
PARTICLE OPTICS AND WAVEGUIDE APPARATUS Field of the invention This
invention relates generally to the field of particle optics and waveguides,
and in particular to devices for modifying or manipulating beams of
particles and electromagnetic waves by influencing the wave properties of
such beams. Particles of interest include atoms, ions molecules and charged
particles such as electrons, and beam manipulations or modifications
envisaged include modulation, tuning, diffraction, polarization and beam
splitting. Applications of particular interest include electromagnetic
waveguides and atom optics, the tunable diffraction-based spectroscopy of
atoms, molecules and isotopes, gravimeters and related instrument,
manipulation of electromagnetic waves, synchrotron optics, as well as
nonlithographic deposition and patterning in the area of nanofabrication.
Background Art Atom optics relies on the concept of providing beams of
atoms sufficiently slowed down for their de Broglie wavelengths to be of
manageable nanometre-scale dimensions. An ongoing challenge is to develop
suitable optics devices that will allow beams of atoms, or of ions or
molecules or charged particles, to be usefully employed for their wave-like
properties. For example, interposition of an atomic lens can allow a beam
of atoms from a diffuse source to be focused into an array of lines and
dots of nanometer dimensions, a technique that can be applied as a novel
form of nanofabrication. Such developments were described by RJ.. Celotta,
R. Gupta, R.E. Scholten and JJ. McClelland, in "Nanostructure fabrication
via laser focused atomic deposition", J. Appl. Phys. 79 (80, 15 April
1996a; JJ. McClelland and RJ Celotta, in "Laser-Focused Atomic Deposition -
Nanofabrication via Atom Optics", pre-print, NIST; JJ. McClelland,
"Nanofabrication via Atom Optics" in Handbook of Nanostructured Materials
and 



Nanotechnology, Vol. 1, 335-385 (2000); M.R. Walkiewicz, "Manipulation of
Atoms Using Laser Light", PhD Thesis, University of Melbourne, (2000)
222p.' JJ, McClelland, William R. Anderson, Curtis C. Bradley, Mirek
Walkiewicz, Robert J. Celotta, Erich Jurdik and Richard D. Deslattes,
"Accuracy of nanoscale pitch standards fabricated by laser-focused atomic
deposition" NIST Journal of Research108(2), 99-1 13 (2003) 2/14/2003. The
NIST researchers used a laser light tuned near an atomic transition to form
an array of atom lenses for focusing a beam of atoms into an array of dots
of a size as small as 30 nanometres. It is an object of this invention to
provide a device useful in the field of electromagnetic waveguides and
particle optics, and consequently in the manipulation of particle beams in
the field of nanofabrication. The invention borrows a structure known in
another branch of nanotechnology and modifies and extends it for the
purposes of the present invention. The known structure is the micro or nano
electrical conductor crossbar network, previously described in a range of
contexts including a displacement or vibration measuring system
(international patent publication WO 00/14476), a memory system (US patent
6,128,019) and a demultiplexer (US patent 6,256,767). A micro or nano
electrical conductor crossbar network comprises a set of two separate
substrates, each having a two dimensional array of micro- or nano-wires
(conductors) deposited on it and extending as an array of parallel lines on
the substrates. The two substrates are separated by suitable distance. The
arrays of parallel micro- or nanoconductors on the two substrates facing
each other may be at an arbitrary angle with respect to each other, but of
particular interest for some applications is the case where the arrays are
at a right angle. Thus a crossbar network consists of a two dimensional
array of micro or nanometre scale devices, each comprising a cross-over
point or a junction formed where a pair of spaced conductors cross but do
not touch one another. Each junction has a state, e.g. capacitance, or
quantum tunnelling current 



