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Abstract

We present a numerical model for the in-situ generation and focusing of extreme-ultraviolet
(XUV) high harmonics via a Fresnel zone plate etched into a dielectric (MgO) surface. Our
simulations show that propagation of the intense infrared field driving high-harmonic emission
through the etched surface rings introduces well-controlled amplitude and phase modulations of
the XUV field emitted from the surface itself that enhance the focusing efficiency up to 25%,
beyond that of both conventional amplitude-modulated transmission XUV zone plates as well as
ideal phase-only zone plates. Rings with a width comparable to the wavelength of the infrared
driver exhibit strongest XUV emission with a larger phase modulation due to enhancement of the
infrared field. On the contrary, a smooth phase modulation is achieved in the outskirts of the zone
plates, where the width of the rings is much smaller than the infrared driving wavelength. These
findings highlight the potential of sub-wavelength metasurface design in optimizing
nanostructured optical elements for XUV nano-spectroscopy and on-chip XUV beam shaping.

1. Introduction

Vacuum and extreme ultraviolet (XUV) light is radiation with photon energy higher than ~ 10eV,
corresponding to a wavelength shorter than ~ 120 nm. It is finding numerous applications for spectroscopy
with chemical and elemental specificity [1], nanoscale imaging [2—4] and photolithography [5]. Yet,
significant difficulties exist in manipulating XUV light because nearly every material is opaque to it, which
excludes the use of bulk transmission optics such as lenses which are commonly used in the visible spectral
region. Alternatives exist that rely on suitable thin-film materials for multilayer Bragg mirrors [5] and
membrane waveplates [6], as well as conventional diffractive optical elements such as gratings and Fresnel
zone plates [7]. A recent innovative approach utilizes waveguiding in nanoholes [8], an approach similar to
that utilized to boost ultraviolet high harmonics from a thin grating structure [9].

The generation of XUV light is also rather challenging, especially when temporal and/or spatial
coherence is desired. In the realm of coherent XUV sources, the front-runner method is high-order
harmonic generation, an extremely non-linear process that occurs in gases [10, 11], liquids [12] and solids
[13, 14] when subjected to intense femtosecond infrared laser fields. The outcome of the interaction is a
comb of harmonics of the infrared driver’s frequency that can extend to very high orders, generating photons
with energies upwards of hundreds of eVs in gases [15-18], and up to ~ 30 eV in solids [19].

The discovery of solid-state high-harmonic emission in 2011 [13] opened unprecedented opportunities
to control high-harmonic emission with nanostructured surfaces. Early demonstrations utilized
three-dimensional semiconducting [20] and dielectric cones [21], as well as metallic plasmonic
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nanoantennas [22] to enhance the infrared field either by adiabatic focusing or by resonant enhancement.
Shaping the infrared field to control the non-linear high-harmonic emission was later extended to more
sophisticated metasurfaces that utilized Fano-type resonances [23], bound states in the continuum [24] and
dielectric resonant antennas [25]. The nanostructures emitted high harmonics more efficiently than the
unpatterned surface due to the field enhancement, and with shaped far-field profiles due to the periodic
arrangement. A suitable arrangement of perpendicularly-oriented nanoantennas also results in the emission
of circularly polarized high harmonics, whereas bulk could only emit linearly polarized ones [26]. Another
approach for increasing the high-harmonic efficiency pioneered the use of vacuum channels between
sub-infrared-wavelength ridge waveguides to boost the emitted high-harmonic flux without shaping the
infrared field [9]. Propagation of the harmonics in the channel allowed buildup over hundreds of
nanometres rather than the ~ 5 nm extraction depth of the unpatterned surface. All these examples highlight
the potential in utilizing nanostructured surfaces to simultaneously emit and control high-harmonic
emission. This in-situ approach has the advantage that additional functionalities, such as structured
illumination of both spatial and polarization degrees of freedom, can be integrated in one optical element,
without the need of external (potentially lossy) optics.

