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(57) Abstract: A super-oscillatory lens (10) having a pre-defined pattern to spatially modulate the light beam in amplitude and/or
phase which has a blocking element (6) formed integrally with the lens, or as a separate component adjacent to the lens, which is

o opaque to the light beam to cause diffraction of the light beam around the blocking element and formation of a shadow region (20).
The lens and blocking element focus the light beam to form an elongate needle-shaped focus (15) in the shadow region (20). In any

o application in which it is necessary to scan a small spot over a surface, compared with a conventional objective lens focus the elong -
ate shape of the focus relaxes the requirement on a feedback loop to maintain a constant separation between a scan head and a sur -
face being scanned. The elongate shape is also ideal shape for materials processing applications.



WO 2013/114075 Al III III II II II I I11

TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK, Published:
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,

— with international search report (Art. 21(3))
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).



TITLE OF THE INVENTION

Super-Oscillatory Lens Device

BACKGROUND OF THE INVENTION

The invention relates to super-oscillatory lens devices and methods.

The last decade has seen numerous efforts to achieve imaging resolution beyond

that of the Abbe-Rayleigh diffraction limit, which proscribes the visualization of

features smaller than about half of the wavelength of light with optical instruments.

The main direction of research aiming to break this limit seeks to exploit the

evanescent components containing fine detail of the electromagnetic field

distribution.

Scanning near-field optical microscopy (SNOM) has been well developed since the

work of Betzig on optical fibre tips in the early 1990's [ 1 , 2]. Other near-field imaging

techniques have also been developed. Near-field imaging techniques exploit

evanescent fields so require samples to be positioned very close to a scanning tip

which makes the imaging process very difficult to achieve compared with

conventional far-field optics.

More recently a proposal has been made by Zheludev, Huang and co-workers for

achieving imaging resolution beyond that of the Abbe-Rayleigh diffraction limit away

from the near-field by using an optical mask to modulate a spatially coherent optical

field in amplitude and/or phase [3]. The optical mask is defined so as to create

constructive interference of waves known as super-oscillation. Super-oscillation leads

to a sub-wavelength focus in a field of view beyond the evanescent fields.



SUMMARY OF THE INVENTION

According to a first aspect of the invention there is provided an optical device

comprising: a super-oscillatory lens arranged to receive a light beam having one or

more wavelength components, the lens having a pre-defined pattern to spatially

modulate the light beam in amplitude and/or phase; and a blocking element formed

integrally with the lens, or as a separate component adjacent to the lens, which is

opaque to the light beam to cause diffraction of the light beam around the blocking

element and formation of a shadow region, wherein the super-oscillatory lens is

structured and the blocking element dimensioned so that in combination they focus

the light beam to form an elongate needle-shaped focus in the shadow region.

The needle-shaped focus preferably extends over a distance of at least 'n'

wavelengths of at least one of the wavelength components, where 'n' is at least 3 , 4 ,

5 , 10 or 20.

In some embodiments, the needle-shaped focus has a full width half maximum of

less than half the wavelength of said at least one of the wavelength components,

preferably over its full length.

A light source may be provided as part of the device, the light source being operable

to generate the light beam.

There are various options for fabricating the super-oscillatory lens. The super-

oscillatory lens can be formed from a binary mask which is generally opaque but is

structured with a pre-defined pattern of optically transparent apertures to spatially

modulate the light beam in amplitude. The binary mask is typically fabricated with an

opaque material supported on a substrate of transparent material, such as a metal on

silicon nitride. The substrate may be thinned over the area of the lens so that the lens

is a membrane structure. However, it could be envisaged to fabricate a free-standing

binary mask of opaque material only. The optically transparent apertures may

comprise a plurality of concentric rings and/or a plurality of holes. The super-

oscillatory lens optionally additionally includes a spatial light modulator arranged

adjacent to the binary mask and operable to spatially modulate the light beam in

phase and/or amplitude.



The super-oscillatory lens can be formed from a spatial light modulator which is

programmable to provide a pre-defined spatial modulation of the light beam in phase

and/or amplitude. Optionally other kinds of spatial modulators could be used, such as

the plasmonic mask for combined phase and amplitude modulation proposed by

Huang & Zheludev [4].

The device can incorporate a detector for detecting light scattered from the focal

region of the lens. A detector can be arranged in a dark part of the shadow region

behind the blocking element and facing the needle-shaped focus to collect back-

scattered light. A detector can be arranged downstream of the needle-shaped focus.

A detector may also be arranged in various other configurations, such as to the side

of the focus and may also be arranged to avoid collecting unscattered light directly

from the needle-shaped focus. Arbitrary combinations of multiple detectors in

different configurations may also be used.

There are several particular features of the needle-shaped focus which are of

relevance for applications.

One feature relevant for applications is that an elongate focus in the z-direction, i.e.

along the optical axis or propagation axis of the lens, is a great advantage in any

application in which it is necessary to scan a small spot over a surface, since the

requirements of a feedback loop to maintain a constant separation between the scan

head and the surface being scanned is significantly relaxed. To explain this, the

situation in conventional optics is briefly summarised. In a conventional focus, there

is a single focal plane, and this focal plane must be maintained coincident with the

surface being scanned. Consequently, any deviation between the focal plane and the

plane of the surface defocuses the spot. Moreover, with conventional optics, if a

small focal point is needed close to the diffraction limit, the numerical aperture will

need to be high and hence the depth of focus will be small. A typical solution is to

use some kind of autofocus in a feedback loop with the z-positioning control. In many

applications maintaining stability in this feedback loop is a considerable engineering

challenge. Often the speed of the autofocus is what limits the scanning speed of the

system. In particular, for low contrast objects, such as living cells, the autofocus can

be very slow. Consequences of failing to maintain the spot in focus with the surface

can be significant. In an imaging application, varying spot size varies and reduces the

resolution. In a machining/welding/heating application that relies on a threshold

intensity being delivered, defocusing may destroy the intended processing function of



the focus. One example of a class of devices that rely on a focused spot is a compact

disc (CD) or digital versatile disc (DVD) read head and also a CD/DVD read/write

head. Another example is any form of conventional far-field microscope, or similar

spectroscopic device, in which single images are built up by scanning a microscope

objective over an area of interest. A further example is any form of conventional far-

field microscope, or similar spectroscopic device, or in which multiple images are

acquired by scanning a microscope objective over an array of wells in a microtitre

plate, e.g. 384 wells. With the needle focus it will be understood that all that is

required is to keep the surface of the object being scanned coincident with some part

of the needle

Another significant feature is the ability to generate a very small focus, below the

diffraction limit, in a relatively large dark region around it is of great advantage for

imaging applications.