conductance, that can be altered by applying a voltage across the
respective conductors that cross at the junction. The most significant
feature of the aforementioned US patents is the presence of a connector
species forming an electron donor-bridge-acceptor (DBA) molecular junction
(a molecular switch) at each cross-over, while international patent
publication WO 00/14476 does not include a specific connector species, not
even calls for them, but instead relies on a sensitivity to quantum
tunnelling current at the cross over points, and discloses how the set of
cross-over points will form an artificialscattering lattice effective to
scatter electromagnetic wave or a beam of atoms directed parallel to the
sandwich structure into the space between the conductor layers. Each
conductor may be independently connected electrically, i.e. they have no
common bias; there will then be a pixelised array which is an analogue of a
two-dimensional "pinball game" for waves or atoms, with predefined
scattering centres. This concept is further developed in the present
application and broadened to include larger dimensions. Reference to the
aforementioned patent publication and patents is not to be construed as an
admission that their content, whether in whole or in part, is or has been
common general knowledge. Summary of the Invention The invention provides
apparatus for manipulating or modifying electromagnetic waves or a beam of
particles, eg atoms, ions, molecules or charged particles, which includes a
micro or nano electrical conductor crossbar network having multiple cross
over junctions that define respective scattering points for the particles
of the beam, wherein at least one structural parameter of the crossbar
network is selectively tuneable to obtain a desired manipulation or
modification of said beam when incident on the network in a pre-determined
direction. The invention also provides a method of manipulating or
modifying electromagnetic 



waves or a beam of particles, eg atoms, ions, molecules or charged
particles, including directing the beam as an incident beam into a micro or
nano electrical conductor crossbar network in a predetermined direction,
which network has multiple cross-over junctions that define respective
scattering points for the particles of the beam and is arranged so that at
least one structural parameter of the crossbar network is selectively
tuneable to obtain a desired manipulation or modification of said beam,
whereby the beam emerges from the network modified or manipulated with
respect to the incident beam. In the context of this specification,
references to a micro or nano electrical conductor are an indication that
the conductor has a width in the micron to nanometre range.The conductors
may conveniently be flat strips or wires of any suitable cross-section, and
may typically be supported on a substrate. The method preferably includes,
prior to directing the beam as described, tuning the crossbar network by
tuning at least one structural parameter of the crossbar network with
respect to the incident beam. Advantageously, the conductors of the
crossbar network have a width in the range 1 nanometre to 300 microns.
Preferably, the conductors are arranged in respective spaced layers each
having a subset of multiple substantially parallel conductors, eg on a
respective substrate. The spacings between the conductors plus insulating
strip (pitch) within each layer may be in the range 1 nanometre to 500
microns, while the spacing between layers is, eg, in the range 0.5
nanometres to 200 microns between opposed conductor faces. The respective
subsets of conductors can typically be supported in or on a respective
insulating or semiconducting substrate. In certain applications, the
conductors can be carbon nanotubes of arbitrary helicity or radius, either
single or multi- walled. In one or more particular embodiments, there can
be a connector species at some or 



all of the cross-over junctions in the crossbar network. The separation of
adjacent layers can be determined and defined in any suitable manner, in
some cases dependent on the presence and nature of the connector species of
the crossbar network. For example, the gap between substrates supporting
respective conductor layers may be an at least partial vacuum or may be
filled with an appropriate medium. Suitable arrangements for accurately
maintaining the gap include the use of buckyball (Ceo) nanobearings or
nanotubes, or the interpositioning of a separation film of an organic
medium, preferably organic liquid eg cyclohexane or soft matter spacer eg.
Self Assembled Monolayers (SAMs).The apparatus preferably includes means to
selectively tune said at least one structural parameter of the network.
More easily tuneable parameters include the angle between the alignments of
parallel conductors in respective layers of the wires (tuned by relatively
rotating the layers), the potential difference at each separate cross-over
point (tuned by varying the potential applied to the individual
conductors), or the actual configuration of scattering points defined by
cross-over junctions in the network (tuned by altering the configuration of
"live" conductors - see Fig 2). Less easily tuneable parameter includes the
spacing between adjacent layers of the conductors. Selective turning of the
tuneable parameter, where it is a spatial parameter, may be by mechanical
adjustment means forming a nano or micro electromechanical system (NEMS or
MEMS). For example, the adjustment means may include piezoelectric
actuators of known type suitable for performing adjustments at nano- or
micrometre scale dimensions. Tuning can also be achieved by electrical and
computer means, through pre programmed tuning or real-time modification of
variables eg conductor potentials. In one application, the apparatus is a
diffraction grating with respect to an incident particle beam, for
splitting the incident particle beam into a plurality of parallel subbeams,