All previous examples, except one [21], utilized metallic and semiconducting materials that are amenable
to nanofabrication. In these materials, harmonic emission is limited to the visible and deep-ultraviolet
spectral regions. Recently, we demonstrated the ability to pattern the surface of a dielectric crystal, MgO, that
is an efficient emitter of high harmonics in the XUV spectral region [27], up to ~ 25 eV [28]. Patterning one-
and two-dimensional gratings resulted in efficient diffraction of the 7th harmonic of a Ti:Sapphire laser
(114 nm wavelength), demonstrating spatially-structured XUV emission from solids for the first time [29].
By etching a Fresnel zone plate on the surface of MgO, we demonstrated simultaneous generation and
focusing of the same harmonic with high numerical apertures (NA) of 0.18 and 0.35, down to a focus size of
150 nm with up to ~ 20% efficiency [30].

In this work we present a theoretical model that underpins those results. Our model is based on
separating the infrared propagation through the nanostructured surface from the high-harmonic emission
and its subsequent propagation to the focal plane. The model confirms, somewhat surprisingly, that zone
plate patterns—which are designed to satisfy linear-optical requirements—can be made even more effective
at producing nanoscale foci when operating in the non-linear regime of high-harmonic emission. Our
results will guide the design of improved XUV non-linear metasurfaces with better focusing qualities and
added functionalities.

The manuscript is organized as follows. In section 2 we explain the working principle of the non-linear
zone plate metasurface; in section 3 we detail the results of each step of the modeling for a zone plate with
NA = 0.35; in section 4 we analyze the dependence of the performance on the etch depth; in section 5 we
dissect the results to understand the relative roles of XUV amplitude and phase modulations across the plate;
in section 6 we demonstrate that the quality of the focus is maintained, if not improved, at an even higher
NA = 0.5; and in section 7 we draw the conclusions.

2. Description of the model

The working principle is based on reshaping the phase of the intense infrared field that drives the high-
harmonic generation process as it propagates through the nanoscale features of the surface. It is depicted in
figure 1. An intense infrared driver (red lines), at a wavelength of 800 nm, propagates within the MgO
substrate through the nanostructured surface and exits on the vacuum side. High-harmonic radiation
(purple vertical lines) is generated throughout the material, but owing to the short absorption length of
above-bandgap radiation (MgO bandgap is 7.8 eV), only light generated within ~ 5 nm from the exit surface
can escape the material and contribute to the detected signal, and is therefore considered in the model.
Crucially, XUV light emitted at the bottom of the trenches (E{ih (z = —h)) is generated with a different
phase than that emitted at the top of the ridges (E;%g\i (z=0)) because the infrared driver accumulates a
propagation phase going through the ridge that, for a bulk material, is Agbﬂf & = ES (z=10)—

ﬂf (z= —h) = 2w nh/ )\, where h is the etch depth, \g = 800 nm is the driver’s wavelength and n = 1.728 is
the refractive index of MgO at the driver’s wavelength. Hereafter we call the z= —h and z = 0 planes the
‘bottom plane’ and ‘top plane), respectively. High-harmonic radiation generated at either plane inherits the
driver’s phase, multiplied by the harmonic order m. In addition, XUV radiation generated in the trench
accumulates a phase delay as it propagates to the top plane in the vacuum channel that is
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Figure 1. Schematics of the concept and geometry. Step 1: the IR wavefront (red lines) irradiates the etched MgO(100) surface
(blue line, etch depth h) propagating from inside the MgO substrate. Step 2: XUV radiation (purple vertical lines) is generated

just below the bottom of the trenches (Efih (z = —h)) and the top of the ridges (E;%g{; (z=0)). Radiation in the trenches
propagates towards the top (z = 0) in the vacuum channel between adjacent ridges (E‘;f}‘&h (z=0)). Radiation that propagates at
large angles and encounters the channel sidewall is considered absorbed by MgO. Step 3: the combined XUV field at z=0is
propagated to the focus, at z=f. The IR field in figure 2 is shown by merging the fields at the bottom of the trenches with those at
the top of the ridges (red-dotted lines).