A still further significant feature is that the elongate needle-shaped focus provides the

pencil beam which is generally desired for cutting, drilling and related materials

processing applications. The needle-shaped focus from the super-oscillatory lens

provides a pencil-like beam at the sub-diffraction limit scale. Relevant types of

materials processing include lithography to expose photo-resist, machining to remove

material (e.g. drilling of vias, drilling of pits, for example by pulsed laser ablation),

welding to melt parts together (e.g. bonding of polymer parts in microfluidic devices),

local activation of light-sensitive adhesive, and writing to phase change materials.

It may be preferable to use multi-photon activated materials, such as multi-photon

photo-resist, to mitigate the effect of exposure of the object with lower intensity levels

of light outside the shadow region.

The needle-shaped focus is also suitable for optical coupling. In some known

designs, optical circuits or optically-activated electronic circuits are arranged in a

generally planar manner on a circuit board or chip. The needle-shaped focus lends

itself to easy coupling into such circuit elements in view of the fact that the separation

between the super-oscillatory lens and the surface of the planar device can be

relatively large and also only needs to be accurate within a relatively wide range of

distances corresponding to the length of the needle, and also because of the

relatively large lateral extent of the shadow region. The same advantages apply more

generally for coupling light into a waveguide, including laterally through an end face



of a planar waveguide structure, e.g. a semiconductor nanostructure, or into an

optical fibre.

According to a further aspect of the invention there is provided an optical beam

lithography / machining / welding apparatus comprising: a sample platform on which

an object for processing can be arranged; a head incorporating an optical device

according to the first aspect of the invention; and a positioning apparatus operable to

move the sample platform and head relative to each other to align the needle-shaped

focus with any specified location on the sample so that activation of the light beam

can be used to process the object locally.

For some applications it is preferable, and others essential, not to expose the object

to light other than by the needle-shaped focus. In this respect it is noted that the light

passing through the super-oscillatory lens will inherently illuminate the plane of the

object outside the shadow region, albeit with an intensity several times lower than the

intensity of the needle. A requirement not to expose areas of the object can be met

automatically if the size of the object to be processed is sufficiently small to fit entirely

within the shadow region during its interaction with the needle-shaped focus. Another

way to meet this requirement is to removably deposit an additional light blocking

layer on the object away from the area to be interacted with the needle focus. In

conventional lithography, the light blocking layer might be a metallization on resist

that can be removed after processing by a lift-off technique.

In some embodiments, the positioning apparatus is operable to scan the needle-

shaped focus in a continuous way over the object such that a part of the needle-

shaped focus is maintained in intersection with a surface or buried interface of the

object.

According to a further aspect of the invention there is provided a materials

processing method comprising: providing an object to be processed; positioning an

optical device according to the first aspect of the invention at a location adjacent to a

surface of the object such that the needle-shaped focus extends at that location into

the object; and activating the light beam to use the needle-shaped focus to process

the object locally.

The method may further comprise: scanning the optical device over the object to

process the object at a plurality of locations. The processing may achieve machining



of the object by removal of material from the object. The processing may achieve

local melting and refreezing of material from the object.

According to a further aspect of the invention there is provided an imaging apparatus

comprising: a sample platform on which an object for imaging can be arranged; a

head incorporating an optical device according to the first aspect of the invention;

and a positioning apparatus operable to move the sample platform and head relative

to each other to align the needle-shaped focus with any specified location on the

sample so that activation of the light beam can be used to image the object locally,

the positioning apparatus being operable to scan the needle-shaped focus in a

continuous way over the object such that a part of the needle-shaped focus is

maintained in intersection with a surface or buried interface of the object.

According to a further aspect of the invention there is provided an imaging method,

which may include spectroscopic collection of light, comprising: providing an object to

be imaged; positioning an optical device according to the first aspect of the invention

at a location adjacent to a surface of the object such that the needle-shaped focus

coincides with the surface at that location; activating the light beam to use the

needle-shaped focus to probe the surface locally at said location; detecting light from

said location (e.g. spectrally reflected light, or light generated as a result of the probe,

e.g. by luminescence, and Raman scattering) with the detector; and scanning the

optical device over the object to probe the surface at a plurality of locations (e.g.

moving the optical device which forms a scanning head and/or moving the object by

moving a platform on which the object is arranged). This type of imaging would be an

alternative to scanning near-field optical microscopy (SNOM) for providing sub-

diffraction limit resolution.

Preferably the radius of the blocking area is at least 2 , 3 , 5 , 10 or 20 wavelengths

radius.

Preferably the length of the optical needle is 20%-500%, 33%-300% or 50%-200% of

the radius of the blocking area of the lens.

Preferably the needle has a length to width (minimum width if the width is direction

dependent) aspect ratio of at least 3:1, 4:1 5:1, 7:1 , 10:1 or 15:1 .



Typically the lens is adapted to provide a needle focus within a homogeneous

isotropic medium (rather than in for example a meta-material). Examples of suitable

media include air, vacuum, water, oil, plastic (polymer) and glass.

The lens is adapted to provide a needle focus in the region of propagating waves

(rather than the region of evanescent waves).

The term needle means a substantially continuous line, rather than a line of discrete

separated points.



BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1a is a conceptual sketch in end view of a super-oscillatory lens device with

an integral blocking element.

Figure 1b is a conceptual sketch in side view of the super-oscillatory lens structure of

Figure 1a.

Figure 2 shows schematically one type of structure for a super-oscillatory lens device

for producing an optical needle.

Figures 3a to 3d are scanning electron microscope (SEM) images of different test

structures.

Figures 4a to 4c are pairs of graphs showing results from the tests for each of: the

known prior art lens of Figure 3a/b; the lens according to an example of the invention

of Figure 3c; and the unstructured glass control device of Figure 3d respectively.

Figure 5a illustrates stages in a fabrication process from left to right.

Figure 5b shows an additional option in which the mask is fabricated on a thin silicon

nitride membrane arranged on a silicon supporting substrate.

Figure 6 shows an optical needle super-oscillatory lens that has been fabricated

directly onto the end face of an optical fibre.