i.e. a diffraction pattern output. It should be noted that for passing of
charged particles through the grid, for fixed polarization i.e. constant
voltage between the grids, charges will drift in the overall field and will
be deflected from the plane of the two grids towards oppositely charged
grid. To counter this so overall the charged particles cannot "feel" the
polarization, the device can have oscillating potential; i.e. oscillating
from positive to negative charge. The frequency of such oscillating applied
potential of the electric field will depend on the dynamics of incoming
beam of charged particles (mass, charge, velocity) and geometrical
characteristics of the grid (spatial extension, separation between the
lines, and separation between the planes).Brief Description of the Drawings
In order that the invention is more readily understood an embodiment will
be described by reference to the drawings by way of illustration only
wherein: Figure 1 is a diagrammatic view of an apparatus for manipulating
or modifying electromagnetic waves or electromagnetic waves or a beam of
particles in accordance with the invention; Figure 2 comprises two
different configurations of the apparatus of Figure 1 to provide altered de
Broglie scattering patterns. Description of a Preferred Embodiment of the
Invention Referring to the drawings there is shown an embodiment of the
invention depicted in Figure 1, which is a very simplified diagram of an
electrical conductor crossbar network 10 configured as an atomic beam
diffraction grating. The direction of wave propagation of the atomic beam
is indicated by the arrow 15. The atomic beam is sufficiently slowed for it
to exhibit wave behaviour having a de Broglie wavelength of the order of
magnitude of the lattice spacing of a lattice of scattering points 20
defined by crossbar network 10, and is thereby diffracted so as to form a
diffraction pattern on downstream image plane 30. In this way, incident
beam 15 is manipulated or 



modified by crossbar network 10 whereby the beam emerges from the network
manipulated or modified with respect to incident beam 15. Crossbar network
10 comprises respective spaced layers 12, 13 of elongated electrical
conductors 16, 17 typically provided in or on respective insulating or
semiconductor substrates, not shown here for purposes of enhanced
illustration. There are a variety of techniques for forming crossbar
network 10, well known and understood by those skilled in the art. In each
layer, the electrical conductors 16 and 17 are parallel, and the two
conductor arrays extend at 90 with respect to each other so as to define
multiple cross-overs or nodes 25. The nodes 25 thereby form cross-over
junctions at which, when the pair of conductors are energised, the
resultant electrical fields define scattering points 20 in a scattering
field pattern of electrical potential gradients.In a practical
nanofabrication application, image plane 30 may be a substrate on which the
atoms of beam 15 are being deposited in a pre-determined pattern
constituting the diffraction pattern generated by the interaction between
the atomic beam and the crossbar network. In a modification, a set of
shutters may be placed perpendicularly between the crossbar network and the
image plane (30) (which in turn can also be allowed to move in x and y
directions). Typically, each conductor 16, 17 has an independent electrical
connection so that discrete electrical potentials can be applied
individually to each conductor of each planar layer. This is a normal
feature of crossbar networks. In this way, each node 25 can be separately
characterised and the network can be tuned by varying the actual array of
cross-over points that are "on" and therefore acting as scattering points.
The lattice spacing parameter, or lattice constant, and the configuration
of scattering points can thereby be varied and constitute tuneable
parameters of network 10. An example is provided in the first configuration
of Figure 2 where, by switching off every second "horizontal" conductor, a
rectangular lattice is formed from the square array of 