Aglench = glrench (7 — 0) — piench (z = —h) = 2 mh/\y. We call this field Ef (z = 0). Thus,
due to the patterning, the high-harmonic emission at a plane just beyond the top plane exhibits a phase

modulation of:
A¢ = mAPRE — AGTDN — 270 m (n— 1) h/ A (1)

If the phase modulation is structured at the top plane like that of a Fresnel zone plate [7], the emitted XUV
will focus according to the zone plate design, with a diffraction efficiency that depends on the phase
modulation A¢. Importantly, the phase modulation of the XUV field is non-zero even if the infrared is not
modulated at all (e.g. if the infrared phase at the bottom and top planes is equal), which would result in the
XUV radiation emitted with the same phase at the bottom and top planes, because A@{R =£ 0 as long as
h # 0—it represents propagation of the XUV in the vacuum channel. This is particularly important when the
features (the zone plate rings) become smaller than the driver’s wavelength in the material, as will be shown
in this work.

Our modeling is composed of three separate steps that are based on this working principle:

(i) Propagation of the infrared field through the structure is simulated with the finite-difference
time-domain method using a commercial software (Lumerical). The electric field at the bottom and
top planes are extracted from the simulation.

(ii) The high-harmonic polarization at each plane is calculated with an empirical model from the complex
electric field obtained at step 1. High-harmonic radiation at the bottom plane is propagated a distance
h to the top plane, and merged with the radiation generated at the top plane. This yields the phase and
amplitude modulated XUV at the MgO exit plane.

(iii) The merged XUV field is propagated to the focus.

In the next section we present the results for a zone plate with NA of 0.35.
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Figure 2. (a) View of the simulated topology in the (x, y) plane at z=0 (just inside MgO). Yellow areas correspond to MgO, blue
areas to vacuum. (b)—(d) Cartesian components of the absolute value of the infrared field inside MgO, along the corrugated
profile shown as red-dotted line in figure 1, normalized to the input electric field. The source is polarized along §, and E, remains
the dominant component.

3. Modeling of NA = 0.35 zone plate

The zone plate presented in this section has diameter of 30 pm, focal length of 40 ym, and etch depth
h=60nm.

3.1. Step 1: infrared propagation
The geometry of the simulation is shown in figure 2(a). It consists of a semi-infinite MgO substrate where
concentric rings are etched into the top (exit) surface to a constant depth h. The radii of the rings are chosen

according to the usual zone plate equation [7]:

n=1 l)\mf"' (l/\m/2)2 (2)

where \,, = \g/m is the harmonic wavelength and I = {0, 1,... N} is an integer up to the highest zone. A
Gaussian source with an intensity profile with 1/e* waist radius wy = 30 um, pulse duration of 50 fs, linearly
polarized along the y direction, is launched from 1.6 ym below the etched surface, inside MgO, towards
positive z. The electric field at the top and bottom planes is monitored at the 800 nm wavelength.
Figures 2(b)—(d) show the amplitude of the y, x and z components of the electric field along the corrugated
MgO surface (red-dashed line in figure 1), obtained by merging the fields at the bottom and top planes, 1 nm
inside MgO (considered to be nominally z= 0). The input polarization (E,) remains dominant across the
structure, with minor contributions from the longitudinal component E, and the second transverse
component E,. The latter arises when the trenches are skewed relative to the input polarization. The former
is present only when the trenches align perpendicular to the input polarization, which is expected since this
geometry corresponds to TM excitation of waveguides, where longitudinal fields develop inside [31].
Because these components are small, in the following only the E, component is utilized for modeling
harmonic emission.

Both amplitude and phase of the infrared field show significant variations across the plate. The phase at
z=01is shown in figure 3(a), with horizontal and vertical lineouts across the center shown in panel (b) with

4
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Figure 3. (a) Infrared phase of E,(z = 0). (b) Lineouts across the origin. Amplitude enhancement in the waveguiding region
corresponds to a phase modulation larger than that expected from bulk. The phase modulation and enhancement are larger for
polarization parallel to the trenches (y = 0), then for perpendicular (x = 0).