Figures 7a to 7f illustrate six example optical needle masks to provide a visual

impression of the amount of variety in the patterning that is possible.

Figures 8a to 8e illustrate optical needle super-oscillatory lenses which include a

spatial light modulator (SLM) for modulating the incident light beam.

Figure 9 shows an imaging system incorporating an optical needle nanolens.

Figures 10a to 10d show different example imaging systems based on the optical

needle super-oscillatory lens.

Figure 11 shows an optical memory read/write apparatus example based on the

optical needle super-oscillatory lens.

Figure 12a shows a focus with a conventional lens.



Figure 12b shows a focus in an optical needle super-oscillatory lens.

Figure 13 shows an optical memory read/write system



DETAILED DESCRIPTION

Figure 1a is a conceptual sketch in end view of a super-oscillatory lens 10. The

super-oscillatory lens 10 can be formed by a planar mask which defines a blocking

area 6 which is opaque to an incident light beam surrounded by a structured, super-

oscillatory lensing region 4 which carries a pre-defined pattern to modulate light from

the incident light beam in amplitude or phase or both. The region outside the mask,

referred to as a surrounding area 2 , can be either opaque or transparent depending

on overall design considerations for the particular application of interest.

Figure 1b is a conceptual sketch in side view of the super-oscillatory lens structure

10 of Figure 1a. A light source S generates light 12 which is output onto a

conventional convex lens L which collimates the light beam and directs it to be

incident on the super-oscillatory lens 10. The incident light beam 12 is spatially

coherent across the area of the super-oscillatory lens device, or at least the

structured part 4 thereof. As illustrated, the light source S, conventional lens L and

super-oscillatory lens 10 are arranged on an optical axis O extending in the

propagation direction of the light. The super-oscillatory lens 10 lies in a plane P

perpendicular to the optical axis O. The incident light beam may be collimated, as

schematically illustrated, or may be non-collimated such as when the incident light

beam is received by the super-oscillatory lens 10 directly from a point source such as

the output of an optical fibre. The blocking area 6 , which is arranged centrally in the

mask in respect to its principal optical axis O, is designed to prevent any light passing

through. The outer region of the mask, the structured area 4 , is structured in such a

way as to cause a proportion of the incident light to be brought to a sub-diffraction

limited focus, a so-called super-oscillatory "hot spot". More specifically, the structured

area 4 is structured in such a way as to cause the sub-diffraction limited focus to

have the form of an extended, elongate, sub-diffraction limited focus which is referred

to in this document as an optical needle 15. Moreover, the optical needle focus is

formed in an otherwise dark, shadow region 20 created by the opaque blocking

element 6 blocking the incident beam 12. The shadow region 20 initially has the

same cross-sectional shape and size as the blocking area 6 , but as the light

propagates beyond the plane P of the super-oscillatory lens structure it becomes

smaller with increasing propagation distance d , and eventually disappears, as

diffraction effects act on light that has passed through the structured part of the

super-oscillatory lens device. The region occupied by the conventionally diffracted



light beyond the super-oscillatory lens device is referred to as the sideband region

18.

Focusing to the needle-shaped focus 15 is achieved by interference of the light

passing through the structured area 4 in combination with the blocking of the light by

the opaque blocking area 6 . The structured area is designed so as to cause

constructive interference of light in the optical needle region. The needle will not be

formed in the far field of the mask, but will be in the post evanescent near-field (i.e. at

a propagation distance of more than one wavelength from the mask). The optical

needle 15 is well separated from the rest of the light passing through the mask and

propagating into the sideband region which constitutes unwanted signal. At a given

propagation distance, d , downstream from the plane P of the mask along the optical

axis O, the distance in a plane parallel to the mask, i.e. perpendicular to the optical

axis, in which there are no sidebands of significant intensity is termed the field of

view, f . In typical examples implemented to date, the full width half maximum

(FWHM) of the optical needle is around one third of the wavelength of the focused

light. Moreover, in these examples, the field of view varies from approximately the

same as the blocking area close to the plane of the lens to a smaller value of a

fraction of the size of the blocking area at greater propagation distances. Moreover,

the length of the optical needle, i.e. its size along the optical axis O or in the direction

of propagation z , is approximately similar to the size of the blocking area.

It should be noted that current experimental realisations have the blocking area in the

plane of the structured lens as illustrated schematically in Figure 1b. However,

simulations have shown that a similar effect can be achieved with the blocking

element positioned after the lens, for example up to about 20 micrometres from the

plane of the lens at visible wavelengths. The blocking area could therefore be

provided by depositing a separate opaque layer on a super-oscillatory lens element,

or by placing a separate blocking element adjacent to a super-oscillatory lens

element.

Figure 2 shows schematically one type of structure for a super-oscillatory lens device

for producing an optical needle. The lens device is formed as a binary amplitude

mask to be used in transmission and is made of opaque regions (black) and

transparent regions (white). Here, the mask is formed from a series of transparent

ring regions of different radial thickness arranged concentrically about the principal

optical axis of the lens and radially outside the central blocking area. The transparent

rings transmit the light incident on the mask and the structuring diffracts the light in a



complex pattern which interferes to form the optical needle beyond the mask. This

mask can be implemented using a metal film as the opaque region, with the white

areas patterned as holes in the film to transmit light.

Any spatially coherent source can be used to generate the incident light beam. For

example, any laser source which may be a continuous wave laser or a pulsed laser

may be used. Example suitable laser sources are a diode laser, a fibre laser, a solid

state laser, and a gas laser. A requirement of the light source is that the beam

incident on the super-oscillatory lens must be substantially spatially coherent across

the surface of the lens, or at least the structured part of it. The lens will normally,

although not always, be designed to operate with an incident beam in the form of a

plane wave incident on the surface of the lens. In this case, some care must be made

to ensure that the beam incident on the lens has a substantially uniform intensity and

phase across the lens area, as is the case with a conventional optical lens. However,

since the super-oscillatory lenses envisaged in this document can, and will typically,

be much smaller than conventional optical lenses, e.g. microscope objective lenses,

meeting the condition for uniform intensity and phase across the lens is much easier

to fulfil. In this respect, a super-oscillatory lens as described herein may have a

typical input aperture diameter in the range of 40-400 micrometres, whereas a typical

range of input aperture diameters for conventional lenses is 3-15 millimetres.