conductors. Moreover, the lattice form factor (or scattering "atomic
factor") can be varied by altering the magnitude of the voltage bias at the
crossover junctions. If conductor layers 12, 13 are independently mounted
in a structure that allows their respective substrates to be relatively
moved towards or away from each other, or to be relatively rotated,
respective physical parameters can be tuned to vary the scattering pattern
in other ways. For example, in the second configuration of Figure 2 shows
how a square network or lattice can be converted to a rhomboidal network or
lattice by simply rotating one substrate and therefore one planar conductor
array over the other. The spacing of the conductor layers 12, 13 is
preferably in the range of 0.5 nanometres to 200 microns. If the spacing is
less than approximately 10 to 15 nanometres, quantum tunnelling should
dominate and will be observed at cross-over junctions or nodes 25, and will
contribute to or constitute the mechanism by which the nodes become
scattering points. At higher spacings, the cross-over points will form
capacitances with a defined electrical field pattern.Computational and
numerical analysis of the parameter space for the illustrated device is
capable of providing optimised solutions for particular applications. In
particular, it is possible to numerically compute and respectively tune or
modulate in real-time the geometrical 2-D structure of the device in terms
of selected variable parameters from those discussed above, for optimal and
desired performance. Envisaged applications include, but are not limited
to, nanofabrication and patterning using particle beams, atom writing and
deposition, beamsplitters, spectroscopy of atoms, isotopes and molecules,
gravimeters and several other instruments. It will be understood that the
invention disclosed and defined in this specification extends to all
alternative combinations of two or more of the individual features
mentioned or evident from the text or drawings.Claims: 1. An apparatus for
manipulating or modifying electromagnetic waves or 



electromagnetic waves or a beam of particles, eg atoms, ions, molecules or
charged particles, the apparatus comprising a micro or nano electrical
conductor crossbar network having multiple cross-over junctions that define
respective scattering points for electromagnetic waves or the particles of
the beam; wherein at least one structural parameter of the crossbar network
is selectively tuneable to obtain a desired manipulation or modification of
said wave or beam when incident on the network in a pre-determined
direction. 2. An apparatus for manipulating or modifying electromagnetic
waves or electromagnetic waves or a beam of particles according to claim 1
wherein the conductors are flat strips or wires of any suitable
cross-section and are supported on a substrate. 3. An apparatus for
manipulating or modifying electromagnetic waves or electromagnetic waves or
a beam of particles according to claim 1 wherein the conductors of the
crossbar network have a width in the range 1 nanometre to 300 microns. 4.
An apparatus for manipulating or modifying electromagnetic waves or
electromagnetic waves or a beam of particles according to claim 1 wherein
the conductors are arranged in respective spaced layers each having a
subset of multiple substantially parallel conductors, eg on a respective
substrate. 5. An apparatus for manipulating or modifying electromagnetic
waves or electromagnetic waves or a beam of particles according to claim 1
wherein the spacings (pitch) between the conductors within each layer may
be in the range 1 nanometre to 500 microns centre-to-centre, while the
spacing between layers is, eg, in the range 0.5 nanometres to 200 microns
between opposed conductor faces.6. An apparatus for manipulating or
modifying electromagnetic waves or 



electromagnetic waves or a beam of particles according to claim 1 wherein
the respective subsets of conductors may typically be supported in or on a
respective insulating or semiconducting substrate. 7. An apparatus for
manipulating or modifying electromagnetic waves or a beam of particles
according to claim 1 wherein the conductors are carbon nanotubes of
arbitrary helicity or radius, either single or multi-walled. 8. An
apparatus for manipulating or modifying electromagnetic waves or a beam of
particles according to claim 1 wherein there are a connector species at
some or all of the cross-over junctions in the crossbar network. 9. An
apparatus for manipulating or modifying electromagnetic waves or a beam of
particles according to claim 8 wherein the separation of adjacent layers is
determined and defined in any suitable manner, in some cases dependent on
the presence and nature of the connector species of the crossbar network.
10. An apparatus for manipulating or modifying electromagnetic waves or a
beam of particles according to claim 8 wherein the gap between substrates
supporting respective conductor layers is an at least partial vacuum. 11.An
apparatus for manipulating or modifying electromagnetic waves or a beam of
particles according to claim 8 wherein filled with an appropriate medium.
12. An apparatus for manipulating or modifying electromagnetic waves or a
beam of particles according to claim 8 wherein arrangements for accurately
maintaining the gap include the use of buckyball (C6o) nanobearings or
nanotubes. 13. An apparatus for manipulating or modifying electromagnetic
waves or a beam of particles according to claim 1 wherein arrangements for
accurately maintaining the gap include the interpositioning of a separation
film of anorganic medium, preferably organic liquid eg cyclohexane or soft
matter spacer eg Self Assembled Monolayers (SAMs). 



