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Control of optical fields at the nanoscale holds the promise of fast, efficient imaging methods, but is elusive due to the diffraction
limit. This paper investigates how a single metasurface patch in the near field of a sample plane may be used to create a wide vari-
ety of intensity patterns by applying different illumination profiles from the far field. Numerical analysis shows that one metasurface
patch may be used to generate complete bases of illumination patterns on a grid as fine as λ/16. The limits of control are explored
in terms of degrees of freedom on the illumination side and spatial resolution on the sample side. These illumination patterns are
expected to enable sub-wavelength structured illumination microscopies, compressive imaging and sensing. Quantitative analysis of
how the engineered fields may be used for detection of small scattering particles demonstrates the potential the approach holds for
nanoscale optical sensing.

1 Introduction

Optical fields are shaped by the interference of incident, scattered and re-emitted fields. Control of such
optical fields, in particular of the distribution of field intensity in space, is key to both optical microscopy
[1, 2, 3, 4] and lithography [5, 6]. At sufficiently large scales, such control can be provided by far-field
optics, for instance through the imaging of binary masks [6], or its dynamic equivalent of active wave-
front shaping [7, 8]. At the nanoscale, diffraction precludes arbitrarily fine far-field control of field struc-
ture [9, 10, 11]. In industrial lithography, the state of the art in resolution is achieved either by accept-
ing the diffraction limit and using the smallest possible wavelength [12] or by forgoing optics altogether
by switching to electron beam writing [13]. Super-resolution techniques, like near-field scanning optical
microscopy (NSOM) [14, 15, 16] and photo-activated localization microscopy (PALM) [17, 18, 19], show
a number of ways to work around the limitations of far-field optics, achieving deeply sub-diffractive res-
olution. However, fluorescence-based techniques are limited to sparsely distributed sources and scanning
probes have very simple and small exposure or collection volumes that necessitate slow, point-by-point
raster-scanning measurements. Modern inverse design approaches to computational imaging and param-
eter retrieval [20, 21, 22, 23] defeat these constraints by careful modelling. Yet, these methods take up
either additional complexity to account for their limited knowledge of exposure field patterns or the re-
quirement of detailed a priori knowledge on the family of structures under study. Improved control of
nanoscale fields would drastically expand the range of applications where such computational imaging
can compete with traditional superresolution techniques.
Structuring light on the nanoscale for imaging purposes has been studied in a number of contexts and by
a number of methods. Beams generated by far-field optics can generate nanoscale features through the
phenomenon of superoscillation [24, 25], but superoscillatory features are inevitably many orders of mag-
nitude weaker than the corresponding diffraction-limited spot and have large sidebands [26, 27, 28, 29].
In order to control nanoscale fields without those drawbacks, one has to make use of structures in the
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near-field of the target plane. This notion leads to nanoscale equivalents of structured illumination mi-
crosopies, wherein imaging and sensing information can be retrieved from measurements in which an
object has been illuminated by a sequence of diverse illuminations [30, 31, 32, 3]. One such approach
is based on disordered media, where illumination naturally creates optical bright spots, with positions
dependent on incident wavefront [33, 34]. Other approaches use periodic lattices, which permit the cre-
ation of hot-spots at positions linked to lattice sites [35, 36]. Finally, the hot-spots of small systems of
plasmonic particles may be controlled by incident polarization [37], by wavelength and incidence angle
[38, 39], or by illumination with pulses that are suitably shaped in time [40]. For imaging and sensing it
would be highly desirable to have a solution able to provide hot-spots that can be controlled indepen-
dently over a large area, or at least able to provide near field illumination patterns that are sufficiently
diverse and linearly independent to form a complete basis for imaging. No one of the solutions outlined
above can provide independently controllable hot-spots over a large area. For very small areas of inter-
est, a few-particle system can provide a good level of control. The degree to which this fine control can
be extended to larger areas by adding more modes to the system remains an open question.
In this work, we explore how supplying specific far-field illumination patterns to a metasurface patch can
dynamically shape near-field energy distribution. We use numerical optimization of wavefronts to opti-
mize for desired near-field patterns and show that this approach can generate complete bases of near-
field patterns below a fixed array of dipolar resonant scatterers. We study the illumination wavefronts
required to generate these patterns. We investigate the conditions under which fields can be generated
reliably and discuss the scattering physics underpinning the structure of the near-field patterns. Looking
towards applications, we demonstrate that the engineered near-field distributions may be used to detect
scattering particles.