Figures 3a to 3d are scanning electron microscope (SEM) images of different test

structures.

Figure 3a shows a super-oscillatory lens according to the prior art formed of a series

of transparent rings. The lens has a diameter of 40 micrometres.

Figure 3b is a zoomed-in view of the prior art lens of Figure 3a showing the centre

region with the most centrally located transparent rings having a width of about 200

nm and the innermost transparent ring being positioned only a few hundred

nanometres from the centre of the lens.

Figure 3c shows an optical needle super-oscillatory lens according to an example of

the invention, i.e. a super-oscillatory lens as shown schematically in Figure 2 . The

lens has an overall diameter of 40 micrometres comprising a central blocking area of

diameter 20 micrometres formed by a gold disc surrounded by a 10 micrometre

thickness annular-shaped structured area between radii of 10 and 20 micrometres,

i.e. having an inner diameter of 20 micrometres and an outer diameter of 40



micrometres, formed by a series of concentrically arranged transparent rings

designed to generate an optical needle.

Figure 3d shows a control device which is an unstructured disc of diameter 60

micrometres made of transparent glass with a gold disc at its centre of diameter 20

micrometres. The control device is used to demonstrate the classical optics effect of

illuminating an opaque body, i.e. classical diffraction.

The test structures are created by focused ion beam milling of 100 nm thick gold film

on a glass substrate. To perform comparative testing, the test structures are

illuminated by a collimated laser beam from a 640 nm diode laser which is linearly

polarized. In the experiment, the exact polarisation direction was not controlled. The

direction of propagation or the optical axis is defined as the z direction.

Figures 4a to 4c are pairs of graphs showing results from the tests for each of: the

prior art lens of Figure 3a/b; the lens according to an example of the invention of

Figure 3c; and the unstructured glass control device of Figure 3d respectively.

Each graph shows the variation of FWHM in each of the x direction (solid circles) and

y direction (hollow circles) with propagation distance d away from the plane P of the

lens. The FWHM values are not equal in x and y as a result of the linear polarization

of the incident light. The right hand graph of each pair shows an expanded view for

shorter propagation distances from 0 to 10 µιτι , whereas the left hand graph of each

pair shows a larger range of propagation distances from 0 to 60 µ ι . For comparison,

a FWHM value of half a wavelength, λ /2, is also shown for reference by a continuous

solid line.

Figure 4a shows the prior art super-oscillatory lens produces several focal spots

along the propagation axis, of varying intensity and length along the optical axis, with

sidebands of significant intensity on either side of the spots. Specifically, four distinct

focal spots smaller than λ/2 can be seen at propagation distances of about 6 , 12, 2 1

and 3 1 micrometres. This kind of result is representative of what is observed both

from simulations and experimental data for a significant number of such prior art

super-oscillatory lenses.

Figure 4b shows the optical needs super-oscillatory lens which produces a single

optical needle at propagation distances d from 4 to 12 m from the lens with almost

constant FWHM of around 0.4 wavelengths. Significantly there are no sidebands of

significant intensity within ±10 m of the needle in the x and y directions.



Figure 4c shows comparative results for the simple disc. Some sub- λ/2 spots are

formed in the region behind the disc, but they are much weaker than the spots

formed by either the prior art super-oscillatory lens or the optical needle super-

oscillatory lens.

A design method for designing an optical needle super-oscillatory lens comprising a

central blocking area and a series of transparent concentric rings is now described.

The region surrounding the lens is assumed to be opaque. Similar techniques could

be applied to other structures.

e consider a radially symmetric binary-amplitude mask located at the plane z=0,

which is illuminated by a monochromatic (wavelength λ) plane wave propagating in

the z direction. For the region r<R , the mask is opaque, where is the radial

coordinate and R is the radius of the blocking area. The optimisation is then applied

to determine the structure of the structured area.

The structured area is divided into N unit cells (pixels), i.e., concentric annuli, where

each pixel has either unit or zero transmittance. The field at any plane z>0 can be

calculated using the angular spectrum method (see e.g. [5]) as

o
where we consider only the propagating waves with p V . Here A{p) is the angular

spectrum at z=0, p is the transverse spatial frequency, k is the wavenumber, and J

denotes the zero-order Bessel function.

The angular spectrum for an annulus, i.e., a single pixel with unit transmittance, with

the inner radius R , and the outer radius R0 is

A(p) = R J R
R

J R

p 1 P
where denotes the first-order Bessel function.

The transmitted field from each individual pixel at a specified distance z>0 is stored

into a database, which enables fast evaluation of the total field at the focus as a

superposition of the field from each pixel weighted by the corresponding pixel

transmittance (0 or 1). The mask profile, which is represented by a /V-bit binary string,

is optimized using the binary particle swarm optimization (BPSO).



Particle swarm optimization (PSO) [6-8] is a nature-inspired evolutionary algorithm

for stochastic optimization. In PSO algorithm the swarm consists of a certain number

of particles, which move in the /v-dimensional search space to find the global

optimum. Each particle represents a possible solution to the design problem. The

quality of the particles is defined by a merit function and the movement of the

particles is guided by the global best position gj (/=1 ,...,N), the best value attained by

the whole swarm, and the personal best position ρ , the best value attained by the

individual particle /.

In BPSO [8] the position of each particle is represented by a binary vector of length

N . The particle velocity is a real vector of length N with values in [-
max

, V
max

] where

Vm is the maximum velocity. In BPSO the velocity vector gives the probability of the

bit change in the position vector update. The initial swarm is generated with random

starting positions and velocities. The update of the velocity vector for the particle /

given by [8]

where t is the iteration counter, C and c2 are constants, and Γ and r2 are random

numbers in (0,1). The sigmoid transformation S(v)=[1 +exp(-v)] ~1 is used to map the

velocity v to a subset of (0, 1) and the particle position is updated as [8]

where is a random number in (0, 1). The PSO parameters have been chosen as

C =c2=2.0 and V Q. [8].

To optimise the mask to produce an optical needle, we apply the BPSO to only the

structured area of the mask, where the size of the blocking area is fixed. As the merit

function to minimise, we use the mean squared error from a target function along the

whole z region of interest. In this case we choose the target function to be a

Guassian with fixed width, typically around one third of the wavelength. It should be

noted that the optical needle cannot achieve this profile exactly, (as it would require a

sub-diffraction-limited spot with no sidebands, which is not physical) but that

optimisation to approach this target is effective. The target function at each distance

is normalised to the total energy in the diffracted spot, so the target function does not

currently optimise the intensity along the z axis.



