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An emission enhancement structure having at least one
energy augmentation structure; and an energy converter
capable of receiving energy from an energy source, convert-
ing the energy and emitting therefrom a light of a different
energy than the received energy. The energy converter is
disposed in a vicinity of the at least one energy augmentation
structure such that the emitted light is emitted with an
intensity larger than if the converter were remote from the at
least one energy augmentation structure. Also described are
various uses for the energy emitters, energy augmentation
structures and energy collectors in a wide array of fields,
including photobiomodulation for treatment of conditions,
disorders, or diseases.
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ENERGY AUGMENTATION STRUCTURES,
EMITTERS OR COLLECTORS, FOR USE IN
NON-INVASIVE IN-SITU
PHOTOBIOMODULATION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is related to provisional applica-
tion U.S. Ser. No. 62/955,533, filed Dec. 31, 2019, entitled
ENERGY AUGMENTATION STRUCTURE; ENERGY
COLLECTOR CONTAINING THE SAME; AND EMIS-
SION ENHANCEMENTS UTILIZING AT LEAST ONE
ENERGY AUGMENTATION STRUCTURE, the entire dis-
closure of which is incorporated herein by reference. This
application is related to provisional application U.S. Ser. No.
62/946,648, filed Dec. 11, 2019, entitled ENERGY AUG-
MENTATION STRUCTURE; ENERGY COLLECTOR
CONTAINING THE SAME; AND EMISSION
ENHANCEMENTS UTILIZING AT LEAST ONE
ENERGY AUGMENTATION STRUCTURE, the entire dis-
closure of which is incorporated herein by reference. This
application is related to provisional application U.S. Ser. No.
62/897,677, filed Sep. 9, 2019, entitled ENERGY AUG-
MENTATION STRUCTURE; ENERGY COLLECTOR
CONTAINING THE SAME; AND EMISSION
ENHANCEMENTS UTILIZING AT LEAST ONE
ENERGY AUGMENTATION STRUCTURE, the entire dis-
closure of which is incorporated herein by reference. This
application is related to provisional application U.S. Ser. No.
62/855,508, filed May 31, 2019, entitled ENERGY AUG-
MENTATION STRUCTURE; ENERGY COLLECTOR
CONTAINING THE SAME; AND COLOR ENHANCE-
MENT UTILIZING AT LEAST ONE ENERGY AUGMEN-
TATION STRUCTURE, the entire disclosure of which is
hereby incorporated by reference. This application is related
to provisional application U.S. Ser. No. 62/813,390, filed
Mar. 4, 2019, entitled COLOR ENHANCEMENT UTILIZ-
ING AT LEAST ONE ENERGY AUGMENTATION
STRUCTURE, the entire disclosure of which is hereby
incorporated by reference. This application is related to U.S.
application Ser. No. 16/599,732, filed Oct. 11, 2019, pend-
ing, which claims priority to provisional application U.S.
Ser. No. 62/745,057, filed Oct. 12, 2018, the entire contents
of each of which are hereby incorporated by reference. This
application is related to U.S. Ser. No. 13/204,355 filed Aug.
5, 2011, the entire disclosures of which are hereby incor-
porated by reference. This application is related to U.S.
provisional patent application 61/371,549, filed Aug. 6,
2010. This application is related to U.S. provisional patent
application 61/161,328, filed Mar. 18, 2009 and to U.S.
provisional patent application 61/259,940, filed Nov. 10,
2009, the entire disclosures of which are hereby incorpo-
rated by reference. This application is related to U.S. Ser.
No. 12/725,108, the entire disclosures of which are hereby
incorporated by reference.

[0002] This application is related to Provisional Applica-
tions Ser. No. 60/954,263, filed Aug. 6, 2007, and 61/030,
437, filed Feb. 21, 2008, and U.S. application Ser. No.
12/059,484, filed Mar. 31, 2008, the contents of which are
hereby incorporated herein by reference. This application is
also related to U.S. application Ser. No. 11/935,655, filed
Now. 6, 2007; and Provisional Applications Ser. No. 61/042,
561, filed Apr. 4, 2008; 61/035,559, filed Mar. 11, 2008, and
61/080,140, filed Jul. 11, 2008, the entire contents of which
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are hereby incorporated herein by reference. This applica-
tion is related to U.S. patent application Ser. No. 12/401,478
filed Mar. 10, 2009, the entire contents of which are hereby
incorporated herein by reference. This application is related
to U.S. patent application Ser. No. 11/935,655, filed Nov. 6,
2007, and Ser. No. 12/059,484, filed Mar. 31, 2008; U.S.
patent application Ser. No. 12/389,946, filed Feb. 20, 2009;
U.S. patent application Ser. No. 12/417,779, filed Apr.
3,2009, the entire disclosures of which are hereby incorpo-
rated by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

[0003] The invention relates to methods, systems, and
devices for energy augmentation, with and without an
energy modulation agent/energy conversion agent present,
and uses particularly for generating or enhancing photon or
electron emission and/or for enhancing light or photon
collection, and their use in non-invasive systems and meth-
ods for performing in-situ (or in-vivo) photobiomodulation.

Discussion of the Background

[0004] Presently, light (i.e., electromagnetic radiation
from the radio frequency through the visible to the X-ray
wavelength range) is used in a number of industrial, com-
munication, electronic, and pharmaceutical processes. Light
in the infrared and visible range is typically generated from
an electrical energy source which for example either heats a
material to extremely high temperatures where black body
emission occurs (as in an incandescent lamp).

[0005] Light in the visible and ultraviolet range is typi-
cally generated by heating a gas to an electrical discharge
where transitions from one electronic state of the gas atom
or molecule occur with the emission of light. There are also
semiconductor based light sources (as in light emitting
diodes and semiconducting lasers) where electrons/holes in
a material recombine to produce light emission.

[0006] Visible light is defined as the electromagnetic
radiation with wavelengths between 380 nm and 750 nm. In
general, electromagnetic radiation including light is gener-
ated by the acceleration and deceleration or changes in
movement (vibration) of electrically charged particles, such
as parts of molecules (or adjacent atoms) with high thermal
energy, or electrons in atoms (or molecules).

[0007] For reference purposes, infra-red (IR) radiation just
beyond the red end of the visible region; and, ultra-violet
(UV) radiation has a shorter wavelength than violet light.
The UV portion of the spectrum is divided into three
regions: UVA (315-400 nm), UVB (280-315 nm) and UVC
(100-280 nm).

[0008] Industrial lamps used in lighting applications cover
the visible range of wavelengths for proper white perception.
Thermal sources like heated filaments can be made of
different type conductors, including W-filaments, halogen-
protected W-filaments, and electrically induced high tem-
perature plasmas (arc lamps).

[0009] The power (energy emitted per second) of a radiant
source is frequently expressed in watts (W), but light can
also be expressed in lumens (Im) to account for the varying
sensitivity of the eye to different wavelengths of light. The
derived relevant units are the radiance (luminance) of a
source in W/m? (Im/m?) in a certain direction per steradian
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(unit of solid angle) and the irradiance (illuminance) of a
surface in W/m? (Im/m? or lux).

[0010] With the development of ultraviolet sources, ultra-
violet radiation is being increasingly utilized for industrial,
chemical, and pharmaceutical purposes. For example, UV
light is known to sterilize media and is known to drive a
number of photo-activated chemical processes such as the
cross-linking of polymers in adhesives or coatings. Typi-
cally, ultraviolet sources use gas discharge lamps to generate
emitted light in the ultraviolet range. The emitted light is
then optically filtered to remove many of not all of the
non-ultraviolet frequencies. Ultraviolet light can also be
produced in semiconductor phosphors from the excitation of
these phosphors from high energy sources such as, for
example, X-ray irradiation.

[0011] With the development of infrared radiation sources,
infrared radiation is being increasingly utilized for commu-
nications and signaling purposes. Typically, infrared sources
use broad spectrum light sources referred to as glowbars to
generate a broad spectrum of light centered in the infrared
range or use lasers to emit very specific infrared wave-
lengths. For the broad band sources, the emitted light is
optically filtered to remove many, if not all, of the non-
infrared frequencies.

[0012] It is generally desirable to have devices, materials,
and capabilities to convert light from one frequency range to
another. Down conversion has been one way to convert
higher energy light to lower energy, as used in the phosphors
noted above. Up conversion has also been shown where
lower energy light is converted to higher energy light.
Typically, this process is a multi-photon absorption process
where two or more photons are used to promote an excited
electronic state in a host medium which in turn radiates at a
wavelength of light that has a higher energy than the energy
of the incident light which promoted the multi-photon
absorption process. Both down conversion and up conver-
sion have been studied and documented in the past.

[0013] Indeed, workers have studied the phenomenon of
photoluminescence and fluorescence, which is the ability of
certain solids to emit light when driven or charged by an
external energy source. Many well-known phosphors and
fluorescors are triggered by high-energy electrons or pho-
tons and emit photons of lower energy. It has been recog-
nized that certain infrared phosphors can convert infrared
light to light in the visible range (violet through red).
[0014] The properties of light such as its radiance is
particularly important in reading or display applications
where the human eye has to perceive and discern temporary
images or permanent images (as for example shown by road
and highway signs) formed with visible light. Televisions,
computer monitors, displays, and signs use a cathode ray
technology (CRT) technology where high energy electrons
impinge on phosphors that emit visible light. Televisions,
computer monitors, displays, and signs more recently have
used liquid crystal display or plasma display technology to
generate visible images discernable to the human eye.
[0015] In these and other reading or display applications,
attempts have been made to develop displays with relatively
high contrast images while minimizing the amount of broad-
band light emitted or reflected from a display, which may
detract from the contrast of the image displayed.

[0016] In general, the up conversion and the down con-
version discussed above have been used in a number of
fields to in effect convert an incident wavelength of light to
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a different wavelength. In one example, high energy photons
such as X-rays are converted by absorption in phosphors of
the x-ray energy, and luminescence from the phosphors in
the ultraviolet, visible, and/or near infrared spectrum has
been used for driving photoactive reactions. In other
examples, infrared or near infrared light has been up con-
verted by absorption in phosphors of the infrared or near
infrared light, and luminescence from the phosphors in the
visible and/or ultraviolet spectrum. In other examples, light
within the visible region can be down converted or up
converted (depending on the phosphors chosen) to a differ-
ent band within the visible wavelengths. This shifting (en-
ergy conversion) can be for color enhancement and can be
used in solar cells to convert one part of the solar spectrum
to another part more favorable for a photovoltaic device to
generate power.

[0017] In many of these prior applications, metallic struc-
tures have been placed on the phosphors or in a vicinity of
the phosphors to generate a plasmonics effect which essen-
tially is an amplification of the local field very nearby the
outside of the metallic structures. Plasmonic effects can
enhance coupling of incident light into the phosphors and/or
enhance the reactivity of the converted light tons nearby
receptor. While the plasmons in the metal can propagate
along the metal, the plasmons decay evanescently in the z
direction normal to the metal/dielectric interface with 1/e
decay length of the order of half the wavelength (~200 nm
for wavelengths in the visible range).

[0018] In some prior applications, photonic band gap
structures have been used. In a photonics band gap structure,
the materials thereof consist or photonic crystals (PhCs) are
materials with a periodic dielectric profile, which can pre-
vent light of certain frequencies or wavelengths from propa-
gating in one, two or any number of directions within the
materials. In this way, light not suitable or detrimental to a
process can be rejected while light more suitable for a
process can be confined within the photonic band gap
structure or better confined within the photovoltaic con-
verter.

[0019] In the field of solar cells, the addition of plasmon-
ics, photonics band gap, and up and down conversion is
known in the literature. Additionally, antireflection coatings
and concentrators are well known in the literature.

[0020] The problem with the plasmonics effect is that, as
noted above, the plasmons and the electric field enhance-
ment decays rapidly with distance away from the metal
structure meaning that the effect is only useful for a small
volume of interaction.

[0021] The problem with antireflection coatings is that,
although sun light is not scattered away as much as if there
were no coatings, the light transmitted is still predominantly
that of wavelengths that are not optimum for power genera-
tion.

[0022] The problem with concentrators is that, besides
concentrating light which can be converted to power, a
concentrator also concentrates light which does not generate
power, which in general makes for waste heat.

[0023] While photonic band gap structures can serve to
reflect or confine light, they have no effective way to gain
power from the discarded light.

SUMMARY OF THE INVENTION

[0024] In one embodiment, there is provided an energy
augmentation structure capable of capturing one or more
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wavelengths of electromagnetic energy, and augmenting the
one or more wavelengths of electromagnetic energy in at
least one property.

[0025] In one embodiment, the energy augmentation
structure may be one or more of an electromagnetic reso-
nator structure, a folded resonator structure, and a fractal
structure having a region of an intensified electromagnetic
field within the structure.

[0026] In a further embodiment, there is provided an
energy collector comprising at least one energy augmenta-
tion structure; and at least one energy converter capable of
receiving an applied electromagnetic energy, converting the
applied electromagnetic energy and emitting therefrom an
emitted electromagnetic energy shifted in wavelength or
energy from the applied electromagnetic energy and the
energy converter being disposed in a vicinity of the at least
one energy augmentation structure such that the emitted
electromagnetic energy is emitted with at least one aug-
mented property compared to if the energy converter were
remote from the at least one energy augmentation structure.
[0027] In one embodiment, the energy converter noted
above is disposed with an energy augmentation structure
comprising one or more of an electromagnetic resonator
structure, a folded resonator structure, and a fractal structure,
any of which having a region of an intensified electromag-
netic field within the resonating structures.

[0028] In one embodiment, the energy converter noted
above includes one or more luminescing materials. As
described herein, there are uses of the energy augmentation
structure and/or energy collector embodiments which
enhance bioluminescence, chemo-luminescence, photolumi-
nescence, fluorescence, and mechano-luminescence.

[0029] In one embodiment, the energy converter noted
above includes for the one or more luminescent materials
phosphorescent materials, fluorescent materials, electrolu-
minescent materials, chemo-luminescent materials, biolumi-
nescent materials, and mechano-luminescent materials used
in conjunction with or not in conjunction with the energy
augmentation structure noted above. When used in conjunc-
tion with the energy augmentation structure noted above, the
emitted electromagnetic energy from the luminescent mate-
rial is emitted with at least one augmented property com-
pared to if the energy converter (e.g., the luminescent
material) were remote from the at least one energy augmen-
tation structure.

[0030] In one embodiment, the energy converter noted
above includes for the one or more luminescing materials
phosphorescent materials, fluorescent materials, electrolu-
minescent materials, chemo-luminescent materials, biolumi-
nescent materials, and mechano-luminescent materials used
in conjunction with or not in conjunction with the energy
augmentation structure noted above and which emit one of
ultra-violet, visible, near infrared, and infrared light. In this
embodiment, UV-emitting electroluminescent materials or
mechano-luminescent devices and materials can be used. In
this embodiment, UV-emitting bioluminescent materials can
be used.

[0031] In one embodiment, there is provided a color
enhancement structure having a) an energy collector com-
prising at least one energy augmentation structure, and b) an
energy converter capable of converting a second wavelength
of light into and emitting therefrom a third wavelength of
light shifted in wavelength from the second wavelength of
light. In one embodiment, the energy converter is disposed
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in a vicinity of the at least one energy augmentation structure
such that the light shifted in wavelength is emitted with an
intensity larger than if the converter were remote from the at
least one energy augmentation structure.

[0032] In various embodiments, the color enhancement
structures comprise a part of a paint, an ink, a fabric, a
thread, a road sign, a highway marking, an automobile, a
boat, a plane, a reflector, a building product, a concrete
product, an epoxy product, a jewelry product, colored con-
tact lens, a candle product, a rubber product, a plastic
product, or other colored surface.

[0033] In another embodiment, there is provided a paint
including a pigment and the color enhancement structure.

[0034] In another embodiment, there is provided an ink
including a dye and the color enhancement structure.

[0035] In another embodiment, there is provided a display
including a color filter or a color reflective surface and the
color enhancement structure.

[0036] In additional embodiments, there are provided uses
of the energy augmentation structure and energy collector
embodiments in medical treatments, solar cells, adhesives/
resins, sterilization, and other end uses.

[0037] Inanother embodiment, the energy converter noted
above is disposed with an energy augmentation structure
such that x-ray induced photoluminescence or fluorescence
is higher compared to if the energy converter (e.g., x-ray
induced photoluminescence or fluorescence materials) were
remote from the at least one energy augmentation structure.

[0038] In another embodiment, the above noted distrib-
uted energy collector can deliver light to different positions
within a medium inside a patient.

[0039] In another embodiment, the above noted distrib-
uted energy collector can collect or deliver light from or to
different positions within a patient, including for example
collecting or delivering light to different positions within an
organ.

[0040] In another embodiment, a UV-emitting luciferase
may be used alone or in conjunction with the above-noted
energy augmentation structures to generate light inside a
patient.

[0041] In another embodiment, there is provided a distrib-
uted energy collector having separate light collection com-
ponents branched together for collecting solar light for
conversion into electrical power.

[0042] In another embodiment, there is provided the
above-noted distributed energy collector with separate light
collection components collects solar light by directing the
collected solar flux to a photovoltaic, thermoelectric, or
thermionic emission cell In another embodiment, there is
provided a distributed energy collector integrated with a
photovoltaic at separate light collection components within
the collector in order to convert solar light into electrical
power at the light collection components.

[0043] In another embodiment, there is provided the
above-noted distributed energy collector with separate light
collection components and/or the above-noted energy aug-
mentation structure having the region of the intensified
electromagnetic field such that solar light heats a thermionic
emission cell. When the region of the intensified electro-
magnetic field is disposed in a vicinity of the thermionic
emission cell, the intensified electromagnetic field enhances
thermionic emission.
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[0044] In another embodiment, the above noted distrib-
uted energy collector can deliver light to different positions
within an artificial medium for adhesive curing of the
artificial medium.

[0045] In one embodiment, the above noted energy aug-
mentation structure can be used alone to promote thermo-
curing of adhesives that are heated in a vicinity of the region
of the intensified electromagnetic field.

[0046] In one embodiment, the above noted energy aug-
mentation structure can be used in conjunction with the
energy converters to promote curing of adhesives either in a
vicinity of the region of the intensified electromagnetic field
or outside of the energy augmentation structure by enhanced
emissions from the energy converters because of their pres-
ence in the vicinity of the region of the intensified electro-
magnetic field. In the above two embodiments, excitation of
the energy augmentation structure by an infrared laser
generates the region of the intensified electromagnetic field.
In the embodiment with energy converters, x-ray excitation
or other high energy source (electrons, protons, gamma, or
beta particles) can be used to stimulate luminescence from
the energy converters for photocuring.

[0047] In another embodiment, the above noted distrib-
uted energy collector can deliver light to different positions
within a medium for sterilization of the medium.

[0048] In one embodiment, the above noted energy aug-
mentation structure can be used alone to promote localized
heating in a vicinity of the region of the intensified electro-
magnetic field.

[0049] In one embodiment, the above noted energy aug-
mentation structure can be used in conjunction with the
energy converters to promote sterilization either in a vicinity
of the region of the intensified electromagnetic field or
outside of the energy augmentation structure by enhanced
emissions from the energy converters because of their pres-
ence in the vicinity of the region of the intensified electro-
magnetic field. In the above two embodiments, excitation of
the energy augmentation structure by an infrared laser
generates the region of the intensified electromagnetic field.
In the embodiment with energy converters, x-ray excitation
or other high energy source (electrons, protons, gamma, or
beta particles) can be used to stimulate luminescence from
the energy converters for sterilization.

[0050] In another embodiment, there are provided uses of
the energy augmentation structure and/or energy collector
embodiments to generate signature light emissions from
surfaces for security applications. In one embodiment, the
above noted energy augmentation structure can be used in
conjunction with the energy converters to produce different
color and intensity pattern emissions to be read as a signa-
ture.

[0051] In another embodiment, there are provided uses of
the energy augmentation structure and/or energy converters
inside plasma (light-emitting) capsules to promote genera-
tion and maintenance of plasma state ions which light.
[0052] In another embodiment, there are provided uses of
the energy augmentation structure and/or energy converters
to enhance electron emission from surfaces in a vicinity of
the energy augmentation structure.

[0053] In one embodiment, the energy converter noted
above includes one or more electron emitting materials. The
electron emitting materials may be photon-induced materi-
als which photo-eject an electron under exposure to UV
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light, The electron emitting materials may be thermally
heated materials which emit electrons from heated surfaces
of the emitting materials.

[0054] In one embodiment, the energy converter noted
above includes for the one or more electron emitting mate-
rials nanoscale field emission tips. When used in conjunction
with the energy augmentation structure noted above, the
emitted electron flux from the electron emitting materials is
higher compared to if the energy converter (e.g., the
nanoscale field emission tips) were remote from the at least
one energy augmentation structure.

[0055] Another object of the present invention is to pro-
vide a method for the treatment of a condition, disorder or
disease in a subject that permits treatment of a subject in any
area of the body with and without energy augmentators
while being non-invasive and having high selectivity for
targeted cells relative to healthy cells.

[0056] A further object of the present invention is to
provide a method for treatment of a condition, disorder or
disease in a subject which can use any suitable energy source
as the initiation energy source to induce a predetermined
change with and without energy augmentation in a target
structure in a subject in situ to treat said condition, disorder
or disease.

[0057] A further object of the present invention is to
provide a method for treatment of a condition, disorder or
disease using a converter which adsorbs, intensifies or
modifies the initiation energy into an energy that effects with
and without energy augmentation a predetermined change in
a target structure.

[0058] A further object of the present invention is to
provide such methods for in situ generation of energy which
causes, either directly or indirectly, the predetermined
change with and without energy augmentators.

[0059] It is to be understood that both the foregoing
general description of the invention and the following
detailed description are exemplary, but are not restrictive of
the invention.

BRIEF DESCRIPTION OF THE FIGURES

[0060] A more complete appreciation of the invention and
many of the attendant advantages thereof will be readily
obtained as the same becomes better understood by refer-
ence to the following detailed description when considered
in connection with the accompanying drawings, wherein:
[0061] FIG. 1 is a schematic depicting an energy augmen-
tator system of the invention with optional inclusion of an
energy converter;

[0062] FIG. 2 is a schematic depicting a folded resonator
as an illustrative energy augmentation structure of the inven-
tion;

[0063] FIG. 3 is a diagram depicting the basic concepts
underlying one of the energy augmentation structures of this
invention;

[0064] FIG. 4 is a schematic depicting a staggered antenna
configuration as an illustrative energy augmentation struc-
ture of the invention;

[0065] FIG. 5 is a schematic depicting the effect of elec-
trode spacing in the folded resonator of the invention;

[0066]
# folded resonators distributed in space;

FIG. 6 is a diagram showing a pattern of ¥
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[0067]

% folded resonators distributed in a plane or otherwise along
a surface of an object;
[0068] FIG. 8 is a diagram showing a pattern of %

% folded resonators distributed in a plane or otherwise
along a surface of an object and having a different orienta-
tion than in FIG. 7A;

[0069] FIG. 9 is a diagram showing a pattern of %

% folded resonators having a light or photon or electron
emitting material deposited in the region of between the
opposing electrodes;

[0070] FIG. 10 is a diagram showing a pattern of %

% folded resonators having a patterned deposit of a light or
photon or electron emitting material in the region of between
the opposing electrodes;

[0071] FIG. 11 is a diagram showing a pattern of %

% folded resonators having a patterned deposit of a light or
photon or electron emitting material in the region of between
the opposing electrodes;

[0072] FIG. 12 is a diagram showing a pattern of %

% folded resonators having for the metal traces a fractal
pattern for the electrical path that loops around to connect
the opposing electrodes;

[0073] FIG. 13 is a diagram showing a fractal antenna
segment where the straight-line sides of the metal pads have
locally intensified electric field,;

[0074] FIG. 14 is a diagram showing a repeated pattern of
the fractal antenna segment of FIG. 13

[0075] FIG. 15 is a diagram showing a pattern of bowtie
fractal antenna segments;

[0076] FIG. 16 is a diagram showing a paired three-
dimensional fractal structure with an intensified electric field
in between;

[0077] FIG. 17 is a diagram showing a pattern of the
paired three-dimensional fractal structures;

[0078] FIG. 18 is a diagram showing a ¥ wavelength
resonator with the distal ends of the resonator antenna
protruding outwardly while maintaining parallelism;
[0079] FIG. 19 is a diagram showing a packing configu-
ration for three different ¥4 wavelength resonators, that are
maintained in plane with no overlapping distal ends;
[0080] FIG. 20 is a diagram showing another packing
configuration for three different ¥4 wavelength resonators,
that are maintained in plane with overlapping distal ends;
[0081] FIG. 21 is a diagram showing yet another packing
configuration for the % wavelength resonators, with an off
(or out of) plane axial symmetry;

[0082] FIG. 22 is a diagram showing a multi-level packing
configuration in parallel planes for the folded % wavelength
resonator shown;

[0083] FIG. 23 is a diagram showing a multi-level packing
configuration in parallel planes with distal ends protruding
out for the ¥4 wavelength resonator in FIG. 22;

[0084] FIG. 24A is a diagram showing a different in-plane
packing configuration;

[0085] FIG. 24B is a diagram showing another different
in-plane packing configuration;

[0086] FIG. 25A is a schematic illustrating a distributed
point light collector/transmitter of the invention;

[0087] FIG. 25B is a schematic of a cross section of the
collector/transmitter of FIG. 25A.