Position (um)

blue and red lines, respectively. Three different regions can be identified, depending on the ratio of the laser
wavelength in the material (A\g/# = 463 nm) and the width of the rings (Ar =1 —r,_;):

(i)

(ii)

(iii)

Ar > \o/n, occurring from the center of the plate to the first ring (I = 3, Ar = 620 nm). Here, the field
amplitude is similar to that of the input field and rather homogeneous. The phase modulation between
adjacent ridges and trenches well matches that expected from equation (1), which assumes propagation
through ‘bulk’ features and is indicated by the black dashed lines in figure 3(b). Thus, in this region the
material behaves like bulk.

Ar ~ Ao/, occurring approximately between the second and seventh rings (I ~ 4 to 14, Ar =556 to
328 nm). The amplitude is considerably enhanced inside the ridges, more so along the x direction. We
posit that waveguiding or scattering effects lead to this enhancement. Specifically, the reduction in the
number of supported modes as the ring width shrinks can lead to better confinement and field
enhancement. The asymmetry along X and y points to a polarization-dependent coupling for alignment
of the trenches either parallel or perpendicular to the input polarization, which corresponds to either
TE or TM excitation for the trenches along the two axes. The two coupling geometries are known to
support modes at different waveguide widths, which explains the X — y asymmetry. The large field
enhancement along X coincides with a larger phase modulation than in the bulk region, as shown by the
blue line in figure 3(b).

Ar < Xo/n, occurring beyond the seventh ring (I > 15, Ar = 262 to 164 nm). Here, the amplitude of E,
(figure 2(b)) becomes more uniform and the phase step reduces, and both remain largely independent
of the position across the rest of the plate (i.e. on the width of the rings). In this region the infrared field
couples to sub-wavelength structures. This is the regime where metasurfaces operate [32, 33]. In
metaoptics, the infrared field amplitude and phase can be controlled with the geometry of individual
sub-wavelength meta-atoms, a strategy that has proven very successful in metasurface design and has
resulted in outstanding technological advances, such as for the development of metalenses with
properties superior to those of standard bulk lenses [34, 35]. Designing a nonlinear XUV metasurface
will be the scope of future work.

As we have shown here, the XUV zone plate encompasses optics at all scales, from bulk optics

(Ar > X\g/n) towards the center of the plate, to waveguide/scattering optics (Ar ~ \g/#) half-way through

5
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Figure 4. Measured power of the 7th harmonic (A = 114nm) as a function of the infrared pulse energy (blue markers). The
orange line is a guide to the eye for a 5th-order polynomial.

the plate, to meta-optics (Ar < \g/n) in the outskirts of the plate. It provides opportunities to design XUV
sources in each of these interaction regimes.
Next, we turn our attention to the XUV field.

3.2. Step 2: high-harmonic emission
The XUV field generated at the top and bottom MgO planes is obtained as a power of the infrared field
amplitude (|Eir(7)|), and has m times the phase of the infrared field, ¢:

Exuv (7) = |Ew (F) ™ (3)

The exponent j is obtained from an experimental measurement of the scaling of high-harmonic power with
infrared laser power. The laser used is the same as in [30], and has the same parameters (focus size, pulse
duration, wavelength) as used in the simulations above. The measured power scaling for the 7th harmonic is
shown in figure 4. The closest fit is obtained for j = 5. This model neglects the microscopic mechanism of
high-harmonic emission such as the existence of an intensity-dependent dipole phase associated with
recolliding electron—hole pair trajectories [36, 37]. However, this phase varies smoothly with the intensity,
and thus likely affects the focal distance and the trench-to-ridge phase modulation (which, as we shall see,
mostly affects the focusing efficiency), but is not expected to significantly change the qualitative behavior of
the zone plate. A more refined model will be implemented in follow-up work. Using the measured power
scaling and the simulated infrared intensity, the local XUV field at the top (ngfg\i (z=10)) and bottom
(Eench (z = —h)) planes is calculated from equation (3). The top field is defined only in regions inside MgO
at the top of the ridges (at z= 0, yellow areas in figure 2(a)), whereas the bottom field is defined in the
complementary areas at z = —h, e.g. at the bottom of the trenches.