2 Method

We consider a two-dimensional system of subdiffractively spaced scattering sites, referred to as a meta-
surface patch, close to a target (sample) plane, as sketched in figure 1. The question we wish to answer
is: supposing one illuminates this metasurface patch from the far field through a high-NA microscope
objective, with full control over the wavefront offered in the objective back focal plane, what field inten-
sity distributions can one make in the target plane? As a first step to answering this question, we select
a specific metasurface patch design: a 4×4 square grid with pitch λ/4, situated λ/8 to the left of the tar-
get plane, illuminated from the left. The scattering elements are taken to be identical isotropic strong
scatterers, resonant at the drive frequency, with a polarizability of |α| = 5.56× 10−33 C m2 V−1 and a
quality factor of Q = 10, comparable with 100 nm silver plasmonic nanoparticles at optical frequencies.
We treat this as an optimization problem, optimising the illumination to create given near field patterns
on the grid of positions in the target plane directly beyond the metasurface patch scatterers.
In order to calculate the near-field distribution that a given incident field will result in, we model the
metasurface patch as a collection of discrete dipoles. The discrete dipole model allows us to quickly work
out the qualitative behavior of sets of interacting particles [41, 42, 43, 44] and natively includes multi-
ple scattering, self-action and retardation [45, 46]. For the metasurface patch, three orthogonal induced
electric dipole moments describe each of the sixteen scatterers. The final amplitude and phase distribu-
tion is found as the self-consistent sum of the incident field and the multiple scattering-induced fields of
all dipoles. As we are primarily interested in the range of distinct patterns that can be created, rather
than the precise parameters required, we take the environment of the particles to be homogeneous in
refractive index, instead of accounting for, e.g., supporting substrates. This scenario could be obtained
experimentally using index matching oil. Alternatively, our approach could be extended to account for
arbitrary series of interfaces by appropriately modifying the dipoles’ Green’s functions [47].
We envision illumination to be offered as a programmable paraxial, cylindrical beam, incident on the
back focal plane of an objective. The objective transforms the incident beam into a shaped spherical
wave converging onto the metasurface patch. This transformation can be mathematically described by
the well known microscope objective transformation rules for aplanatic lenses, which relate incident beams
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Figure 1: The problem setting explored in this work: an incident field is focussed onto a dipole array, where the scattered
fields produce a specific intensity pattern just beyond the array. We aim to find incident fields that will produce arbitrary
intensity patterns.

of finite circular aperture (equivalent to NA ≤ 1) to object-side spherical waves upon evaluation of a
diffraction integral [48, 49]. We model the incident illumination as a paraxial beam with its waist at the
aperture edge, expanded in the Laguerre-Gauss basis [50, 51], given by
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als, and integer p and l with p ≥ 0. This basis consists of cylindrically symmetric amplitude patterns,
with phase wrapping l times around the origin. Given this symmetry, the Laguerre-Gauss basis is a nat-
ural way to describe fields on a circular aperture. Since we are interested in the level of control over near
fields that one can obtain with limited degrees of freedom in the incident beam, we truncate the basis to
finite maximum p and l. Importantly, microscope objectives have a hard cut-off at finite beam radius r,
which maps to the numerical aperture of the objective and thus the edge of its back focal plane. While
the pure Laguerre-Gauss basis is orthonormal, truncating it to a finite aperture removes the normaliza-
tion, as well as orthogonality between basis elements with identical p. To restore orthonormality, we use
a modified Laguerre-Gauss basis with indices p′ and l. Each Ep′i,l

is constructed from the elements Epj ,l

with j < i through the Gram-Schmidt process [52, 53], resulting in an orthonormal basis Ep′j ,l
for j < i.