FIGS. 7A-7C are diagrams showing a pattern of %
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[0088] FIG. 26 is a schematic illustrating various con-
verter structures of the invention;

[0089] FIG. 27 is a schematic illustration of plasmon
resonance as a function of shell thickness;

[0090] FIG. 28A is a schematic illustrating other various
converter structures of the invention;

[0091] FIG. 28B is a further schematic illustrating other
various converter structures of the invention:

[0092] FIG. 28C is a schematic illustrating various plas-
monics-active converter structures of the invention;

[0093] FIG. 28D is a schematic illustration of photo-active
molecules linked to plasmonics-active upconverter struc-
tures of the invention;

[0094] FIG. 29 is a diagram showing a mechanolumines-
cent emitter of the present invention;

[0095] FIG. 30 is a diagram showing a composite piezo-
electric/electroluminescent emitter of the present invention;
[0096] FIG. 31 is a diagram showing a distribution of the
composite emitters of FIG. 30 across a surface for light
emission;

[0097] FIG. 32 is a diagram showing a distribution of the
composite emitters of FIG. 30 within a target region for light
emission;

[0098] FIG. 33 is a graphical representation of DNA gel
products in particular a-aggregated ds genomic DNA and ds
genomic DNA;

[0099] FIG. 34 is a graphical representation of DNA gel
products in particular b-DNA fragments and ssDNA;
[0100] FIG. 35 is a graphical representation of DNA gel
products in particular ssDNA and crosslinked DNA;
[0101] FIG. 36 is a schematic depicting the signals asso-
ciated with crosslinked DNA and the signal associated with
single strand DNA (represented by the smear pattern);
[0102] FIG. 37 is a table depicting experimental condi-
tions for the effect of temperature and distance from the
X-Ray source:

[0103] FIG. 38 is a schematic depicting gel electrophore-
sis results post a DNA crosslinking attempt using various
experimental conditions having the total delivered energy as
a variable;

[0104] FIG. 39 is another table depicting experimental
conditions for testing the effect of total delivered energy
(some conditions had constant power and some conditions
had constant flux) FIG. 40 is another table depicting the
luminosity results from the ds DNA and the ss DNA (with
the higher the number the higher brightness);

[0105] FIG. 41 is a depiction of the sum of all the
brightness results from two minute and six minute X-Ray
irradiation treatments;

[0106] FIG. 42 is another table depicting the total energy
delivered per experimental condition:

[0107] FIG. 43 is a schematic depicting gel electrophore-
sis results post a DNA crosslinking attempt using varying
phosphor concentrations at kVp values at or below 80 kVp,
with all conditions yielding a ds-DNA signal;

[0108] FIG. 44 is another table depicting experimental
conditions for testing the effect of phosphor concentration
variation:

[0109] FIG. 45 is a schematic depicting gel electrophore-
sis results post a DNA crosslinking attempt using kVp levels
of 80 kVp for S1, 40 kVp for S2, 20 kVp for S3, and 10 kVp
for S4.
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[0110] FIG. 46 is a schematic illustration of how photo-
catalytic light works cooperatively with non-ionizing radia-
tion to potentiate the activation of bio-therapeutics;

[0111] FIG. 47A is a schematic of a test set up devised to
channel an external radiation source into the x-ray radiation
system;

[0112] FIG. 47B is a schematic of a weakly coupled fiber
bundle for combining different wavelengths of ionizing and
non-ionizing radiation;

[0113] FIG. 47C is a schematic of the combination of
X-Ray and a fiber optic for simultaneous use of X-Ray
energy with external light sources having potentiating
effects;

[0114] FIG. 48 is a schematic of the combination of X-Ray
and a microwave guide allowing the simultaneous use of
X-Ray energy and microwave energy to interact with a
target or reactive site;

[0115] FIG. 49 is a schematic of x-ray spectra for various
kvp;
[0116] FIG. 50 is a schematic of the absorption of psoralen

measured in different solvents and over a broad range
extending from the UVB, the UVA, and part of the visible;

[0117] FIG. 51 is another table depicting the color spec-
trum;
[0118] FIG. 52 is another table depicting the properties of

various x-ray phosphors;

[0119] FIG. 53 is a schematic of the spectral emission of
YTaO, (reported to have a peak emission at 337 nm under
X-Ray excitation) showing emission at 327 nm;

[0120] FIG. 54 is a schematic of the spectral emission of
LaF,:Ce (reported to have a peak emission at 337 nm under
X-Ray excitation) showing emission at 300 nm;

[0121] FIG. 55 is a schematic of the spectral emission of
LaOBr:Tm,* (coated with silica suitable for a phosphor
chemistry capable of emission in the UVB, UVA and the
visible light regions;

[0122] FIG. 56 is a schematic of the spectral output of a
visible CaWO,, phosphor under X-Ray excitation from dif-
ferent energy level and different flux x-rays;

[0123] FIG. 57 is a schematic of the spectral output of a
visible Y,SiO5:Ce phosphor under X-Ray excitation from
different energy level and different flux x-rays;

[0124] FIG. 58 is a schematic of the spectral output of a
visible phosphor (BASF commercial phosphor XYMARA
MARKER BLUE LF2A) under X-Ray excitation from
different energy level and different flux x-rays;

[0125] FIG. 59 is a schematic of the spectral output of an
Y,0,S:Tm phosphor capable of emission in the UVA and in
the visible light regions;

[0126] FIG. 60 is a schematic of the spectral output of a
BaSO04:Eu phosphor capable of emission in the UVA and in
the visible light regions;

[0127] FIG. 61 is a schematic of the spectral output of an
YTaO, phosphor capable of emission in the UVA and in the
visible light regions;

[0128] FIG. 62 is a schematic of the spectral output of an
YTaO,, phosphor chemistry capable of emission in the UVA
and CaWQ, capable of emitting in the UVA and in the
visible;

[0129] FIG. 63 is another table depicting properties of
various phosphors for mixing;

[0130] FIG. 64 is a schematic depicting a typical spectrum
from a commercial UV light source which has been used to
activate psoralens;
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[0131] FIG. 65 is a schematic of the emission spectra
under X-Ray excitation for a powder mixture of CaWO and
YTaO,;

[0132] FIG. 66 is a schematic of the emission spectra
under X-Ray excitation for the combination of CaWO, and
YTaO, mixture;

[0133] FIG. 67 is a schematic of the emission spectra
under X-Ray for various materials including. Y,0,, CaWO,,
YaTO,, YaTO,:Nb, BaSO,:Eu, La,0,S:Tb, BaSi,O4:Pb for
various voltages between the filament and the target;
[0134] FIG. 68 is a schematic of emission spectra under
X-ray excitation for scintillators;

[0135] FIG. 69 is a schematic of emission spectra of
lutetium oxyorthosilicate LSO under different excitation
sources;

[0136] FIG. 70 is a schematic depiction of a dilution
process for cell assay analysis;

[0137] FIG. 71 is another table depicting properties of
various phosphors and the names of various phosphors;
[0138] FIG. 72 is a schematic of the results from a
clonogenic assay for an YTaO,:Nb phosphor with and
without a silica coating;

[0139] FIG. 73 is a schematic of the results from a
clonogenic assay for a BaSO,:Eu phosphor with and without
a silica coating;

[0140] FIG. 74 is a schematic of the results from a
clonogenic assay for a BaSi,O5:Pb phosphor with and
without a silica coating;

[0141] FIG. 75 is a schematic showing the effect of X-ray
from a voltage of 160 kVp and 1 mg/ml concentration of the
YTaO, phosphor showing a XRT and Phosphor effect, and
further cell kill when adding trimethyl psoralen (TMP);
[0142] FIG. 76 is a schematic of the results from a
clonogenic assay for a YTaO, phosphor with and without a
silica coating for three different concentrations added to a
B16 mouse melanoma cells with TMP;

[0143] FIG. 77 is a schematic of the results from a
clonogenic assay for a YTaO, phosphor (uncoated) at 0.75
mg/ml+/-2 gray XRT at 160 kVp or 320 kVp;

[0144] FIG. 78 is a schematic of the results from a
clonogenic assay for an YTaO,:Nb phosphor (uncoated) at
0.75 mg/ml, +/-2 gray XRT at 160 kVp and 320 kVp;

[0145] FIG. 79 is a schematic of the results from a
clonogenic assay for a LaOBr:Tm phosphor (coated with
Si0,);

[0146] FIG. 80 is a schematic of the results from a

clonogenic assay for a LaOBr:Tm phosphor (coated with
Si0,) with Phosphor-Alone Toxicity using at 0.75 mg/ml
and phosphor plus TMP at 80 kVp XRT for 1 or 4 minutes
total;

[0147] FIG. 81 is a schematic of the results from a
clonogenic assay for a LaOBr:Tm phosphor (coated with
Si0,) with Phosphor-Alone Toxicity using at 0.75 mg/ml
and phosphor plus TMP at 40 kVp XRT for 1 or 4 minutes
total;

[0148] FIG. 82 is a schematic of a cell kill assay per-
formed with a CaWO,, phosphor combined with the Y,O,
particles;

[0149] FIG. 83 is a schematic of the results from a
clonogenic assay for B16 mouse melanoma cells treated
with a CaWOQ, phosphor;

[0150] FIG. 84 is a schematic of the results from a
clonogenic assay for B16 mouse melanoma cells treated
with a CaWO4 phosphor by varying the X-ray voltage;
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[0151] FIG. 85 is a schematic of a container including a
solution containing nano-particles;

[0152] FIG. 86 is a schematic of a solution containing
nano particles applied to a quartz wafer through the process
of spin coating;

[0153] FIG. 87 is a schematic of a wafer dried to produce
a thin layer of nanoparticles dispersed across the surface of
the wafer;

[0154] FIG. 88 is a schematic of a wafer a taken to a
physical vapor deposition system

[0155] FIG. 89 is a schematic of a wafer placed onto a
stage and inserted into physical vapor deposition system for
applying a coating on a top half of the nano particles;
[0156] FIG. 90 is a schematic of a cross section of the
quartz wafer coated with nanoparticles;

[0157] FIG. 91 is a schematic of the half coated phosphor
particles placed back in solution inside a container that has
a biased stage;

[0158] FIG. 92 is a schematic of the half coated phosphor
particles placed back in solution inside a container that has
a RF biased stage;

[0159] FIG. 93 is a schematic of the half coated phosphor
particles placed back in solution inside a container that has
a RF biased micro-electrode structure;

[0160] FIG. 94 is a schematic of the half coated phosphor
particles disposed around a metallic nano rod and heated to
sufficient temperatures to alloy the metallic coating with the
metallic nano rod;

[0161] FIG. 95 is a schematic of mass transport being used
to form a neck between particles;

[0162] FIG. 96 is a schematic showing alignment of a
magnetic particle under a magnetic field and followed by
joining the phosphor and the magnetic particles with a
lateral field configuration;

[0163] FIG. 97 is a schematic showing the joining of a
magnetic particle and phosphor through a necking process;
[0164] FIG. 98 is a schematic showing the joining of a
magnetic particle and phosphor through an adhesion process
by surface modification of at least one of the particles;
[0165] FIG. 99 is a schematic showing a lipid envelope
around the adhered phosphor and nano magnetic particle;
[0166] FIG. 100 is a schematic showing the alignment of
a magnetic particle under a magnetic field and followed by
joining the phosphor and the magnetic particles (orthogonal
field configuration);

[0167] FIG. 101 is a schematic showing that, after joining
the particles in an orthogonal field configuration, the par-
ticles would have a tendency to self-assemble in a recto-
linear fashion; and

[0168] FIG. 102 is a schematic showing that, after joining
the particles in a lateral field configuration.

DETAILED DESCRIPTION OF THE
INVENTION

[0169] Reference will now be made in detail to a number
of embodiments of the invention, examples of which are
illustrated in the accompanying drawings, in which like
reference characters refer to corresponding elements.

[0170] As noted above, energy converters such up con-
version materials and down conversion materials have been
used in a number of fields in effect to convert an incident
wavelength of light to a different wavelength. Metallic
structures have been placed on the phosphors or in a vicinity
of the phosphors to generate a plasmonics effect which
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essentially is an amplification of the local field very nearby
the outside of the metallic structures. In some applications,
photonic band gap structures have been used in solar cell
applications to prevent light of certain frequencies or wave-
lengths from propagating in one, two or any number of
directions within the materials. Additionally, antireflection
coatings and concentrators are well known in the literature.
[0171] The present inventors recognized that the short-
comings of these structures could be addressed by use of the
energy augmentation structures described herein used sepa-
rately or in conjunction with energy converters.

[0172] A. Energy Augmentation Structures

[0173] Inthe present invention, the term “energy augmen-
tation” means effecting some change in one or more wave-
lengths of electromagnetic energy in at least one property,
including, but not limited to, intensity, power, associated
electrical field, associated magnetic field, wave amplitude,
photonic flux, magnetic flux, phase, coherence, propagation
direction, etc. The structure performing the energy augmen-
tation can be termed an “energy augmentation structure” or
an “energy augmentator”. These terms are used interchange-
ably herein. Preferably the energy augmentation structure is
a non-plasmonic structure (a structure that does not exhibit
plasmonic properties).

[0174] The energy augmentator can take any desired form
so long as it can perform the necessary function of aug-
menting the energy applied to it, causing a change in one or
more wavelengths of electromagnetic energy in at least one
property as noted above. Examples of such energy augmen-
tators include, but are not limited to, at least one non-
plasmonic member selected from the group consisting of
resonators, fractal antennas, electrical grid patterns, anten-
nas, cavities, etalons, nanoparticles, microparticles, nano-
structures, and microstructures, just to name a few.

[0175] In one embodiment, as shown schematically in
FIG. 1, an energy augmentator 10 is provided that is capable
of receiving or capturing one or more wavelengths of
electromagnetic energy representing an incident energy
wave 12. Having received or captured the incident energy
wave 12, the energy augmentator 10 is capable of augment-
ing the one or more wavelengths of received or captured
energy wave flux 12 in at least one property. As shown in
FIG. 1, in one embodiment, energy augmentator 10 then
outputs an energy wave 14 with the at least one property
augmented, with the augmented energy wave 14 incident on
target 20 Details of the augmentation are described below.
[0176] In another embodiment, the output (augmented)
energy wave 14 (i.e., one or more output wavelengths of
electromagnetic energy) can be incident on an energy con-
verter 16 (such as the up conversion materials and down
conversion materials noted above). The energy converter 16
can output photons or electrons 18 which can be directed to
target 20. In these embodiments, target 20 may receive the
photons or electrons 18 or the output augmented energy
wave 14 simultaneously or separately.

[0177] In one embodiment, the energy augmentator 10
may be one or more of an electromagnetic resonator struc-
ture, a folded resonator structure, and a fractal structure
having a region of an intensified electromagnetic field within
those structures.

[0178] FIG. 2 below is a diagram depicting a folded
resonator structure 22 of this invention.

[0179] The resonator in one embodiment of the present
invention is a % A metal structure bent, as shown in FIG. 2
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having a “folded” structure making for opposing electrodes stubs and the extend of interdigitation varies as shown
between which an intense electric field is developed. Exem- between configuration 1 and configuration 2. In one embodi-
plary characteristics of the “folded structure” antenna are ment of the invention, an energy converter, a light or
listed in the following table: electron emitting material, or a color emitting or color
TABLE 1
Wavelength (nm)
Antenna Side 1400 1300 1200 1100 1000 900 800 700 600 500 400
A 1750 1625 1500 137.5 125.0 1125 100.0 875 750 62.5 500
B 656 609 563 51.6 469 422 37.5 328 281 234 188
C 1969 1828 168.8 154.7 140.6 126.6 112.5 984 844 703 563
D 218.8 203.1 187.5 171.9 156.3 140.6 125.0 109.4 938 781 62.5
Total 1093.8 1015.6 937.5 859.4 781.3 703.1 625.0 5469 468.8 390.6 312.5
¥4 lambda 1050 975 900 825 750 675 600 525 450 375 300
[0180] The calculations of a theoretical ¥ A and the converter material (i.e., emissive material 24) is placed

slightly oversized antenna to account for all the bending
corners involved in making the antenna would result in this
structure having a size between the theoretical 0.75%A and
the upper oversized limit 0.78%A.

[0181] While the resonators shown in most of the draw-
ings could be characterized as having a rectangular-shape
loop connecting the opposing antenna sections or electrodes
together, the invention is not so limited. Other “loop” shapes
could be used, so long as the opposing electrodes are parallel
and coplanar with one another, with the loop forming an
electrical path having a length of %% A, with the opposing
electrodes having a length of % A each, thereby making the
34\ resonator.

[0182] FIG. 3 is a diagram depicting the basic concepts
underlying one of the energy augmentation structures of this
invention. In the depiction in FIG. 3 is a sinusoidal wave
representing for example an instantaneous waveform of a
light wave (an incident energy flux 12). The depiction shows

the length of 3% of the wavelength %, and how in one

embodiment a 3% % resonator is constructed with the open
ends of the resonator “folded” together to form in this

embodiment a % % folded resonator 22. As shown in FIG.
3, the folded ends form a region of an intensified, amplified
electric field denoted by the horizontally directed arrows
between the opposing open ends. When light nominally of a

wavelength % (or harmonics thereof 2 %,3 4,4 %, etc.)
is incident on the folded antenna structure, a fraction-a of the
light will be coupled into this structure establishing the
amplified electric field. Since the light from sun comes
continuously and at different rotational polarizations, sub-
sequent light waves will continue to “pump” the electric
fields in the resonant structure until some “loss” mechanism
caps the strength of the electric fields. For resonators made
of low loss materials, high Q-factors are obtained which, in
this case, could mean that the electric field strength between
the opposing electrodes may be for example 100 to 1000
times the peak amplitude of the electric field vector of the
incident waveform.

[0183] In another embodiment, a resonating antenna could
have the configuration below shown in FIG. 4. Here, the %
% structures oppose and are interdigitated together without
a “folded” structure. In the depiction in FIG. 4, the hori-

zontal stubs are ¥4 & long, the vertical extending connectors
are Y4 long, and the vertical spacing between the horizontal

inside or around the region of an intensified electric field, as
shown in FIG. 4.

[0184] FIG. 5 shows that different 34 % folded resonators
can be made having different distances between the oppos-
ing electrodes and thus different electric field strengths. In
this way, the folded resonators of the invention can be
adjusted such that the strength of the electric field between
the opposing electrodes does not exceed the dielectric
strength of any material in between. Exceeding the dielectric
strength of any material in between could result in destruc-
tion of that material as intense current (e.g., a micro-arc)
would flow during any time that the dielectric strength was
exceeded, thus breaking the material down. As shown, here
the opposing sides need not have an exact length of Y5 A.

[0185] In one embodiment of the invention, an energy
converter, a light or electron emitting material, or a color
emitting or color converter material (i.e., an emissive mate-
rial) 24 is placed inside or around the regions of intensified
electric field near/between the opposing electrodes. In one
embodiment of the invention, the color emitting or color
converter material may itself be absorbing a color light such
as for example blue light and emitting lower energy, down-
shifted red light. In this case, a red phosphor could be the
color emitting or color converter material.

[0186]

ment could be designed to resonate at blue light (% =420 to
440 nm), the resonator is preferably designed to resonate
from light at a different frequency than the blue light that is
being absorbed by the red phosphor. In one embodiment, for
color enhancement for objects under solar light, the %

While the 3 % folded resonator in one embodi-

% folded resonator could be designed to be driven by

infrared light from the solar spectrum (e.g. =700 to 1000
nm) to generate the intensified electric field, and the red
phosphor disposed in the region of intensified electric field
would have a brighter red emission than if the intensified
electric field were not present.

[0187] FIG. 6 is diagram showing a pattern of % % folded
resonators 22 distributed in space. As to be discussed in
more detail later, there are numerous ways to distribute the

%4 4% folded resonators. The present invention is not limited
to the regular, uniformly spaced and sized resonators shown
in FIG. 6. There is no requirement that the distribution be
regular, uniformly spaced, uniformly sized, or uniformly
oriented. Differently sized, spaced, and oriented resonators
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may provide better utilization of the full spectrum of the sun
or any other light source incident on the object.

[0188] FIG. 7A is a diagram showing a pattern of %

# folded resonators 22 distributed in a plane or otherwise
along a surface of an object. In one embodiment, this pattern
could be formed by lithographic or stamping processes onto
a planar surface such as a glass plate or onto a curved sheet
type product. In one embodiment, the glass plate could itself
be a phosphorescent plate or could have sections of different
phosphorescent material deposited in a pattern that would
align/match the respective positions of the opposing elec-
trodes on each resonator. In one embodiment, the sheet
product could be a laminate type of product applied to for
example a nominally white object. Upon solar irradiation,
the infrared part of the solar spectrum (normally only
heating the surface) would generate the intensified electric
field regions. In those regions, down converting phosphors
converting deep blue and ultraviolet light to visible light
would convert the deep blue and ultraviolet light of the solar
spectrum to visible light, and the intensified electric field
would enhance greater visible light emission.

[0189] Inone embodiment, the energy augmentators could
be disposed on a perforated sheet, as shown in FIG. 7B. The
perforations in one embodiment are in the regions of inten-
sified electric field such that phosphors or other energy
converting materials or devices could be disposed in the
perforations.

[0190] In one embodiment (for color enhancement), the
sheet product could be a laminate type of product applied to
for example a nominally green object. Upon solar irradia-
tion, the infrared part of the solar spectrum (normally only
heating the surface) would generate the intensified electric
field regions. In those regions, down converting phosphors
converting blue, deep blue and ultraviolet light to green light
would convert the blue, deep blue, and ultraviolet light of the
solar spectrum to green light and the intensified electric field
would enhance greater green light emission.

[0191] In one embodiment, the sheet product could be a
laminate type of product applied to for example a nominally
red object. Upon solar irradiation, the infrared part of the
solar spectrum (normally only heating the surface) would
generate the intensified electric field regions. In those
regions, down converting phosphors converting green, blue,
deep blue and ultraviolet light to red light would convert the
green, blue, deep blue and ultraviolet light of the solar
spectrum to red light and the intensified electric field would
enhance greater red light emission.

[0192] Inone embodiment, the energy augmentators could
be disposed on a sheet and then separated into distinct
pieces, as shown in FIG. 7C, which could be readily added
and mixed into a medium to be processed.

[0193]

% folded resonators 22 distributed in a plane or otherwise
along a surface of an object and having a different orienta-
tion than in FIG. 7. By having different orientations, the
rotating polarized sun light waves which may at one instance
not have an electric field alignment conducive to driving the

FIG. 8 is a diagram showing a pattern of ¥

%4 % folded resonators, would have their electric field align-
ment conducive to driving resonators of a different orienta-
tion and therefore better aligned. Accordingly, if the sheet
type products were used, layers of differently oriented %4

% folded resonators could be stacked together.
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[0194] FIG. 9 is a diagram showing a pattern of %

% folded resonators 22 having an energy converter, a light
or electron emitting material, or a color emitting or color
converter material (i.e., emissive material 24) deposited in
the region of between the opposing electrodes. Here, while
shown in a plan view, the color converting or enhancing
material deposited in the region of between the opposing
electrodes may be deposited such that the color converting
or enhancing material has an upper surface raised above the

metal traces of the 34 % folded resonators. In this embodi-
ment, the raised sections would intercept fringing fields of
the intensified electric field between the opposing elec-
trodes.
[0195]

% folded resonators 22 having an energy converter, a light
or electron emitting material, or a color emitting or color
converter material (i.e., emissive material 24) deposited in
the region of between the opposing electrodes. Here, as
before, the color converting or enhancing material deposited
in the region of between the opposing electrodes may be
deposited such that the color converting or enhancing mate-
rial has an upper surface raised above the metal traces of the

FIG. 10 is a diagram showing a pattern of %

34 A folded resonators. In this embodiment, the raised
sections would intercept fringing fields of the intensified
electric field between the opposing electrodes. In this
embodiment, the raised sections would extend around the
corners where geometrically the corners would further inten-
sify the electric field.

[0196] FIG. 11 is a diagram showing a pattern of %

% folded resonators 22 having an energy converter, a light
or electron emitting material, or a color emitting or color
converter material (i.e., emissive material 24) deposited in
the region of between the opposing electrodes. Here, as
before, the color converting or enhancing material deposited
in the region of between the opposing electrodes may be
deposited such that the color converting or enhancing mate-
rial has an upper surface raised above the metal traces of the

34 % folded resonators. In this embodiment, the raised
sections would intercept fringing fields of the intensified
electric field between the opposing electrodes. In this
embodiment, the raised sections would extend around the
corners where geometrically the corners would further inten-
sify the electric field and would extend around the ends of
the opposing electrodes.

[0197] In these embodiments shown in FIGS. 9, 10, and
11, the energy converters, or light or electron emitting
materials, or color emitting or color converter materials (i.e.,
emissive materials 24) are disposed in a vicinity of one or

more energy augmentation structures (i.e., the 3% % folded
resonators). As such, the energy augmentation structures
preferably are in a region of intensified electric field. The
intensified electric field may represent a region of intensified
energy especially if there is electrical current flow conduc-
tively coupling the energy converter to the one energy
augmentation structures. In later embodiments, conductively
coupling the energy converter to the one energy augmenta-
tion structures has advantages. Accordingly, the energy
converters or color converting or enhancing materials dis-
posed in a vicinity of one or more energy augmentation
structures may have a physical conductive connection
between the energy converter and the at least one energy
augmentation structure. Alternatively, the coupling may be
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more that of radiatively or capacitively coupling the electric
fields from the resonant structure into energy converters or
color converting or enhancing materials disposed inside the
energy augmentation structure, outside the energy augmen-
tation structure, in a layer with the energy augmentation
structure, or in a layer above or below the energy augmen-
tation structure.

[0198] As used herein, in a vicinity of refers to the
disposition of one thing inside the structure of another thing,
outside and nearby or adjacent the structure of the other
thing, and can include the disposition of one thing above or
below the other thing in any three dimensional direction.
Accordingly, in one embodiment of the present invention,
the color converting or enhancing materials are disposed in
a vicinity of the energy augmentation structures.

[0199] FIG. 12 is a diagram showing a pattern of %

% folded resonators 30 having for its metal traces a fractal
pattern for the electrical path that loops around to connect
the opposing electrodes. A fractal pattern for the electrical
path with this pattern means that the metal trace can support

various wavelengths resonating with the 3% % characteris-
tics because of the multiplicity of possible loop paths
available because the widths of each segment of the con-
ductive path vary in width permitting electrical paths of
different physical lengths to exist around the loop.

[0200] FIG. 13 is a diagram showing another fractal
antenna segment 32 where the straight-line sides of the
metal pads have regions 24 of locally intensified electric
field. Here, in one embodiment, the fractal antenna segment
is designed for resonance in the infrared range, with the
intensifies electric field regions 34 (for example as shown
toward the straight-line sides of the metal pads being the
place where blue phosphors and red phosphors (or other
emissive materials 24) would be deposited such that their
emission, would be enhanced the intensified electric fields in
those regions 34.

[0201] FIG. 14 is a diagram showing a repeated pattern
(array) of the fractal antenna segments 32 of FIG. 13.
[0202] FIG. 15 is a diagram showing a pattern (array) of
bowtie fractal antenna segments, providing an alternative
embodiment to the fractal antenna segments of FIG. 14.
[0203] In one embodiment of the invention, the resonant
structures can comprise three-dimensional fractal patterns.
Known in the art is the fabrication of three-dimensional
fractal structures by nanoscale anisotropic etching of silicon
such as described in Nanoscale etching of 3d fractal struc-
tures with many applications including 3d fractal antennas
and structures for filters, by Brian Wang, Jun. 22, 2013, in
the Journal of Micromechanics and Microengineering,
(available at www.nextbigfuture.com/2013/06/nanoscale-
etching-of-3d-fractal.html) the entire contents of which are
incorporated herein by reference. In one embodiment of the
invention, metal is deposited over a silicon three-dimen-
sional fractal structure to form a multi-dimensional light
collector.

[0204] FIG. 16 is a diagram showing a paired three-
dimensional fractal structure with regions 34 of an intensi-
fied electric field in between the pairs. The paired three-
dimensional fractal structure is a color enhancement
structure according to one embodiment of the invention. In
one embodiment of the invention, these pyramidal type
structures would be metallized with opposing faces metal-
ized, a first loop conductor formed around the other sides of
the first pyramid, then connecting across a region between
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the pair, and then a second loop formed around the sides of
the second pyramid to the metallized opposing face of the
second pyramid, to mimic (as seem from above) the %
% folded resonators shown in FIG. 3.

[0205] In one embodiment, converter (emissive) materials
24 would be disposed nearby different sections of the
pyramidal type structures and preferably between the oppos-
ing faces of the pair where the intensified electric field
(depicted by the arrows) exists. With the three-dimensional
aspect of this invention, red, yellow, green, and blue con-
verters (or other designated emitters) could be disposed at
different levels within this region of intensified electric field.
[0206] FIG. 17 is a diagram showing a pattern (array) of
the paired three-dimensional fractal structures of FIG. 16.
[0207] Inthese embodiments shown in FIGS. 12 to 17, the
energy converters, or light or electron emitting materials, or
color emitting or color converter materials (i.e., emissive
materials 24) are disposed in a vicinity of one or more
energy augmentation structures (i.e., the ¥ It folded reso-
nators). As such, the energy augmentation structures pref-
erably are in a region of intensified electric field. The
intensified electric field may represent a region of intensified
energy especially if there is electrical current flow conduc-
tively coupling the energy converter to the one energy
augmentation structures. In later embodiments, conductively
coupling the energy converter to the one energy augmenta-
tion structures has advantages. Accordingly, the energy
converters, or light or electron emitting materials, or color
emitting or color converter materials disposed in a vicinity
of one or more energy augmentation structures may have a
physical conductive connection between the energy con-
verter and the at least one energy augmentation structure.
Alternatively, the coupling may be more that of radiatively
coupling the electric fields from the resonant structure into
energy converters or color converting or enhancing materi-
als disposed inside the energy augmentation structure, out-
side the energy augmentation structure, in a layer with the
energy augmentation structure, or in a layer above or below
the energy augmentation structure.

[0208] The energy augmentation structures are not limited
to those shown above. Other variants are possible. More-

over, in one embodiment of the invention, the ¥ % folded
resonators need not to have the “folded sections” which fold
inwards as shown in FIG. 3. Instead, as shown in FIG. 18,

the ¥ & resonators of the invention can have folded sections
which fold outward with the regions of intensified electric
field being outside of the “loop” of the resonator. The distal
ends of the antenna protrude outwardly while maintaining
parallelism. Specifically, FIG. 8 is a schematic of a %

% external-electrode folded resonator 22. This external,
opposed electrode pair design follows the general appor-
tioning, scaling aspects, converter material placement, etc.,
shown in FIGS. 5 through 11 but with the internal folded
sections being replaced by the external-electrode pair.

[0209] In one embodiment of the invention, the ¥
% external-electrode folded resonator 22 provides the capa-
bility to be packed in a concentric-type arrangement with
progressively increasing or decreasing size resonators.
These resonators are maintained in plane with no overlap-
ping distal ends. FIG. 19 is a schematic of a plurality of
concentric-type ¥ # external-electrode folded resonators

22. Since each of the 3% % external-electrode folded reso-
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nators 22 has a different electrical length, the plurality of

concentric-type ¥ % external-electrode resonators will be
“tuned” to the different wavelengths associated with the
respective electrical lengths. Three different frequencies are
therefore focused between the distal ends of the antennas.

[0210] In another embodiment, FIG. 20 is a schematic of

a plurality of concentric-type 3% % external-electrode folded
resonators 22 with overlapping electrodes. In one embodi-
ment, the overlapping provides a more concentrated/en-
hanced field region than in the non-overlapping arrangement
of FIG. 19.

[0211] The present invention is not limited to planar
concentric type packing arrangements as shown in FIG. 19
or 20. The three different % wavelength resonators in FIG.
20 are maintained in plane with overlapping distal ends.
These antennas are inductively coupled. In one embodiment,
the present invention utilizes an off plane configuration with
axial symmetry where the antennas are in an axially rotated,
multiple frequency, interleaved ¥4 wave resonator structure.
FIG. 21 is a schematic of an axially rotated, multiple
frequency, interleaved ¥4 wave resonators 22 showing (in
this example) three differently sized resonators for multiple
frequency resonance disposed about/along a common axis
but axially rotated. In one embodiment, in this configuration,
the resultant electric field is concentrated without one elec-
trode section perturbing the electric fields from another.
[0212] In a further embodiment, there is provided an
energy collector comprising at least one energy augmenta-
tion structure; and at least one energy converter capable of
receiving an applied electromagnetic energy, converting the
applied electromagnetic energy and emitting therefrom an
emitted electromagnetic energy shifted in wavelength or
energy from the applied electromagnetic energy and the
energy converter being disposed in a vicinity of the at least
one energy augmentation structure such that the emitted
electromagnetic energy is emitted with at least one aug-
mented property compared to if the energy converter were
remote from the at least one energy augmentation structure.
[0213] In one embodiment, the present invention can use

different levels for disposing % % resonators thereon

regardless of the resonators being % % internally-folded

resonators or % A external-electrode resonators. This pack-
ing is shown in FIGS. 22 and 23 for configuration in parallel
planes with distal ends folded in or protruding out respec-
tively.
[0214]

FIG. 20 having a plurality of concentric-type ¥% % external-
electrode resonators 22, the antennas are inductively
decoupled. This configuration allows the electric field to be
focused from three different frequencies in a longer path.
This configuration can be used to create a mirror image
configuration to extend the length of focused electric field as
is illustrated in FIG. 24A.

[0215] The resonator configuration in this case is mirror
imaged with another set of antennas (folded resonators 22)
to create a longer path (doubled) of focused electric field.
[0216] Furthermore, the resonator antenna configuration
can be placed in more creative ways to enhance the electric
field focusing around a target as is illustrated in the FIG.
24B.

[0217] The configuration in FIG. 25 allows the surround-
ing of a target within the plane of the resonator structure/

In the embodiment of the invention depicted in
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antenna for the purpose of heating and focusing energy
around the target. This prevents heat dissipation in silicon
where the thermal conductivity is high. The silicon substrate
in such an instance can be single crystalline, polycrystalline
or amorphous.