Next, the bottom field Efhé! (z = —h) is propagated a distance h towards the top plane to obtain
Eenh(z = 0). This is performed with the angular spectrum method [38, 39], which consists of adding the

XUV
free-space phase along the propagation axis z, ¢,, = mkg _.h, to each plane wave component of the field at the
source place (therefore to the Fourier components EX&h (ky, ky,z = —h) = F{ESM (x,y,2 = —h)}),

followed by inverse Fourier transformation, which returns the real-space field at z = 0, E&3" (z = 0). Here,
ko, = ko - z with kg = 27/ A. Therefore:

ESR" (2= 0) = F 7 { B (keoky) €0 (0 } @)

s ¢() ®
m /\m X e

Apart from small differences in the amplitude profile of the propagated field, because of the short
propagation distance relative to the high-harmonic wavelength (h=60nm, A\,—; = 114nm) the result is
largely equivalent to merely adding the propagation phase ¢,, with k; = k, = 0 to the bottom field. The
assumption that the XUV field propagates as in free space, while in reality it is confined within the trenches,

6
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Figure 5. Amplitude (panel (a)) and phase (panel (b)) of Exuv(z = 0). The inhomogeneous distribution is a direct consequence of
infrared enhancement. A sizable phase modulation remains for the XUV field even in the sub-wavelength region. (c) Lineouts of
the phase. The dashed black lines represent the expected phase modulation from bulk-like features, as obtained with equation (1).

is an approximation that may break down when the trench width becomes comparable to the XUV
wavelength. For NA = 0.35, the outermost ring has a width of 164 nm. Thus, resonant scattering or
waveguiding effects may not play a role. These effects will be quantified in followup work.

Finally, the field propagated from the bottom of the trenches, Eih (z = 0), is merged with the field at
the top surface originating from the ridges, Egé%g\i(z =0):

E¥ench (z=10)  in the trenches

: 6
Fl%(2—=0) in the ridges (©

EXUV(Z=0)={

This procedure removes bottom fields that, due to diffraction, have propagated in regions occupied by the
ridges. These fields would be effectively absorbed upon meeting the trench sidewalls, as MgO is strongly
absorbing at the harmonics wavelength.

The amplitude and phase of Exyy(z = 0) are shown in figures 5(a) and (b), respectively. Because of the
power law in equation (3), modulations in the magnitude of the infrared driver are amplified, which results
in a stronger X—y asymmetry, and a more pronounced contribution from the enhancement region than from
the outer rings. Both asymmetry and enhancement have a sizable effect on the focusing, as will be discussed
in the next section. A strategy to homogenize the amplitude across the plate would be to utilize polarization
states with cylindrical symmetry, such as an azimuthally or radially polarized infrared driver. As evidenced
from figures 2(b) and 5(a), a radially polarized beam seems most appropriate to reduce intensity variations
across the plate, and may even result in a smaller focus due to the longitudinal polarization component [40].
Like the amplitude modulation, the phase modulation, figure 5(b), is also amplified by a factor m relative to
that of the infrared field. Figures 5(b) and (c) show that the phase asymmetry of the x and y lineouts and
modulation depth are strong in the enhancement region. In the sub-wavelength region, on the other hand,
phase modulation is much more homogeneous and, albeit reduced, remains a sizable ~ 0.7 rad. In summary,
despite the nonlinear response of the structure, the linear-optics design of the zone plate may be effective at
focusing XUV radiation. This is confirmed in the next section.