For a given target near-field pattern we seek optimal illuminations through numerical optimization of
the coefficients for each (p′, l) basis element. For an orthonormalized Laguerre-Gauss basis truncated at
p′max and lmax, with two polarization degrees of freedom, there are N = 2 (p′max + 1) (2lmax + 1) input
parameters. We denote these as the complex coefficients cp′,l, with the full vector having Euclidean norm
||cp′,l|| = 1, corresponding to unit power. We shall primarily use the first 30 modes, with p′ ≤ 2 and
|l| ≤ 2, but will also explore the effect of using more and fewer modes. Through the discretized diffrac-
tion integral [48, 49] we find the incident field driving the metasurface patch, which is input to the dis-
crete dipole model that lets us calculate the resulting near-field intensity distribution in the target plane.
The optimization procedure is to find the complex coefficient cp′,l values that results in a target plane
field distribution most similar to a set target distribution. We will look for field patterns with spots in
the target plane in the same grid as the scattering sites in the metasurface, as the near-field hot-spots of
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the scattering sites provide fine features to field structure through their localized field enhancement hot-
spots. In this way, a 4× 4 metasurface can address a 4× 4 target pattern t. Since the scatterer hot-spots
at each target position are expected to be the only sharp features in the field distributions, we may also
expect these positions to provide a representative picture of the overall field distribution. On the target
points, we consider binary target patterns t: each individual position is either required to be on, or off.
We judge the match between the observed pattern s at the selected positions and the target pattern t by
a fitness function based on cosine similarity. Cosine similarity S(s, t) is the most commonly used metric
to compare high-dimensional patterns [54, 55]. It finds the angle between two vectors:

S(s, t) =
s · t
||s|| ||t||

For vectors s and t with only positive entries, S(s, t) lies between 0 (orthogonal) and 1 (perfect match).
Cosine similarity only describes the shape of a pattern and is not sensitive to its intensity. We separately
include an intensity criterion in the fitness function, to reward solutions where an appreciable fraction
of intensity ends up in the target pattern, rather than in side lobes. This leads to the following fitness
function:

F (s, t,Θ) =
1

2
S(s, t) +

1

2
C(s, t,Θ) with C(s, t,Θ) = min(1,

∑
s

Θ
∑

t
)

With threshold Θ = 0 this fitness function is pure cosine similarity. The threshold introduces a penalty
for solutions that have less than a certain amount of energy per ‘on’ position. Using a threshold rather
than a continuous scale, rewarding more intensity, means that the ‘energy landscape’ we are optimising
over is not affected once the solver reaches sufficient intensity in the solution, thereby retaining the desir-
able features of cosine similarity. To obtain a gauge for sensible threshold values, we express it as a frac-
tion of the maximum peak intensity Pmax attainable at the focus of a beam with unit power at NA = 1.
Dipole field enhancement may lead to peak intensities greater than this reference value. For now, we set
a threshold of Θ = Pmax/100; we will explore the effect of different threshold levels later on. For the op-
timization itself, we use Powell’s conjugate direction method as implemented in NumPy [56], starting
from random starting amplitude and phase in each coefficient and normalising the coefficients at sub-
sequent iterations to maintain unit power. In order to save computation time, we tabulated the fields in
the target plane for the various orthonormalized Laguerre-Gauss elements and exploit linear superpo-
sition to find fields for arbitrary coefficients. Optimization with p′max = 2 and |l|max = 2 converges in
seconds on a standard desktop computer. The best fitness results out of a few tens of runs are used in
order to avoid suboptimal local minima. Per this procedure, we find illumination patterns that produce
a local optimum in fitness, as measured by two criteria: first, by having the right intensity pattern and
second, by having a minimum intensity per ‘on’ position.

3 Complete bases of exposure patterns

We first test our method by setting as target the addressing of individual points in the 4 × 4 grid, op-
timising intensity at a specific point and keeping the others dark. Figure 2a-c shows the obtained solu-
tions for the three points that are unique under symmetry: corner (2a), edge (2b) and bulk (2c). In each
case, field intensity in the target plane shows a distinct single peak at the desired position, proving (by
symmetry) that the method can specifically address any position on the grid. By the fitness metric used
in optimization, these solutions match 100% to the optimization target. Before exploring the structure of
these solutions, we show that the method can also reproduce multiple-spot patterns: figure 2d shows an
optimized checkerboard pattern on the same grid, with the checkerboard clearly recognizable. The abil-
ity to address specific sets of points is notable, considering that the λ/4 separation between the target
points is appreciably smaller than the diffraction limit.
In order to understand how the method achieves these target plane field structures, we examine the in-
duced dipole moments in the scatterers. In the same subfigures 2a–d we show the magnitude of the dipole