[0218] In one embodiment of the present invention, an
“energy augmentation structure” represents a structure
whereby a spatial region of the energy collector contains a
converter material (or other light or electron emitting mate-
rial) exposed to energy which stimulates emission of light at
a different energy (wavelength) from that to which it is
exposed while being in a spatial area/volume (e.g., between
or around or in a vicinity of the folded structures or the
external-electrode pairs) where there is an artificially
induced higher electrical field and/or a higher energy den-
sity. These artificial regions can be produced for example by
use of structures including, but not limited to, multiple level
collection optics, resonators, fractal antennas, and electrical
grid (or electrode) patterns.

[0219] By having the light or electron emitting materials
disposed in a vicinity of the energy augmentation structures
of this invention, regardless of the whether the energy
augmentation structure is in a region of intensified electric
field or otherwise outside the region of intensified electric
field, the energy augmentation structures of the invention are
able to produce light which can be used for a variety of
applications, in particular for photo-stimulation of biologi-
cal, chemical, and physical reactions such as for example
photoactivation of photoreactive drugs, photoactivation of
photosensitive materials such as adhesives or lithographic
photoresists, or for direct interaction with biological and
chemical agents in the environment of the augmentation
structures, as in sterilization.

[0220] In one embodiment, the light or electron emitting
materials noted above are disposed with an energy augmen-
tation structure comprising one or more of an electromag-
netic resonator structure, a folded resonator structure, and a
fractal resonating structure, any of which having a region of
an intensified electromagnetic field within the resonating
structures.

[0221] Inone embodiment, the energy converter or light or
electron emitting materials noted above includes one or
more luminescing materials. As described herein, there are
uses of the energy augmentation structure and/or energy
collector embodiments which enhance bioluminescence,
chemo-luminescence, photoluminescence, fluorescence,
mechano-luminescence, and/or electron emission.

[0222] In one embodiment, the energy converter or light
emitting materials noted above includes for the one or more
luminescent materials phosphorescent materials, fluorescent
materials, electroluminescent materials, chemo-luminescent
materials, bioluminescent materials, and mechano-lumines-
cent materials used in conjunction with or not in conjunction
with the energy augmentation structure noted above. When
used in conjunction with the energy augmentation structure
noted above, the emitted electromagnetic energy from the
luminescent material is emitted with at least one augmented
property compared to if the energy converter (e.g., the
luminescent material) were remote from the at least one
energy augmentation structure.

[0223] In one embodiment, the bioluminescent materials
are UV-emitting bioluminescent materials such as catalyzed
luciferase and luminescent proteins.
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[0224] In one embodiment, the energy converter or light
emitting materials noted above includes for the one or more
luminescing materials phosphorescent materials, fluorescent
materials, electroluminescent materials, chemo-luminescent
materials, bioluminescent materials, and mechano-lumines-
cent materials used in conjunction with or not in conjunction
with the energy augmentation structure noted above and
which emit one of ultra-violet, visible, near infrared, and
infrared light. In this embodiment, UV-emitting electrolu-
minescent materials or mechano-luminescent devices and
materials can be used. In this embodiment, UV-emitting
bioluminescent materials can be used.

[0225] In some embodiments, metallic patterns form a
folded resonator having opposing electrodes with electric
fields directed in between, and a converter is positioned
between the opposing electrodes or within fringing electric
field of the opposing electrodes or otherwise in a vicinity of
the opposing electrodes. In one example, the folded reso-

nator is a % % folded resonator. In one example, metallic
patterns comprise at least one of Au, Ag, Cu, Al, or trans-
parent metal oxides. In another example, the metallic pat-
terns can be formed with refractory metals such for example
Ti, W, and Mo.

[0226] In some embodiments, the metallic patterns refer-
enced above comprise an external external-electrode pair
structure having opposing electrodes with electric fields
directed in between, and a converter is positioned between
the opposing electrodes or within fringing electric field of
the opposing electrodes or otherwise in a vicinity of the
opposing electrodes. In one example, the resonator is a %

# external-electrode pair resonator. In one example, metal-
lic patterns comprise at least one of Au, Ag, Cu, Al, or
transparent metal oxides. In another example, the metallic
patterns can be formed with refractory metals such for
example Ti, W, and Mo.

[0227] In some embodiments, plural resonators and plural
converters are disposed at multiple positions throughout a
light collector. In one example, the plural converters are
positioned to convert light being internally scattered within
the light collector.

[0228] In some embodiments of the energy augmentation
structures, a first level of metallic patterns (or a second level
of metallic patterns) comprises a metal core cladded with a
high-K dielectric and a subsequent cladding of a low-K
dielectric. In some embodiments of the energy augmentation
structures, the first level of metallic patterns noted above (or
the second level of metallic patterns) comprises a radial
pattern of conductors. In some embodiments of the energy
augmentation structures, the first level of metallic patterns
noted above (or the second level of metallic patterns)
comprises a fractal pattern. In one example, the fractal
pattern is embedded within a dielectric material.

[0229] In some embodiments of the energy augmentation
structures, the first level of metallic patterns noted above (or
the second level of metallic patterns) comprises a three-
dimensional fractal structure.

[0230] In some embodiments of the energy augmentation
structures, there is provided a panel with the first level of
metallic patterns and the second level of metallic patterns
and optionally multiple converters formed therein or
thereon. In some embodiments of the augmentation struc-
tures, there is provided a sheet with the first level of metallic
patterns and the second level of metallic patterns and
optionally multiple converters formed therein or thereon.
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[0231] In some embodiments of the energy augmentation
structures, the first level of metallic patterns noted above (or
the second level of metallic patterns) is of different sizes
and/or orientations to each other of the first level of metallic
patterns or with respect to the second level of metallic
patterns.

[0232] In another embodiment, the energy augmentator
can collect or distribute light.

[0233] FIG. 25A is a schematic illustrating a distributed
point light collector/transmitter of the invention showing a
distribution of branches that can either collect light from
distributed points 710 or conversely can distribute light from
a central source 766 to the distributed points 710. The
section of the collector/transmitter is shown in FIG. 25B
showing a core metal, an optional light converter material,
a high K dielectric, and a low K dielectric. In this arrange-
ment, as shown, light is confined and not loss to scatter out
of the collector/transmitter, except at the ends.

[0234] B. Energy Converters

[0235] In various embodiments of the invention, energy
converters can be used with or without the energy augmen-
tators described above. In some embodiments, the convert-
ers are for up conversion of light e.g., from the IR regime
into visible electromagnetic radiation and for down conver-
sion of light e.g., from the UV range into visible electro-
magnetic radiation.

[0236] The invention in various embodiments up converts
energy, preferably light in the visible spectrum. The inven-
tion encompasses a variety of applications where the up and
down conversion materials with or without the energy
augmentators are included to enhance electromagnetic
energy emission, preferably light or photon emission. When
an energy augmentator is present, it may be separate from or
connected to the energy converter In certain embodiments,
the energy converter can have the energy augmentator
formed on its surface through chemical vapor deposition
(“CVD”) or physical vapor deposition (“PVD”) processes or
other nanoscale “printing” methods. Such embodiments may
be particularly useful in methods for treating human or
animal patients, in which having such energy augmentators
“imprinted” on a surface of the energy converter can guar-
antee proximity between the energy augmentator and the
energy converter to maximize the interaction with the energy
being applied. Alternatively, the energy augmentator can be
formed on a surface of an inert non-energy converting
particle, formed, for example, from silica or formed from a
non-energy converting particle coated with an biologically
and/or chemically inert coating (such as, for example, dia-
mond, diamond-like carbon, or similar inert materials). Such
an energy augmentator can then be co-administered with the
energy converter to the human or animal patient.

[0237] Suitable energy modulation agents or energy con-
verters (the two terms are used interchangeably herein) of
the invention include, but are not limited to, a biocompatible
fluorescing metal nanoparticle, fluorescing dye molecule,
gold nanoparticle, a water soluble quantum dot encapsulated
by polyamidoamine dendrimers, a luciferase (biolumines-
cence), a biocompatible phosphorescent molecule, a com-
bined electromagnetic energy harvester molecule, and a
lanthanide chelate capable of intense luminescence.

[0238] Alternatively, the energy modulation agent or
energy converter can emit energy in a form suitable for
absorption at a target site or receptor. For example, the
initiation energy source may be acoustic energy and one
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energy converter may be capable of receiving acoustic
energy and emitting photonic energy (e.g. sonoluminescent
molecules) to be received by another energy converter that
is capable of receiving photonic energy. Other examples
include energy converters that receive energy at x-ray wave-
length and emit energy at UV wavelength, preferably at
UV-A wavelength. A plurality of such energy converters
may be used to form a cascade to transfer energy from
initiation energy source via a series of energy converters.
[0239] Resonance Energy Transfer (RET) is an energy
transfer mechanism between two molecules having overlap-
ping emission and absorption bands. Electromagnetic emit-
ters are capable of converting an arriving wavelength to a
longer wavelength. For example, UV-B energy absorbed by
a first molecule may be transferred by a dipole-dipole
interaction to a UV-A-emitting molecule in close proximity
to the UV-B-absorbing molecule. Alternatively, a material
absorbing a shorter wavelength may be chosen to provide
RET to a non-emitting molecule that has an overlapping
absorption band with the transferring molecule’s emission
band. Alternatively, phosphorescence, chemiluminescence,
or bioluminescence may be used to transfer energy to a
target site or a receptor such as a photoactivatable agent.
[0240] In a further embodiment, a biocompatible emitting
source, such as a fluorescing metal nanoparticle or fluoresc-
ing dye molecule, is selected as an energy converter that
emits in the UV-A band. In another embodiment, an energy
converter comprising a UV-A emitting source can be a gold
nanoparticle comprising for example a cluster of 5 gold
atoms.

[0241] In another embodiment, an energy converter com-
prising a UV- or light-emitting luciferase is selected as the
emitting source. A luciferase may be combined with ATP or
another molecule, which may then be oxygenated with
additional molecules to stimulate light emission at a desired
wavelength. Alternatively, a phosphorescent emitting source
may be used as the energy converter. One advantage of a
phosphorescent emitting source is that the phosphorescent
emitting molecules or other source may be electroactivated
or photoactivated prior to insertion into the tumor either by
systemic administration or direct insertion into the region of
the tumor. Phosphorescent materials may have longer relax-
ation times than fluorescent materials, because relaxation of
a triplet state is subject to forbidden energy state transitions,
storing the energy in the excited triplet state with only a
limited number of quantum mechanical energy transfer
processes available for returning to the lower energy state.
Energy emission is delayed or prolonged from a fraction of
a second to several hours. Otherwise, the energy emitted
during phosphorescent relaxation is not otherwise different
than fluorescence, and the range of wavelengths may be
selected by choosing a particular phosphor.

[0242] In one embodiment, the energy converters of the
invention can include persistent after-glow phosphor mate-
rials emitting light in the visible to near ultraviolet and
ultraviolet range. In one embodiment, Eu-doped strontium
aluminate is used as an energy converter in which deep UV
light or x-ray or electron beans “charge” the photolumines-
cence such that these phosphors can be charged outside for
example a patient and then injected into target or diseased
site. where UV photons would be emitted. In another
embodiment, gadolinium strontium magnesium aluminate is
used as an energy converter in which deep UV light or x-ray
or electron beans “charge” the photoluminescence such that
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these phosphors can be charged outside for example a
patient and then injected into target or diseased site where
UV photons would be emitted. U.S. Pat. Appl. Publ. No.
20070221883 (the entire contents of which are incorporated
herein by reference) describes specifically gadolinium-acti-
vated strontium magnesium aluminate having an excitation
maximum at about 172 nm, and which emits in a narrow-
band UV emission at about 310 nm. The ’883 publication
also describes other useful energy converters for this inven-
tion, making note of emission spectra between 300 nm and
320 nm for a Sr(Al,Mg),,0,,:Gd phosphor and two 312 nm
line emitting phosphors, YMgB;O,,Gd, Ce and
YMgB.O,,:Gd, Ce, Pr. WO2016200349 (the entire contents
of which are incorporated herein by reference) describes
long lasting yellowish-green emitting phosphorescent pig-
ments in the strontium aluminate (SrAl204) system, which
could serve as energy converters in the present invention.
WO 2016200348 (the entire contents of which are incorpo-
rated herein by reference) describes long lasting bluish-
green emitting phosphorescent pigments in the strontium
aluminate (Sr4Al14025) system, which could serve as
energy converters in the present invention. Xiong et al in
“Recent advances in ultraviolet persistent phosphors,” Opti-
cal Materials X 2 (2019) (the entire contents of which are
incorporated herein by reference) describes a number of
ultraviolet persistent phosphors that could as energy con-
verters in the present invention. The table below provides a
listing of such persistent phosphors:

SrO:Pb?* 390 >1 h
CaAl,0,:Ce® Th>* 400 >10 h
CaAl,0,:Ce* Tb** 413 >10 h
Sr,ALLSi0,:Ce?* 400 several minutes
S1Z10; 395 <1000 s
BaZrO3;:Mg?* 400 >2400 s
StZ105:Pr** 356

CdSiO,:Bi* 360

CdSiO,:Bi** Dy** 360

CdSiO;: Bi** Gd** 344 >6 h
S1,MgGe,0:Pb>* 370 >12 h
NaLuGe,0,:Bi** Eu* 400 >63 h
CaZnGe,0g: Bi** 300-700 >12 h
Cs,NaYFq:Pr* 250 >2 h

[0243] In one embodiment, the phosphor described by

Xiong et al as CaAl,0,:Ce** having an emission peak of
400 nm and a persistent time of more than 10 h could be
used, where it would be charged by x-ray irradiation outside
a patient and then injected at a diseased site to provide
internally generated UV light.

[0244] In one embodiment, the persistent phosphors noted
could be activated ex vivo and introduced along with
psoralen (or other photoactivatable drug) into the patient by
exchange of a bodily fluid or for example by supplying the
persistent phosphors and the photoactivatable drug into a
patient’s blood stream.

[0245] In one embodiment, the persistent phosphors noted
could be activated in vivo by injection of the phosphors into
a diseased site and then exposure to x-rays.

[0246] In another embodiment, a combined electromag-
netic energy harvester molecule is designed, such as the
combined light harvester disclosed in J. Am. Chem. Soc.
2005, 127, 9760-9768, the entire contents of which are
hereby incorporated by reference. By combining a group of
fluorescent molecules in a molecular structure, a resonance
energy transfer cascade may be used to harvest a wide band
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of electromagnetic radiation resulting in emission of a
narrow band of fluorescent energy. In another embodiment,
a Stokes shift of an emitting source or a series of emitting
sources arranged in a cascade is selected to convert a shorter
wavelength energy, such as X-rays, to a longer wavelength
fluorescence emission such an optical or UV-A.

[0247] Inone embodiment, a lanthanide chelate capable of
intense luminescence is used as an energy converter. In
another embodiment, a biocompatible, endogenous fluoro-
phore emitter is selected as an energy converter.

[0248] In one embodiment, the energy converters of the
invention can include visible and UV-light emitting biolu-
minescent materials. In one embodiment, bioluminescent
materials such as coelenterate-type luciferin analogues
could be used including amide monoanion known to emit at
480 nm and oxyluciferin known to emit at 395 nm.

[0249] Among various materials, luminescent nanopar-
ticles have attracted increasing technological and industrial
interest. In the context of the invention, nanoparticle refers
to a particle having a size less than one micron. While the
description of the invention describes specific examples
using nanoparticles, the invention in many embodiments is
not limited to particles having a size less than one micron.
However, in many of the embodiments, the size range of less
than one micron, and especially less than 100 nm produces
properties of special interest such as for example emission
lifetime luminescence quenching, luminescent quantum effi-
ciency, and concentration quenching and such as for
example diffusion, penetration, and dispersion into mediums
where larger size particles would not migrate.

[0250] This invention in various embodiments can use a
wide variety of down conversion materials (or mixtures of
down conversion materials) with or without the energy
augmentators to enhance light or photon emission. These
down conversion materials can include quantum dots, semi-
conductor materials, alloys of semiconductor materials,
scintillation and phosphor materials, materials that exhibit
X-ray excited luminescence (XEOL), organic solids, metal
complexes, inorganic solids, crystals, rare earth materials
(lanthanides), polymers, scintillators, phosphor materials,
etc., and materials that exhibit excitonic properties. Accord-
ingly, the down conversion materials to enhance light or
photon emission can convert energy from one of ultraviolet
light, x-rays, and high energy particles to visible light. The
down conversion materials to enhance light or photon emis-
sion can convert energy from higher energy visible light to
lower energy visible light.

[0251] In one embodiment of the invention, a quantum dot
mixture with or without the energy augmentators can be
used for the multiple nanoparticles. Quantum dots are in
general nanometer size particles whose energy states in the
material of the quantum dot are dependent on the size of the
quantum dot. For example, quantum dots are known to be
semiconductors whose conducting characteristics are
closely related to the size and shape of the individual crystal.
Generally, the smaller the size of the crystal, the larger the
band gap, the greater the difference in energy between the
highest valence band and the lowest conduction band
becomes. Therefore, more energy is needed to excite the dot,
and concurrently, more energy is released when the crystal
returns to its resting state. In fluorescent dye applications,
this equates to higher frequencies of light emitted after
excitation of the dot as the crystal size grows smaller,
resulting in a color shift from red to blue in the light emitted.
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Quantum dots represent one way to down convert ultraviolet
light of the spectrum to a targeted wavelength or energy
emission. Quantum dots represent one way to down convert
blue light of the spectrum to a targeted wavelength or energy
emission.

[0252] As described in U.S. Pat. No. 6,744,960 (the entire
contents of which are incorporated by reference), different
size quantum dots produce different color emissions. In that
work and applicable to this invention, quantum dots can
comprise various materials including semiconductors such
as zinc selenide (ZnSe), cadmium selenide (CdSe), cadmium
sulfide (CdS), indium arsenide (InAs), and indium phos-
phide (InP) Another material that may suitably be employed
is titanium dioxide (TiO,). The size of the particle, i.e., the
quantum dot 18, may range from about 2 to 10 nm. Since the
size of these particles is so small, quantum physics governs
many of the electrical and optical properties of the quantum
dot.

[0253] One such result of the application of quantum
mechanics to the quantum dot 18 is that quantum dots absorb
a broad spectrum of optical wavelengths and re-emit radia-
tion having a wavelength that is longer than the wavelength
of the absorbed light. The wavelength of the emitted light is
governed by the size of the quantum dot. For example, CdSe
quantum dots 5.0 nm in diameter emit radiation having a
narrow spectral distribution centered about 625 nm while
quantum dots 18 including CdSe 2.2 nm in size emit light
having a center wavelength of about 500 nm. Semiconductor
quantum dots comprising CdSe, InP, and InAs, can emit
radiation having center wavelengths in the range between
400 nm to about 1.5 um. Titanium dioxide TiO, also emits
in this range. The linewidth of the emission, i.e., full-width
half-maximum (FWHM), for these semiconductor materials
may range from about 20 to 30 nm. To produce this
narrowband emission, quantum dots simply need to absorb
light having wavelengths shorter than the wavelength of the
light emitted by the dots. For example, for 5.0 nm diameter
CdSe quantum dots light having wavelengths shorter than
about 625 nm is absorbed to produce emission at about 625
nm while for 2.2 nm quantum dots comprising CdSe light
having wavelengths smaller than about 500 nm is absorbed
and re-emitted at about 500 nm. In practice, however, the
excitation or pump radiation is at least about 50 nanometers
shorter than the emitted radiation.

[0254] Specifically, in one embodiment of the invention, a
quantum dot mixture (QDM) coating can be deposited using
CVD and or sol-gel techniques using standard precipitation
techniques. The QDM coating can be made of a silicate
structure that does not diminish UV output. Within the
silicate family, silica (Si0,) is suitable since it maximizes
UV transmission through the coating. The coating can
further include a second layer of a biocompatible glass. Such
bio-compatible glass and glass ceramic compositions can
contain calcium, a lanthanide or yttrium, silicon, phosphorus
and oxygen. Other biocompatible materials and techniques
are described in the following patents which are incorpo-
rated herein in their entirety: U.S. Pat. Nos. 5,034,353;
4,786,617; 3,981,736; 3,922,155; 4,120,730; and U.S. Pat.
Appl. Nos. 2008/0057096, 2006/0275368; and 2010/
0023101.

[0255] Further, the down conversion materials for the
invention described here can be coated with insulator mate-
rials such as for example silica which will reduce the
likelihood of any chemical interaction between the lumines-
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cent particles and the medium the particles are included
therein. These and the other conversion materials described
here can be used with or without energy augmentators. For
biocompatible applications of inorganic nanoparticles, one
of the major limiting factors is their toxicity. Generally
speaking, all semiconductor nanoparticles are more or less
toxic. For biocompatible applications, nanoparticles with
toxicity as low as possible are desirable or else the nanopar-
ticles have to remain separated from the medium. Pure TiO,,
7Zn0, and Fe,O; are biocompatible. CdTe and CdSe are
toxic, while ZnS, CaS, BaS, SrS and Y,0; are less toxic. In
addition, the toxicity of nanoparticles can result from their
inorganic stabilizers, such as TGA, or from dopants such as
Eu*, Cr’* or Nd**. Other suitable down conversion mate-
rials which would seem the most biocompatible are zinc
sulfide, ZnS:Mn>*, ferric oxide, titanium oxide, zinc oxide,
zinc oxide containing small amounts of Al,O;, and Agl
nanoclusters encapsulated in zeolite. For non-medical appli-
cations, where toxicity may not be as critical a concern, the
following materials (as well as those listed elsewhere) are
considered suitable: lanthanum and gadolinium oxyhalides
activated with thulium; Er’* doped BaTiO; nanoparticles,
Yb3* doped CsMnCl, and RbMnCl,, BaFBr:Eu?* nanopar-
ticles, Cesium Iodine, Bismuth Germanate, Cadmium Tung-
state, and CsBr doped with divalent Eu.

[0256] In various embodiments of the invention, the fol-
lowing luminescent polymers with or without energy aug-
mentators are also suitable as conversion materials: poly
(phenylene ethynylene), poly(phenylene vinylene), poly(p-
phenylene), poly(thiophene), poly(pyridyl vinylene), poly
(pyrrole), poly(acetylene), poly(vinyl carbazole), poly
(fluorenes), and the like, as well as copolymers and/or
derivatives thereof.

[0257] In various embodiments of the invention, the fol-
lowing materials with or without energy augmentators can
be used similar to that detailed in U.S. Pat. No. 7,090,355,
the entire contents of which are incorporated herein by
reference. For down-conversion, the following materials can
be used. Inorganic or ceramic phosphors or nano-particles,
including but not limited to metal oxides, metal halides,
metal chalcogenides (e.g. metal sulfides), or their hybrids,
such as metal oxo-halides, metal oxo-chalcogenides Laser
dyes and small organic molecules, and fluorescent organic
polymers. Semiconductor nano-particles, such as I1I-VI or
III-V compound semiconductors, e.g. fluorescent quantum
dots. Organometallic molecules including at least a metal
center such as rare earth elements (e.g. Eu, Tb, Ce, Er, Tm,
Pr, Ho) and transitional metal elements such as Cr, Mn, Zn,
Ir, Ru, V, and main group elements such as B, Al, Ga, etc.
The metal elements are chemically bonded to organic groups
to prevent the quenching of the fluorescence from the hosts
or solvents. Phosphors can be used including the Garnet
series of phosphors: (Y,,A,_,)s(Al,B;,)sO,,, doped with
Ce; where Osm, n<l, where A includes other rare earth
elements, B includes B, Ga. In addition, phosphors contain-
ing metal silicates, metal borates, metal phosphates, and
metal aluminates hosts can be used. In addition, nano-
particulates phosphors containing common rare earth ele-
ments (e.g. Eu, Tb, Ce, Dy, Er, Pr, and Tm) and transitional
or main group elements (e.g. Mn, Cr, Ti, Ag, Cu, Zn, Bi, Pb,
Sn, and TI) as the fluorescent activators, can be used.
Materials such as Ca, Zn, Cd in tungstates, metal vanadates,
ZnO, etc. can be used.
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[0258] The commercial laser dye materials obtained from
several laser dye vendors, including Lambda Physik, and
Exciton, etc. can also be used with or without energy
augmentators. A partial list of the preferred laser dye classes
includes: Pyrromethene, Coumarin, Rhodamine, Fluores-
cein, other aromatic hydrocarbons and their derivatives, etc.
In addition, there are many polymers containing unsaturated
carbon-carbon bonds, which also serve as fluorescent mate-
rials and find many optical and fluorescent applications. For
example, MEH-PPV, PPV, etc. have been used in opto-
electronic devices, such as polymer light emitting diodes
(PLED). Such fluorescent polymers can be used directly as
the fluorescent layer of the transparent 2-D display screen
with and without energy augmentators.

[0259] As noted above, semiconductor nanoparticles (e.g.,
quantum dots) can be used with or without energy augmen-
tators. The terms “semiconductor nanoparticles,” in the art
refers to an inorganic crystallite between 1 nm and 1000 nm
in diameter, preferably between 2 nm to 50 nm. A semicon-
ductor nano-particle is capable of emitting electromagnetic
radiation upon excitation (i.e., the semiconductor nano-
particle is luminescent). The nanoparticle can be either a
homogeneous nano-crystal, or comprises of multiple shells.
For example, the nanoparticle can include a “core” of one or
more first semiconductor materials, and may be surrounded
by a “shell” of a second semiconductor material. The core
and/or the shell can be a semiconductor material including,
but not limited to, those of the group II-VI (ZnS, ZnSe,
ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, MgS, MgSe,
MgTe, CaS, CaSe, CaTe, SrS, SrSe, SrTe, BaS, BaSe, BaTe,
and the like) and III-V (GaN, GaP, GaAs, GaSb, InN, InP,
InAs, InSb, and the like) and IV (Ge, Si, and the like)
materials, and an alloy or a mixture thereof.

[0260] Fluorescent organometallic molecules containing
rare earth or transitional element cations can be used for
down conversion materials with or without energy augmen-
tators. Such molecules include a metal center of rare earth
elements including Eu, Tb, Er, Tm, Ce protected with
organic chelating groups. The metal center may also include
transitional elements such as Zn, Mn, Cr, Ir, etc. and main
group elements such as B, Al, Ga. Such organometallic
molecules can readily dissolve in liquid or transparent solid
host media. Some examples of such fluorescent organome-
tallic molecules include: 1.

[0261] Tris(dibenzoylmethane)mono(phenanthroline)eu-
ropium(IIl); 2. Tris(8-hydroxyquinoline)erbium; 3. Tris
(1-phenyl-3-methyl-4-(2,2-dimethylpropan-1-oyl)pyra-

zolin-5-one)terbium(I11); 4. Bis(2-methyl-8-
hydroxyquinolato)zinc; 5. Diphenylborane-8-
hydroxyquinolate.

[0262] Specific examples of down-conversion materials

for red emission include those discussed above and euro-
pium complexes such as those described in JP Laid-open
Patent Publication (Kokai) No. 2003-26969, constructed
such that P-diketone ligand is coordinated to europium
forming an europium complex capable of emitting red
fluorescence. Other specific examples of the rare earth
element complexes include complexes include lanthanum
(Ln), europium (Eu), terbium (Tb), and gadolinium (Gd) and
combinations thereof An europium (Eu) complex is capable
of emitting red fluorescence when irradiated with ultraviolet
rays having a wavelength ranging from 365 nm to 410 nm.
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Terbium (Tb) is capable of emitting green fluorescence
when irradiated with ultraviolet rays having a wavelength of
365 nm.

[0263] In other down-conversion embodiments, the down
conversion materials which emit red light may include
europium, light emitting particles which emit green light
may include Terbium, and light emitting particles which
emit blue or yellow light may include cerium (and/or
thulium). In up-conversion embodiments, up conversion
materials which emit red light may include praseodymium,
light emitting particles which emit green light may include
erbium, and light emitting particles which emit blue light
may include thulium. In embodiments, the conversion mate-
rials can be light emitting particles made of fluorescent
molecules that emit different colors (e.g. red, green, and
blue), or different wavelengths or energies of light. In
embodiments, the conversion materials can be light emitting
particles made of pure organic or organo-metallic dyes with
or without energy augmentators.

[0264] In addition to the combinations of rare earth com-
plexes, such as a combination of a europium complex and a
terbium complex, it is also possible employ a combination
of a europium complex and a green-emitting fluorescent
substance which is not a complex, or a combination of a
terbium complex and a red-emitting fluorescent substance
which is not a complex.

[0265] Other down converter materials (which can be used
with or without energy augmentators) include for example
ZnS, PbS, SbS;, MoS,, PbTe, PbSe, BeO, MgO. Li,CO;,
Ca(OH),, MoQ;, Si0O,, Al,0;, TeO,, SnO,, KBr, KCl, and
NaCl. These materials can include dopants to tailor the
emission properties, as noted above. Examples of doped (or
alloyed) glass systems suitable for the include Y,0,:Gd,
Y,0,:Dy, Y,0,:Tb, Y,0;:Ho, Y,0;:Er, Y,05:Tm, Gd,0;:
Eu, Y,0,S:Pr, Y,0,8:Sm, Y,0,S:Eu, Y,0,S:Tb, Y,0,S:
Ho, Y,0,S:Er, Y,0,S:Dy, Y,0,S:Tm, ZnS:Ag:Cl (blue),
ZnS:Cu:Al (green), Y,0,S:Eu (red), Y,O5:Eu (red), YVO,:
Eu (red), and Zn,SiO,:Mn (green).