3.3. Step 3: propagation of the XUV field to the focus

The field at the top surface, Exyv(z = 0), is propagated to the focus, z = f, with the angular spectrum method.
This method is well suited for this purpose because, contrary to the Fraunhofer and Fresnel integrals, it
avoids making use of the paraxial approximation, which would not be applicable here given the large NA. The
predicted focus is shown in figure 6(a), and lineouts across y = 0 and x = 0 are given in panels (b) and (c),
blue lines, respectively. The focus of an ideal phase-only Fresnel zone plate is also reported for comparison
(dashed black lines). This ideal focus is obtained by propagation of the following XUV field at z = 0:

dea +1 forl=2n+1, n€Z™*
E)‘gU\l,(z:O):{_l for | — 21 (7)

i.e. it consists of a [0, 7] phase modulation on every other ring. The 1/¢? radius of the zone plate’s focused
power is (wo x, Wo,y) = (368,417) nm, ~ (35%,50%) larger than the ideal focus. The larger focus and
elliptical shape are likely a result of the combination of field enhancement in the waveguiding region, which
effectively lowers the NA of the plate, and of the larger-than-7 phase modulation in the same region. In

7
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Figure 6. (a) XUV power at the focus. Integrating it inside the white-dashed circle yields the total focused power. (b)—(c) Lineouts
across the origin. The black dashed lines show the focus of the ideal phase-only zone plate, with near field defined in equation (7).

addition, figure 7 shows the XUV power of various 2-dimensional slices along the propagation axes. Some
minor astigmatism is present. It is, however, remarkable that the pattern of a (linear) Fresnel zone plate
operates in a highly nonlinear regime quite effectively. In fact, even the amount of power in the nanofocus
relative to the XUV power at the zone plate (the ‘focusing efficiency’) is quite high, 25%, exceeding that from
the ideal plate (18%). The remaining power is primarily in the unfocused zero order, and the rest is either
lost to the negative first order or focused to higher orders. The focusing efficiency is obtained by dividing the
power integrated over the white dashed circle in figure 6(a) by that integrated over the zone plate diameter in
figure 5(a).

In the next section we investigate the focusing of the zone plate with the same topology as in figure 2(a),
but as a function of the etch depth, h.

4. Etch-depth dependence for NA = 0.35

Table 1 summarizes the simulated focus sizes and focusing efficiencies predicted by our simulations for the
various etch depths. Increasing etch depth results in increased field enhancement in the scattering region and
in increased phase modulation across the plate. The maximum efficiency of n = 25% is obtained for

h =60 nm, notably a higher efficiency than that obtained for the ideal phase-only zone plate, pointing to the
fact that the combination of phase and amplitude modulation is somewhat beneficial. For a linear zone plate,
the etch depth that should yield the most efficient focusing is the one that results in A¢ = 7. Utilizing
equation (1), this condition corresponds to h = 78 nm, slightly larger than the optimal h. The difference arises
from the strong reshaping of the infrared field and from the nonlinearity of the harmonic emission process.

8
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Figure 7. XUV power across a range of positions along the focus. Some minor astigmatism is visible near the 40 ;zm focal position.

focus, 2
|EXUV |

01 02 03 04 05 06 07 08 09

y ()

Table 1. Simulated waist radii across y = 0 (wy) and x =0 (wy), as obtained from a Gaussian fit, and focusing efficiency 7 as a function
of etch depth h, for the zone plate with NA = 0.35.

h {nm} we{nm} wy{nm} n{%}
20 445 476 9
40 411 456 18
60 368 417 25
80 341 390 23
100 316 363 16
120 282 343 8
ideal ZP 272 272 18

In the next section we clarify the roles of amplitude and phase modulations.

5. Role of amplitude and phase modulations

To understand whether the working principle of the plate described in section 2, based on phase modulation,
is responsible for focusing XUV, we simulate the focus obtained with three different artificially modified
XUV near-fields, Eyod(z = 0), for the case h = 60 nm.

(i)
(ii)

(iii)

First, we neglect any phase modulation, setting Ey0d4(z = 0) = |Exyv(z = 0)]. The simulated focus,
shown in figure 8(a), is severely distorted. Thus, phase modulation is crucial for focusing.