Typical parameters for our use of BPSO to design a nanostructured mask are an

overall mask radius of 20 micrometres, with a blocking area of radius 10

micrometres. The structured area is typically divided into N=50 rings. Typically we

use a swarm of 60 particles and 10000 iterations.

We now describe a method for fabricating a binary optical needle super-oscillatory

lens.

Figure 5a illustrates stages in a fabrication process from left to right.

A substrate 30 is provided. The substrate 30 could be any material transparent to the

wavelength of light being used; possible options include: fused silica, quartz, silicon

nitride, or any other glass.

An opaque layer 32, such as a layer of metal, is deposited or otherwise created on

the substrate 30. The layer can be formed of any material that is opaque to the

wavelength of light being used. The layer can be deposited in a thin film. Possible

options for a metal film include: gold, aluminium, titanium, chromium and many other

metals. For example, a 50-1 00 n thickness layer of gold or aluminium is deposited

onto a transparent silica substrate. The layer is deposited by either electron beam

vapour deposition or thermal evaporation, for example.

The layer 32 is then patterned in an annular area to form the structured area 4

around the unstructured blocking area 6 and within the surrounding area 2 . The

structuring is done according to the pre-designed pattern to create the structured

area 4 . A metal film can be suitably patterned using focused ion beam milling to

remove the metal in the required areas, for example.

Figure 5b shows an additional option in which the lens-forming mask is fabricated on

a thin silicon nitride membrane (commercially available, see, for example,

www.silson.com.). A silicon substrate 36 is provided. A silicon nitride layer 34 is

formed on an upper surface of the substrate 36. The back side of the silicon

substrate 36 is etched over an area 38 at least as large as the outer diameter of the

structured area of the mask to remove silicon up to the bottom of the silicon nitride

layer. An opaque layer 32 is then deposited on top of the silicon nitride layer and then

structured to form a super-oscillatory lens device as described in relation to Figure

5a. The back side of the silicon substrate 36 is etched over an area 38 at least as

large as the outer diameter of the structured area of the mask to remove silicon up to

the bottom of the silicon nitride layer. The mask is thus arranged on a membrane.



With this arrangement, the structured part of the lens is almost free standing so any

undesirable optical effects from the nominally transparent substrate are reduced to a

minimum.

Figure 6 shows an optical needle super-oscillatory lens 0 that has been fabricated

directly onto the end face 25 of an optical fibre 40 as an alternative to free-space

coupling of the incident beam into the super-oscillatory lens. In other words, the end

face 25 of the fibre 40 effectively forms the substrate as described in relation to

Figure 5a and the optical axis of the super-oscillatory lens is aligned with the optical

axis O of the fibre. The optical fibre 40 illustrated has a waveguiding core 44 in which

the incident light beam propagates surrounded by a cladding region 42. The optical

fibre could be single mode or multi-mode. Other more specialised forms of optical

fibre could also be used, e.g. incorporating multiple cores or multiple cladding

regions. Polarisation maintaining fibre could also be used.

The super-oscillatory lens 10 with its areas 2,4 and 6 brings the incident light coupled

through the fibre core 44 to an optical needle focus 15 formed in a shadow region 20

formed within a sideband region 18 in the same manner as described further above

for the free-space coupled device.

A super-oscillatory lens positioned directly on the output of an optical fibre or other

waveguide can act to convert light propagating in the waveguide into an optical

needle without the need for external devices or the complex alignment of a

waveguide to a separate lens. The manufacture can be done by directly depositing

and patterning a metal film on the waveguide output facet, or by manufacturing the

super-oscillatory lens on a thin substrate which could be cemented or otherwise fixed

to the output facet of the waveguide. The same approach could be used to fabricate

an optical needle super-oscillatory lens on the end facet of other types of waveguide,

for example on the side face of a semiconductor laser structure or the end face of a

planar waveguide such as in a lithium niobate structure.

In different embodiments, the structured area of the super-oscillatory lens could be

structured in a number of ways to achieve the formation of an optical needle. The

structured area could, as described above, be formed by a series of concentric rings.

Other alternatives include holes arranged in a random, semi-random, quasi-periodic

or periodic patterns. The holes could have any shape, and need not necessarily be

round. The holes may all be the same size or may vary in size.



Figures 7a to 7f illustrate six example optical needle masks to provide a visual

impression of the amount of variety in the patterning that is possible. The common

feature of the blocking area is apparent in the centre of each mask, but the patterning

of the structured area varies considerably between the different examples. The scale

bar is 10µιη long in all images.

Figure 7a is a mask formed of concentric rings, supported by spokes to ease

fabrication, with a small blocking region. This indicates that the circular symmetry of

the mask is not essential.

Figure 7b is a mask of concentric rings with a relatively large blocking region

compared to structured region.

Figure 7c is a circular 27-fold symmetric quasiperiodic array of small round holes.

Figure 7d is a square 13-fold symmetric quasiperiodic array of small round holes.

Figure 7e is a square 20-fold symmetric quasiperiodic array of square holes.

Figure 7f is a circular 13-fold symmetric quasiperiodic array of large holes. In this

case the holes overlap considerably.

Figures 8a to 8c illustrate optical needle super-oscillatory lenses which include a

spatial light modulator (SLM) for modulating the incident light beam. Black regions

are opaque. White regions are transparent. Grey regions are indicate light incident on

and passing through the nanolens that has been modulated, in amplitude and/or

phase by the SLM.

Figure 8a shows an optical needle super-oscillatory lens comprising a SLM which is

used to modify the beam incident on a binary super-oscillatory lens according to the

above examples. In this case, the nanolens consists of a physical blocking region 6 ,

some physical structuring in the structured region and a physical surrounding region.

The structured area is formed by a combination of a binary mask and modulation of

phase and/or amplitude by the SLM. The SLM could be modulating the amplitude

and/or phase of the input beam.

Figure 8b shows an example where the structure of the structured area of an optical

needle super-oscillatory lens is formed by an SLM and the blocking area is formed by

a physical blocking area, such as a metal disc. The SLM is thus used to achieve

structuring of the light around the physical blocking element.



Figure 8c shows an example where an optical needle super-oscillatory lens, including

the blocking area, is formed by an SLM. In this case the physical blocking region has

been replaced with a dark region formed by the SLM 60.