[0266] With regard more specifically to down converter
materials suitable for the invention, U.S. Pat. No. 4,705,952
(the contents of which are hereby incorporated herein by
reference) describes an infrared-triggered phosphor that
stores energy in the form of visible light of a first wavelength
and released energy in the form of visible light of a second
wavelength when triggered by infrared light. The phosphors
in U.S. Pat. No. 4,705,952 were compositions of alkaline
earth metal sulfides, rare earth dopants, and fusible salts. The
phosphors in U.S. Pat. No. 4,705,952 were more specifically
phosphors made from strontium sulfide, barium sulfide and
mixtures thereof; including a dopant from the rare earth
series and europium oxide, and mixtures thereof; and includ-
ing a fusible salt of fluorides, chlorides, bromides, and
iodides of lithium, sodium, potassium, cesium, magnesium,
calcium, strontium, and barium, and mixtures thereof. The
materials described in U.S. Pat. No. 4,705,952 are useful in
various embodiments of the invention with or without
energy augmentators. In one example, the infrared-triggered
phosphors would be used in conjunction with the folded
resonators, and the receipt of a microwave or IR signal
would locally heat and trigger emission. (This application
would be particularly well suited for color enhancement
and/or security applications.) In other embodiments of the
invention, the down converter materials (or mixtures of
down converters materials (which can be used with or
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without energy augmentators) can include Y,O5: Li. Sun et
al “Luminescent properties of Li+ doped nanosized Y,0;:
Eu,” Solid State Comm. 119 (2001) 393-396 (the entire
contents of which are incorporated herein by reference)
describe such materials. Hou et al “Luminescent properties
nano-sized Y,0;:Fu fabricated by co-precipitation method,”
Journal of Alloys and Compounds, vol. 494, issue 1-2, 2 Apr.
2010, pages 382-385 (the entire contents of which are
incorporated herein by reference) describe that nano-sized
yttria (Y,0;) powders have been successfully synthesized
by a co-precipitation method. The powders were well crys-
tallized, and the grains were almost spherical with good
dispersibility. The quenching concentration of Eu** ions is 9
mol % which is much higher than micro-scaled powders.
The incorporation of Li+ ions greatly improved the lumi-
nescence intensity. The highest emission intensity was
observed with 4 mol % Li+ doped Y,O;:Eu powder ((Y,
87BU, ool 04),03) and the fluorescence intensity was
increased by as much as 79% . Yi et al “Improved cath-
odoluminescent characteristics of Y,O5:Eu®* thin films by
Li-doping,” Appl. Phys. A 87, 667-671 (2007) (the entire
contents of which are incorporated herein by reference)
describe cathodoluminescent spectra for both Y,0,:Eu*
and Li-doped Y,O,:Eu** films and methods for making
these materials.

[0267] Specific downconverting materials may also
include at least one or more of Y,0;, Y,0;:Gd, Y,0,8S,
NaYF,, NaYbF,, YAG, YAP, Nd,O,, LaF;, LaCl;, La,O;,
TiO,, LuPO,, YVO,, YbF;, YF;, Na-doped YbF;, ZnS,
ZnSe, MgS, CaS, Zn,SiO,:Mn, LaOBr:Tm and alkali lead
silicate including compositions of Si0O,, B,05, Na,O, K,O,
PbO, MgO, or Ag, and combinations or alloys or layers
thereof. Furthermore, the down-converting materials can be
sulfur containing phosphors, which can help for example in
the rubber vulcanization or other photoactivated processes.
An example of such a sulfur containing phosphor is: (Sr,
Ca)Ga,S,. Other examples wherein said phosphor particles
comprise a thiogallate host material selected from the group
consisting of SrGa,S,, CaGa,S,BaGa,S4, MgGa,S, and
solid solutions thereof. The particle size of such phosphor
can be controlled from 25 nm to 300 microns in size as
described in U.S. Pat. No. 6,153,123 A. The downconverting
materials can include a dopant including at least one of Er,
Eu, Yb, Tm, Nd, Mn, Sb, Tb, Ce, Y, U, Pr, La, Gd and other
rare-earth species or a combination thereof. The dopant can
be included at a concentration of 0.01%-50% by mol con-
centration. At times it is preferable to have a combination of
dopants rather than one dopant such is the case for a Mn and
Sb in silicate matrices.

[0268] The invention in other embodiments can use a wide
variety of up conversion materials (or mixtures of up con-
verters) with or without the energy augmentators to enhance
a particular wavelength or energy of light emitted from a
material or surface. These up conversion materials can
include similar materials as discussed above with regard to
down conversion but typically included doped or impurity
states in a host crystal that provide a mechanism for up
conversion pumping. Accordingly, the up conversion mate-
rials to enhance wavelength or energy emission can convert
energy from one of near infrared, infrared, and microwave
irradiation. The upconversion materials to enhance color
emission can convert energy from lower energy visible light
to higher energy visible light.
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[0269] In one example, a nanoparticle of a lanthanide
doped oxide can be excited with near infrared light such as
laser light at 980 nm and 808 nm to produce visible light in
different parts of the red, green, blue spectrum (different
wavelengths or energies) depending on the dopant trivalent
rare earth ion(s) chosen, their concentration, and the host
lattice.

[0270] The lanthanide doped oxides suitable for this
invention differ from more traditional multi-photon up con-
version processes where the absorption of, for example, two
photons is needed in a simultaneous event to promote an
electron from a valence state directly into an upper level
conduction band state where relaxation across the band gap
of the material produces fluorescence. Here, the co-doping
produces states in the band gap of the NaYF, such that the
Yb** ion has an energy state at *F,, pumpable by a single
photon event and from which other single photon absorption
events can populate even higher states. Once in this exited
state, transitions to higher energy radiative states are pos-
sible, from which light emission will be at a higher energy
than that of the incident light pumping the *F , energy state.
In other words, the energy state at °Fs,, of the Yb? ion is the
state that absorbs 980 nm light permitting a population build
up serving as the basis for the transitions to the higher energy
states such as the *F,, energy state. Here, transitions from
the *F.,, energy state produce visible emissions.

[0271] U.S. Pat. No. 7,008,559 (the entire contents of
which are incorporated herein by reference) describes the
upconversion performance of ZnS where excitation at 767
nm produces emission in the visible range. The materials
described in U.S. Pat. No. 7,008,559 (including the ZnS as
well as Er’* doped BaTiO; nanoparticles and Yb*> doped
CsMnCl,) are suitable in various embodiments of the inven-
tion with or without the energy augmentators.

[0272] Further, materials specified for up conversion
materials in the invention (with or without energy augmen-
tation) include CdTe, CdSe, ZnO, CdS, Y,O,, MgS, CaS,
SrS and BaS. Such up conversion materials may be any
semiconductor and more specifically, but not by way of
limitation, sulfide, telluride, selenide, and oxide semicon-
ductors and their nanoparticles, such as Zn, Mn.S , Zn,
Mn,Se,, Zn,,MnTe, Cd, MnS, Cd, MnSe, Cd,,
Mn,Te,, Pb, MnS, Pb,_MnSe, Pb, MnTe, Mg,
sMnS,, Ca, Mn,S,, Ba, Mn.S, and Sr, _, etc. (wherein,
O<x<l, and O<y=<l). Complex compounds of the above-
described semiconductors are also contemplated for use in
the invention—e.g. (M, _N,), ,Mn,A, B, (M=Zn, Cd, Pb,
Ca, Ba, Sr, Mg; N—Zn, Cd, Pb, Ca, Ba, Sr, Mg; A=S, Se,
Te, O; B=S, Se, Te, O; 0<x=l, O<y=l, O<z<l). Two
examples of such complex compounds are Zn, ,Cd, ,Mn,,
2S and Zn, sMn, ; S, sSe, ». Additional conversion materials
include insulating and nonconducting materials such as
BaF,, BaFBr, and BaTiO,, to name but a few exemplary
compounds. Transition and rare earth ion co-doped semi-
conductors suitable for the invention include sulfide, tellu-
ride, selenide and oxide semiconductors and their nanopar-
ticles, such as ZnS; Mn; Er; ZnSe; Mn, Er; MgS; Mn, Er;
CaS; Mn, Er; ZnS; Mn, Yb; ZnSe; Mn, Yb; MgS; Mn, Yb;
CaS; Mn, Yb etc., and their complex compounds: (M,_N.)
1Mo R, )A, B(M=Zn, Cd, Pb, Ca, Ba, Sr, Mg;
N=—Zn, Cd, Pb, Ca, Ba, Sr, Mg; A=S, Se, Te, O; B=S, . .
. 0<z=1, o<qgs=l).

[0273] Some nanoparticles such as ZnS:Tb>*, Er**; ZnS:
Tb**; Y,0,:Tb>*; Y,0,:Tb**, Er**; ZnS:Mn>*; ZnS:Mn,
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Er’* are known in the art to function for both down-
conversion luminescence and upconversion luminescence
and would be suitable for the invention with or without
energy augmentators. In up-conversion embodiments, light
emitting particles which emit red light may include praseo-
dymium, light emitting particles which emit green light may
include erbium, and light emitting particles which emit blue
light may include thulium.

[0274] In general, the upconversion process generally
requires one of more rare-earth dopants, such as Er, Eu, Yb,
Tm, Nd, Tb, Ce, Y, U, Pr, La, Gd and other rare-earth species
or a combination thereof, doped into a dielectric crystal (of
any size>0.1 nm), including at least one of Y,0;, Y,0,S,
NaYF,, NaYbF,, YAG, YAP, Nd,O,, LaF,, LaCl, La,O,,
TiO,, LuPO,, YVO,, YbF;, YF;, Na-doped YbF;, or SiO,,
where incident radiation is at longer wavelength than emis-
sive radiation from the crystal. The wavelength emitted in
based entirely on the dopant ion(s) chosen and their asso-
ciated and relative concentration in the host crystal. For the
example of upconversion in a Y,Oj; host crystal, to achieve
a blue emission (~450-480 nm) one could synthesize [Y,O;;
Yb (3%), Tm (0.2%)], where the Yb and Tm are the
percentages doped in the crystal relative to the Y atoms
being 100%. Likewise, typical green upconversion materials
are [Y,0;; Yb (5§%), Ho (1%)] and [Y,O5; Yb (2%), Er
(1%)], and typical red upconversion materials are [Y,O5; Yb
(10%), Er (1%)] and [Y,O;; Yb (5%), Eu (1%)]. The
concentrations of dopants relative to each other and the
crystal matrix must be tuned for every combination, and
there are multiple ways to achieve multiple wavelength or
energy emissions from even the same dopants.

[0275] Up-conversion of red light with a wavelength of
about 650 nm in Tm>* doped flourozirconate glasses can be
used in the invention to produce blue light. In this system,
the blue light consists of two emission bands; one at 450 nm
which is ascribed to the 1D2—3H4 transition, the others at
475 nm is ascribed to the 1G4—3H6 transition. The emis-
sion intensities of both bands have been observed by others
to vary quadratically with the excitation power. For glasses
with a Tm>* concentration of 0.2 mol % and greater,
cross-relaxation processes occur which decrease the up-
conversion efficiency.

[0276] The emission of visible light upon excitation in the
near-infrared (NIR) has been observed in optically clear
colloidal solutions of LuPO,:Yb**, Tm**, and YbPO,:Er**
nanocrystals in chloroform. Excitation at 975 nm has been
shown by others to produce visible emission in the blue,
green, or red spectral regions.

[0277] Tellurium and germanium oxides (tellurites and
germanates) are also suitable upconverters. These glasses
can be doped with Tm, Yb, Ho, Er, Pr, for example.

[0278] Yb** doped BaZrO, is also suitable for upconver-
sion. Er** and/or Tm>* doping are also suitable for tailoring
the emission wavelengths.

[0279] In another embodiment, Nd**:Cs,NaGdCl, and
Nd**, Yb**:Cs,NaGdCl, polycrystalline powder samples
prepared by Morss method have been reported to be up
converters and are suitable for the present invention. These
materials, under 785 nm irradiation, have shown upconver-
sion emissions near 538 nm (Green), 603 nm (Orange), and
675 nm (Red) were observed and assigned to 4G7/2—419/2,
(4G7/2—4111/2; 4G5/2—419/2), and (4G7/2—4113/2; 4G5/
2—411/2), respectively.
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[0280] In another embodiment, Nd** and Ho** co-doped-
based ZrF, fluoride glasses under 800 nm excitation have
been reported to be up converters and are suitable for the
present invention. Among the up-conversion luminescences
for the ZrF, fluoride glasses, the green emission was seen to
be extremely strong and the blue and red emission intensities
were very weak.

[0281] In another embodiment, Tm>*/Yb**-codoped
TeO,—Ga,0;—R,0 (R—Li, Na, K) glasses have been
reported to be up converters and are suitable for the present
invention. These materials, under excitation at 977 nm,
showed intense blue upconversion emission centered at 476
nm along with a weak red emission at 650 nm.

[0282] In another embodiment, metal-to-ligand charge
transfer (MLCT) transition in [Ru(dmb);]** (dmb=4,4'-di-
methyl-2,2'-bipyridine) in the presence of anthracene or
9,10-diphenylanthracene have been reported to be up con-
verters and are suitable for the present invention. Upcon-
verted singlet fluorescence resulting from triplet-triplet anni-
hilation at low excitation power has been reported. In
particular 9,10-diphenylanthracene (DPA) (substituted for
anthracene) showed higher efficiencies for upconversion. In
these experiments, workers with this material system
assumed that DPA’s increased singlet fluorescence quantum
yield (=0.95) relative to anthracene (=0.27)7. This work lead
to an approximate 24.4+6.1 enhancement of green-to-blue
light upconversion permitting direct visualization of the
process at low excitation power, for example by a commer-
cial green laser pointer (A,,=532 nm, <5 mW peak power).
[0283] In certain embodiments, further energy converters
include, but are not limited to, (not ranked by order of
preference or utility):

[0284] CaF,, ZnF,, KMgF,, ZnGa,0,, ZnAl,O,,
7n,810,, 7Zn,GeO,, Cas(PO,):F, Srs(PO,);F, CaSiO;,
MgSiO,, ZnS, MgGa,0,, LaAl, 0, Zn,Si0,, Ca (PO,)F,
Mg, Ta,0,, CaF,, LiAl;Og, LiAlO,, CaPO,, AlF,, and
LuPO,:Pr’*. Examples further include the alkali earth chal-
cogenide phosphors which are in turn exemplified by the
following non-inclusive list: MgS:Eu®*, CaS:Mn>*, CaS:Cu,
CaS:Sb, CaS:Ce**, CaS:Eu**, CaS:Eu**Ce**, CaS:Sm>",
CaS:Pb**, CaO:Mn**, CaO:Pb**.

[0285] Further examples include the ZnS type phosphors
that encompass various derivatives: ZnS:Cu,Al(CI), ZnS:Cl
(Al), ZnS:Cu,I(CI), ZnS:Cu, ZnS:Cu,In.

[0286] Also included are the compound IIIb-Vb phos-
phors which include the group I1Ib and Vb elements of the
periodic table. These semiconductors include BN, BP, BSb,
AIN, AIP, AlAs, AlSh, GaN, GaP, GaAs, GaSh, InN, InP,
InAs, InSb and these materials may include donors and
acceptors that work together to induce light emission diodes.
These donors include, but are not limited to, Li, Sn, Si, Li,
Te, Se, S, O and acceptors include, but are not limited to, C,
Be, Mg, Zn, Cd, Si, Ge. Further included are the major GaP
light emitting diodes which include, but are not limited to,
GaP:Zn,0, GaP:NN, Gap:N and GaP, which emit colors
Red, Yellow, Green and Pure Green respectively.

[0287] The materials can further include such materials as
GaAs with compositional variation of the following sort:
In, (Ga, Al)P.

[0288] Also included is silicon carbide SiC, which has
commercial relevancy as a luminescent platform in blue
light emitting diodes. These include the polytypes 3C—SiC,
6H—SiC, 4H—SiC with donors such as N and Al and
acceptors such as Ga and B.

Jun. 23,2022

[0289] Further examples include multiband luminescent
materials include, but not limited to, the following compo-
sitions (Sr, Ca, Ba)s(PO,);Cl:Eu**, BaMg,Al, ;O,,:Eu**,
CeMgAl,,0,,:Ce**:Tb**, LaPO,:Ce**:Tb**, GAMgB,0,,:
Ce,:Tb**, Y,0,Eu**, (Ba,CaMg)s(PO,),Cl:Eu**, 2SrQ,
24P2050.16B203:Eu**, Sr,Al, ,0,.:Eu®*.

[0290] Materials typically used for fluorescent high pres-
sure mercury discharge lamps are also included. These can
be excited with X-Ray and are exemplified by way of family
designation as follows: Phosphates (Sr, MXPQ,),:Sn>**, Mg
or Zn activator, Germanate 4MgO.GeO,:Mn**, 4(MgO,
MgF,)GeO,:Mn**, Yttrate Y,O5:Eu*, Vanadate YVO,:
Ev**, Y(@PV)O,Ev**, YPV)O,In*, Halo-Silicate
Sr,Si;04,SrCl,:Eu®*, Aluminate (Ba,Mg),Al, ;O,,:Eu?*,
(Ba, Mg),Al, ,0,,:Fu** Mn**, Y,0,A1,0,:Tb>*,

[0291] Another grouping by host compound includes
chemical compositions in the halophosphates phosphors,
phosphate phosphors, silicate phosphors, aluminate phos-
phors, borate phosphors, tungstate phosphors, and other
phosphors. The halophosphates include, but are not limited
to: 3Cay(PO,),.Ca(F,Cl),:Sb**, 3Ca,(PO,), Ca(F,Cl),:Sb>*/
Mn?*, Sr,o(PO,)sCl,:Eu**, (Sr,Ca),,(PO,)sCl,:Eu**, (Sr,
Ca),,(PO,)snB,05:Eu**, (Sr, CaMg),,(PO,)sCl,:Eu*.
The phosphate phosphors include, but are not limited to:
Sr,P,0,:Sn**, (Sr,Mg),;(PO,),:Sn**, Ca,(PO,),.Sn**, Ca,
(PO,),:TI*, (Ca,Zn);(PO,),:TI*, Sr,P,0,:Bu**, SrMgP,0,:
Eu?*, Sr3(PO,),:Eu**, LaPO,:Ce**, Th**, La,0,.0.2Si0,.0.
9P,0,:Ce**.T?*, BaO.TiO,.P,0;. The silicate phosphors
7n,Si0,:Mn>*, CaSiO,:Pb**/Mn**, (Ba, Sr, Mg),Si,O,:
Pb**, BaSi,O:Pb**, Sr,Si;04.2SrCL,:Eu**, Ba,MgSi,Oy:
Eu**, (Sr,Ba)Al,Si,O:Fu**.

[0292] The aluminate phosphors include, but are not lim-
ited to: LiAIO,:Fe®, BaAlgO,:Fu**, BaMg,Al, ,O,,:Eu**,
BaMg,Al, ;O,,:Eu**/Mn**, Sr,Al,,0,:Fu?*,
CeMgAl,,0,,:Ce**/Th>.

[0293] The borate phosphors include: Cd,B,05:Mn?**,
S1B,0,F:Eu**, GAMgB.0,,:Ce**/Tb**, GAMgB.O, ,:Ce**/
Mn**, GAMgB;0, ,:Ce**/Tb**/Mn>*.

[0294] The tungstate phosphors include, but are not lim-
ited to: CaWO,, (Ca,Pb)WO,, MgWO,. Other phosphors
Y,0,:Eu*t, Y(V,P)O,:Eu**, YVO,:Dy**, MgGa,O,:Mn?*,
6Mg0.As,O5:Mn**, 3.5Mg0.0.5MgF,.GeO,:Mn**.

[0295] The activators to the various doped phosphors
include, but are not limited to: TI*, Pb?*, Ce**, Eu**, WO,*",
Sn?*, Sb**, Mn?*, Th**, Ev**, Mn**, Fe**. The lumines-
cence center T1* is used with a chemical composition such
as: (Ca,Zn);(PO,),:TI*, Cay(PO,),:T1". The luminescence
center Mn>* is used with chemical compositions such as
MgGa,0,:Mn**, BaMg,Al, 0,,:Eu**/Mn**, Zn,SiO,:
Mn>*,  3Ca,(PO,),.Ca(F,C1),:Sb**/Mn**,  CaSiO,:Pb>*/
Mn?*, Cd,B205:Mn**, CdB,O5:Mn?*, GdMgB,0,,:Ce**/
Mn**, GdMgB,0,,:Ce**/Tb>*/Mn>*. The luminescence
center Sn2+ is used with chemical compositions such as:
Sr,P,0,:Sn%*, (Sr,Mg);(PO,,),:Sn**. The luminescence cen-
ter Eu®* is used with chemical compositions such as:
StB,O,F:Eu**, (Sr,Ba)Al,Si,Ox:Fu*, Sry(PO,),:Eu**,
S1,P,0,:Eu**,  BaMgSi,O:Eu**,  Sr;o(PO,)sCl,:Eu**,
BaMg,Al, s0,,:Eu**/Mn**, (Sr,Ca),,(PO,)sCl,:Bu®>. The
luminescence center Pb** is used with chemical composi-
tions such as: (Ba,Mg,Zn),Si,0,:Pb**, BaSi,0:Pb**, (Ba,
S1);8i,0,:Pb>*.

[0296] The luminescence center Sb>* is used with chemi-
cal compositions such as: 3Ca,(PO,,),.Ca(F,Cl),:Sb**, 3Ca,
(PO,),.Ca(F,Cl),:Sb>*/Mn>*.
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[0297] The luminescence center Tb>* is used with chemi-
cal compositions such as: CeMgAl,,0,,:Ce**/Tb**, LaPO,:
Ce**/Tb>*, Y,Si05:Ce**/Th**, GdMgB;0,,:Ce*/Th>*.
The luminescence center Eu®* is used with chemical com-
positions such as: Y,05:Fu**, Y(V,P)O,:Eu**. The lumines-
cence center Dy>* is used with chemical compositions such
as: YVO,:Dy>*. The luminescence center Fe** is used with
chemical compositions such as: LiAlO,:Fe**. The lumines-
cence center Mn** is used with chemical compositions such
as: 6Mg0.As,O5:Mn™, 3.5MgQ0.5MgF,.GeO,:Mn**. The
luminescence center Ce** is used with chemical composi-
tions such as: Ca,MgSi,0,:Ce** and Y,SiO5:Ce**. The
luminescence center WO,>~ is used with chemical compo-
sitions such as: CaWQ,, (Ca,Pb)W0O4, MgWO,. The lumi-
nescence center TiO,*" is used with chemical compositions
such as: BaO.TiO,.P,Os.

[0298] Additional phosphor chemistries of interest using
X-Ray excitations include, but are not limited to, the k-edge
of these phosphors. Low energy excitation can lead to
intense luminescence in materials with low k-edge. Some of
these chemistries and the corresponding k-edge are listed
below:

BaFC1:Eu?* 37.38 keV
BaSO,:Eu* 37.38 keV
CaWwo, 69.48 keV
Gd2024S:Tb3" 50.22 keV
LaOBr:Th** 38.92 keV
LaOBr:Tm** 38.92 keV
Lay0,8:Th>* 38.92 keV
Y,0,8:Tb** 17.04 keV
YTaO, 67.42 keV
YTaO,:Nb 67.42 keV
ZnS:Ag 9.66 keV
Zn,Cd)S:A; 9.66/26.7 keV
g

[0299] These materials can be used alone or in combina-
tions of two or more. A variety of compositions can be
prepared to obtain the desired output wavelength or spec-
trum of wavelengths.

[0300] In the present invention, the phosphor selection
could be chosen such that under x-ray or other high energy
source irradiation, the light emitted from the phosphors
could, for example, have exemplary characteristics includ-
ing:

[0301] Emissions in 190-250 nm wavelength range;
[0302] Emissions in the 330-340 nm wavelength range.
[0303] Mechanoluminescent Materials (Organic and Inor-
ganic):

[0304] In another embodiment of the invention, mechano-

luminescent materials can be used as energy converters and
optionally can be used with the energy augmentation struc-
tures described above.

[0305] Mechano-luminescent materials convert ultrasonic
or mechanical energy (such as vibrations naturally existing
on an article such as motor or vibrations from driven by
transducers) into visible light. Here, for example, the
mechano-luminescent materials would be placed in a vicin-
ity (e.g., between or around or inside) the folded structures
or the external-electrode pairs.

[0306] In one embodiment, an electromagnetic wave
energy augmentator captures one or more wavelengths of
electromagnetic energy, and augments the one or more
wavelengths of electromagnetic energy in at least one prop-
erty (such as electric field intensity in a vicinity of the
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mechano-luminescent materials), while at the same time the
mechano-luminescent materials can be considered an energy
converter converting the ultrasonic or mechanical energy
into electromagnetic radiation (i.e., emitted light).

[0307] In one embodiment of the invention, the increased
electric field in the folded structure or the external electrode
pair increases the luminescence of the mechano-luminescent
materials. The energy used to build the electric field in the
folded structure or the external electrode pair being provided
separately from the mechanical energy driving the mechano-
luminescence.

[0308] Various mechano-luminescent materials suitable
for the present invention with or without energy augmenta-
tors include ZnS:Mn**, SrAl,O,Eu®**, ZnS:Cu,
SrAMgSi,O,:Eu** (A=Ca, Sr, Ba), KCI, KI, KBr, NaF,
NaCl, LiF, RbCI, RbBr, Rbl, MgO, SrAl,O,, CaAl,O,,
Sr, Ba Al,0,(x=0, 0.1, 0.2, 0.4), Sr, ,Ca, ,Al,O,, Zn,Ge,
9Si, 10,4, MgGa,0,, ZnGa,0,, ZnAl,0O,, ZnS, ZnTe, (ZnS)

1«(MnTe) (x<V4), CaZnOS, BaZnOS, Ca,MgSi,O,,
Sr,MgSi,0,, Ba,MgSi,0,, SrCaMgSi,O,, SrBaMgSi,O,,
Sr,MgSi,0s,,(1=n<2), Ca,Al,Si0,, Sr,ALSiO,,

CaYAL,O,, CaAl,Si,Oy, Ca,_ Sr AlSi,Oy (x<0.8), SrMg,
(PO,),, Ba,_,Ca, Ti04(0.25<x<0.8), Ba,_,Ca, TiO;, LiNbO,,
Sr,Sn0,, (Ca, Sr, Ba),SnO,, Sr;Sn,O0,, Sr;(Sn, Si),0,
Sry(Sn, Ge),0,, Ca;Ti,0, CaNb,O4 Ca,Nb,O,,
Ca;Nb,O,, BaSi,O,N,, SrSi,O,N,, CaZr(PO,),, ZrO,.
[0309] In one embodiment, a europium-holmium
co-doped strontium aluminate can be used as a mechano-
luminescent material (i.e., an energy converter) alone or in
conjunction with the energy augmentators. The europium-
holmium co-doped strontium aluminate and the other
mechano-luminescent materials convert sonic or acoustic
energy into photon emissions which may or may not be
placed in a vicinity of the energy augmentators.

[0310] Yanim Jia, in “Novel Mechano-Luminescent Sen-
sors Based on Piezoelectric/Electroluminescent Compos-
ites,” Sensors (Basel). 2011; 11(4): 3962-396, the entire
contents of which are incorporated by reference, describes a
mechanoluminescent composite made of a piezoelectric
material and an electroluminescent material. In this com-
posite device, when a stress is applied to the piezoelectric
layer, electrical charges will be induced at both the top and
bottom faces of piezoelectric layer due to the piezoelectric
effect. These induced electrical charges will result in a light
output from the electroluminescent layer due to the elec-
troluminescent effect.

[0311] Here, in one embodiment of the present invention
with or without energy augmentators, such composites made
of a piezoelectric material and an electroluminescent mate-
rial, hereinafter “composite mechano-luminescent emitters,”
provides a structure that, upon stimulation with mechanical
or vibrational energy such as from an acoustic or ultrasonic
transducer, emit light.

[0312] Electroluminescent and phosphorescent materials
(organic and inorganic): The present invention in various
embodiments can utilize organic fluorescent molecules or
inorganic particles capable or fluorescence and phosphores-
cence having crystalline, polycrystalline or amorphous
micro-structures for the converters (optionally including the
energy augmentation structures described above).

[0313] The list of inorganic molecules that can be used
with or without energy augmentators for the electrolumi-
nescence and phosphorescent materials described below
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include but is not limited to the following inorganic elec-
troluminescent phosphor materials:

[0314] SrS:Ce**

[0315] CaGa,S4:Ce**

[0316] SrS:Cu*

[0317] CaS:Pb>*

[0318] BaAl,S,:Eu™*

[0319] ZnS:Tb>*

[0320] ZnMgS:Mn>*

[0321] SrGa,S4:Eu**

[0322] CaAl,S4:Bu**

[0323] BaAl,S4:Eu*

[0324] ZnS:Mn*

[0325] MgGa,O,:Fu’**

[0326] (Ca, Sr)Y,S4:Eu**

[0327] BaAl,S,:Eu**
[0328] Organic molecules that can phosphoresce under the

influence of an electric field are also of interest in the present
application. The organic fluorescent compounds with high
quantum yield include by way of illustration:

[0329] Naphthalene,

[0330] Pyrene,

[0331] Perylene,

[0332] Anthracene,

[0333] Phenanthrene,

[0334] p-Terphenyl,

[0335] p-Quartphenyl,

[0336] Trans-stilbene,

[0337] Tetraphenylbutadiene,

[0338] Distyrylbenzene,

[0339] 2,5-Diphenyloxazole,

[0340] 4-Methyl-7-diethylaminocoumarin,
[0341] 2-Phenyl-5-(4-biphenyl)-1,3,4-oxadiazole,
[0342] 3-Phenylcarbostyryl,

[0343] 1,3,5-Triphenyl-2-pyrazoline,

[0344] 1,8-Naphthoylene-1', 2'-bezimidazole,
[0345] 4-Amino-N-phenyl-naphthalimide.
[0346] The inorganic fluorescent and phosphorescent

materials detailed here are numerous, and various examples
are given by way of illustration rather than limitation and
can be used with or without energy augmentators. Further-
more, these materials can be doped with specific ions
(activators or a combination of activators) that occupy a site
in the lattice structure in the case of crystalline or polycrys-
talline materials and could occupy a network forming site or
a bridging and/or non-bridging site in amorphous materials.
These compounds could include (not ranked by order of
preference or utility) the following material examples:

[0347] CaF,, ZnF,, KMgF,, ZnGa,0,, ZnAl,O,,

Zn,Si0,, Zn,GeO,, Cas(PO,),F,
[0348] Sr;(PO,),F, CaSiO;, MgSiO;, ZnS, MgGa,O,,
LaAl, 0,4, Zn,Si0O,,
[0349] Cas(PO,)F, Mg,Ta,0,,
LiAlO,, CaPO,, AlF,.
[0350] Further included are alkali earth chalcogenide
phosphors which are in turn exemplified by the following
non-inclusive list:
[0351] MgS:Eu**CaS:Mn>**, CaS:Cu, CaS:Sb, CaS:
Ce’*, CaS:Eu?*, CaS: Eu**Ce*,

[0352] CaS: Sm>**, CaS:Pb>*, CaO:Mn?**, CaO:Pb**.
[0353] The examples include the ZnS type phosphors that
encompass various derivatives:

[0354] ZnS:Cu,Al(CI), ZnS:CI(Al), ZnS:Cu,I(Cl), ZnS:

Cu, ZnS:Cu,In.