14. An apparatus for manipulating or modifying electromagnetic waves or a
beam of particles according to claim 1 wherein the apparatus includes means
to selectively tune said at least one structural parameter of the network.
15. An apparatus for manipulating or modifying electromagnetic waves or a
beam of particles according to claim 1 wherein tuneable parameters include
the angle between the alignments of parallel conductors in respective
layers of the wires (tuned by relatively rotating the layers), the
potential difference at each separate cross-over point (tuned by varying
the potential applied to the individual conductors), or the actual
configuration of scattering points defined by cross-over junctions in the
network. 16. An apparatus for manipulating or modifying electromagnetic
waves or a beam of particles according to claim 1 wherein tuneable
parameter include the spacing between adjacent layers of the conductors.
17. An apparatus for manipulating or modifying electromagnetic waves or a
beam of particles according to claim 1 wherein selective turning of the
tuneable parameter, where it is a spatial parameter, is by mechanical
adjustment means forming a nano or micro electromechanical system (NEMS or
MEMS). 18. An apparatus for manipulating or modifying electromagnetic waves
or a beam of particles according to claim 17 wherein the adjustment means
includes piezoelectric actuators of known type suitable for performing
adjustments at nano- or micrometre scale dimensions. 19. An apparatus for
manipulating or modifying electromagnetic waves or a beam of particles
according to claim 1 wherein the apparatus is a diffraction grating with
respect to an incident electromagnetic wave or particle beam, for splitting
the incident electromagnetic wave or particle beam into a plurality of
parallel sub-beams, i.e. a diffraction pattern output.20. An apparatus for
manipulating or modifying electromagnetic waves or a beam 



of particles according to claim 1 wherein the electrical conductor crossbar
network have an oscillating applied potential of the electric field; i.e.
oscillating from positive to negative charge. 21. An apparatus for
manipulating or modifying electromagnetic waves or a beam of particles
according to claim 20 wherein the frequency of such oscillating applied
potential of the electric field is determined dependent on the dynamics of
incoming beam of charged particles (mass, charge, velocity) and the
geometrical characteristics of the grid (spatial extension, separation
between the lines, and separation between the planes). 22. A method of
manipulating or modifying electromagnetic waves or a beam of particles, eg
atoms, ions, molecules or charged particles, including the steps of:
directing the beam as an incident beam into a micro or nano electrical
conductor crossbar network in a predetermined direction, which network has
multiple cross-over junctions that define respective scattering points for
the particles of the beam and is arranged so that at least one structural
parameter of the crossbar network is selectively tuneable to obtain a
desired manipulation or modification of said electromagnetic wave or beam,
whereby the beam emerges from the network modified or manipulated with
respect to the incident electromagnetic wave or beam. 23. A method of
manipulating or modifying electromagnetic waves or a beam of particles
according to claim 22 wherein the conductors are flat strips or wires of
any suitable cross-section, and are supported on a substrate. 24. A method
of manipulating or modifying electromagnetic waves or a beam of 