4



3 COMPLETE BASES OF EXPOSURE PATTERNS

moments in the metasurface under the illumination conditions producing this solution, as well as the
magnitude of their z-components. Looking at the induced scatterer dipole moments for each solution,
we observe that the spots generally correspond to strong z dipole moments. The spots may thus be re-
garded as the hot-spots of individual dipoles, which accounts for their observed sub-diffractive width
(≈ λ/5). Most of the other dipoles have negligible dipole moment or are oriented in-plane, directing
their largest field enhancement out of the target plane. Some notable exceptions, like the corner sites
on the checkerboard (figure 2d), are oriented mostly in-plane. In these cases the target position lies on
the flank of a comparatively broad feature with its field in-plane. For each solution we also show the in-
cident wavefronts found to produce these solutions. The incident wavefronts are shown as calculated at
the microscope objective back focal plane, specifically as the required flux density on the Abbe sphere
plotted as a function of parallel momentum (kx, ky) of the spherical wave offered to the metasurface tar-
gets. We see that solutions are fairly smooth, with a few large bright spots. This is promising with an
eye to experimental implementation, as it suggests that limited spatial resolution in creating wavefronts
will not hamper performance.
By way of illustration, we explore the bulk spot solution in some more detail. Figure 2e shows how the
incident field is built up from the different orthonormalized Laguerre-Gauss elements in two polarization
channels. Incident field basis elements with l 6= 0 are required to produce a solution that is not circularly
symmetric. Balancing elements with opposite l produces l-fold symmetric patterns, which can be ro-
tated by the relative phases for the elements. Following this far-field design strategy, as one might when
tasked to solve the problem by hand, would result in a set of weights symmetric around l = 0. Though
we can certainly recognize a semblance of the expected symmetry in the corner and bulk solutions, this
symmetry is imperfect. Another symmetry that could have been analytically expected and is shown to
a limited degree by the numerical solutions is that between the x and y polarization channels, which is
also seen by the symmetry across the diagonal in the drive fields for figures 2a and 2c. Such solutions,
that respect the symmetries of the various problems, may form the global minimum in the fitness land-
scape of our optimization. However, it may also be that several distinct solutions solve the optimization
problem, possibly not all respecting the underlying symmetry. In any case it is an interesting observa-
tion that the demonstrated level of convergence is evidently sufficient to obtain effective solutions.
Finally, we plot the intensity distribution produced by the bulk spot solution in the target plane in the
absence of the dipole array (figure 2f) and the same in the dipole array plane (fig 2g). Field intensity
still peaks at the target position, but much less sharply than is the case in presence of the scatterer ar-
ray, with appreciable intensity at both neighboring dipole positions and neighboring target positions.
The single fine spot observed in the actual solution before must thus be the result of multiple scatter-
ing within the array. This balances enhancing the field at the target spot and simultaneously canceling
out the drive field away from the target by destructive interference, resulting in a high-fitness solution.
Besides the single point basis, applications may benefit from the ability to generate other bases. Here we
specifically think about compressive sensing techniques that may allow information retrieval with fewer
measurements than a single-pixel measurement basis would require. We attempt to create one example,
the Hadamard basis. This basis is given by the rows of a Hadamard matrix Hn of size n×n, defined as
a solution of HnH

T
n = nIn [57, 58, 59]. Hadamard matrices form the optimal basis in a number of com-

pressed sensing applications and are commonly used for that reason [60, 61, 62]. For n a positive integer
power of two, Hadamard matrices may be constructed blockwise through [57]

H1 = [1] H2k =

[
H2k−1 H2k−1

H2k−1 −H2k−1

]
(2)