CaF,, LiAlO,,
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[0355] Compound IIIb-Vb phosphors which include the
group I1Ib and Vb elements of the periodic table are suitable
for converter materials. These semiconductors include BN,
BP, BSb, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs, GaSb,
InN, InP, InAs, InSb and these materials have donors and
acceptors that work in together to induce light emission
diodes. The donors include Li, Sn, Si, Li, Te, Se, S, O, and
acceptors include C, Be, Mg, Zn, Cd, Si, Ge. As an example,
GaP light emitting diodes include GaP:Zn, O, GaP:NN,
Gap:N and GaP which emit colors Red, Yellow, Green and
Pure Green respectively.

[0356] The compounded materials further include such
materials as GaAs with compositional variation of the
following sort: Inl-y(Gal-xAlx)yP (provides a simple
example). Silicon Carbide SiC as a luminescent platform has
commercial relevancy if the blue light emitting diodes.
These include the polytypes 3C—SiC, 6H—SiC, 4H—SiC
with donors such as N and Al and acceptors such as Ga and
B.

[0357] Multiband luminescent materials suitable for con-
verter materials include for example the following compo-
sitions:

[0358] (Sr, Ca, Ba)s(PO,),CL:Eu**, BaMg,Al ;O,,:
Eu**, CeMgAl 0, ,:Ce**:Th>,

[0359] LaPO,:Ce**:Th>*, GdMgB,0,,:Ce**: Th>*,
Y,0,:Eu’,

[0360] (Ba,Ca,Mg)s(PO,),CL:Eu*,
16B,0;:Eu*, Sr,Al,,0,5:Eu**.

[0361] Other materials suitable for converter materials
include those materials used for fluorescent high pressure
mercury discharge lamps can be excited with X-Ray and are
exemplified by way of family designation as follows:

[0362] Phosphates (Sr, M)(PO,),:Sn**, Mg or Zn acti-
vator, Germanate 4Mg0.GeO,:Mn*, 4(MgO, MgF,)
GeO,:Mn™, Yttrate Y,O,:Eu**, Vanadate YVO,:Eu**,
Y(P,V)O,:Eu’t, Y(P,V)O,:In*, Halo-Silicate
Sr28i30,:2SrClL,:Eu**, Aluminate (Ba,Mg),Al,,O,,:
Eu**, (Ba, Mg),Al1,0,,:Fu** Mn**, Y,0,A,0,:Tb>*.

[0363] Another grouping of materials suitable for con-
verter materials by host compound include chemical com-
positions in the Halophosphates phosphors, Phosphate phos-
phors, Silicate phosphors, Aluminate phosphors, Borate
phosphors, Tungstate phosphors, and other phosphors.

[0364] The halophosphates include by way of illustration:

[0365] 3Ca,(PO,),.Ca(F,Cl),:Sb*>*, 3Ca,(PO,),.Ca(F,
C1),:Sb**/Mn**, Sr,,(PO,)CL:Eu**, (Sr,Ca),,(PO,)
CL:Eu**, (Sr,Ca),,(PO,)s.nB,05:Eu**, (Sr, Ca,Mg),,
(PO,)¢Cl,:Eu**. The phosphate phosphors include by
way of illustration Sr,P,0,:Sn**, (Sr,Mg);(PO,):
Sn**, Ca,(PO,),.Sn**, Ca,(PO,),:TI*, (Ca,Zn);(PO,).:
TI*, Sr,P,0,:Eu**, SrMgP,O,:Eu**, Sry(PO,),:Fu**,
LaPO,:Ce**, Tb**, La,0,.0.28i0,.0.9P,0,:Ce>* T,
BaO.TiO,.P,O5. The silicate phosphors Zn,SiO,:
Mn?*, CaSiO;:Pb**/Mn**, (Ba, Sr, Mg).3Si,0,:Pb**,
BaSi,04:Pb>*, Sr,Si,04.28rCL,:Eu**, Ba,MgSi,Oq:
Eu**. (Sr,Ba)Al,Si,O4:Fu*.

[0366] The aluminate phosphors include:

[0367] LiAlO,:Fe**, BaAl,O,,:Eu**, BaMg,Al, O,,:
Eu**, BaMg,Al, ,0,,:Eu**/Mn**, Sr,Al, ,0,s:Eu’",
CeMgAl,,0,,:Ce**/Th>*.

[0368] The borate phosphors include:

[0369] Cd,B205:Mn**, SrB,0,F:Eu**, GdMgBsO,:

CeS+ /Tb3+,

2510, 54P,050.



US 2022/0193441 Al

[0370] GdMgB,0,,:Ce**/Mn*",
Tb**/Mn>*.
[0371] The tungstate phosphors include:
[0372] CaWO,, (Ca,Pb)WO,, MgWO,. Other phos-
phors Y,05:Eu’*, Y(V,P)O,:Eu*,
[0373]2 YVO,Dy**, MgGa,0,Mn**, 6MgO.As,Os:
Mn**,
[0374] 3.5MgO.0.5MgF,.GeO,:Mn**.
[0375] Activators of relevance to the various doped phos-
phors include the following list:
[0376] TI*, Pb**, Ce**, Eu**, WO,>7, Sn**, Sb>*, Mn**,
Tb**, Eu®*, Mn™, Fe?*.
[0377] In various embodiments, the luminescence center
Tl+ can be used with a chemical composition such as:
[0378] (Ca,Zn),(PO,),:TI*, Cay(PO,),:T1*.
[0379] Similarly, the luminescence center Mn2+ can be
used with chemical compositions such as

GdMgB;0,,:Ce**/

[0380] MgGa,O,:Mn**, BaMg,Al0,,:Eu**/Mn>*,
71,Si0,,:Mn**,
[0381] 3Ca,(PO,),:Ca(F,Cl),:Sb>*/Mn>*, CaSiO,:

Pb>*/Mn**, Cd,B,05:Mn>*,
[0382] CdB,O5:Mn*", GdMgB,0,,:Ce**/Mn*,
GdMgB0,,:Ce**/Tb**/Mn**.
[0383] Further, the luminescence center Sn** can be used
with chemical compositions such as:

[0384] Sr,P,0,:Sn**, (Sr,Mg),(PO,),:Sn*".

[0385] The luminescence center Eu>* can also be used
with chemical compositions such as:

[0386] SrB,O,F:Eu**, (Sr,Ba)Al,Si,O4:FEu**, Sr;(PO,)

»:Eu?*, Sr,P,0.:Eu**,

[0387] Ba;MgSi,Og:Fu’*,

BaMg,Al, ;O,,:Eu**/Mn**,

[0388] (Sr,Ca),,(PO,)Cl,:Eu**.
[0389] The luminescence center Pb>* can be used with
chemical compositions such as:

[0390] (Ba,Mg,Zn)Si,0,:Pb**, BaSi,O5:Pb**, (Ba,Sr)

5Si,0,:Pb>*.
[0391] The luminescence center Sb>* can be used with
chemical compositions such as:

[0392] 3Ca,(PO,),.Ca(F,Cl),:Sb>*, 3Ca,(PO,), Ca(F,

Cl),:Sb>*/Mn>*.
[0393] The luminescence center Tb3+ can be used with
chemical compositions such as:

[0394] CeMgAl,,0,,:Ce**/Th>*,

Y,Si04:Ce**/Th*",

[0395] GdMgB,0,,:Ce*>*/Tb>*.
[0396] The luminescence center Eu** can be used with
chemical compositions such as:

[0397] Y,O0;:Eu®, Y(V,P)O,:Eu**.

[0398] The luminescence center Dy>* can be used with
chemical compositions such as:

[0399] YVO,:Dy**.

[0400] The luminescence center Fe** can be used with
chemical compositions such as:

[0401] LiAlO,:Fe’*.

[0402] The luminescence center Mn** can be used with
chemical compositions such as:

[0403] 6MgO.As,O5:Mn*,

Mn*,
[0404] The luminescence center Ce** can be used with
chemical compositions such as:

[0405] Ca,MgSi,0,:Ce** and Y,SiO5:Ce’™.

Sr,0(PO,)CLy:Eu?*,

LaPQ,:Ce**/Th*",

3.5Mg0.0.5MgF,.GeO,:
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[0406] The luminescence center WO,>~ can be used with
chemical compositions such as:

[0407] CaWO,, (Ca,Pb)WO,, MgWO,.

[0408] The luminescence center TiO,* can be used with
chemical compositions such as:

[0409] BaO TiO,.P,0;.

[0410] Invarious embodiments of this invention, the phos-
phor chemistry utilized in x-ray excitations can be used with
or without energy augmentators. Of particular interest is the
k-edge of these phosphors. Low energy excitation can lead
to intense luminescence in materials with low k-edge. Some
of these chemistries and the corresponding k-edge are
included as follows:

BaFCl:Eu?* 37.38 keV
BaSO,:Eu?* 37.38 keV
CaWwo, 69.48 keV
Gdzozész3+ 50.22 keV
LaOBr:Tb** 38.92 keV
LaOBr:Tm?* 38.92 keV
Lay0,8:Th** 38.92 keV
Y,0,S8:Tb* 17.04 keV
YTaO, 67.4.2 keV
YTaO,:Nb 67.42 keV
ZnS:Ag 9.66 keV
(Zn,Cd)S:Ag 9.66/26.7 keV

[0411] In one embodiment of this invention, light from
these materials (excited for example by high energy particles
including x-rays, gamma rays, protons, and electrons) can
have their emissions modulated by having those materials
included in a vicinity of (including inside) the color enhanc-
ing structures described herein. For example, in medical
treatments where x-ray excites phosphorescence to photo-
stimulate reactions in a patient, simultaneous with irradia-
tion by the high energy particles, there could be applied
infrared irradiation to drive resonance in the energy aug-
mentation structures described herein, where the x-ray phos-
phors would have enhanced light emissions when in the
presence of the intensified electric fields. In another
example, in medical or scientific instruments, for simulta-
neous with irradiation by the high energy particles, there
could be applied electric fields to enhance emissions from
these x-ray phosphors.

[0412] Electro Luminescent Materials: Various materials
used for the electro-luminescence in the present invention
with or without energy augmentators can include but are not
limited to:

[0413] 4,4'4"-Tris[phenyl(m-tolyl)amino]triphenylamine
(m-MTDATA)

[0414] N,N'-Bis(3-methylphenyl)-N,N'-diphenylbenzi-
dine (TPD)

[0415] 4,4'4"-Tris[phenyl(m-tolyl)amino]triphenylamine
(m-MTDATA)

[0416] N,N'-Bis(3-methylphenyl)-N,N'-diphenylbenzi-
dine (TPD)

[0417]
[0418]

Tris-(8-hydroxyquinoline)aluminum

2,4,6-Tris(2-pyridyl)-s-triazine (TPT)
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22
2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline,
BCP2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline,
o BCP
|
N A [0421]

N7 N
F F

2,2'.2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benz-
imidazole) Alq

H;C CH;

[0422] Plasmonic enhancement structures: FIG. 26 is a

[0419] schematic of a depiction of an upconverter or a down

converter material (i.e., a photoactive material) according to
one embodiment of the invention to be utilized in the color
enhancement/augmentation structures noted herein with or
without energy augmentators. FIG. 26 shows a number of
structural configurations for placement of a dielectric core
upconverter or a down converter material (which is of a
nanometer sized scale) in proximity to a metal shell. Incident
light at a wavelength A, interacts with the upconverting
| dielectric core. The interaction of light A, with the dielectric

/N\ core produces a secondary emission at a frequency A, which

/Al has a shorter wavelength than A, and accordingly has a

\O higher energy than A,. While the exact physical mechanisms
for the upconversion may depend on the particular upcon-

N version material and process being used in a particular

application, for the purposes for discussion and illustration,
the following explanation is offered.

AN [0423] In the context of FIG. 26, when a wavelength A,
interacts with a dielectric material core, three separate
processes are well understood for the upconversion process

220 2%.(1.3.5-Benzi vI)-tris(1 -ohenvl 1-H-berz. involving trivalent rare earth ions. These three processes are:
22"-(1.3, en.zn.letrly )-tris(1-pheny cnz [0424] 1) excited state absorption whereby two photons
imidazole) TPBI are absorbed sequentially by the same ion to excite and

populate one or more states,

[0420] [0425] 2) energy transfer upconversion which is a trans-
fer of excitation from one ion to another already in an
excited state; and

[0426] 3) a cooperative process of multiphotons where
two nearby ions in excited states are emitting collec-
tively from a virtual state.

[0427] Regardless of which one of these processes is
occurring between the chosen ion(s) and the host lattice, the

N N end result is a photon of energy greater than the excitation
- energy being emitted from the host lattice for the upcon-
N N version or down conversion process.

[0428] Therefore, the particular ion being activated
(whether it be a dopant ion or a host ion of a lattice such as
in the neodymium oxide) will be chosen based on the host
material being processed, in order that the dopant ion or the
NZ n host ion in the dielectric core provide ion states which are
pumpable by a NIR source to generate the resultant emission
Ay
[0429] Hence, the invention in one embodiment provides
an upconversion or a down conversion material configured,
upon exposure to a first wavelength A, of radiation, to
generate a second wavelength A, of radiation having an
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energy higher or lower than the first wavelength A,. The
system can include a metallic structure disposed in relation
to the nanoparticle (e.g. a metallic shell covering a fraction
of the nanoparticle). The system may include a receptor
disposed in the medium in proximity to the nanoparticle.
The receptor upon activation by the second wavelength A,
may itself fluoresce producing visible light. In one embodi-
ment of the invention, a physical characteristic of metallic
structure (such as those described above and below in the
drawings) is set to a value where a surface plasmon reso-
nance in the metallic structure resonates at a frequency
which provides spectral overlap with either the first wave-
length A, or the second wavelength A,. This system with a
metallic structure disposed in relation to an up-conversion or
a down-conversion nanoparticle becomes the converter uti-
lized in the color enhancement/augmentation structures
noted herein.

[0430] Within the context of the invention, the term
“physical characteristic” of the metallic shell or core can
relate to any characteristic of the metal itself or the shell or
core dimensions or shape which affects the surface plasmon
resonance frequency. Such physical characteristics can
include, but are not limited to, a conductivity, a radial
dimension, a chemical composition or a crystalline state of
the metal shell or core.

[0431] Invarious embodiments, the metallic structures can
be a metallic shell encapsulating at least a fraction of the
nanoparticle in the metallic shell wherein a conductivity, a
radial dimension, or a crystalline state of the metallic shell
sets the surface plasmon resonance in the metallic structure
to resonate at a frequency which provides spectral overlap
with either the first wavelength A, or the second wavelength
A,. In various embodiments, the metallic structures can be a
multi-layer metallic shell encapsulating at least a fraction of
the nanoparticle in the metallic shell wherein a conductivity,
a radial dimension, or a crystalline state of the metallic shell
sets the surface plasmon resonance in the metallic structure
to resonate at the first wavelength A, and the second wave-
length A,. This capability permits radiation at A, and A, to be
amplified.

[0432] Invarious embodiments, the metallic structures can
be a metallic particle existing in one or more multiple
structures. These multiple structures can have a variety of
shapes including for example sphere, spheroid, rod, cube,
triangle, pyramid, pillar, crescent, tetrahedral shape, star or
combination thereof disposed adjacent the nanoparticle
wherein a conductivity, a dimension (e.g. a lateral dimension
or a thickness), or a crystalline state of the metallic structure
sets the surface plasmon resonance in the metallic particle or
rod to resonate at a frequency which provides spectral
overlap with either the first wavelength A, or the second
wavelength A,. Such shapes are described in the present
figures and in the figures in U.S. Ser. No. 12/401,478 which
is incorporated by reference in its entirety. The shape choice
can affect the frequency of the surface plasmon resonance.
It is known that the plasmon band is changed by the shape
of nanoparticles (e.g., prolate and obloid spheroids). The
paper “Spectral bounds on plasmon resonances for Ag and
Au prolate and oblate nanospheroids,” in the Journal of
Nanophotonics, Vol. 2, 029501 (26 Sep. 2008), the entire
contents of which are incorporated by reference, shows
plasmon resonance shifts for shaping of Ag and plasmon
resonance shifts for shaping of Au of prolate and obloid
spheroids. In one embodiment of the invention, with an
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increasing aspect ratio for a metallic structure of the inven-
tion, the prolate spheroid resonance is red shifted relative to
a sphere with no lower limit (under the assumptions of a
Drude dispersion model). On the other hand, the oblate
resonances are “blue shifted” as the spheroid becomes
increasingly flat, but up to a limit.

[0433] In various embodiments, the metallic structures
disposed in relation to an up-conversion or a down-conver-
sion nanoparticle can be a metallic structure disposed inte-
rior to the nanoparticle wherein a conductivity or a dimen-
sion (e.g. a lateral dimension or a thickness) of the metallic
structure sets the surface plasmon resonance in the metallic
structure to resonate at a frequency which provides spectral
overlap with either the first wavelength A, or the second
wavelength A,. In various embodiments, the metallic struc-
tures can be a metallic multi-layer structure disposed interior
to the nanoparticle wherein a conductivity or a dimension
(e.g. a lateral dimension or a thickness) of the metallic
structure sets the surface plasmon resonance in the metallic
structure to resonate at the first wavelength A, and the
second wavelength A,. This capability once again permits
radiation at A, and A, to be amplified.

[0434] In another embodiment, the invention provides a
nanoparticle structure including a sub 1000 nm dielectric
core and a metallic structure disposed in relation to the
nanoparticle. The dielectric core includes at least one of
Y,0;, Y,0,8, NaYF,, NaYbF,, YAG, YAP, Nd,O,, LaF;,
LaCl,, La,0;, TiO,, LuPO,, YVO,, YbF;, YF,, Na-doped
YbF;, or SiO,. Such nanoparticle structures can exhibit in
certain embodiments surface plasmon resonance in the
metallic structures to enhance upconversion of light from a
first wavelength A, to a second wavelength A,.

[0435] As described above, a shell (or other structure) is in
particular designed with a layer thickness (or for example a
lateral dimension) to enhance the photon upconversion
process through plasmonic enhancement. The thickness of
the shell (or other physical characteristic) is “tuned” in its
thickness to the absorption process by having a dimension in
which plasmons (i.e., electrons oscillations) in shell have a
resonance in frequency which provides spectral overlap with
the absorption band targeted. Thus, if the upconversion is to
be stimulated by 980 nm NIR light, then the thickness of the
shell is “tuned” in a thickness to where a plasmon resonance
resonates at a frequency also of 980 nm (or in the neigh-
borhood thereof as plasmon resonances are typically broad
at these wavelengths).

[0436] A plasmon resonating shell can be made of numer-
ous transition metals, including though not limited to gold,
silver, platinum, palladium, nickel, ruthenium, rhenium,
copper, and cobalt or a combination or alloys or layers
thereof. Such a plasmon resonating shell can be also made
of a combination of metals and non-metals. When formed of
a gold nanoshell, the recommended thickness to resonate
with 980 nm light is approximately 3.5 nm surrounding an
80 nm upconverting core, as projected by extended Mie
theory calculations. (See Jain et al., Nanolett. 2007, 7(9),
2854 the entire contents of which are incorporated herein by
reference.) FIG. 27 is reproduced from Jain et al and
illustrates the capability in the invention to “tune” the metal
shell to have a spectral overlap with the excitation and/or
emission radiation wavelengths.

[0437] In one embodiment of the invention, the metallic
structures disposed in relation to an up-conversion or a
down-conversion nanoparticle can be an alloy such as for
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example a Au:Ag alloy. The alloy content can be set to adjust
the frequency of the surface plasmon resonance. In one
embodiment of the invention, the metallic structures can be
an alloy such as for example a Pt: Ag alloy. The alloy content
can be set to adjust the frequency of the surface plasmon
resonance. In one embodiment of the invention, the metallic
structures can be an alloy such as for example a Pt: Au alloy.
The alloy content can be set to adjust the frequency of the
surface plasmon resonance.

[0438] In one embodiment of the invention, the converter
nanoparticle can be an alloy of two or more materials. In this
embodiment, the alloy can have a composition between the
two or more materials which is set to a compositional value
where excitation of the alloy at first wavelength A, produces
emission at the second wavelength A,. In one embodiment
of the invention, the nanoparticle can be a zinc sulfide and
zinc selenide alloy. In one embodiment of the invention, the
nanoparticle can be a zinc sulfide and cadmium sulfide alloy.
[0439] In one embodiment of the invention, the zinc
sulfide and zinc selenide nanoparticle alloy can have an
alloy content set to provide a predetermined surface plasmon
resonance. In one embodiment of the invention, the zinc
sulfide and cadmium sulfide nanoparticle alloy can have an
alloy content is set to provide a predetermined surface
plasmon resonance.

[0440] Some techniques for producing nanoparticles and
nanoparticle alloys which are suitable for the invention are
described in the following documents, all of which are
incorporated herein in their entirety: U.S. Pat. Nos. 7,645,
318; 7,615,169; 7,468,146; 7,501,092; U.S. Pat. Appl. Publ.
No. 2009/0315446; 2008/0277270; 2008/0277267; 2008/
0277268; and WO 2009/133138.

[0441] In one embodiment of the invention, the thickness
of the metal shell disposed in relation to an up-conversion or
a down-conversion nanoparticle is set depending on the
absorption frequency (or in some cases the emission fre-
quency) of the particular dopant ions in the dielectric core to
enhance the total efficiency of the emission process of the
upconverted light. Accordingly, the thickness of the shell
can be considered as a tool that in one instance enhances the
absorption of A, and in another instance can be considered
as a tool that enhances the emission of A,, or in other
situations can be considered an enhancement feature that in
combination enhances the overall net process.

[0442] Additionally, plasmon-phonon coupling may be
used to reduce a resonance frequency through the tuning of
the bands to a degree off resonance. This may be useful in
optimizing resonance energy transfer processes for the pur-
pose of shifting the outputted color to a color desirable for
a painted, colored, or displayed surface. In one example,
FIG. 27 shows an example of the plasmon resonance shift as
a function of shell thickness.

[0443] Here, in one embodiment of the invention, the
capability to produce stimulated emission at a targeted
wavelength or color or energy is complemented by the
ability to design nanoparticles that have designed absorption
bands. Such absorption materials could for example further
serve to improve the monochromaticity of light observed
from a paint, ink, dye, or otherwise reflecting surface treated
with the color enhancing compositions of the invention.
[0444] Details of the preparation of this nanoparticle sys-
tem are included in U.S. Ser. No. 12/725,108, the entire
contents of which are incorporated herein by reference. The
absorption spectrum of Y,O; alone (lower trace) is fairly

Jun. 23,2022

featureless, showing absorption due to the tri-arginine near
200 nm and a gentle slope associated with scattering and
absorption by the Y,O, nanoparticles extending into the
visible portion of the spectrum. The gold-coated Y,O,(upper
trace), on the other hand, exhibit a strong absorption band at
546 nm, which is characteristic of the plasmonics resonance
band due to the gold shell around the Y,O; cores. The
red-shifting of the plasmon absorption to 546 nm is consis-
tent with the presence of a gold shell around a dielectric
core.

[0445] In one embodiment of the invention, the converter
materials for the upconverter dielectric core can include a
wide variety of dielectric materials, as described above. In
various embodiments of the invention, the upconverter
dielectric core includes more specifically lanthanide doped
oxide materials. Lanthanides include lanthanum (La),
cerium (Ce), praseodymium (Pr), neodymium (Nd), prome-
thium (Pm), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho),
erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium
(Lu). Other suitable dielectric core materials include non-
lanthanide elements such as yttrium (Y) and scandium (Sc).
Hence. suitable dielectric core materials include Y,Os;,
Y,0,S, NaYF,, NaYbF,, Na-doped YbF,;, YAG, YAP,
Nd,O;, 1o LaF;, LaCl;, La,0;, TiO,, LuPO,, YVO,, YbF;,
YF;, or SiO,. These dielectric cores can be doped with Er,
Eu, Yb, Tm, Nd, Tb, Ce, Y, U, Pr, La, Gd and other rare-earth
species or a combination thereof.

[0446] Lanthanides usually exist as trivalent cations, in
which case their electronic configuration is (Xe) 4f*, with n
varying from 1 (Ce**) to 14 (Lu**). The transitions within
the f-manifold are responsible for many of the photo-
physical properties of the lanthanide ions, such as long-lived
luminescence and sharp absorption and emission lines. The
f-electrons are shielded from external perturbations by filled
Ss and 5p orbitals, thus giving rise to line-like spectra. The
f-f electronic transitions are LaPorte forbidden, leading to
long excited state lifetimes, in the micro- to millisecond
range.

[0447] Accordingly, examples of doped materials in the
invention include oxides such as yttrium oxide and neo-
dymium oxide and aluminum oxide as well as sodium
yttrium fluoride and nanocrystalline perovskites and garnets
such as yttrium aluminum garnet (YAG) and yttrium alu-
minum perovskite (YAP). Of these materials, doping is
required for some, but not all of these materials, for pro-
moting upconversion efficiencies. In various embodiments
of the invention, the host nanocrystals are doped with
trivalent rare earth lanthanide ions from those lanthanide
series elements given above.

[0448] More specifically, in various embodiments of the
invention, pairs of these dopants are introduced in order to
make accessible more energy states in the host crystal. The
activation and pumping of these energy states follows
closely the principles discussed above. Doping concentra-
tions in the invention can range from 0.2% to 20% roughly
per ion into the host lattice or in a weight or mol % variation.
The efficiency of the upconversion processes of specific
bands in these materials can be modulated by the percent-
ages doped to induce and enhance targeted emissions. Lan-
thanide doped upconverters while not limited to, can use the
following mol percent dopant compositions: 5% Er, 10%
Yb, 0.2% Tm+3% Yb, and 1% Er+10% Yb.



US 2022/0193441 Al

[0449] The size of the nanocrystal will also have an effect
on the efficiency of the upconversion process, as a larger
nanocrystal will have more sites for dopant ions to be
accommodated into the host lattice, therefore enabling more
emissions from the same doped host than if the nanocrystal
were smaller. While the dopant percentages listed above are
not rigidly fixed, these numbers provide a rudimentary
teaching of the typical percentages one would use in obtain-
ing a particular dielectric core material of the invention.

[0450] Moreover, some of these host crystals (e.g., neo-
dymium oxide) in one embodiment of the invention may
require no specific doping to facilitate upconversion, which
has been seen in one instance in Nd,O; with an excitation
wavelength of 587 nm producing emissions at 372 nm, 402
nm, and 468 nm. See Que, W et al. Journal of Applied
Physics 2001, vol 90, pg. 4865, the entire contents of which
are incorporated herein by reference. Doping neodymium
oxide with Yb>*, in one embodiment of the invention, would
enhance upconversion through sensitizing the Nd** ions
with a lower energy Yb>* activator.

[0451] In one embodiment of the invention, the dielectric
core is coated, such as for example with a metallic shell, to
enhance electron-phonon coupling and thereby increase up
conversion or down conversion efficiency, as discussed
above. In another embodiment of the invention, the shell can
include a SiO,— and/or TiO,-coating, and this coating is in
one embodiment coated on doped Y,O; upconverting nan-
oparticles to thereby, in some instances, increase the upcon-
version efliciency relative to an uncoated nanocrystal. In
another embodiment of the invention, the shell can include
a SiO,— and/or TiO,-coating, and this coating is in one
embodiment coated on doped Y,O; down converting nan-
oparticles to thereby, in some instances, increase the down
conversion efficiency relative to an uncoated nanocrystal.
Further, in one embodiment of the invention, the coating can
be a polymer. In one embodiment, this coating is provided
on NaYF,:Ln/NaYF, dielectric core. Such coatings can
increase the upconversion efficiency relative to an uncoated
upconverter.

[0452] In another embodiment of the invention, phonon
modes of undoped host-lattice (e.g., Y,O;) nanocrystals are
modulated, for example, by Au, Ag, Pt, and Pd shells of
varying thicknesses. In various embodiments of the inven-
tion, the upconverter dielectric core and the shell system
includes as upconverting nanocrystals Y,O5:Ln with NaYF,,
shells, Y,0;:Ln with Au(Ag,Pt) shells, NaYF,:Ln with
Y,0; shells, NaYF,:Ln with Au(Ag,Pt) shells. In this sys-
tem, the core diameter and shell outer/inner diameter of the
metallic coatings can be set to dimensions that are expected
to be tunable to a plasmon mode overlap.