In each of the examples of Figures 8a to 8c, the SLM can be used purely to modulate

amplitude, purely to modulate phase, or to modulate both phase and amplitude. In

other words, the lens structure can be designed to be implemented with any one of

these three possibilities.

Figure 8d shows a holographic optical arrangement [9] for an SLM-implemented

optical needle super-oscillatory lens. Here the nanolens plane P is in the Fourier

plane of the SLM. A collimated light beam 2 is incident on the SLM and is

modulated to form some desired field pattern in the Fourier plane (after passing

through lens L1) which is coincident with the nanolens plane P. Any physical

component of the nanolens (a blocking region or structuring as in Figures 8a-c) is

positioned in the nanolens plane P. The optical needle 15 is formed in the region

beyond the nanolens plane.

Figure 8e shows another optical arrangement for an SLM-implemented optical

needle super-oscillatory lens. Here the nanolens plane P is in the conjugate plane of

the SLM. A collimated light beam 1 is incident on the SLM and is modulated to form

some desired field pattern in the conjugate plane (after passing through lenses L 1

and L2) which is coincident with the nanolens plane P. Any physical component of

the nanolens (a blocking region or structuring as in Figures 8a-c) is positioned in the

nanolens plane P. The optical needle 15 is formed in the region beyond the nanolens

plane. The relative focal lengths of L 1 and L2 ( , and f2 respectively) can be adjusted

to magnify or minify the desired field pattern in the nanolens plane P.

Imaging apparatus

Figure 9 shows an imaging system incorporating an optical needle nanolens. The

object 50 is placed on an object holder 56. A scanning head 50, incorporating an

optical needle nanolens, is mounted above the object. A light source S supplies a

coherent light beam through a transmission system 59 that could be free space or

waveguide based. The detector electronics 58 also control the movement of the

scanning head relative to the object by moving either the scanning head or the object

holder.



Figures 10a to 10d show different example imaging systems based on the optical

needle super-oscillatory lens. The system construction is similar to that of scanning

near-field optical microscopy [2], but without requiring the super-oscillatory lens to be

in the near-field of the object to be imaged. In each example system, the optical

needle is scanned over the object to be imaged. Scanning can be achieved by

moving the object, by moving the head incorporating the super-oscillatory lens, or by

a combination of both.

Light emitted by the object is collected by a detector. In conventional microscopy

operational modes, the light to be detected will be spectrally scattered light. In other

modes of operation, the light to be collected could be luminescence induced by the

incident light, Raman scattered light or light originating from any other known light

scattering or generation effect. The light scattered from the object is detected and

collected by the detector. An image of the object is built up based on the light

scattered from each position on the sample.

Figure 10a shows a first example imaging system. A sample object 52 is arranged on

a sample holder 56. A needle focus super-oscillatory lens 10 is arranged on a head

50. The super-oscillatory lens 10 comprises blocking, structured and opaque

surrounding areas 6 , 4 and 2 respectively so that incident light passing through the

lens emerges in a sideband region 18 following conventional diffraction and in a

super-oscillatory needle-shaped focus 15 contained in a shadow region 20. The

sample 52 is arranged in the shadow region part way along the needle-shaped focus.

The sample 52 extends transverse to the optical axis so that xy motion of the head

50 relative to the sample holder 56 can be used to scan the focus over the sample.

Suitable xy-positioning motors will be provided on the head or the sample holder or

both. It is noted that in this example, the sample is sized and positioned along the

optical axis such that it is significantly smaller than the field of view, which enables

the focus to be scanned over the full surface of the sample without the sample

entering the sideband region. Control of z-motion is also generally necessary and z-

positioning motors can be provided for that purpose on the head and/or sample

holder. However, the elongate shape of the needle focus means that the precision of

the control in the z-direction need only be at the length scale of the length of the

needle-shaped focus. Light back-scattered from the sample 52 is detected by a

photodetector 55 which is arranged in the shadow region 20 adjacent to the blocking

element 6 with a light sensitive area facing the needle-shaped focus 15. The

photodetector 55 is preferably an array detector, such as a charged couple device



(CCD), but could be a single channel detector such as a p-i-n diode. The sensitive

area of the photodetector is shaped and dimensioned to fill as much as possible of

the area of the blocking area 6 in order to maximize the amount of back-scattered

light that is collected from the object 52, although it will generally be understood that

most detectors will have square or rectangular sensitive areas, whereas the blocking

area will in most examples be circular. In this example it is noted that the object to be

imaged is sized and positioned along the propagation axis so that it is considerably

smaller than the field of view such that the optical needle 15 can be scanned in x and

y over the object 52, or at least the area of the object which it is desired to image,

without the object entering the sideband region.

Figure 10b shows a second example imaging system for imaging larger objects

which will or may laterally extend into the sideband region during scanning. In this

case, the set-up is identical to that of Figure 10a except that the detector is modified

to limit the amount of light that is sensed from scattering in the sideband region. The

most simple modification is to reduce the size of the sensitive area of the detector as

illustrated so that the amount of back-scattered light collected from the sidebands is

reduced. Another modification is to arrange an optical element (not shown) between

the detector and the optical needle so that light scattered from the optical needle

region is directed to the detector, whereas light scattered from the sideband region is

directed to outside the detector. If a CCD detector is used, the sensitive area can be

sized to be as large as possible, i.e. similar to what was mentioned above for the

example of Figure 10a, and post-processing used to determine the optimum size of

sensitive area based on a compromise between signal (i.e. light scattered from the

object) and noise (i.e. light scattered from the sideband region).

Figure 10c shows a third example imaging system which can be described with

reference to its difference from the set-up of Figure 10a. Namely, the detector

position is changed, so that the detector 55 is arranged downstream of the object 52

along the propagation axis so as to collect light 54 transmitted through the object 52

to be imaged. In a modification of this arrangement the light from the optical needle

15 that has directly transmitted through the object without scattering could be

eliminated, either by placing a small blocking element (not shown) between the

object and detector, e.g. as part of a front-end to the detector, or by having a detector

with an insensitive area centred at the propagation axis. Such an insensitive area

might be achieved by post-processing in the case of an array detector by rejecting

light from around the propagation axis.