Second, we keep the phase modulation of Exyy(z = 0) but set the amplitude to 1: Ey0q = Exuv/|Exuv|-
The result is shown in figure 8(b). A high-quality focus with (wy,w,) = (325,335) nm is obtained with
a focusing efficiency of n = 14%, slightly below the 18% limit of the ideal zone plate, which also has a
uniform amplitude. The lower efficiency is to be expected, since the phase modulation in the nonlinear
plate is not uniformly 7. The size of the focus is larger than the ideal zone plate, and slightly elliptical.
For the ideal zone plate with a uniform phase modulation, a variation of the modulation depth, h,
changes the diffraction efficiency but maintains the focus size. Thus, the larger and elliptical focus size
of the modified plate arises from the non-uniformity of the phase modulation. Nonetheless, the
ellipticity is less than in figure 6, and the focus is smaller. Therefore, we can conclude that the non-
uniform amplitude modulation contributes to worsening the quality of the focus.

Finally, we study the effect of the amplitude. We set E, .04 = |Exuv]| - E%?f;"{l,, i.e. the original amplitude is
modulated by +1 according to equation (7), corresponding to a [0, 7] phase modulation. The result is
shown in figure 8(c). The focus size is (wx, w;) = (299,342), thus not significantly different from the

9
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Figure 8. Simulated focii for three differently modified XUV fields. (a) Only amplitude modulation of Exyv(z = 0). (b)

Exuv (z = 0) with uniform amplitude (only phase modulation). (c) The Exuv(z = 0) with the phase modulation of the ideal zone

plate.
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Figure 9. Results for a NA = 0.5 zone plate and & = 100 nm. Both field amplitude (panel (a)) and phase (panel (b)) are more
uniform. The phase modulation is large throughout the plate. (c) The simulated focus is less elliptical and smaller than for the NA
= 0.35 plate. (d) y = 0 lineout of the focused power. The black-dashed line is the focus of the ideal phase-only zone plate.

previous case, but the focusing efficiency is significantly larger, n = 37%. Thus, amplitude modulations

can be quite beneficial.

6.NA=10.5

The quality of the focus improves at higher NAs. Figure 9 shows the results for a zone plate with NA = 0.5
(f =26 pm) and h = 100 nm. Both amplitude and phase profiles (panels (a) and (b), respectively) are much
more homogeneous because most of the rings are sub-wavelength relative to the infrared driver, with a
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substantial phase modulation of ~ 1.9 rad. The focus (panel (c)) is less elliptical, thanks to the improved
homogeneity in the near field, with radius (w, w,) = (227,258) nm. The ideal phase-only zone plate has

wx = w, = 187 nm. Lineouts of the focal power across y = 0 are shown in panel (d). The focusing efficiency is
n = 17%, comparable to that for NA = 0.35 (18%). Thus, our approach to nanofocusing high harmonics
proves highly effective at the largest NAs achieved with XUV radiation to date [5].

7. Conclusions

To conclude, we have developed a numerical model to predict the nonlinear behavior of a nanostructured
surface that simultaneously generates and focuses high-order harmonics. The simulations reveal that a linear
design based on Fresnel zone plates achieves nanoscale foci with diffraction efficiency that can surpass that of
a phase-only Fresnel zone plate. Since phase plates are more efficient than amplitude zone plates, our
nonlinear elements outperform transmission XUV zone plates, that typically rely on alternating absorbing-
transparent (vacuum) rings. Achieving an adequate phase modulation in the near field is found to be
necessary for focusing, and thus a critical aspect for future designs. The addition of a non-uniform
amplitude modulation was found to significantly increase the focusing efficiency beyond that of the ideal
phase-only Fresnel zone plate. Taken together, our results indicate that there are opportunities to optimize
the performance of the device by carefully designing the nanoscale structures to tune both amplitude and
phase modulations across the near field, as it is almost certain that the maximum efficiency achieved in this
work is not the absolute best. Exploration of such control with sub-wavelength structures (metasurface) is
particularly intriguing, and a focus of follow-up work. It can be designed with either forward or inverse
(computer-assisted) methods [41]. For example, a smooth quadratic variation of the XUV phase across the
device would result in a Fresnel lens, which would focus an XUV beam with a smooth amplitude modulation
to the diffraction limit with 100% efficiency.
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