[0453] In other embodiments as discussed below, the
metal coating or the metallic structure disposed in relation to
an up-conversion or a down-conversion nanoparticle can
exist inside the dielectric and the relative position of the
metal structure to the dielectric structure can enhance plas-
mon resonance. These structures with the metallic structure
inside can be referred to as a metallic core up converter or
a metallic core down converter. The metallic core technique
for energy conversion is useful since it takes advantage of
metal nano-particles that have improved surface morphol-
ogy compared to shell coatings on core dielectrics. The
metal or metallic alloy in the inner core metallic energy
converter can be selected to tune its plasmonic activity.
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These structures with the metallic structure outside can be
referred to as a core up converter or a core down converter.

[0454] In various embodiments of the invention, the
upconverter or down converter dielectric core can be coated
with thiol-terminated silanes to provide a coating of SiO,
about the core of similar reactivity to Y,O;. In one embodi-
ment of the invention, the above-described methodology is
used to synthesize core-shell nanoparticles of Y,O5:Ln with
NaYF, shells, Y,O5:Ln with Au(Ag,Pt) shells, NaYF,:Ln
with Y,O; shells, NaYF,:Ln with Au(Ag,Pt) shells where
core and shell diameters varying from 2 to 20 nm. In these
material systems, the tuned ratio of core-to-shell diameter
may permit a plasmon-phonon resonance which should
amplify absorption of NIR light and/or upconverted emis-
sion. In these material systems, control of the core and shell
diameters is one factor determining the size dependent effect
and subsequent tuning of plasmon-phonon resonance.

[0455] In one embodiment of the invention, the upcon-
verter dielectric core can be mixed core-shell materials
including for example semiconducting Y,O; and NaYF,
cores doped with various Ln series metals, which have been
shown to possess large upconverting efliciencies. These
doped Y,O; and NaYF, cores will have shells of Au(Ag,Pt,
Pd) or undoped Y,O; and NaYF, matrices which have the
potential to enhance or tune the phonon modes needed for
energy transfer in the upconversion process. Solubility can
be enhanced, for example, by addition of thiolated organics
(Au shell), organic chain triethanolsilane (Y,O; shell), and
trioctylphosphine-oleic amine (NaYF,, shell). All core-shell
nanoparticles may further be solubilized into a colloidal
suspension with the addition of triarginine peptide, polyeth-
ylene glycol, and polyethyleneimine surfactants.

[0456] FIG. 28A shows some of the various embodiments
of the converter structures of the invention that can be
designed: (a) a structure including upconverter (UC) mol-
ecules bound to a metal (gold) nanoparticle; (b) a structure
including an UC-containing nanoparticle covered with metal
nanoparticles, (c) a metal nanoparticle covered with an
UC-containing nanocap; (d) an UC-containing nanoparticle
covered with metal nanocap, (e) a metal nanoparticle cov-
ered with UC nanoshell, (f) an UC-containing nanoparticle
covered with metal nanoshell, (g) an UC-containing nan-
oparticle covered with metal nanoshell with protective coat-
ing layer.

[0457] The configurations (while shown in the FIG. 28A
with UC-containing materials) would be applicable for
enhancement for down converting materials such as the
quantum dots or phosphors described herein. Moreover, in
one embodiment of the invention, dielectric spacers (for
examples silicates as discussed below) can be used with the
structure of FIG. 6A-b to space apart the particle type
metallic structures. In another embodiment of the invention,
dielectric spacers can be used with the structure of FIG. 28A
to space apart the metal layers, whether or not these layers
are partial metal layers or continuous metal layers. See the
schematics in FIG. 28B

[0458] In various embodiments of the invention, multi-
layer metallic nanoshells discussed in this application have
the potential capability to enhance electromagnetically two
spectral regions. Accordingly, the metallic structures of the
invention can be used in the upconverting mode to enhance
both the excitation at wavelength A, and the emission at
wavelength A,. This feature also can be used in the down
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converting to enhance primarily the emission at wavelength
A, and potentially the excitation at wavelength A,.

[0459] Such metallic structures in various embodiments of
the invention include conducting materials made for
example of metals, or doped glasses or doped semiconduc-
tors. These conducting materials can be in the form of pure
or nearly pure elemental metals, alloys of such elemental
metals, or layers of the conducting materials regardless of
the constituency. The conducting materials can (as noted
above) include non-metallic materials as minor components
which do not at the levels of incorporation make the com-
posite material insulating.

[0460] Similarly, in various embodiments of the invention,
the up or down converting materials can include at least one
of a dielectric, a glass, or a semiconductor. The up or down
converting materials can include an alloy of two or more
dielectric materials, an alloy of two or more glasses, or an
alloy of two or more semiconductors.

[0461] Accordingly, FIG. 28A represents embodiments of
the invention where the dielectric core is supplemented with
a shell. The shell can include a metal layer of a prescribed
thickness. The metal layer can include materials such as
nickel, gold, iron, silver, palladium, platinum and copper
and combinations thereof. The metal layer can be also made
of a combination of metals and non-metals. The shell
functions as a plasmonic shell where surface plasmons can
form in the metal between the dielectric core and the outer
environment acting as an exterior dielectric. The shell (as
shown) may not be a complete shell. Partial metallic shells
or metallic shells of varying thicknesses are also acceptable
in the invention.

[0462] As discussed below, the metallic shells in another
embodiment of the invention serve as scattering centers for
UV light where UV light which, even if absorbed in a paint
or coating layer contributes at a minimum to localized
heating of the paint or coating layer material, will be
scattered from the paint or coated layer.

[0463] FIG. 28C shows still further embodiments of plas-
monics-active nanostructures having upconverting (UC)
materials that can be designed: (a) a metal nanoparticle, (b)
an UC nanoparticle core covered with metal nanocap, (c) a
spherical metal nanoshell covering an UC spheroid core, (d)
an oblate metal nanoshell covering UC spheroid core, (e) a
metal nanoparticle core covered with UC nanoshell, (f) a
metal nanoshell with protective coating layer, (g) multi-layer
metal nanoshells covering an UC spheroid core, (h) multi-
nanoparticle structures, (i) a metal nanocube and nanotri-
angle/nanoprism, and (j) a metal cylinder.

[0464] FIG. 28D shows yet other embodiments of plas-
monics-active nanostructures having upconverting materials
with linked photo-active (PA) molecules that can be
designed. For example, for the case of psoralen (as the PA
molecule), the length of the linker between the PA molecule
and the UC material or the metal surface is tailored such that
it is sufficiently long to allow the PA molecules to be active
(attach to DNA) and short enough to allow efficient excita-
tion of light from the UC to efliciently excite the PA
molecules. FIG. 28D shows (a) PA molecules bound to an
UC nanopatrticle, (b) an UC material-containing a nanopar-
ticle covered with metal nanoparticles, (¢) a metal nanopar-
ticle covered with UC material nanocap, (D) an UC mate-
rial-containing nanoparticle covered with metal nanocap, (e)
a metal nanoparticle covered with an UC material nanoshell,
(f) an UC material-containing nanoparticle covered with
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metal nanoshell, (g) an UC material-containing nanoparticle
covered with metal nanoshell with protective coating layer.

[0465] With the upconverter and down converter struc-
tures of the invention, a plasmonics effect is advantageous.
A plasmonics effect can increase the local intensity of the
received light or the local intensity of the emitted light from
the up and/or down converter structures of the invention. A
plasmonics effect can occur throughout the electromagnetic
region provided the suitable nanostructures, nanoscale
dimensions, metal types are used. Plasmonic effects are
possible over a wide range of the electromagnetic spectrum,
ranging from gamma rays and X rays throughout ultraviolet,
visible, infrared, microwave and radio frequency energy.
However, for practical reasons, visible and NIR light are
used for metal structures such as for example silver and gold
nanoparticles, since the plasmon resonances for silver and
gold occur in the visible and NIR region, respectively.

[0466] In various embodiments, nanoparticles of neo-
dymium and ytterbium doped yttrium oxide, europium and
ytterbium doped yttrium oxide, and any combination of rare
earth trivalent ions doped into a neodymium oxide nanoc-
rystal can be used. The dual doped yttrium oxide of com-
position neodymium and ytterbium and also the dual doped
europium and ytterbium are new for the yttrium oxide host
lattice, although such dual doped systems have been shown
to work in other host lattices such as YAG.

[0467] These dual doped lanthanide glasses have been
shown to upconvert efficiently on bulk materials, and
thereby can provide new upconverter structures at the nano-
scale. There are advantages offered by these yttrium oxide
nanostructures of the invention. The small scale synthetic
methodology for creating nanoscale yttrium oxide is easier
to control and produce in yttrium oxide than in YAG. The
host structure of yttrium oxide scintillates by down conver-
sion. These combinations of dopants in yttrium oxide for
example can provide predetermined emission colors for the
yttrium oxide nanocrystal for the color shifting of the
invention.

[0468] In one embodiment of the invention, a dual dopant
permits excitation of either ion in the host glass. For
instance, excitation by 980 nm light excites an ytterbium
ion, where through transfer of energy from one excited state
of the ytterbium ion to another dopant provides a mechanism
for upconversion emission of light in the visible and NIR
spectral regions.

[0469] Up-conversion phosphors similar in chemical com-
positions to the down-conversion fluorescent materials dis-
cussed above can be used. The up-conversion phosphors can
include laser dyes, e.g., the organic small molecules that can
be excited by the absorption of at least two infrared photons
with emission of visible light. The up-conversion phosphors
can include fluorescent polymers, e.g., the class of polymers
that can be excited by the absorption of at least two infrared
photons with emission of visible light. The up-conversion
phosphors can include inorganic or ceramic particles or
nano-particles, including the conventional up-conversion
phosphors (e.g. metal fluorides, metal oxides) that can be
excited by the absorption of at least two infrared photons
with emission of visible light. The up-conversion phosphors
can include semiconductor particles, including nano-par-
ticles such as II-VI or III-V compound semiconductors, e.g.
quantum dots, described in details in the “down-conversion”
semiconductors above.
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[0470] Fluorescent up-conversion inorganic phosphors
can include but are not limited to metal oxides, metal
halides, metal chalcogenides (e.g. sulfides), or their hybrids,
such as metal oxo-halides, metal oxo-chalcogenides. Fluo-
rescent up-conversion inorganic phosphors are usually
doped with rare earth elements (e.g. Yb, Er*, Tm>*). Some
host examples include, but are not limited to: NaYF,, YF;,
BaYFs, LaF;, La, MoOg, LaNbO,, LnO, S: where Ln is the
rare earth elements, such as Y, La, Gd).

[0471] These converters (and the other energy converters
described herein which receive energy and generate light or
electron emission) can optionally include any of the energy
augmentation structures described above.

[0472] In various embodiments of the invention, energy
converters can be used with the energy augmentators
described above for color enhancement. In some embodi-
ments, the converters are up conversion of light e.g., from
the IR regime into visible electromagnetic radiation and for
down conversion of light e.g., from the UV range into visible
electromagnetic radiation. The invention in various embodi-
ments up converts energy, preferably light in the visible
spectrum. The invention encompasses a variety of applica-
tions where the up and down conversion materials with or
without energy augmentators are included to enhance the
color of the object being displayed. These application areas
can include paints on signs, walls, cars, buildings, boats,
airplanes. These application areas can include display moni-
tors, computer monitors, telephone displays, watch dials,
instrument dials to name but a few.

[0473] Among various materials, luminescent nanopar-
ticles have attracted increasing technological and industrial
interest. In the context of the invention, nanoparticle refers
to a particle having a size less than one micron. While the
description of the invention describes specific examples
using nanoparticles, the invention in many embodiments is
not limited to particles having a size less than one micron.
However, in many of the embodiments, the size range of less
than one micron, and especially less than 100 nm produces
properties of special interest such as for example emission
lifetime luminescence quenching, luminescent quantum effi-
ciency, and concentration quenching and such as for
example diffusion, penetration, and dispersion into mediums
where larger size particles would not migrate.

[0474] This invention in various embodiments can use a
wide variety of down conversion materials (or mixtures of
down conversion materials) with or without the energy
augmentators to enhance a particular color of light observ-
able to an observer. These down conversion materials can
include quantum dots, semiconductor materials, alloys of
semiconductor materials, scintillation and phosphor materi-
als, materials that exhibit X-ray excited luminescence
(XEOL), organic solids, metal complexes, inorganic solids,
crystals, rare earth materials (lanthanides), polymers, scin-
tillators, phosphor materials, etc., and materials that exhibit
excitonic properties. Accordingly, the down conversion
materials to enhance color emission can convert energy from
one of ultraviolet light, x-rays, and high energy particles to
visible light. The down conversion materials to enhance
color emission can convert energy from higher energy
visible light to lower energy visible light with or without the
energy augmentators.

[0475] In one embodiment of the invention, a quantum dot
mixture with or without the energy augmentators can be
used for color enhancement. Quantum dots are in general
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nanometer size particles whose energy states in the material
of the quantum dot are dependent on the size of the quantum
dot. For example, quantum dots are known to be semicon-
ductors whose conducting characteristics are closely related
to the size and shape of the individual crystal. Generally, the
smaller the size of the crystal, the larger the band gap, the
greater the difference in energy between the highest valence
band and the lowest conduction band becomes. Therefore,
more energy is needed to excite the dot, and concurrently,
more energy is released when the crystal returns to its resting
state. In fluorescent dye applications, this equates to higher
frequencies of light emitted after excitation of the dot as the
crystal size grows smaller, resulting in a color shift from red
to blue in the light emitted. Quantum dots represent one way
to down convert ultraviolet light of the spectrum to a
targeted color emission, such as for example a green light
emission. Quantum dots represent one way to down convert
blue light of the spectrum to a targeted color emission, such
as for example a green light emission.

[0476] As described in U.S. Pat. No. 6,744,960 (the entire
contents of which are incorporated by reference), different
size quantum dots produce different color emissions. In that
work and applicable to this invention, quantum dots can
comprise various materials including semiconductors such
as zinc selenide (ZnSe), cadmium selenide (CdSe), cadmium
sulfide (CdS), indium arsenide (InAs), and indium phos-
phide (InP). Another material that may suitably be employed
is titanium dioxide (TiO,). The size of the particle, i.e., the
quantum dot 18, may range from about 2 to 10 nm. Since the
size of these particles is so small, quantum physics governs
many of the electrical and optical properties of the quantum
dot.

[0477] One such result of the application of quantum
mechanics to the quantum dot 18 is that quantum dots absorb
a broad spectrum of optical wavelengths and re-emit radia-
tion having a wavelength that is longer than the wavelength
of the absorbed light. The wavelength of the emitted light is
governed by the size of the quantum dot. For example, CdSe
quantum dots 5.0 nm in diameter emit radiation having a
narrow spectral distribution centered about 625 nm while
quantum dots 18 including CdSe 2.2 nm in size emit light
having a center wavelength of about 500 nm. Semiconductor
quantum dots comprising CdSe, InP, and InAs, can emit
radiation having center wavelengths in the range between
400 nm to about 1.5 um. Titanium dioxide TiO, also emits
in this range. The linewidth of the emission, i.e., full-width
half-maximum (FWHM), for these semiconductor materials
may range from about 20 to 30 nm. To produce this
narrowband emission, quantum dots simply need to absorb
light having wavelengths shorter than the wavelength of the
light emitted by the dots. For example, for 5.0 nm diameter
CdSe quantum dots light having wavelengths shorter than
about 625 nm is absorbed to produce emission at about 625
nm while for 2.2 nm quantum dots comprising CdSe light
having wavelengths smaller than about 500 nm is absorbed
and re-emitted at about 500 nm. In practice, however, the
excitation or pump radiation is at least about 50 nanometers
shorter than the emitted radiation.

[0478] Specifically, in one embodiment of the invention, a
quantum dot mixture (QDM) coating can be deposited using
CVD and or sol-gel techniques using standard precipitation
techniques to be used with or without the energy augmen-
tators. The QDM coating can be made of a silicate structure
that does not diminish UV output. Within the silicate family,
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silica (Si0,) is suitable since it maximizes UV transmission
through the coating. The coating can further include a
second layer of a biocompatible glass. Such bio-compatible
glass and glass ceramic compositions can contain calcium,
a lanthanide or yttrium, silicon, phosphorus and oxygen.
Other biocompatible materials and techniques are described
in the following patents which are incorporated herein in
their entirety: U.S. Pat. Nos. 5,034,353; 4,786,617, 3,981,
736; 3,922,155; 4,120,730; and U.S. Pat. Appl. Nos. 2008/
0057096; 2006/0275368; and 2010/0023101.

[0479] Further, the down conversion materials for the
invention described here can be coated with insulator mate-
rials such as for example silica which will reduce the
likelihood of any chemical interaction between the lumines-
cent particles and the medium the particles are included
therein. These and the other conversion materials here can
be used with or without the energy augmentators. For
biocompatible applications of inorganic nanoparticles, one
of the major limiting factors is their toxicity. Generally
speaking, all semiconductor nanoparticles are more or less
toxic. For biocompatible applications, nanoparticles with
toxicity as low as possible are desirable or else the nanopar-
ticles have to remain separated from the medium. Pure TiO,,
ZnO, and Fe,O; are biocompatible. CdTe and CdSe are
toxic, while ZnS, CaS, BaS, SrS and Y, O; are less toxic. In
addition, the toxicity of nanoparticles can result from their
inorganic stabilizers, such as TGA, or from dopants such as
Eu?*, Cr’* or Nd**. Other suitable down conversion mate-
rials which would seem the most biocompatible are zinc
sulfide, ZnS:Mn>", ferric oxide, titanium oxide, zinc oxide,
zinc oxide containing small amounts of Al,O;, and Agl
nanoclusters encapsulated in zeolite. For non-medical appli-
cations, where toxicity may not be as critical a concern, the
following materials (as well as those listed elsewhere) are
considered suitable: lanthanum and gadolinium oxyhalides
activated with thulium; Er** doped BaTiO, nanoparticles,
Yb** doped CsMnCl, and RbMnCl,, BaFBr:Eu** nanopar-
ticles, Cesium lodine, Bismuth Germanate, Cadmium Tung-
state, and CsBr doped with divalent Eu.

[0480] In various embodiments of the invention, the fol-
lowing luminescent polymers are also suitable as conversion
materials with or without the energy augmentators: poly
(phenylene ethynylene), poly(phenylene vinylene), poly(p-
phenylene), poly(thiophene), poly(pyridyl vinylene), poly
(pyrrole), poly(acetylene), poly(vinyl carbazole), poly
(fluorenes), and the like, as well as copolymers and/or
derivatives thereof.

[0481] In various embodiments of the invention, the fol-
lowing materials can be used similar to that detailed in U.S.
Pat. No. 7,090,355, the entire contents of which are incor-
porated herein by reference. For down-conversion, the fol-
lowing materials can be used with or without the energy
augmentators. Inorganic or ceramic phosphors or nano-
particles, including but not limited to metal oxides, metal
halides, metal chalcogenides (e.g. metal sulfides), or their
hybrids, such as metal oxo-halides, metal oxo-chalco-
genides. Laser dyes and small organic molecules, and fluo-
rescent organic polymers. Semiconductor nano-particles,
such as II-VI or III-V compound semiconductors, e.g. fluo-
rescent quantum dots. Organometallic molecules including
at least a metal center such as rare earth elements (e.g. Eu,
Tb, Ce, Er, Tm, Pr, Ho) and transitional metal elements such
as Cr, Mn, Zn, Ir, Ru, V, and main group elements such as
B, Al, Ga, etc. The metal elements are chemically bonded to
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organic groups to prevent the quenching of the fluorescence
from the hosts or solvents. Phosphors can be used including
the Garnet series of phosphors: (Y,,A,_,.):(Al, B,.)s O},
doped with Ce; where O=m, n=1, where A includes other rare
earth elements, B includes B, Ga. In addition, phosphors
containing metal silicates, metal borates, metal phosphates,
and metal aluminates hosts can be used. In addition, nano-
particulates phosphors containing common rare earth ele-
ments (e.g. Eu, Tb, Ce, Dy, Er, Pr, Tm) and transitional or
main group elements (e.g. Mn, Cr, Ti, Ag, Cu, Zn, Bi, Pb, Sn,
T1) as the fluorescent activators, can be used. Materials such
as Ca, Zn, Cd in tungstates, metal vanadates, ZnO, etc. can
be used with or without the energy augmentators.
[0482] The commercial laser dye materials obtained from
several laser dye vendors, including Lambda Physik, and
Exciton, etc. can also be used with or without the energy
augmentators. A partial list of the preferred laser dye classes
includes: Pyrromethene, Coumarin, Rhodamine, Fluores-
cein, other aromatic hydrocarbons and their derivatives, etc.
In addition, there are many polymers containing unsaturated
carbon-carbon bonds, which also serve as fluorescent mate-
rials and find many optical and fluorescent applications. For
example, MEH-PPV, PPV, etc. have been used in opto-
electronic devices, such as polymer light emitting diodes
(PLED). Such fluorescent polymers can be used directly as
the fluorescent layer of the transparent 2-D display screen.
[0483] As noted above, semiconductor nanoparticles (e.g.,
quantum dots) can be used with or without the energy
augmentators. The terms “semiconductor nanoparticles,” in
the art refers to an inorganic crystallite between 1 nm and
1000 nm in diameter, preferably between 2 nm to 50 nm. A
semiconductor nano-particle is capable of emitting electro-
magnetic radiation upon excitation (i.e., the semiconductor
nano-particle is luminescent). The nanoparticle can be either
a homogeneous nano-crystal, or comprises of multiple
shells. For example, the nanoparticle can include a “core” of
one or more first semiconductor materials, and may be
surrounded by a “shell” of a second semiconductor material.
The core and/or the shell can be a semiconductor material
including, but not limited to, those of the group 11-VI (ZnS,
ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, MgS,
MgSe, MgTe, CaS, CaSe, CaTe, SrS, SrSe, Srle, BaS, BaSe,
BaTe, and the like) and III-V (GaN, GaP, GaAs, GaSb, InN,
InP, InAs, InSb, and the like) and IV (Ge, Si, and the like)
materials, and an alloy or a mixture thereof.
[0484] Fluorescent organometallic molecules containing
rare earth or transitional element cations can be used for
down conversion materials with or without the energy
augmentators. Such molecules include a metal center of rare
earth elements including Eu, Tb, Er, Tm, Ce protected with
organic chelating groups. The metal center may also include
transitional elements such as Zn, Mn, Cr, Ir, etc. and main
group elements such as B, Al, Ga. Such organometallic
molecules can readily dissolve in liquid or transparent solid
host media. Some examples of such fluorescent organome-
tallic molecules include: 1.
[0485] Tris(dibenzoylmethane)mono(phenanthroline)eu-
ropium(III); 2. Tris(8-hydroxyquinoline)erbium; 3. Tris
(1-phenyl-3-methyl-4-(2,2-dimethylpropan-1-oyl)pyra-

zolin-5-one)terbium(111); 4. Bis(2-methyl-8-
hydroxyquinolato)zinc; 5. Diphenylborane-8-
hydroxyquinolate.

[0486] Specific examples of down-conversion materials

for red emission include those discussed above and euro-
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pium complexes such as those described in JP Laid-open
Patent Publication (Kokai) No. 2003-26969, constructed
such that B-diketone ligand is coordinated to europium
forming an europium complex capable of emitting red
fluorescence. Other specific examples of the rare earth
element complexes include complexes include lanthanum
(Ln), europium (Eu), terbium (Tb), and gadolinium (Gd) and
combinations thereof A europium (Eu) complex is capable
of emitting red fluorescence when irradiated with ultraviolet
rays having a wavelength ranging from 365 nm to 410 nm.
Terbium (Tb) is capable of emitting green fluorescence
when irradiated with ultraviolet rays having a wavelength of
365 nm.

[0487] In other down-conversion embodiments with or
without the energy augmentators, the down conversion
materials which emit red light may include europium, light
emitting particles which emit green light may include Ter-
bium, and light emitting particles which emit blue or yellow
light may include cerium (and/or thulium). In up-conversion
embodiments, up conversion materials which emit red light
may include praseodymium, light emitting particles which
emit green light may include erbium, and light emitting
particles which emit blue light may include thulium. In
embodiments, the conversion materials can be light emitting
particles made of fluorescent molecules that emit different
colors (e.g. red, green, and blue). In embodiments, the
conversion materials can be light emitting particles made of
pure organic or organo-metallic dyes with or without the
energy augmentators.

[0488] In addition to the combinations of rare earth com-
plexes, such as a combination of a europium complex and a
terbium complex, it is also possible employ a combination
of a europium complex and a green-emitting fluorescent
substance which is not a complex, or a combination of a
terbium complex and a red-emitting fluorescent substance
which is not a complex.

[0489] Other down converter materials with or without the
energy augmentators include for example ZnS, PbS, SbS,,
MosS,, PbTe, PbSe, BeO, MgO. Li,CO;, Ca(OH),, MoO,,
Si0,, Al,O;, TeO,, SnO,, KBr, KCIl, and NaCl. These
materials can include dopants to tailor the emission proper-
ties, as noted above. Examples of doped (or alloyed) glass
systems suitable for the include Y,0,:Gd, Y,0;:Dy, Y,O;:
Tb, Y,05:Ho, Y,05:Er, Y,05:Tm, Gd,05:Eu, Y,0,S:Pr,
Y,0,S:Sm, Y,0,S:Eu, Y,0,S:Tb, Y,0,S:Ho, Y,0,S:Er,
Y,0,S:Dy, Y,0,S:Tm, ZnS:Ag:Cl (blue), ZnS:Cu:Al
(green), Y,0,S:Eu (red), Y,O;5:Eu (red), YVO,:Eu (red),
and Zn,SiO,:Mn (green).

[0490] With regard more specifically to down converter
materials suitable for the invention with or without the
energy augmentators, U.S. Pat. No. 4,705,952 (the contents
of which are hereby incorporated herein by reference)
describes an infrared-triggered phosphor that stores energy
in the form of visible light of a first wavelength and released
energy in the form of visible light of a second wavelength
when triggered by infrared light. The phosphors in U.S. Pat.
No. 4,705,952 were compositions of alkaline earth metal
sulfides, rare earth dopants, and fusible salts. The phosphors
in U.S. Pat. No. 4,705,952 were more specifically phosphors
made from strontium sulfide, barium sulfide and mixtures
thereof; including a dopant from the rare earth series and
europium oxide, and mixtures thereof; and including a
fusible salt of fluorides, chlorides, bromides, and iodides of
lithium, sodium, potassium, cesium, magnesium, calcium,
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strontium, and barium, and mixtures thereof. The materials
described in U.S. Pat. No. 4,705,952 are useful in various
embodiments of the invention with or without the energy
augmentators.

[0491] In other embodiments of the invention, the down
converter materials (or mixtures of down converters mate-
rials can include Y,O;: Li. Sun et al “Luminescent proper-
ties of Li+ doped nanosized Y,O;:Eu,” Solid State Comm.
119 (2001) 393-396 (the entire contents of which are incor-
porated herein by reference) describe such materials. Hou et
al “Luminescent properties nano-sized Y,O;:Eu fabricated
by co-precipitation method,” Journal of Alloys and Com-
pounds, vol. 494, issue 1-2, 2 Apr. 2010, pages 382-385 (the
entire contents of which are incorporated herein by refer-
ence) describe that nano-sized yttria (Y,O,) powders have
been successfully synthesized by a co-precipitation method.
The powders were well crystallized, and the grains were
almost spherical with good dispersibility. The quenching
concentration of Eu* ions is 9 mol % which is much higher
than micro-scaled powders. The incorporation of Li+ ions
greatly improved the luminescence intensity. The highest
emission intensity was observed with 4 mol % Li+ doped
Y,0;:Eu powder (Y, s-E0g oolig 04),05) and the fluores-
cence intensity was increased by as much as 79%. Yi et al
“Improved cathodoluminescent characteristics of Y,O;:
BEu?* thin films by Li-doping,” Appl. Phys. A 87, 667-671
(2007) (the entire contents of which are incorporated herein
by reference) describe cathodoluminescent spectra for both
Y,04:Eu** and Li-doped Y,04:Eu®* films and methods for
making these materials.

[0492] The invention in other embodiments can use a wide
variety of up conversion materials (or mixtures of up con-
verters) with or without the energy augmentators to enhance
a particular color of light observable from reflective material
or surface. These up conversion materials can include simi-
lar materials as discussed above with regard to down con-
version but typically included doped or impurity states in a
host crystal that provide a mechanism for up conversion
pumping. Accordingly, the up conversion materials to
enhance color emission can convert energy from one of near
infrared, infrared, and microwave irradiation. The upcon-
version materials to enhance color emission can convert
energy from lower energy visible light to higher energy
visible light.

[0493] Upconversion materials with or without the energy
augmentators can be used in various ways to enhance visible
light emission by way of conversion of infrared light from
a solar spectrum (as in daylight exposure) or a black body
spectrum (as in an incandescent lamp). In one example, a
nanoparticle of a lanthanide doped oxide can be excited with
near infrared light such as laser light at 980 nm and 808 nm
to produce visible light in different parts of the red, green,
blue spectrum depending on the dopant trivalent rare earth
ion(s) chosen, their concentration, and the host lattice.
[0494] The lanthanide doped oxides suitable for this
invention differ from more traditional multi-photon up con-
version processes where the absorption of, for example, two
photons is needed in a simultaneous event to promote an
electron from a valence state directly into an upper level
conduction band state where relaxation across the band gap
of the material produces fluorescence. Here, the co-doping
produces states in the band gap of the NaYF,, such that the
Yb** ion has an energy state at °F5,, pumpable by a single
photon event and from which other single photon absorption
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events can populate even higher states. Once in this exited
state, transitions to higher energy radiative states are pos-
sible, from which light emission will be at a higher energy
than that of the incident light pumping the *F, energy state.
In other words, the energy state at °F5,, of the Yb** ion is the
state that absorbs 980 nm light permitting a population build
up serving as the basis for the transitions to the higher energy
states such as the *F,, energy state. Here, transitions from
the *F.,,, energy state produce visible emissions.