Hadamard matrices have entries equal to 1 and −1. As we cannot produce negative intensity, we will
use offset Hadamard matrices with low level zero. When we map each of the sixteen patterns in the ba-
sis H16 onto our 4 × 4 grid, we see that ten are unique by symmetry (for instance, H16(2) is equivalent
to H16(5)). We use our optimization technique to attempt to reproduce these patterns, with a binary
on/off mask as before. The resulting optimal field intensity distributions are seen in figure 3a. We imme-
diately recognize the target patterns in the solutions, illustrating the flexibility of illumination control on
the metasurface patch in generating field distributions. In order to demonstrate yet more intricate fields,
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Figure 2: Structure of optimal solutions. (a) Solution for single spot at corner of 4 × 4 grid. Field map shows intensity,
with white circles indicating target positions. Dipole moment magnitude and dipole moment z-component are plotted for
each dipole in the array, both normalized to the strongest dipole moment magnitude in the array. Finally, the incident field
pattern found by the optimizer to produce this result is shown. The incident field pattern is shown as energy flux on the
Abbe sphere, plotted in wavevector space. (b-d) Like a, but for a target hot-spot at an edge position, a target hot-spot at
a bulk position and a checkerboard target. (e-g) Detailed structure of the bulk position solution in (c). (e) Incident field
pattern, with weights for each element in the orthonormalized Laguerre-Gauss basis for x- and y-polarizations and the re-
sulting field pattern amplitude and phase for both polarization channels. (f) Intensity profile produced by the optimized
incident field in the dipole plane, without scatterers present. Positions corresponding to target positions are circled. (g)
Like f, but intensity profile in the target plane.

we can apply the same procedure to an 8 × 8 metasurface patch and accordingly more target positions.
With 64 distinct target spots, the 30 orthonormalized Laguerre-Gauss modes used so far are insufficient
to produce a complete basis, so we use p′max = 6 and |l|max = 6 for this optimization. Figure 3b shows
the result for one of the more challenging target field distributions in the 8× 8 patch. Again, the pattern
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is clearly recognizable. Using the power of reconfigurable illumination, our general-purpose, unoptimized
metasurface is seen to be suitable for the generation of near field patterns that enumerate intricate, com-
plete bases. It exploits the coupling between different elements and the interference between drive and
scattered fields.

/2

0 maxIntensity

1 2 3 4 6

7 8 11

12 16
8 × 8 46

(a)

(b)

Figure 3: Complex patterns reproduced by tailored illumination of a dipole array. (a) The complete Hadamard basis repro-
duced on a 4 × 4 grid, with only those patterns unique under symmetry shown. Besides normalized field intensity maps,
insets show the target pattern and labels indicate the pattern index. All intensity maps are normed to their maximum
value and shown at the same scale; target positions are circled. (b) One element of the Hadamard basis on an 8 × 8 grid,
specifically number 46. Shown as in (a), using the same scale.