Figure 10d shows a fourth example imaging system which can be described with

reference to its difference from the set-up of Figure 10a. Namely, the detector

position is changed, so that a detector 55 is arranged to the side of the object to

collect light 54 scattered laterally from the object. The detector 55 is shown

positioned outside the sideband region 8 , it being assumed that the surrounding

area of the super-oscillatory lens 10 is opaque, so that light from the sideband region

is not collected. A laterally positioned detector may be curved round to collect light

scattered in all directions in a plane perpendicular to the propagation axis, i.e. may

form a closed ring around the object, or may only collect light scattered in a defined

arc of scattering directions.

In summary of these example imaging systems, imaging can be carried out using

light reflected, transmitted or scattered sideways by the sample, or some combination

of these.

Another application of the optical needle is for materials processing. The microscopy

set up described above is also suitable for materials processing in which the optical

needle interacts with an object to be processed to effect processing. Although the

detector needed for optical microscopy as described above would generally not be

necessary for materials processing, a detector could be used in a feedback loop to

assist control of the intersection of the optical needle and object to be processed.

The object to be processed, or material to be processed that forms part of the object,

is in some way sensitive to the light of the optical needle. This sensitivity could be an

optical effect or a heating effect with example types of processing including: melting

of the material, ablation, exposing a photoresist material as part of a

photolithographic process, and polymerisation.

By placing the material in the optical needle, the material can be locally processed

with a feature size given by the width of the needle, which as described above can be

sub-wavelength. By moving the scanning head and material relative to each other,

the material can be patterned over an area.

In the case that the material to be processed is larger than the field of view of the

optical needle (see Figure 9b), additional consideration needs to be given to ensuring

that the material is not affected by the light in the sidebands, and responds only to



the optical needle. As the intensity in the needle is typically significantly higher than

that of the sidebands, a nonlinear response of the material to light would achieve

significantly greater exposure of the high intensity needle than the low intensity

sidebands. If the material has a threshold intensity, below which no light induced

changes occur, then the intensity of the optical needle may be adjusted such that the

needle is above, and the sidebands below, the threshold intensity. This threshold

behaviour is commonly observed in photolithography, for example. Another

possibility is to temporarily modify the material (for example by applying a removable

mask) in the region outside the field of view so that the interaction of light from the

sideband region is only with the removable mask, which is then removed after

completion of the optical needle processing.

The optical needle is particularly advantageous for materials processing applications,

not only because of its narrowness, but also because of the elongate shape of the

needle along the propagation axis. This significantly relaxes or removes

requirements for controlling the distance between the head and the object during

scanning. If the variation in distance between the super-oscillatory lens and the

object during scanning is small compared with the length of the optical needle, then

no control of this distance is required during scanning. By way of comparison, with a

conventional focus there is inevitably a defined focal plane which will need to be kept

coincident with the plane of the object which thus imposes strict requirements on

control in the direction of the propagation axis, i.e. z-position control, so that

generally it is necessary to adjust z on a continuous or continual basis during

scanning.

Figure 11 shows an optical memory read head or read/write head for an optical disc

drive or other optical data storage device which is optically the same as the set-up of

Figure 10b. An optical needle super-oscillatory lens 10 is part of a head 50 which is

scanned over an optical memory carrier 52, such as a disc. The disc may be

arranged on a spinning platter (not shown), such as a CD or DVD. The scanning may

involve moving the head 50, moving the optical memory carrier 52 or a combination

of both. For example in the case of a CD or DVD drive, the CD is spun, i.e. rotated,

and the head is moved in the radial direction and also in the z direction, i.e. along the

propagation axis, to control spacing between the head and the surface of the

spinning disc. A photodetector 55 is arranged in the shadow region 20 adjacent to

the blocking element 6 with a light sensitive area facing the needle-shaped focus to

collect light reflected from the surface of the memory medium 52 which is arranged to



intersect the optical needle focus 15 from the super-oscillatory lens 10. The

photodetector will typically be a single channel detector such as a p-i-n diode or

perhaps multiple adjacent photodetectors arranged in a group, for example 4 such

detectors arranged in a square or rectangle formation. Examples include a disc drive

for reading CDs and DVDs, a disc drive for performing read and write operations on a

recordable format of CD or DVD, and a head for reading and writing to a phase

change memory which may be in a CD or DVD format or some other format not

based on a spinning disc. To read the memory, the read head is scanned over the

memory layer. Variation in reflected light gives the value - typically 0 or 1 - of the data

held in the memory cell under the optical needle.

In the case of a read/write medium, to write to a cell, the intensity of the laser

generating the incident light beam is increased so that the intensity of the optical

needle is increased above a threshold value, or time varied in a manner, needed to

locally modify the material and write to a single optical cell, i.e. enforce a physical

state which may require a change of state of the material at the cell location. The

sub-wavelength transverse size of the optical needle permits the memory cells to be

closer packed than when using a conventional lens, while the long axial length of the

optical needle substantially reduces the level of position control required in the z

direction to keep the memory illuminated with a sufficiently tightly focused spot.

Figure 12a shows a focus with a conventional lens L where the light is focused down

to a waist having a spot size (dimension illustrated with vertical arrows) and focal

depth (dimension illustrated with horizontal arrows).

Figure 12b shows a focus in an optical needle super-oscillatory lens arrangement

illustrating spot size (dimension illustrated with vertical arrows) and focal depth

(dimension illustrated with horizontal arrows).

Example values for a light wavelength in the visible range are used. The conventional

lens has a numerical aperture NA of 0.9 and a focal depth of 0.34µ η . The beam

waist at the focus, i.e. the diameter of the focus or spot size, could be about 0.6 m.

The optical needle super-oscillatory lens has a focal depth of around 10 m, i.e. the

full length of the optical needle. The diameter of the focus could be about 0.4 m.

The greater focal depth (30 times greater in the numerical example) of the optical

needle super-oscillatory lens is a significant advantage in any application in which it

is necessary to scan a small spot over a surface, since the requirement of a feedback



loop to maintain the focus on the surface within the focal depth is significantly

relaxed. In the numerical example, the requirement is to maintain this dimension

within a range of 0 µηι instead of 0.34 µιτι . In some applications, the specification

for z-dimension control with the needle focus may be such that no feedback is

required during scanning. In other words, the focus can be set before scanning and

the scanning carried out without adjustment of z during scanning.

We conclude with some general points.