[0495] U.S. Pat. No. 7,008,559 (the entire contents of
which are incorporated herein by reference) describes the
upconversion performance of ZnS where excitation at 767
nm produces emission in the visible range. The materials
described in U.S. Pat. No. 7,008,559 (including the ZnS as
well as Er’* doped BaTiO; nanoparticles and Yb®> doped
CsMnCl,) are suitable in various embodiments of the inven-
tion with or without the energy augmentators.

[0496] Further, materials specified for up conversion
materials in the invention with or without the energy aug-
mentators include CdTe, CdSe, ZnO, CdS, Y,0;, MgS, CaS,
SrS and BaS. Such up conversion materials may be any
semiconductor and more specifically, but not by way of
limitation, sulfide, telluride, selenide, and oxide semicon-
ductors and their nanoparticles, such as Zn, ,Mn,S , Zn,
Mn.Se,, Zn, MnTe, Cd, MnS, Cd, MnSe, Cd,
Mn,Te,, Pb, MnS, Pb,_ MnSe, Pb, MnTe, Mg,

*Mn,S,, Ca, Mn g " Ba, Mn,S, and Sr,_,, etc. (wherein,

O<x<l, and 0<ysl)y. Complex compounds of the above-
described semiconductors are also contemplated for use in
the invention—e.g. (M, _N,), Mn Al, B, (M=Zn, Cd, Pb,
Ca, Ba, Sr, Mg; N—Z7n, Cd, Pb, Ca, Ba, Sr, Mg; A=S, Se,
Te, O; B=S, Se, Te, O; 0<x=l, O<y=l, 0<z=l). Two
examples of such complex compounds are Zn, ,Cd, ,Mn,
2S and Zn, ;Mn,, ; S, sSe, ,. Additional conversion materials
include insulating and nonconducting materials such as
BaF,, BaFBr, and BaTiO;, to name but a few exemplary
compounds. Transition and rare earth ion co-doped semi-
conductors suitable for the invention include sulfide, tellu-
ride, selenide and oxide semiconductors and their nanopar-
ticles, such as ZnS; Mn; Er; ZnSe; Mn, Er; MgS; Mn, Er;
CaS; Mn, Er; ZnS; Mn, Yb; ZnSe; Mn, Yb; MgS; Mn, Yb;
CaS; Mn, Yb etc., and their complex compounds: (M;_N,)
1_)C(anRl»q,))Al_yBy(M:Zn, Cd, Pb, Ca, Ba, Sr, Mg;
N=—Zn, Cd, Pb, Ca, Ba, Sr, Mg; A=S, Se, Te, O; B=S, . .
. O<z=1, o<qsl).

[0497] Some nanoparticles such as ZnS:Th>*, Er**; ZnS:
Tb>*; Y,05:Tb**; Y,0,:Th**, Er**; ZnS:Mn>*; ZnS:Mn,
Er** are known in the art to function for both down-
conversion luminescence and upconversion luminescence
and would be suitable for the invention with or without the
energy augmentators. In up-conversion embodiments, light
emitting particles which emit red light may include praseo-
dymium, light emitting particles which emit green light may
include erbium, and light emitting particles which emit blue
light may include thulium.

[0498] In general, the upconversion process generally
requires one of more rare-earth dopants, such as Er, Eu, Yb,
Tm, Nd, Tb, Ce, Y, U, Pr, La, Gd and other rare-earth species
or a combination thereof, doped into a dielectric crystal (of
any size>0.1 nm), including at least one of Y,O;, Y,0,S,
NaYF,, NaYbF,, YAG, YAP, Nd,O,, LaF;, LaCl;, La,O,,
TiO,, LuPO,, YVO,, YbF;, YF;, Na-doped YbF;, or SiO,,
where incident radiation is at longer wavelength than emis-
sive radiation from the crystal. The wavelength emitted in
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based entirely on the dopant ion(s) chosen and their asso-
ciated and relative concentration in the host crystal. For the
example of upconversion in a Y,O; host crystal, to achieve
a blue emission (~450-480 nm) one could synthesize [Y,0;;
Yb (3%), Tm (0.2%)], where the Yb and Tm are the
percentages doped in the crystal relative to the Y atoms
being 100%. Likewise, typical green upconversion materials
are [Y,0;; Yb (5%), Ho (1%)] and [Y,O5; Yb (2%), Er
(1%)], and typical red upconversion materials are [Y,05; Yb
(10%), Er (1%)] and [Y,O3; Yb (5%), Eu (1%)]. The
concentrations of dopants relative to each other and the
crystal matrix must be tuned for every combination, and
there are multiple ways to achieve multiple colors from even
the same dopants with or without the energy augmentators.
[0499] Up-conversion of red light with a wavelength of
about 650 nm in Tm>* doped flourozirconate glasses can be
used in the invention to produce blue light. In this system,
the blue light consists of two emission bands; one at 450 nm
which is ascribed to the 1D2—3H4 transition, the others at
475 nm is ascribed to the 1G4—3H6 transition. The emis-
sion intensities of both bands have been observed by others
to vary quadratically with the excitation power. For glasses
with a Tm>* concentration of 0.2 mol % and greater,
cross-relaxation processes occur which decrease the up-
conversion efficiency.

[0500] The emission of visible light upon excitation in the
near-infrared (NIR) has been observed in optically clear
colloidal solutions of LuPO,:Yb**, Tm**, and YbPO,:Er**
nanocrystals in chloroform. Excitation at 975 nm has been
shown by others to produce visible luminescence in the blue,
green, or red spectral regions.

[0501] Tellurium and germanium oxides (tellurites and
germinates) are also suitable upconverters. These glasses
can be doped with Tm, Yb, Ho, Er, Pr, for example.
[0502] YDb** doped BaZrO, is also suitable for upconver-
sion. Er** and/or Tm>* doping are also suitable for tailoring
the emission wavelengths.

[0503] In another embodiment, Nd**:Cs,NaGdCl, and
Nd**, Yb**:Cs,NaGdCl, polycrystalline powder samples
prepared by Morss method have been reported to be up
converters and are suitable for the present invention. These
materials, under 785 nm irradiation, have shown upconver-
sion emissions near 538 nm (Green), 603 nm (Orange), and
675 nm (Red) were observed and assigned to 4G7/2—419/2,
(4G7/2—4111/2; 4G5/2—>419/2), and (4G7/2—4113/2; 4GS/
2—4111/2), respectively.

[0504] In another embodiment, Nd** and Ho>* co-doped-
based ZrF, fluoride glasses under 800 nm excitation have
been reported to be up converters and are suitable for the
present invention. Among the up-conversion luminescences
for the ZrF, fluoride glasses, the green emission was seen to
be extremely strong and the blue and red emission intensities
were very weak.

[0505] In another embodiment, Tm>*/Yb**-codoped
TeO,—Ga,0,—R,0 (R—Li, Na, K) glasses have been
reported to be up converters and are suitable for the present
invention. These materials, under excitation at 977 nm,
showed intense blue upconversion emission centered at 476
nm along with a weak red emission at 650 nm.

[0506] In another embodiment, metal-to-ligand charge
transfer (MLCT) transition in [Ru(dmb),]** (dmb=4,4'-di-
methyl-2,2'-bipyridine) in the presence of anthracene or
9,10-diphenylanthracene have been reported converters and
are suitable for the present invention.
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[0507] Upconverted to be up converters and are suitable
for the present invention. Upconverted singlet fluorescence
resulting from triplet-triplet annihilation at low excitation
power has been reported. In particular 9,10-diphenylanthra-
cene (DPA) (substituted for anthracene) showed higher
efficiencies for upconversion. In these experiments, workers
with this material system assumed that DPA’s increased
singlet fluorescence quantum yield (=0.95) relative to
anthracene (=0.27)7. This work lead to an approximate
24.4+6.1 enhancement of green-to-blue light upconversion
permitting direct visualization of the process at low excita-
tion power, for example by a commercial green laser pointer
(A,=532 nm, <5 mW peak power).

[0508] The structures described herein for color enhance-
ment with the energy augmentation structures are denoted as
color enhancing/energy augmentation structures or as
energy enhancing/augmentation structures.

[0509] By having the energy converters or color convert-
ing or enhancing materials disposed in a vicinity of the
energy augmentation structures of this invention, regardless
of the whether the energy augmentation structure is in a
region of intensified electric field or otherwise outside the
region of intensified electric field, the color enhancing/
energy augmentation structures or the energy enhancing/
augmentation structures of the invention are able to produce
light which can be used for a variety of applications, in
particular for photo-stimulation of biological, chemical, and
physical reactions such as for example photoactivation of
photoreactive drugs, photoactivation of photosensitive
materials such as adhesives or lithographic photoresists, or
for direct interaction with biological and chemical agents in
the environment of the augmentation structures, as in ster-
ilization.

[0510] Accordingly, in one embodiment of the invention,
the color enhancement structures described herein can
receive polychromatic light from a variety of sources such as
sunlight, incandescent bulbs, fluorescent tube, and LED
light sources with each having different wavelengths or
wavelength bands. For these wavelength different bands, the
resonators are “matched” or “tuned” to those wavelengths
such that an intense electric field is established especially
between the external-electrode pairs, or the folded resonator
electrode pairs if used. In those regions of intense electric
field can be disposed color converters (up and/or down
phosphors) which can take light from one of the different
wavelengths or wavelength bands, and have light of another
wavelength or of different wavelength bands be emitted
therefrom. In one embodiment, the intense electric field
increases the intensity of the emitted light from the phos-
phors. Moreover, unlike the above-noted plasmonics where
the electric field enhancement is restricted to regions within
100 to 200 nm of the metal, the resonators establish an
increased electric field within the volume of the external-
electrode pair, or the folded resonator electrode pairs if used,
such that the phosphor material in a vicinity and within the
external-electrode pair (or the folded resonator electrode
pairs) exhibits an intensity larger than if the converter were
remote from the resonator.

[0511] In view of the above, this invention is directed in
general to methods and systems for color enhancement
utilizing a color enhancement structure having a) an energy
collector comprising at least one energy augmentation struc-
ture, and b) an energy converter capable of converting a
second wavelength/quantum of electromagnetic energy into
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and emitting therefrom a third wavelength of light shifted in
wavelength/energy from the second wavelength/quantum of
electromagnetic energy. In one embodiment, the energy
converter is disposed in a vicinity of the at least one energy
augmentation structure such that the light shifted in wave-
length is emitted with an intensity larger than if the converter
were remote from the at least one energy augmentation
structure. For ease of understanding, the term “wavelength”
will be used to describe the electromagnetic energy entering
into the energy converter, even though that electromagnetic
energy may be better described in certain embodiments
based upon its energy level or strength.

[0512] By having the energy converters or color convert-
ing or enhancing materials disposed in a vicinity of the
energy augmentation structures of this invention, regardless
of the whether the energy augmentation structure is in a
region of intensified electric field or otherwise outside the
region of intensified electric field, the color enhancing/
augmentation structures or the energy enhancing/augmenta-
tion structures of the invention are able to enhance the
conversion of one form of energy to another, as a conversion
from one or more wavelengths of light to other wavelengths
of light, or as a conversion from the one or more wave-
lengths of light to electrical energy, or as a conversion from
the one or more wavelengths of light to heat.

[0513] Conversion from the one or more wavelengths of
light to other wavelengths of light is useful for color shifting
and color enhancement applications. Conversion from the
one or more wavelengths of light to electrical energy is
useful for harvesting solar energy using for example pho-
tovoltaic cells. Conversion from the one or more wave-
lengths of light to heat is useful also for harvesting solar
energy using for example thermoelectric cells or other
heat-to-electrical energy devices such as thermoelectric gen-
erators.

[0514] In some embodiments of the color enhancing/
energy augmentation structures, the color enhancing struc-
ture includes a multi-dimensional light collector comprising
a first level of metallic patterns and a second level of
metallic patterns offset in at least one of a lateral or axial
direction from the first level of metallic patterns. At least one
of the metallic patterns optionally comprises a first resonator
dimensioned to be resonant with a first wavelength of light.
The first resonator can be one of a folded structure or an
external-electrode pair structure as noted above. The color
enhancement structure has a converter capable of converting
a second wavelength of light into and emitting therefrom a
third wavelength of light shifted in wavelength from the
second wavelength of light. The converter is disposed with
the first resonator such that the light shifted in wavelength is
emitted with an intensity larger than if the converter were
remote from the first resonator.

[0515] In some embodiments, the energy converter being
disposed in a vicinity of the at least one energy augmentation
structure is conductively coupled the energy converter to the
at least one energy augmentation structure.

[0516] For example, in some embodiments, the energy
converter being disposed in a vicinity of the at least one
energy augmentation structure comprises a physical conduc-
tive connection between the energy converter and the at least
one energy augmentation structure.

[0517] In some embodiments of the color enhancing/
energy augmentation structures, the color enhancing struc-
ture, the energy converter comprises a down converter
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converting ultraviolet or blue light into red, yellow, or green
light. In some embodiments of the color enhancing/augmen-
tation structures, the energy converter comprises an up
converter converting infrared or red light into yellow, green
light, or blue light.

[0518] In some embodiments of the color enhancing/
energy augmentation structures, the metallic patterns refer-
enced above comprises a folded resonator having opposing
electrodes with electric fields directed in between, and the
converter is positioned between the opposing electrodes or
within fringing electric field of the opposing electrodes or
otherwise in a vicinity of the opposing electrodes. In one

example, the folded resonator is a % % folded resonator. In
one example, metallic patterns comprise at least one of Au,
Ag, Cu, Al, or transparent metal oxides. In another example,
the metallic patterns can be formed with refractory metals
such for example Ti, W, and Mo.

[0519] In some embodiments of the color enhancing/
energy augmentation structures, the metallic patterns refer-
enced above comprises an external external-electrode pair
structure having opposing electrodes with electric fields
directed in between, and the converter is positioned between
the opposing electrodes or within fringing electric field of
the opposing electrodes or otherwise in a vicinity of the
opposing electrodes In one example, the resonator is a %

# external-electrode pair resonator. In one example, metal-
lic patterns comprise at least one of Au, Ag, Cu, Al, or
transparent metal oxides. In another example, the metallic
patterns can be formed with refractory metals such for
example Ti, W, and Mo.

[0520] In some embodiments of the color enhancing/
energy augmentation structures, the color enhancing struc-
ture, there is an antireflection film disposed on at least one
of the metallic patterns or on the converter.

[0521] In some embodiments of the color enhancing/
energy augmentation structures, the color enhancing struc-
ture, the first resonator noted above comprises plural reso-
nators, the converter noted above comprises plural
converters, and the plural converters are disposed at multiple
positions throughout the light collector. In one example, the
plural converters are positioned to convert light being inter-
nally scattered within the light collector.

[0522] In some embodiments of the color enhancing/
energy augmentation structures, the first level of metallic
patterns noted above (or the second level of metallic pat-
terns) comprises a metal core cladded with a high-K dielec-
tric and a subsequent cladding of a low-K dielectric. In some
embodiments of the color enhancing/energy augmentation
structures, the first level of metallic patterns noted above (or
the second level of metallic patterns) comprises a radial
pattern of conductors. In some embodiments of the color
enhancing/energy augmentation structures, the first level of
metallic patterns noted above (or the second level of metallic
patterns) comprises a fractal pattern. In one example, the
fractal pattern is embedded within a dielectric material.
[0523] In some embodiments of the color enhancing/
energy augmentation structures, the first level of metallic
patterns noted above (or the second level of metallic pat-
terns) comprises a three-dimensional fractal structure.
[0524] In some embodiments of the color enhancing/
energy augmentation structures, the light collector com-
prises a transparent panel with the first level of metallic
patterns and the second level of metallic patterns and
optionally multiple converters formed therein. In some
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embodiments of the color enhancing/augmentation struc-
tures, the light collector comprises a transparent sheet with
the first level of metallic patterns and the second level of
metallic patterns and optionally multiple converters formed
therein.

[0525] In some embodiments of the color enhancing/
energy augmentation structures, the first level of metallic
patterns noted above (or the second level of metallic pat-
terns) are of different sizes and/or orientations to each other
of the first level of metallic patterns or with respect to the
second level of metallic patterns.

[0526] Indeed, FIG. 29 is a schematic of a reflective
resonator of this invention including mechano-luminescent
materials, in this example the mechano-luminescent mate-
rials being placed between a folded resonator structure,
although mechano-luminescent materials could be placed
between an external electrode pair resonator structure. Thus,
in one embodiment, an electromagnetic wave energy aug-
mentator captures one or more wavelengths of electromag-
netic energy, and augments the one or more wavelengths of
electromagnetic energy in at least one property (such as
electric field intensity in a vicinity of the mechano-lumines-
cent materials), while at the same time the mechano-lumi-
nescent materials can be considered an energy converter
converting the ultrasonic or mechanical energy into electro-
magnetic radiation (i.e., emitted light).

[0527] In one embodiment of the invention, the increased
electric field in the folded structure or the external electrode
pair increases the luminescence of the mechano-luminescent
materials. The energy used to build the electric field in the
folded structure or the external electrode pair being provided
separately from the mechanical energy driving the mechano-
luminescence.

[0528] For example, the reflective resonator of FIG. 29
could be placed adjacent an exhaust stack of an engine or
other waste heat dissipating machine. In one embodiment,
the reflective resonator of FIG. 29 would be mounted on a
stainless steel arm connected to the heat stack. The stainless
steel would couple mechanical vibrations to the reflective
resonator while thermally isolating the reflective resonator
from the exhaust stack, thereby permitting even inorganic
mechano-luminescent materials to be used.

[0529] When the engine began to show higher levels of
vibration or vibrations at different frequencies, the intensity
of the light emitted would change providing a visible light
signal that the engine or machine was under stress from
power loads or wear or mechanical failure.

[0530] In one embodiment of the invention, the reflective
structure shown in FIG. 29 need not include the resonator
and its resonating elements. In one embodiment of the
invention, the reflective structure shown in FIG. 29 could be
placed directly on a machine operating at a relatively cold
temperature around 100° C. In this embodiment, the reflec-
tive structure need not include the resonator and its reso-
nating elements. However, if the resonator and its resonating
elements were present, a laser such as 656 nm laser could
“probe” the resonator and intensify “on demand” the
mechano-luminescence. In this way, early detection of
developing mechanical problems could be detected.

[0531] Various mechano-luminescent materials suitable
for the present invention include ZnS:Mn**, SrAl,O,:Fu**,
ZnS:Cu, SrAMgSi,O,:Eu** (A=Ca, Sr, Ba), KCl, K1, KBr,
NaF, NaCl, LiF, RbCl, RbBr, Rbl, MgO, SrAl,O,, CaAl,O,,
Sr,_Ba,Al,O,(x=0, 0.1, 0.2, 0.4), Sr, ,Ca, ;Al,O,, Zn,Ge,
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oSi, ,0,, MgGa,0,, ZnGa,0,, ZnAl,O,, ZnS, ZnTe, (ZnS)
1«(MnTe), (x<V4), CaZnOS, BaZnOS, Ca,MgSi,0,,
Sr,MgSi,0,, Ba,MgSi,0,, SrCaMgSi,0,, SrBaMgSi,O,,
Sr,MgSi,0s,, (1=n<2), Ca,Al,SiO,, Sr,Al,S10,,
CaYAl,O,, CaAl,Si,0O4, Ca,_Sr,Al,Si,05 (x<0.8), SrMg,
(PO,),, Ba,_Ca, TiO;(0.25<x<0.8), Ba,_ Ca,TiO;, to
LiNbO;, Sr,SnO,, (Ca, Sr, Ba),SnO,, Sr;Sn,0,, Sr;(Sn,
Si),0,, Sr;(Sn, Ge),0,, Ca;Ti,0,, CaNb,O4, Ca,Nb,O,,
Ca;Nb,Ojs, BaSi,O,N,, SrSi,0,N,, CaZr(PO,),, ZrO,.
[0532] Yanim lJia, in “Novel Mechano-Luminescent Sen-
sors Based on Piezoelectric/Electroluminescent Compos-
ites,” Sensors (Basel). 2011; 11(4): 3962-396, the entire
contents of which are incorporated by reference, describes a
mechanoluminescent composite made of a piezoelectric
material and an electroluminescent material. In this com-
posite device, when a stress is applied to the piezoelectric
layer, electrical charges will be induced at both the top and
bottom faces of piezoelectric layer due to the piezoelectric
effect. These induced electrical charges will result in a light
output from the electroluminescent layer due to the elec-
troluminescent effect.

[0533] Here, in one embodiment of the present invention,
such composites made of a piezoelectric material and an
electroluminescent  material, hereinafter “composite
mechano-luminescent emitters,” provides a structure that,
upon stimulation with mechanical or vibrational energy such
as from an acoustic or ultrasonic transducer, emit light.
Details of various electroluminescent materials that can be
used for the composite mechano-luminescent emitters are
provided in the next section where electroluminescent mate-
rials alone are placed in vicinity of the opposing resonator
electrodes.

[0534] FIG. 30 is a schematic of composite mechano-
luminescent emitter composed of a piezoelectric material
and an electroluminescent material which, in one embodi-
ment, could be mechano-luminescent light emitters in FIG.
29.

[0535] In another embodiment, the composite mechano-
luminescent emitters could be used without need for any
resonator structure. FIG. 31 is schematic showing the com-
posite mechano-luminescent emitters distributed across a
sector of interest for generation of light therefrom. FIG. 31
shows that an ultrasonic transducer can be used for stimu-
lation/activation of these composite mechano-luminescent
emitters.

[0536] In color enhancement applications, application of
ultrasonic energy could change the color emission from a
surface. Such applications could be for security systems
where an item would contain a pattern of the composite
mechano-luminescent emitters. The pattern would not be
apparent until it was activated with ultrasonic or acoustic
energy upon which time light of a predetermined wave-
length would be emitted. The light emitted might be visible
or infrared light depending on the type of detector used to
detect the emitted light In a related application of these
composite mechano-luminescent emitters, FIG. 32 is sche-
matic showing the composite mechano-luminescent emitters
distributed inside a medium of interest for generation of
light therein or therefrom. With the present invention, light
can be turned on and off with the on/off' status of an
ultrasonic transducer and the intensity of the light can be
varied. There are no power leads to run into the medium of
interest. There is no space taken up by batteries or control
elements to turn power on and off. The composite mechano-
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luminescent emitters can be miniaturized. The composite
mechano-luminescent emitters could be agglomerated in a
container. In some embodiments, the container would not be
completely packed permitting the tilting of the container to
relocate the composite mechano-luminescent emitters
within the container.

[0537] Electroluminescent and phosphorescent materials
(organic and inorganic): The present invention in various
embodiments with or without energy augmentators can
utilize in organic fluorescent molecules or inorganic par-
ticles capable or fluorescence and phosphorescence having
crystalline, polycrystalline or amorphous micro-structures
for the converters (optionally including the energy augmen-
tation structures described above).

[0538] The list of inorganic molecules that can be used in
the resonating structures to enhance the color emission
include but is not limited to the following inorganic elec-
troluminescent phosphor materials:

[0539] SrS:Ce**

[0540] CaGa,S,:Ce**

[0541] SrS:Cu*

[0542] CaS:Pb>*

[0543] BaAl,S,:Eu**

[0544] ZnS:Tb>*

[0545] ZnMgS:Mn**

[0546] SrGa,S,:Fu**

[0547] CaAl,S,:Eu**

[0548] BaAl,S,:Eu**

[0549] ZnS:Mn**

[0550] MgGa,O,:Eu**

[0551] (Ca, Sr)Y,S,:Eu**

[0552] BaAl,S,:Eu**
[0553] The organic molecules that can phosphoresce

under the influence of an electric field are also of interest in
the present application. The organic fluorescent compounds
with high quantum yield include by way of illustration:

[0554] Naphthalene,

[0555] Pyrene,

[0556] Perylene,

[0557] Anthracene,

[0558] Phenanthrene,

[0559] p-Terphenyl,

[0560] p-Quartphenyl,

[0561] Trans-stilbene,

[0562] Tetraphenylbutadiene,

[0563] Distyrylbenzene,

[0564] 2,5-Diphenyloxazole,

[0565] 4-Methyl-7-diethylaminocoumarin,
[0566] 2-Phenyl-5-(4-biphenyl)-1,3,4-oxadiazole,
[0567] 3-Phenylcarbostyryl,

[0568] 1,3,5-Triphenyl-2-pyrazoline,

[0569] 1,8-Naphthoylene-1', 2'-bezimidazole,
[0570] 4-Amino-N-phenyl-naphthalimide.

[0571] The inorganic fluorescent and phosphorescent

materials detailed here are numerous, and various examples
are given by way of illustration rather than limitation.
Furthermore, these materials can be doped with specific ions
(activators or a combination of activators) that occupy a site
in the lattice structure in the case of crystalline or polycrys-
talline materials and could occupy a network forming site or
a bridging and/or non-bridging site in amorphous materials.
These compounds could include (not ranked by order of
preference or utility) the following material examples:
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[0572] CaF,, ZnF,, KMgF3, ZnGa,O,, ZnALO,,
Zn,8i0,, Zn,Ge0,, Cas(PO,);F, Srs(PO,),F, CaSiO,,
MgSiO;, ZnS, MgGa,0O,, LaAl,;,0,, Zn,Si0O,, Cas
(PO,);F, Mg, Ta,0,, CaF,, LiAl,O, LiAlO,, CaPO,,
AlF;.

[0573] Further included are alkali earth chalcogenide
phosphors which are in turn exemplified by the following
non-inclusive list:

[0574] MgS:Ev**, CaS:Mn>*, CaS:Cu, CaS:Sb, CaS:
Ce?*, CaS:Eu?*, CaS: Eu**Ce**,

[0575] CaS: Sm>*, CaS:Pb**, CaO:Mn>*, CaO:Pb>*.
[0576] The examples include the ZnS type phosphors that
encompass various derivatives:

[0577] ZnS:Cu,Al(Cl), ZnS:Cl(Al), ZnS:Cu,I(Cl), ZnS:

Cu, ZnS:Cu,In.
[0578] Compound IIIb-Vb phosphors which include the
group 11Ib and Vb elements of the periodic table are suitable
for converter materials. These semiconductors include BN,
BP, BSb, AIN, AIP, AlAs, AlISb, GaN, GaP, GaAs, GaSb,
InN, InP, InAs, InSb and these materials have donors and
acceptors that work in together to induce light emission
diodes. The donors include Li, Sn, Si, Li, Te, Se, S, O, and
acceptors include C, Be, Mg, Zn, Cd, Si, Ge. As an example,
GaP light emitting diodes include GaP:Zn, O, GaP:NN,
Gap:N and GaP which emit colors Red, Yellow, Green and
Pure Green respectively.
[0579] The compounded materials further include such
materials as GaAs with compositional variation of the
following sort: Inl-y(Gal-xAlx)yP (provides a simple
example). Silicon Carbide SiC as a luminescent platform has
commercial relevancy if the blue light emitting diodes.
These include the polytypes 3C—SiC, 6H—SiC, 4H—SiC
with donors such as N and Al and acceptors such as Ga and
B.
[0580] Multiband luminescent materials suitable for con-
verter materials include for example the following compo-
sitions:

[0581] (Sr, Ca, Ba),(PO,),Cl:Eu**, BaMg,Al, O,
Eu**, CeMgAl 0,,:Ce®*:Tb>*,

[0582] LaPO,:Ce**:Th**, GdMgB0,,:Ce>*: Tb**,
Y,0;:Eu*Y,

[0583] (Ba,Ca,Mg)s(PO,);Cl:Eu**,
16B,0,:Eu**, Sr,Al, 0,5 Eu**.

[0584] Other materials suitable for converter materials
include those materials used for fluorescent high pressure
mercury discharge lamps can be excited with X-Ray and are
exemplified by way of family designation as follows:

[0585] Phosphates (Sr, M)(PO,),:Sn**, Mg or Zn acti-
vator, Germanate 4Mg0.GeO,:Mn™, 4(MgO, MgF.)
GeO,:Mn**, Yttrate Y,0,:Eu’*, Vanadate YVO,:Eu’*,
Y(P,V)O,:Eu**, Y(P,V)O,:In", Halo-Silicate
Sr28i30,:2SrCl,:Eu**, Aluminate (Ba,Mg),Al,,O,.:
Bu**, (Ba, Mg),Al,0,,:Eu**,Mn**, Y,0,A,0,:Tb>*.

[0586] Another grouping of materials suitable for con-
verter materials by host compound include chemical com-
positions in the Halophosphates phosphors, Phosphate phos-
phors, Silicate phosphors, Aluminate phosphors, Borate
phosphors, Tungstate phosphors, and other phosphors.

[0587] The halophosphates include by way of illustration:

[0588] 3Ca,(PO,),.Ca(F,Cl),:Sb**, 3Ca,(PO,),.Ca(F,
C1),:Sb>*/Mn**, Sr,,(PO,)CL:Eu**, (Sr,Ca),,(PO,)
CL:Eu*, (Sr,Ca), (PO, )s.nB,05:Eu**, (Sr, Ca,Mg),,
(PO,)¢Cl,:Eu®*. The phosphate phosphors include by
way of illustration Sr,P,0,:Sn**, (Sr,Mg);(PO,),:

210, 54P,0:0.
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Sn**, Ca,(PO,),.Sn", Ca,(PO,),:TI*, (Ca,Zn);(PO,).:
TI*, Sr,P,0,:Eu**, StMgP,O,:Eu**, Sr;(PO,),:Eu**,
LaP0,:Ce*, Tb**, La,0,.0.28i0,.0.9P,05:Ce**. Th?,
BaGTiO, P,0O;. The silicate phosphors Zn,SiO,:Mn**,
CaSi0,:Pb**/Mn**, (Ba, Sr, Mg).3Si,0,:Pb*>*,
BaSi,05:Pb>*, Sr,Si;04.28rCL:Eu**, Ba,MgSi,Oy:
Eu2+,
[0589] (Sr,Ba)Al,Si,Og:Eu’*.
[0590] The aluminate phosphors include:

[0591] LiAlO,:Fe**, BaAlgO,:Fu**, BaMg,Al,,0,,:
Eu**, BaMg,Al, O,,:Bu**/Mn**, Sr,Al ,O,s:Bu**,
CeMgAl,,0,,:Ce**/Th>.