particles according to claim 22 further including the step, prior to
directing the beam, of tuning the crossbar network by tuning at least one
structural parameter of the crossbar network with respect to the incident
beam.25. A method of manipulating or modifying electromagnetic waves or a
beam of particles according to claim 22 of using conductors of the crossbar
network having a width in the range 1 nanometre to 300 microns. 26. A
method of manipulating or modifying electromagnetic waves or a beam of
particles according to claim 22 of arranging the conductors in respective
spaced layers each having a subset of multiple substantially parallel
conductors, eg on a respective substrate. 27. A method of manipulating or
modifying electromagnetic waves or a beam of particles according to claim
22 wherein the spacings between the conductors within each layer may be in
the range 1 nanometre to 500 microns centre-tocentre, while the spacing
between layers is, eg, in the range 0.5 nanometres to 200 microns between
opposed conductor faces. 28. A method of manipulating or modifying
electromagnetic waves or a beam of particles according to claim 22 wherein
the respective subsets of conductors are supported in or on a respective
insulating or semiconducting substrate. 29. A method of manipulating or
modifying electromagnetic waves or a beam of particles according to claim
22 wherein in certain applications, the conductors are carbon nanotubes of
arbitrary helicity or radius, either single or multiwalled. 30. A method of
manipulating or modifying electromagnetic waves or a beam of particles
according to claim 22 of providing a connector species at some or all of
the cross-over junctions in the crossbar network. 31. A method of
manipulating or modifying electromagnetic waves or a beam of particles
according to claim 22 wherein the separation of adjacent layers is
determined and defined in any suitable manner, in some cases dependent on 



the presence and nature of the connector species of the crossbar network
suchas the gap between substrates supporting respective conductor layers
being an at least partial vacuum or may be filled with an appropriate
medium. 32. A method of manipulating or modifying electromagnetic waves or
a beam of particles according to claim 22 including accurately maintaining
the gap by the use of buckyball (C6 ) nanobearings or nanotubes. 33. A
method of manipulating or modifying electromagnetic waves or a beam of
particles according to claim 22 including interpositioning of a separation
film of an organic medium, preferably organic liquid eg cyclohexane or soft
matter spacer eg Self Assembled Monolayers (SAMs). 34. A method of
manipulating or modifying electromagnetic waves or a beam of particles
according to claim 22 including providing means to selectively tune said at
least one structural parameter of the network. 35. A method of manipulating
or modifying electromagnetic waves or a beam of particles according to
claim 22 including by tuning any one or more of the more easily tuneable
parameters including the angle between the alignments of parallel
conductors in respective layers of the wires (tuned by relatively rotating
the layers), the potential difference at each separate cross-over point
(tuned by varying the potential applied to the individual conductors), or
the actual configuration of scattering points defined by cross-over
junctions in the network which is tuned by altering the configuration of
"live" conductors or tuning the less easily tuneable parameter including
the spacing between adjacent layers of the conductors. 36. A method of
manipulating or modifying electromagnetic waves or a beam of particles
according to claim 22 including selective turning of the tuneable
parameter, where it is a spatial parameter, by mechanical adjustment means
forming a nano or micro electromechanical system (NEMS or MEMS). 



37. A method of manipulating or modifying electromagnetic waves or a beam
of particles according to claim 22 including using a diffraction grating
withrespect to an incident particle beam, for splitting the incident
particle beam into a plurality of parallel sub-beams, i.e. a diffraction
pattern output. 38. A method of manipulating or modifying electromagnetic
waves or a beam of particles according to claim 22 including applying to
the electrical conductor crossbar network an opposite oscillating applied
potential of the electric field; i.e. oscillating orientation from positive
to negative charge. 39. A method of manipulating or modifying
electromagnetic waves or a beam of particles according to claim 38 wherein
the frequency of such oscillating applied potential of the electric field
is determined dependent on the dynamics of incoming beam of charged
particles (mass, charge, velocity) and the geometrical characteristics of
the grid (spatial extension, separation between the lines, and separation
between the planes). 40. A method of manipulating or modifying
electromagnetic waves or a beam of particles substantially as hereinbefore
described with reference to the drawings. 41. An apparatus for manipulating
or modifying electromagnetic waves or a beam of particles substantially as
hereinbefore described with reference to the drawings. 


