counts from the
CMOS or CCD chip for long exposure times. The MCP can be translated horizontally to acquire
a larger momentum space, or to allow the XUV beam to propagate directly into the spectrometer.

Downstream of the MCP is an XUV spectrometer equipped with a flat-field grating (Shimadzu
30-006, 300 l/mm) which resolves the emitted spectrum on a second MCP+phosphor assembly
(flanged), when the first MCP is moved out of the XUV beam.

4. High-harmonic measurements

Figure 3 shows diffraction images obtained by illumination of two different gratings, plotted in
the reciprocal (momentum) space. We convert the real-space image to reciprocal space, first, by
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projecting it on a slanted plane parallel to the crystal surface (that is, a rotation of 60 degrees
about the vertical axis) and, second, by transforming the position of each pixel to the parallel
momentum kx,y = 2π/λ sin(θ), where λ is the high-harmonic wavelength and θ is the angle of
the scattered light with respect to the direction of specular reflection. This procedure is required
to account for the slanted positioning of the MCP with respect to the crystal surface.

Fig. 3. Diffracted high-harmonic power recorded on the MCP, operated in hit count mode,
plotted in momentum space, as a function of the sine of the scattering angle: (a) 41 nm-deep
wet-etched one-dimensional grating; (b) 33 nm-deep wet-etched two-dimensional grating.
The pitch of all gratings is 4 µm. Diffraction orders of harmonics 5 and 7 are marked by the
green and red vertical lines in panel (a), respectively. In panel (b), only the 7th harmonic is
visible. The circled area marks the 7th diffracted order.

Figures 3(a) and (b) correspond to the 41 nm-deep one-dimensional grating and the 33 nm-deep
two-dimensional grating, respectively. Clear diffraction of harmonic 7 is visible in all figures,
up to the 4th order in panel (a), red vertical lines, and up to the 7th in panel (b), red circle.
Weaker diffraction orders of harmonic 5 are also visible in panel (a) (green lines). Therefore, the
structured crystal controls the spatial properties of XUV high harmonics. In agreement with the
emitted spectrum measured by the spectrometer, shown in Fig. 4, most of the scattered signal
comes from harmonic 7, corresponding to 114 nm wavelength (10.9 eV photons).

The spectral amplitude is seen to vary quite markedly among the various diffracted orders. For
example, the odd orders are significantly stronger than the even orders. Furthermore, the 33 nm
grating (panel b) completely suppresses the even orders. We expect our flat groove profile to
diffract only the odd orders, because this is the harmonic content of a square wave with 50% duty
cycle. However, if the duty cycle is different than 50%, even orders can be generated too. Indeed,
Fig. 1(d) clearly shows unequal widths for ridges and trenches, and thus explains the detection of
even orders in Fig. 3(a).

Given the significant depth of the gratings relative to the harmonic wavelength, the grooves
largely act as phase-retarders (a phase grating). Upon illumination of the grating with an angle
of incidence of 60°, the infrared driver acquires a phase delay between the grooves and the
trenches equal to ∆ϕ = −4πh cos(α)/λ, where h is the etch depth, α is the angle of incidence,
and λ = 800 nm is the infrared wavelength. The high harmonics inherit this delay, multiplied by
the harmonic order. Thus, we expect a delay of 1.3 rad and 1.8 rad for harmonics 5 and 7 on the
33 nm-deep grating, and 1.6 rad and 2.3 rad for the same harmonics on the 41 nm-deep grating.
This delay can be controlled with the etch depth and the angle of incidence, and influences the
strength of the 0th and the other even orders relative to the odd ones.

Besides the phase modulation, we also measure a slight amplitude modulation between etched
and non-etched surfaces. To compare the two surfaces, we measure the undiffracted power from a
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Fig. 4. High-harmonic spectrum generated from the MgO crystal and recorded with the
XUV spectrometer. The long (50 fs) driving pulse duration, and the low sensitivity of the
MCP below ≈ 10 eV, result in the detection of a nearly monochromatic spectrum at the 7th

harmonic.

pristine MgO crystal and from a flat 100× 100 µm2 etched square. The etched surface yields 14%
less high-harmonic power (7% amplitude modulation), possibly due to a chemical change that
affects high-harmonic generation or, to a lesser extent, increased surface roughness (as shown in
Fig. 1(e)). The diffracted power in Fig. 3 in the first orders (combined) amounts to ≈50% of the
total power. Thus, we demonstrate efficient control to structure XUV beams.

5. Conclusions

We developed a wet-etch method to fabricate structures on MgO surfaces and we used these
structures to control the spatial properties of coherent XUV beams generated thereon. Our results
represent a major breakthrough to develop "short-wavelength structured light" and nanofocused
XUV beams. The latter can be achieved with patterned Fresnel zone plates [16,17]. Given
that MgO is known to be among the most efficient solid-state emitters of high harmonics, we
foresee that our solid-state device can be, in the future, utilized for structured illumination in
photoelectron imaging experiments [27–29], high-resolution imaging and spectroscopy with
elemental and chemical specificity, and nanoscale laser ablation [30,31]. For nanoscale ablation
and imaging, we estimate that an intensity on the order of 0.1 TW/cm2 can be achieved in a
nanofocused XUV beam. This estimate is obtained by considering an infrared beam of ≈ 10 µm
diameter that illuminates a Fresnel zone plate patterned on MgO, which generates an XUV high
harmonic with a wavelength of ≈ 100 nm focused to ≈ 100 nm. This corresponds to a 104

reduction of the focal area. Given the measured diffraction efficiency of ≈ 50% in the first orders
of diffraction (combined), and assuming a conversion efficiency of 10−6 from infrared power to
that of one high-order harmonic, we estimate a conversion of infrared to focused XUV intensity
of 10−2, which yields 0.1 TW/cm2, as stated above. We note that a 3-dimensional control over
the grating depth, such as obtained from a blazed etch profile, can achieve measured diffraction
efficiencies of 76% [17]. Furthermore, the pulse duration of the high harmonic is likely shorter
than the infrared one, and will thus increase the intensity further. Future developments include
the extension of the photon energy range employing shorter laser pulses [25].
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