4 Resolution and efficiency limits

Looking towards nano-optical field control and sensing, it is interesting to see how far below the diffrac-
tion limit we can push the optimization method. The metasurface patches considered so far were all taken
to have a subdiffractive pitch of λ/4. We repeat the Hadamard pattern optimization procedure for pitches
from λ/2, close to the diffraction limit, through λ/32, more than an order of magnitude below it. In or-
der to do so, we scale the entire system down proportionally, so that array-target distance is always one-
half of the array pitch. As shown in figure 4a, obtained fitness is excellent for all patterns at large pitch,
with a general trend of fitness decreasing with smaller pitch. When interpreting values of the fitness func-
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tion, it should be noted that only very high values are sure to faithfully reproduce the pattern, because,
for instance, for an all-on target, a solution where one position has no intensity at all may still have 97%
fitness. To get a better understanding of which solutions worked, we use a digital criterion: a solution
is successful if all ‘on’ spots are over 2/3 of the maximum intensity and simultaneously all ‘off’ spots
are under 1/3 of the maximum intensity. This criterion is useful for characterising solutions returned by
the optimization, even though it is not suitable as a direct optimization metric itself because its land-
scape is not smooth [63]. Solutions for which the criterion is not met are marked with a black dot in
figure 4a. We see that solutions with fitness over 98% are generally successful. With this criterion, we
see that all solutions successfully reproduce their target patterns down to pitch λ/16. Notably, the loss
in performance is much stronger for some target patterns than for others. This is mostly explained by
considering the spatial frequencies present in the various patterns, one extreme case being the uniform
all-on pattern H16(1). This pattern barely loses performance from the largest to the smallest pitch and
at any scale would be solved by an ‘electrostatic’ approach. In this case, the target pattern has an in-
trinsic symmetry that can be exploited directly, rather than requiring a tuning of the retarded multi-
ple scattering interactions between metasurface elements. The checkerboard H16(6) on the contrary is
a tricky problem, as evidenced by it achieving the lowest fitness at pitch λ/8 and failing at λ/32. The
solutions for pitch λ/8 and λ/16, in the lower insets, show that at smaller pitch, the hot-spots in fact
become more distinct, due to the smaller distance between the dipoles and the target plane. Nonethe-
less, fitness worsens slightly. The reason for this is that although the features around the ‘on’ dipoles be-
come sharper at small distance, parasitic features appear at the ‘off’ dipoles as well. This effect is more
pronounced in the right-hand insets, which show the solutions for H16(3), an easier, lower-frequency tar-
get, at pitch λ/16 and λ/32. Here we see the same trend: at extremely short distances, even out-of-plane
dipole moments lead to appreciable intensity in the target plane. We thus see that although eventually
low contrast in the drive field limits our ability to address sites independently, multiple scattering within
the array can take us a full order of magnitude beyond the diffraction limit.
The incident field basis used in optimization is truncated to a limited number of elements. Intuitively it
stands to reason that each additional basis element adds a degree of control over the drive field features.
It is interesting to see how this control over incident field features translates to control over target plane
features. We test this relation by varying the number of modes in our optimization routine and compar-
ing performance, using 12 ((p′max, lmax) = (1, 1)), 18 ((p′max, lmax) = (2, 1)), 30 ((p′max, lmax) = (2, 2))and
182 ((p′max, lmax) = (6, 6)) modes. With 16 individual target sites, assuming linearity, we would expect
to need at least that many basis elements to reproduce any complete basis. Figure 4b (solid lines) shows
how the number of available modes affects performance, counting the successfully reproduced patterns
(out of 16) versus array pitch. As observed previously, with 30 modes, we successfully reproduce all ele-
ments for pitch as small as λ/16. Optimization with 12 modes is insufficient to produce all 16 elements
at any pitch, as expected, but already 18 is sufficient at large pitch. At 30 modes nearly all solutions are
already successful. Adding more modes beyond this point makes relatively little difference: a six-fold
increase in the number of modes, from 30 to 182, adds only a single successful solution, at pitch λ/32.
That our problem is not linear — we optimize for intensity — appears to have only limited effect on the
number of required basis functions, with close to the bare minimum of modes required in a linear sys-
tem already providing nearly full control. Why 18 is not enough may be related to the intensity criterion
used, or to large overlap between the drive fields corresponding to some of the elements after focussing.
The minor improvement in performance offered by additional modes at very small pitch seems to con-
firm our earlier interpretation: performance there is limited by low contrast between different dipole and
target positions in the drive fields.
The relative importance of drive field structure and dipole-dipole interaction may be disentangled by
considering the same problem without the dipole array, and instead using wavefront shaping to directly
create intensity patterns in the target plane. Results of this process are shown by dashed lines in figure
4b. At large pitch, performance without the dipole array is remarkably similar to that with the dipole
array, with full control achieved from 18 modes onwards. However, only with the largest number of modes
can all targets still be solved at pitch λ/4. Towards smaller pitch, the loss of control is drastic, with only
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Figure 4: Limits to optimization. (a) Fitness of solutions for H16 elements at different scales. Field maps show specific
solutions for Hadamard elements 6 (below) and 3 (right). All scale bars have length λ/16 and intensity maps are shown as
in figure 3. (b) Number of H16 Hadamard elements successfully reproduced with different numbers of far-field modes. Solid
lines show results with dipole array, dashed lines without. (c) Number of H16 Hadamard elements successfully reproduced
with different intensity thresholds.