Our simulations show that many if not all "conventional" super-oscillatory lenses,

such as the lens illustrated in Figure 3a/b, may be converted to an optical needle lens

by providing an opaque central region to obscure the radially innermost structure of

the lens. However, it has been found that a purposefully designed structure, i.e. a

lens designed with the blocking area in place from the outset, shows a noticeably

smaller FWHM along the length of the optical needle. In short, although a generic

super-oscillatory lens may be converted to an optical needle lens by the addition of a

blocking area, all things being equal, it will not perform as well as a purpose designed

optical needle lens.

It has been assumed in the above discussion that the super-oscillatory lens is

designed to form an optical needle for incident light of a single design wavelength.

However, the mask can be designed to focus multiple discrete wavelengths which

are relatively close to one another into multiple respective optical needles which are

likely to be partially overlapping and have similar dimensions. Moreover, a super-

oscillatory lens could be designed to focus a continuum of wavelengths into a single

broadband optical needle, as would be required if using a femtosecond laser source

for example. The design of mask in this way would be computationally more

intensive, but nevertheless feasible. Some compromises may have to be made in, for

example, the mean FWHM of the optical needle compared to the single wavelength

case.

Figure 13 shows an optical memory read/write system, for example for a CD or DVD.

A coherent light source S supplies light to a scanning head 50 via a transmission

system 59. In a conventional CD drive, the scanning head includes a conventional

lens to focus light onto the memory surface 52. The head detects both the optical

memory state and various autofocus tracking parameters via electronics 58. The

electronics are also responsible for controlling servos in the scanning head to ensure



the lens remains in the correct position relative to the optical memory. We propose to

replace the conventional lens in the scanning head with an optical needle nanolens.

In some embodiments, the binary mask that provides the optical needle nanolens

can be applied to a portion of a conventional lens, typically a portion near the centre

of the conventional lens. In this case, the central region of the lens structure would

focus the light to an optical needle through the binary mask, and the peripheral

regions would focus as a conventional lens. In the case of a conventional CD/DVD

head, the autofocus is performed using light passing through the edges of a

conventional lens. One use of a hybrid conventional/optical needle lens in which a

binary mask is applied to a central portion of a conventional lens is therefore in a

CD/DVD head. The central binary mask would focus the light to an optical needle for

reading (and optionally writing) data, and the peripheral conventional lens region

would be used for tracking the autofocus.
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CLAIMS

1. An optical device comprising:

a super-oscillatory lens arranged to receive a light beam having one or more

wavelength components, the lens having a pre-defined pattern to spatially modulate

the light beam in amplitude and/or phase; and

a blocking element formed integrally with the lens, or as a separate

component adjacent to the lens, which is opaque to the light beam to cause

diffraction of the light beam around the blocking element and formation of a shadow

region,

wherein the super-oscillatory lens is structured and the blocking element

dimensioned so that in combination they focus the light beam to form an elongate

needle-shaped focus in the shadow region.

2 . The device of claim 1.wherein the needle-shaped focus extends over a

distance of at least 'n' wavelengths of at least one of the wavelength components,

where n is at least 3 , 4 , 5 , 10 or 20.

3 . The device of claim 1.wherein the needle-shaped focus has a full width half

maximum of less than half the wavelength of said at least one of the wavelength

components, preferably over its full length.

4 . The device of claim 1, 2 or 3, further comprising a light source operable to

generate the light beam.

5 . The device of any one of claims 1 to 4 , wherein the super-oscillatory lens is

formed at least in part from a binary mask which is generally opaque but is structured

with a pre-defined pattern of optically transparent apertures to spatially modulate the

light beam in amplitude.

6 . The device of claim 5 , wherein the optically transparent apertures comprise a

plurality of concentric rings.

7 . The device of claim 5 or 6 , wherein the optically transparent apertures

comprise a plurality of holes.



8 . The device of claim 5 , 6 or 7, wherein the super-oscillatory lens additionally

includes a spatial light modulator arranged adjacent to the binary mask and operable

to spatially modulate the light beam in phase and/or amplitude.

9 . The device of any one of claims 1 to 4 , wherein the super-oscillatory lens is

formed at least in part from a spatial light modulator which is programmable to

provide a pre-defined spatial modulation of the light beam in phase and/or amplitude.

0 . The device of claim 1, further comprising a detector arranged in a dark part of

the shadow region behind the blocking element and facing the needle-shaped focus

to collect back-scattered light.

11. The device of claim 1, further comprising a detector arranged downstream of

the needle-shaped focus.

12. An optical beam lithography / machining / welding apparatus comprising

a sample platform on which an object for processing can be arranged;

a head incorporating an optical device according to any one of claims 1 to 11;

and

a positioning apparatus operable to move the sample platform and head

relative to each other to align the needle-shaped focus with any specified location on

the sample so that activation of the light beam can be used to process the object

locally.

13. The apparatus of claim 12, wherein the positioning apparatus is operable to

scan the needle-shaped focus in a continuous way over the object such that a part of

the needle-shaped focus is maintained in intersection with a surface or buried

interface of the object.

14. A materials processing method comprising:

providing an object to be processed;

positioning an optical device according to any one of claims 1 to 11 at a

location adjacent to a surface of the object such that the needle-shaped focus

extends at that location into the object; and

activating the light beam to use the needle-shaped focus to process the

object locally.



15. The method of claim 14, further comprising: scanning the optical device over

the object to process the object at a plurality of locations.

16. The method of claim 14, wherein the processing achieves machining of the

object by removal of material from the object.

17. The method of claim 14, wherein the processing achieves local melting and

refreezing of material from the object.

18. An imaging apparatus comprising:

a sample platform on which an object for imaging can be arranged;

a head incorporating an optical device according to any one of claims 1 to 11;

and

a positioning apparatus operable to move the sample platform and head

relative to each other to align the needle-shaped focus with any specified location on

the sample so that activation of the light beam can be used to image the object

locally, the positioning apparatus being operable to scan the needle-shaped focus in

a continuous way over the object such that a part of the needle-shaped focus is

maintained in intersection with a surface or buried interface of the object.

19. An imaging method comprising:

providing an object to be imaged;

positioning an optical device according to any one of claims 1 to 11 at a

location adjacent to a surface of the object such that the needle-shaped focus

coincides with the surface at that location;

activating the light beam to use the needle-shaped focus to probe the surface

locally at said location;

detecting light from said location with the detector; and

scanning the optical device over the object to probe the surface at a plurality

of locations.
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