the simplest patterns reproduced successfully. This shows that at fine resolutions, multiple scattering of
the drive field by the dipole array is the mechanism that allows the full complexity of target patterns to
be reached.
It is well known that arbitrarily fine sub-diffractive features in optical fields can be engineered by ex-
ploiting super-oscillation. Such control comes at the expense of intensity, with parasitic features typi-
cally over five orders of magnitude stronger than the desired sub-diffractive feature [26, 27, 28, 29]. Though
fundamentally different, we can compare the field strengths obtained in our method with such results.
Dipole hot-spots can provide large field enhancement, but we may not be able to exploit this fully due
to a combination of two aspects. The first reason is the finite distance between the dipole scatterers and
target plane, when accounting for realistically sized optical antennas. Furthermore, interactions between
dipoles spaced closely together limit the polarizability that one can pack in a single optical antenna. Our
fitness criterion contains a threshold Θ: the minimum required peak intensity at the target positions rel-
ative to incident field maximum peak intensity. We can vary this threshold to see how easily we can re-
alize solutions at the given intensity. Figure 4c shows the results of this analysis, ranging from no inten-
sity criterion at all to a required significant field enhancement. Without the intensity criterion, the full
Hadamard basis is reproduced successfully, even at pitch λ/32. At Θ = Pmax/100, all but the highest-
resolution targets still work. Beyond this, performance falls off quickly. Interestingly, the best results at
any given intensity criterion are found at a pitch of λ/8. This may represent a balance between small
dipole-sample distance, which increases intensity, and antenna resonance hybridization effects that would
lead to a detuning of the system from the assumed optical drive frequency, which would thereby tend to
reduce intensity enhancement. Overall, we see that Θ = Pmax/100 leads to good solutions. Though not
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exploiting dipole field enhancement in the way a single scanning dipole can, we see that our method is
able to retain an appreciable fraction of incident intensity in the target plane, unlike the other extreme
of superoscillation. In summary, our method enables:

� programming a complete basis of intensity patterns in a target plane below a metasurface. To our
knowledge, a similar functionality has only been demonstrated before using optical light and spa-
tial light modulators up to the THz domain, to create programmable THz near-field masks for com-
pressive sensing [64, 65]. We are not aware of methods that provide complete near-field bases in the
optical domain without using raster scanning probes, although all-optical control of hot spot geome-
tries has been demonstrated using femtosecond pulse shaping [40].

It does so

� on subdiffractive grids scalable down to λ/16 in pitch. This is competitive with resolutions obtained
using standard glass-fiber NSOM at visible wavelengths [66], although AFM-based scattering-type
NSOM can reach resolutions down to 10 nm [15].

� while maintaining high intensity in each spot, up to 1/10 of the maximum intensity of the incident
beam. This throughput is four orders of magnitude larger compared to superoscillatory lenses at
similar resolutions and three orders of magnitude above the throughput of NSOM with metalized
fiber tips [26, 27, 28, 29].

� with a spot size set by the dipole hot-spots, of width λ/5 at distance λ/8. This spot size is compet-
itive with that obtained in standard glass-fiber NSOM, though AFM based scattering NSOM can
reach spot sizes that are a factor 10 smaller [66].

Finally, we note that for the specific task of imaging fluorescent samples a resolution of 5 nm can be at-
tained using fluorescence-based superresolution techniques [17, 18, 19].

5 Nano-structures for sensing and locating small scatterers

While freely programmable near-field patterns with deep subwavelength resolution should in principle be
of large use for microscopy, it is not immediately obvious how to utilize them to obtain images. We en-
vision that the easiest usage scenario would be in fluorescent imaging. There, one could use a bucket de-
tector with no spatial resolution for detected fluorescence, yet still obtain spatial information by cycling
through a full basis of near field pump intensity patterns. This notion is similar to structured illumina-
tion microscopy [32, 3], which uses programmable though not spatially resolvable fluorescence excitation
patterns. Key in this application scenario is that fluororphores are mutually incoherent local reporters
of pump field intensity that are not themselves a partner in the multiple scattering process at the pump
wavelength. Much more challenging would be image formation where the metasurface patch would serve
as a near-to-far-field transducer to sense passive, i.e., scattering objects in the target plane [67]. To es-
tablish to what degree our optimized fields are suitable for sensing purposes, we calculate the effect of
introducing a scattering particle into the target plane beyond the metasurface patch on the overall far-
field scattered signals. We consider a weakly scattering, off-resonant perturber, with a polarizability of
|α| = 5.56× 10−35 C m2 V−1. This value corresponds to a small dielectric particle, best described in the
single-scattering regime. For any incident field, we can calculate (or, in experiment, measure) the radia-
tion pattern ΦA(k) of the array, without the perturber, as flux per solid angle. The sensing signal we use
is the total change in this radiation pattern as the perturber is introduced (resulting in a radiation pat-
tern ΦA,P(k), figure 5a), relative to the total flux ΦP(k) scattered by the perturber when illuminated by
a focussed beam of unit power, without the array:

S =

∫
BFP

[ΦA,P(k)− ΦA(k)] dk /

∫
BFP

ΦP(k) dk (3)
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6 DISCUSSION

Without the array, this dimensionless quantity would be limited to a maximum value of 1. Higher values
should thus be taken to mean an improvement in sensing performance over straightforward free-space
scatterometry. The dipole array has a scattering cross-section some four orders of magnitude larger than
the perturber, which sets an upper bound on S. We calculate sensing signal S as a function of perturber
position with some of the optimal drive fields found previously. Figures 5b-e show signal S versus per-
turber position for the target patterns corresponding to those in the insets. The scattered signal maps
have peaks directly matching those in their target patterns, with the same sub-diffractive length scales.
This means that a single measurement will reveal the presence or absence of the scatterer at its target
sites, compatible both with simple searches and compressive sensing strategies [61]. Moreover, normal-
ized signal level peaks at S > 100, meaning that the dipole array strongly enhances the signal compared
with free-space measurement. We note that with no moving parts in the system, switching between dif-
ferent incident patterns can be done at video rates and faster, so that the technique could enable both
efficient, rapid sensing, or sensing of objects moving in time. For instance, one can envision using meta-
surface patches with incident field control for sensing and tracking of freely diffusing analytes in solution
[68].
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Figure 5: Sensing with the engineered fields. (a) The sensing method considered: an optimized wavefront is supplied to the
perturbed dipole array. We detect changes in its scattering pattern. (b-e) Change in scattering signal versus position of a
perturber, for different engineered incident fields. Insets show the pattern used.

6 Discussion

We have explored how reconfiguration of far-field wavefronts may be used to control near-field intensity
profiles mediated by a metasurface patch. With a small, rectangular metasurface grid, our numerical op-
timization technique produces intensities under the metasurface elements that faithfully reproduce the
target patterns. For both simple and complex bases, the technique is able to reproduce all basis elements
faithfully at resolutions as small as λ/16. Studying the dipole moments in the array shows that the opti-
mization finds solutions that use the array dipole hot-spots to create the target patterns. We have inves-
tigated the structure of the required wavefronts and found they are fairly smooth, which makes experi-
mental realization feasible. Tweaking the optimization conditions has allowed us to quantify the limits
to this form of near-field control. With the thirty (orthonormalized) Laguerre-Gauss modes up to p′ = 2
and l = 2, Hadamard patterns were reproduced faithfully for pitch as small as λ/16. An order of magni-
tude more modes proved insufficient to reproduce the complete basis at pitch λ/32. Looking into the in-
tensity of the hot-spots in the target patterns, we have found good solutions for intensities up to one or-
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der of magnitude below the maximum spot intensity of the incident beam. Finally, we have shown that
the engineered fields can be used for programmable, position-selective particle sensing, with the metasur-
face patch providing significant enhancement in signal level compared to direct illumination.
All the results presented here are based on very simple metasurface patch designs: a square grid of ei-
ther 4 × 4 or 8 × 8 identical and isotropic antennas right above the points of interest. The generated
solutions that we find tend to have ‘on’ scatterers with large dipole moments along z, placing its plas-
monic hot-spot in the target plane. This observation suggests that engineering of the metasurface patch,
in terms of spatial arrangement and the per-building block polarizability tensor, should provide further
control of near field programmability. For instance, one can envision engineering the scatterers to have
hot-spots in certain locations by manipulating their electric and magnetic dipole and multipole response
[69]. Another approach is to tailor the response of the scatterers to respond preferentially to certain po-
larisations or wavelengths, allowing different scatterers to contribute to different patterns [39, 37]. What
sort of metasurface design is optimal for field control on a given set of target positions is an interesting
question. For instance, it is unclear whether generally the scattering sites should be located directly over
the points of interest, to maximally exploit their near-field enhancement, or at intermediate positions, to
exploit collective behaviour like the Talbot effect [70] or other designed array features [71]. Another open
question is how a finite patch from a periodic array, as used here, compares to layouts where every point
has a distinct scattering environment, like in a plasmonic quasicrystal [72, 73]. The fact that even the
simple metasurface patch design considered in our work already shows a fine level of control over near-
field intensity distributions indicates that the combination of metasurface patches and programmable il-
lumination will form a powerful new method for nano-optical sensing.
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