[0592] The borate phosphors include:

[0593] Cd,B205:Mn**, SrB,O,F:Eu**, GdMgB;0,,:
C63+/Tb3+,

[0594]2 GdMgB;0,,:Ce**/Mn?, GdMgB;0,,:Ce*/Tb?/
Mn**.

[0595] The tungstate phosphors include:

[0596] CaWO,, (Ca,Pb)WO,, MgWO,. Other phos-
phors Y,05:Eu’*, Y(V,P)O,:Eu?,

[0597] YVO,Dy**, MgGa,O,:Mn**, 6MgOAs,Os:
Mn?*,
[0598] 3.5MgO , MgF,GeO,:Mn*.

[0599] Activators of relevance to the various doped phos-
phors include the following list:

[0600] TI*, Pb>*, Ce**, Eu**, WO,>", Sn**, Sb>*, Mn*",

Tb3+, Ell3+, Mn4+, Fe3+.
[0601] In various embodiments, the luminescence center
11+ can be used with a chemical composition such as:

[0602] (Ca,Zn);(PO,),:T1*, Ca,(PO,),:TI*.

[0603] Similarly, the luminescence center Mn2+ can be
used with chemical compositions such as

[0604] MgGa,O,Mn>*, BaMg,Al,,O,,:Eu**/Mn>*,

71n,Si0,,:Mn>*,

[0605] 3Ca,(PO,), Ca(F,Cl),:Sb**/Mn**, CaSiO:Pb>*/

Mn**, Cd,B,05:Mn**,
[0606] CdB,OMn>*, GdMgB.O, ,:Ce**/Mn>*,
GdMgB;0,,:Ce®*/Tb>*/Mn>*.
[0607] Further, the luminescence center Sn”* can be used
with chemical compositions such as:

[0608] Sr,P,0.,:Sn**, (Sr,Mg),(PO,),:Sn**.

[0609] The luminescence center Eu** can also be used
with chemical compositions such as:

[0610] SrB,O,F:Eu**, (Sr,Ba)Al,Si,05:Eu?*, Sr;(PO,)

,:Bu?*, Sr,P,0,:Eu**,

[0611] Ba,MgSi,O4:Fu’",

BaMg,Al, O,,:Eu**/Mn**,

[0612] (Sr,Ca),o(PO,)Cly:Eu*.
[0613] The luminescence center Pb>* can be used with
chemical compositions such as:

[0614] (Ba,Mg,Zn),Si,0,:Pb* BaSi,O5:Pb**, (Ba,Sr)

3S1,0,:Pb**.
[0615] The luminescence center Sb>* can be used with
chemical compositions such as:

[0616] 3Ca,(PO,),.Ca(F,Cl),:Sb**,

C1),:Sb>*/Mn>*.
[0617] The luminescence center Th3+ can be used with
chemical compositions such as:

[0618] CeMgA,,O4:Ce3+/Th>",

Y,Si08:Ce**/Th**,

[0619] GdMgB,O,,:Ce**/Tb>*.
[0620] The luminescence center Eu** can be used with
chemical compositions such as:

[0621] Y,O;:Eu**, Y(V,P)O,Eu’*.

St,6(PO,)Cly:Eu,

3Ca,(PO,),.Ca(F,

LaPO,:Ce*/Tb>*,
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[0622] The luminescence center Dy>* can be used with
chemical compositions such as:

[0623] YVO,Dy**
[0624] The luminescence center Fe** can be used with
chemical compositions such as:

[0625] LiAlO,:Fe*.
[0626] The luminescence center Mn** can be used with
chemical compositions such as:

[0627] 6MgO.As,O5:Mn**, 3.5Mg0.0.5MgF,—GeO.:
Mn*.
[0628] The luminescence center Ce** can be used with

chemical compositions such as:

[0629] Ca,MgSi,0,.Ce** and Y,SiOS:Ce®*.
[0630] The luminescence center WO,>~ can be used with
chemical compositions such as:

[0631] CaWO,, (Ca,Pb)WO,, MgWO,,.
[0632] The luminescence center TiO,*" can be used with
chemical compositions such as:

[0633] BaO TiO,.P,0s.
[0634] In various embodiments of this invention, the phos-
phor chemistry utilized in X-Ray excitations can be used. Of
particular interest is the k-edge of these phosphors. Low
energy excitation can lead to intense luminescence in mate-
rials with low k-edge. Some of these chemistries and the
corresponding k-edge are included as follows:

BaFCl:Eu** 37.38 keV
BaSO,:Eu* 37.38 keV
CaWo, 69.48 keV
Gd202§:Tb3* 50.22 keV
LaOBr:Tb** 38.92 keV
LaOBr:Tm** 38.92 keV
La,0,8:Tb3* 38.92 keV
Y,0,8:Th** 17.04 keV
YTaO, 67.42 keV
YTaO,:Nb 67.42 keV
ZnS:Ag 9.66 keV
(Zn,Cd)S:Ag 9.66/26.7 keV

[0635] In one embodiment of this invention, light from
these materials (excited for example by high energy particles
including x-rays, gamma rays, protons, and electrons) can
have their emissions modulated by having those materials
included in a vicinity of (including inside) the color enhanc-
ing structures described herein. For example, in medical
treatments where x-ray excites phosphorescence to photo-
stimulate reactions in a patient, simultaneous with irradia-
tion by the high energy particles there could be applied
infrared irradiation to drive resonance in the color enhancing
structures/energy augmentation structures described herein,
where the x-ray phosphors would have enhanced emissions
when in the presence of the intensified electric fields In
another example, in medical or scientific instruments, simul-
taneous with irradiation by the high energy particles there
could be applied electric fields to enhance emissions from
these x-ray phosphors.

Photobiomodulation

[0636] This invention provides methods, systems and
devices which use phosphorescing, fluorescing and scintil-
lating materials or other of the energy conversion materials
and devices described herein, with and without the energy
augmentators described above for increasing the effective-
ness and/or the efficiency of light emission in a subject or
medium being treated by X-ray radiation or a particle beam.
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The invention also pertains to methods and structures for
assembling nano-particles to increase their net light output
under excitation. With the energy augmentators, this inven-
tion can generate local regions of intense electric fields to
enhance or accelerate light, or photon, or electron emission
of materials in proximity to those local regions.

[0637] Light modulation from a deeply penetrating radia-
tion like X-ray to a photo-catalytic radiation like UV, opens
the possibility for activating bio-therapeutic agents of vari-
ous kinds within mammalian bodies. Other possibilities
include the activation of photo-catalysts in mediums for
cross-linking reactions in polymeric chains and polymer
based adhesives. These examples are but two examples of a
number of possibilities that can be more generally described
as the use of a conversion material to convert an initiating
radiation that is deeply penetrating to another useful radia-
tion possessing the capability of promoting photo-based
chemical reactions. The photo-chemistry is driven inside
mediums of far ranging kinds including organic, inorganic
or composited from organic and inorganic materials.

[0638] The photo-activation with no line of site required
can be done in-vivo and ex-vivo such as those carried out in
cell cultures. In turn, the photo activation of select bio-
therapeutic agent, and conceivably more than one agent at a
time, can lead to the onset of a desirable chemical reaction,
or a cascade of reactions, that in turn lead to a beneficial
therapeutic outcome. As an example, the binding of psoralen
to DNA through the formation of monoadducts is well
known to engender an immune response if done properly. An
in-depth treatise of the subject is available in the open
literature. Psoralen under the correct photo-catalytic light
gains the aptitude to bind to DNA. Psoralen has been
reported to react to other sites that have a suitable reactivity
including and not limited to cell walls. If this reaction is of
the correct kind, as is the case for psoralen-DNA monoad-
ducts formation, the binding leads to a programmable cell
death referred to as Apoptosis. Such programmable cell
death, if accomplished over a sufficiently large cell popula-
tion, can signal the body to mount an immune response
enabling target specific cell kill throughout the body. Such
immune response is of the upmost importance for various
medical treatments including cancer cure.

[0639] The cascade of events described above has at its
source the modulation of electromagnetic energy from the
X-ray to the UV energy using phosphors in the presence of
bio-therapeutic agents; these methods and the like, have
been thoroughly described in various patents and patent
applications such as those listed in the cross-reference
section above.

[0640] In particular, in U.S. Ser. No. 11/935,655, entitled
“METHODS AND SYSTEMS FOR TREATING CELL
PROLIFERATION DISORDERS,” the use of a phospho-
rescent emitting source was described with the advantage of
phosphorescent emitting molecules or other source may be
electroactivated or photoactivated prior to insertion into the
tumor either by systemic administration or direct insertion
into the region of the tumor. Phosphorescent materials have
longer relaxation times than fluorescent materials. Energy
emission is delayed or prolonged from a fraction of a second
to several hours. Otherwise, the energy emitted during
phosphorescent relaxation is not otherwise different than
fluorescence, and the range of wavelengths may be selected
by choosing a particular phosphor.
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[0641] In particular, in U.S. Ser. No. 12/401,478, entitled
“PLASMONIC ASSISTED SYSTEMS AND METHODS
FOR INTERIOR ENERGY-ACTIVATION FROM AN
EXTERIOR SOURCE,” the use of phosphorescent materi-
als as energy converters was described. The *478 application
details a number of converters some having a very short
energy retention time (on the order of fs-ns, e.g. fluorescent
molecules) whereas others having a very long half-life (on
the order of seconds to hours, e.g. luminescent inorganic
molecules or phosphorescent molecules). Specific types of
energy converters described in the *478 application included
Y,O0;; ZnS; ZnSe; MgS; CaS; Mn, Er ZnSe; Mn, Er MgS;
Mn, Er CaS; Mn, Er ZnS; Mn, Yb ZnSe; Mn, Yb MgS; Mn,
Yb CaS; Mn, Yb ZnS:Tb**, Er’*; ZnS:Tb**; Y,0,:Th*;
Y,0,:Th**, Er’*; ZnS:Mn**; ZnS:Mn,Er’*.

[0642] The treated condition, disorder, or disease may or
may not be significantly mediated by abnormal cellular
proliferation and said predetermined change does not have
to substantially affect cellular proliferation with and without
energy augmentators.

[0643] The target structure need not be present inside an
organism, but may be one in vitro or ex vivo. The prede-
termined change may enhance the expression of, promote
the growth of, or increase the quantity of the target structure;
or the predetermined change can enhance, inhibit or stabilize
the usual biological activity of the target structure compared
to a similar untreated target structure. For example, the
predetermined change with and without energy augmenta-
tors can alter the immunological or chemical properties of
the target structure which may be a cell, cell membrane,
internal cellular structure, polypeptide or non-polypeptide
compound which can be modified by said predetermined
change to be more or less antigenic or immunogenic. In
another embodiment, modifying the target structure can be
done without the need for a pharmaceutical agent.

[0644] In one embodiment, there is provided a system for
light stimulation within a medium. The system has a
reduced-voltage x-ray source configured to generate x-rays
from a peak applied cathode voltage at or below 105 kVp,
and a first plurality of energy-emitting particles in the
medium which, upon radiation from the x-ray source, radiate
with and without energy augmentators at a first lower energy
than the x-ray source to interact with the medium or with at
least one photoactivatable agent in the medium.

[0645] In one embodiment, there is provided a method for
light stimulation within a medium. The method includes
introducing a first plurality of energy-emitting particles into
the medium, radiating the first plurality of energy-emitting
particles in the medium with x-rays generated from a peak
applied cathode voltage at or below 105 kVp, and emitting
with and without energy augmentators a first lower energy
than the x-ray source to interact with the medium or with at
least one photoactivatable agent in the medium.

[0646] In one embodiment, there is provided a system for
modulating biological activity within a medium with and
without energy augmentators. The system includes a
reduced-voltage x-ray source configured to generate x-rays
from a peak applied cathode voltage at or below 105 kVp,
and a plurality of energy-emitting particles in the medium
which, upon radiation from the x-ray source, radiate at a
lower energy than the x-ray source to alter the biological
activity of the medium.

[0647] In one embodiment, there is provided a method for
modulating biological activity within a medium with and
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without energy augmentators. The method includes intro-
ducing a plurality of energy-emitting particles into the
medium, radiating the plurality of energy-emitting particles
in the medium with x-rays generated from a peak applied
cathode voltage at or below 105 kVp, and emitting a first
lower energy than the x-ray source to alter the biological
activity of the medium.

[0648] In one embodiment, there is provided a system for
light stimulation within a medium with and without energy
augmentators. The system includes an initiation source
configured to radiate an initiation energy, a first plurality of
energy-emitting particles in the medium which (upon radia-
tion from the initiation source) radiate at a first lower energy
than the initiation source to interact with at least one
photoactivatable agent in the medium, and a second plurality
of energy-emitting particles in the medium which (upon
radiation from the initiation source) radiate at a second
lower energy than the initiation source to interact with at
least one photoactivatable agent in the medium. A combi-
nation of emission from the first and second plurality of
energy-emitting particles produces a spectrum for illumina-
tion of the at least one photoactivatable agent in the medium.
The spectrum has a wavelength distribution simulating at
least a part of an absorption spectrum of the at least one
photoactivatable agent.

[0649] In one embodiment, there is provided a method for
light stimulation within a medium v. The method includes
introducing a first plurality of energy-emitting particles in
with and without energy augmentators radiating the first and
second plurality of energy-emitting particles in the medium
with an initiation energy, emitting from the first and second
plurality of energy-emitting particles a first lower energy
than the initiation energy and a second lower energy than the
initiation energy to interact with at least one photoactivat-
able agent in the medium. A combination of emission from
the first and second plurality of energy-emitting particles
produces a spectrum for illumination of the at least one
photoactivatable agent in the medium. The spectrum has a
wavelength distribution simulating at least a part of an
absorption spectrum of the at least one photoactivatable
agent.

[0650] In one embodiment, there is provided a system for
light stimulation within a medium with and without energy
augmentators. The system includes a first plurality of light-
emitting particles which upon encountering an initiating
excitation of light energy or particle beam energy radiate a
first output energy having photocatalysis potential to acti-
vate photoactivatable agents in the medium, and a second
plurality of light-emitting particles which upon encountering
the initiating excitation of light energy or particle beam
energy radiate a second output energy complementary to the
first output. A combination of energy emission from the first
and second plurality of energy emitting particles produces a
combined energy capable of activating chemical agents
inside the medium.

[0651] In one embodiment, there is provided a method for
light stimulation within a medium with and without energy
augmentators. The method includes introducing a first plu-
rality of light-emitting particles into the medium, introduc-
ing a second plurality of light-emitting particles into the
medium, exposing the first plurality of light-emitting par-
ticles to an initiating excitation of light energy or particle
beam energy to produce from the first plurality of light-
emitting particles a first output energy having photocatalysis
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potential to activate at least one photoactivatable agent in the
medium, and exposing the second plurality of light-emitting
particles to an initiating excitation of light energy or particle
beam energy to produce from the second plurality of light-
emitting particles a second output energy complementary to
the first output. A combination of energy emission from the
first and second plurality of energy emitting particles pro-
duces a combined energy capable of activating chemical
agents inside the medium. With the energy augmentators,
this invention can generate local regions of intense electric
fields to enhance light emission from the first and second
plurality of energy emitting particles in proximity to those
local regions.

[0652] In one embodiment, there is provided a system for
light stimulation within a medium with and without energy
augmentators. The system has a first plurality of light-
emitting particles which upon encountering an appropriate
initiating excitation of light energy or particle beam energy
radiate with and without energy augmentation an output
energy having photocatalysis potential to activate photoac-
tivatable agents with minimized impact on the medium. The
system further has a second plurality of light-emitting par-
ticles which upon encountering the same initiating excitation
of light energy or particle beam energy radiate an output
energy complementary to the output of the first set of
particles. With the energy augmentators, this invention can
generate local regions of intense electric fields to enhance
light emission from the light emitting particles in proximity
to those local regions.

[0653] In one embodiment, there is provided a system for
light stimulation within a medium with and without energy
augmentators. The system has an x-ray source positioned at
a distance from the medium and configured to generate
radiation within an energy band bounded by a lower energy
threshold capable of inducing desirable reactions and an
upper energy threshold leading to denaturization of the
medium. The system has an x-ray source control device
configured to 1) calculate an x-ray exposure condition
including the distance and the above-noted energy band and
2) operate the x-ray source within the x-ray exposure
condition. The system has a plurality of energy-emitting
particles in the medium which, upon radiation from the x-ray
source with energy above the lower energy threshold, radiate
with and without energy augmentation at a first lower energy
than the x-ray source to interact with the medium or with at
least one photoactivatable agent in the medium. With the
energy augmentators, this invention can generate local
regions of intense electric fields to enhance light emission
from the plurality of energy-emitting particles in proximity
to those local regions.

[0654] In general and without limitation, the present
invention sets forth a method with and without energy
augmentation of modifying a target structure which medi-
ates or is associated with a biological activity, which
includes treating a condition, disorder or disease in a subject,
which is effective, specific, and has few side-effects. Those
cells suffering from a condition, disorder or disease are
referred to herein as the target cells.

[0655] All methods and materials similar or equivalent to
those described herein can be used in the practice or testing
of the present invention, with suitable methods and materials
being described herein. All publications, patent applications,
patents, and other references mentioned herein are incorpo-
rated by reference in their entirety. In case of conflict, the
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present specification, including definitions, will control.
Further, the materials, methods, and examples are illustra-
tive only and are not intended to be limiting, unless other-
wise specified.

[0656] In one embodiment, the present invention provides
method with and without energy augmentation for modify-
ing a target structure which mediates or is associated with a
biological activity comprising:

[0657] applying an initiation energy from at least one
source to a target structure in a subject in need of treatment,
wherein the initiation energy contacts the target structure
and induces a predetermined change in said target structure
in situ,

[0658] wherein said predetermined change modifies the
target structure and modulates the biological activity of the
target structure.

[0659] In a preferred embodiment, the present invention
provides methods with and without energy augmentation for
the treatment of a condition, disorder or disease, in which an
initiation energy source provides an initiation energy that
causes the predetermined cellular changes directly to treat
target cells within a subject. In one preferred embodiment,
the initiation energy source is applied indirectly via an
energy converter, preferably in proximity to the target cells.

[0660] Accordingly, in one embodiment, a method in
accordance with the present invention utilizes with and
without energy augmentation an initiation energy from at
least one source applied to a target structure in a subject in
need of treatment, wherein the initiation energy contacts the
target structure and induces a predetermined change in said
target structure in situ, thus modifying a target structure
which mediates or is associated with a biological activity,
preferably treating a condition, disorder or disease.

[0661] In yet another preferred embodiment, a method in
accordance with the present invention utilizes with and
without energy augmentation the principle of energy transfer
to and among molecular agents to control delivery and
activation of cellular changes by irradiation such that deliv-
ery of the desired effect is more intensified, precise, and
effective than the conventional techniques. At least one
energy converter with and without energy augmentators can
be administered to the subject which adsorbs, intensifies or
modifies said initiation energy into an energy that effects a
predetermined cellular change in said target structure. The
energy converter may be located around, on, or in said target
structure. Further, the energy converter can transform a
photonic initiation energy into a photonic energy that effects
a predetermined change in said target structure. In one
preferred embodiment, the energy converter decreases the
wavelength of the photonic initiation energy. In another
preferred embodiment, the energy converter can increase the
wavelength of the photonic initiation energy. In a different
embodiment the converter is one or more members selected
from a biocompatible fluorescing metal nanoparticle, fluo-
rescing metal oxide nanoparticle, fluorescing dye molecule,
gold nanoparticle, silver nanoparticle, gold-coated silver
nanoparticle, a water soluble quantum dot encapsulated by
polyamidoamine dendrimers, a luciferase, a biocompatible
phosphorescent molecule, a combined electromagnetic
energy harvester molecule, and a lanthanide chelate exhib-
iting intense luminescence, or any other of the energy
converters described above. With the energy augmentators,



US 2022/0193441 Al

this invention can generate local regions of intense electric
fields to enhance the photonic energy in proximity to those
local regions.

[0662] Another object of the present invention is to treat
with and without energy augmentation a condition, disorder
or disease in a subject using an activatable pharmaceutical
agent. Exemplary conditions, disorders or diseases may
include, but are not limited to, cancer, autoimmune diseases,
cardiac ablation (e.g., cardiac arrhythmia and atrial fibrilla-
tion), photoangioplastic conditions (e.g., de novo atheroscle-
rosis, restenosis), intimal hyperplasia, arteriovenous fistula,
macular degeneration, psoriasis, acne, alopecia areata,
portwine spots, hair removal, rheumatoid and inflammatory
arthritis, joint conditions, lymph node conditions, and cog-
nitive and behavioral conditions.

[0663] Accordingly, in one embodiment, the present
invention provides methods utilizing the principle of energy
transfer to and among molecular agents to control delivery
and activation of pharmaceutically active agents such that
delivery of the desired pharmacological effect is more
focused, precise, and effective than prior techniques without
energy augmentation.

[0664] In yet another preferred embodiment, the initiation
energy source is applied directly or indirectly (via a con-
verter with and without energy augmentation) to the acti-
vatable pharmaceutical agent, preferably in proximity to the
target cells.

[0665] FIG. 57 illustrates a system according to one exem-
plary embodiment of the present invention. Referring to
FIG. 57, an exemplary system according to one embodiment
of the present invention may have an initiation energy source
1 directed at the subject 4. An activatable pharmaceutical
agent 2 and an energy converter 3 can be administered to the
subject 4. The initiation energy source may additionally be
controlled by a computer system that is capable of directing
the delivery of the initiation energy (e.g., x-rays).

[0666] In further embodiments, dose calculation and
robotic manipulation devices may also be included in the
system to adjust the distance between the initiation energy
source 1 and the subject 4 and/or to adjust the energy and/or
dose (e.g., kVp or filtering) of the initiation energy source
such that the x-rays incident on the target site are within an
energy band bounded by a lower energy threshold capable of
inducing desirable reactions and an upper energy threshold
leading to denaturization of the medium. Results described
below show the criticality of the range of X-Ray kVp.
Further refinements in the x-ray energy and dose can be had
by adjusting the distance to the subject 5 or the intervening
materials between the target site and the initiation energy
source 1.

[0667] In yet another embodiment, there is also provided
a computer implemented system for designing and selecting
suitable combinations of initiation energy source, energy
transfer agent, and activatable pharmaceutical agent, com-
prising:

[0668] a central processing unit (CPU) having a storage
medium on which is provided:

[0669] a database of excitable compounds;

[0670] a first computation module for identifying and
designing an excitable compound (e.g., a photoactivatable
drug) that is capable of binding with a target cellular
structure or component; and

[0671] a second computation module predicting the
absorption energy of the excitable compound,
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[0672] wherein the system, upon selection of a target
cellular structure or component, computes an excitable com-
pound that is capable of interacting with the target structure
with and without energy augmentators present.

[0673] The computer-implemented system according to
one embodiment of the present invention may have a central
processing unit (CPU) connected to a memory unit, config-
ured such that the CPU is capable of processing user inputs
and selecting a combination of initiation source (or initiation
energies or distances), activatable pharmaceutical agent, and
energy transfer agents for use in a method of the present
invention.

[0674] The computer-implemented system according to
one embodiment of the present invention includes (or is
programmed to act as) an x-ray source control device
configured to calculate an x-ray exposure condition includ-
ing a distance between the initiation energy source 1 and the
subject 4 and the energy band bounded by the above-noted
lower energy threshold capable of inducing desirable reac-
tions and the above-noted upper energy threshold leading to
denaturization of the medium. The x-ray source control
device operates the x-ray source (the initiation energy source
1) within the x-ray exposure condition to provide a requisite
energy and/or dose of x-rays to the subject or a target site of
the subject with and without energy augmentation.

[0675] Light intensity plays a substantial role in photo-
catalysis. The more light intensity that is available, the
higher the chance of activating reactions that are suitable for
photo-activation. Conversely, the lower the intensity, the
lesser the chance of activating chemical reactions. In other
words, usually, the photonic flux at a sufficient intensity
(number of photons per unit time) is necessary to trigger
reactions. The energy augmentators of this invention serve
to enhance the photon flux or photons per nit time and/or
serve to collect from (or distribute to) treatment sites pho-
tons for trigger of the photo-induced reactions.

[0676] Besides light intensity, a minimum level of spectral
matching between the radiation(s) emanating from the con-
version media and the radiation that can be absorbed by the
photo-catalyst being targeted is desired. In other words, the
emitted radiation has to be suitable to the absorption of the
chemical species under consideration.

[0677] Prior work has shown the effect of psoralen on
crosslinking DNA and showed the effectiveness of light
modulating particles (phosphors, scintillators and combina-
tions thereof) under X-Ray irradiation. Of particular interest
were the crosslinking signals associated with DNA and in
particular having a minimize effect of denaturing DNA
while maximizing the density of desirable crosslinks such as
those needed to engender an immune response. This effect is
described below for the sake of completeness in the discus-
sion associated with FIGS. 33-43, with the present invention
expected to enhance the effectiveness of the light-induced
cross-linking.

[0678] Gel electrophoresis is method for qualitatively ana-
lyzing DNA crosslinking. If no denaturing conditions are
applied, then an observable pattern consisting of an aggre-
gation of double stranded genomic DNA (or ds genomic
DNA) are present as illustrated in FIG. 33.

[0679] On the other hand, if denaturing conditions are
applied, then an observable signal represented by a smear
pattern is observed since a distribution of species are pres-
ent, not just a single stranded DNAs illustrated in FIG. 34.
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[0680] DNA was incubated with psoralen then exposed to
X-Ray energy in the presence of nano particles and a
biotherapeutic agent. Denaturing conditions were then
applied in the form of heat, formamide. Agarose gel having
an electric field gradient was used to force DNA to travel
through its pores by a diffusion process. The signals result-
ing from the ds DNA and ss DNA are then recorded using
the fluorescent dye technique described above (as illustrated
in FIG. 35). The intensity of the gel is directly related to the
mass loading.

[0681] A DNA crosslinking test plan was devised for using
X-Ray radiation as the initiating crosslinking radiation. The
experimental space was mapped out, and variables were
altered as part of the experimental plan. This work showed
surprising results in that more ssDNA was generated at
higher X-Ray intensity. The solutions were prepared using a
Total volume per glass vial (2 mLL DNA solution+ AMT or
phosphors). Dissolved stock lyophilized DNA (2 mg) in 20
mL of 1xPBS. The drug concentrations of AMT were kept
at a fixed concentration of 0.1 ®M. The phosphors were
added to the solution as follows: 0.1 mg/mL final concen-
tration in DNA. This was obtained by creating a suspension
of 1 mg/mL. BP7c suspension in PBS, adding 200 ®L
suspension to vial of 2 mL. DNA+TMPS solution and finally
adding 200 ®L suspension to vial of 2 mL. DNA+AMT
solution. After treatment, all the vials were transferred to ice,
covered from the light, and stored in cold room on wet ice
prior to the gel electrophoresis measurements.

[0682] FIG. 36 shows the gel electrophoresis results post
DNA crosslinking attempts under X-Ray radiation and using
temperature and distance from the source as variables. The
experimental conditions are provided in Table 1 shown in
FIG. 37.

[0683] All the experiments were conducted using a con-
stant source voltage and amperage. Sample S6 in FIG. 37
had the most energy input from the irradiator. As shown in
FIG. 34, sample condition S6 revealed that more X-Ray
intensity yielded more ssDNA than other conditions of lesser
energy inputs. Production of ssDNA is the less desirable
result. As noted above, the generation of more ssDNA at
higher X-Ray intensity was the unexpected result.

[0684] FIG. 38 illustrates the results from gel electropho-
resis post DNA crosslinking attempts using various experi-
mental conditions. FIG. 39 shows Table 2 providing the
experimental conditions for testing the effect of total deliv-
ered energy (some conditions had constant power and some
conditions had constant flux).

[0685] The total delivered energy was an experimentally
designed variable. The power was maintained constant by
varying kVp (peak voltage on the x-ray cathode) and fila-
ment current accordingly. The impact of a constant flux was
tested. For each of these conditions, time was fixed in two
major intervals: e.g., a two minutes duration or a six minutes
duration. As shown in FIG. 36, all the two minute runs
(regardless of the flux and kVp conditions) showed a strong
ds DNA signal. On the other hand, all the six minute runs
(regardless of the flux and kVp conditions) showed a strong
ss-DNA signal. In effect the total energy delivered to the
system makes a substantial difference in the formation of
ss-DNA versus ds-DNA. Though the DNA crosslinking test
is qualitative rather than quantitative, the exhibited trend is
clear and unambiguous. More energy leads to the formation
of smaller molecular weight species from the original DNA.
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[0686] A visual ranking of brightness from the electro-
phoresis technique was adopted to rank the various condi-
tions. The results are tabulated in Table 3 shown in FIG. 40.
[0687] The sum total of all the brightness results in the
“ds” column and the sum total of all the brightness in the
“ss” column are plotted in FIG. 41 for the two duration
periods applied during the test. Clearly, the two minute
duration X-ray irradiation treatments lead to more ds-DNA,
and the six minute duration X-ray irradiation treatments lead
to more ss-DNA.

[0688] The total energy delivered during the X-Ray treat-
ments was calculated by integrating the power delivery over
the time period by multiplying the voltage and the amperage,
as illustrated in Table 4 shown in FIG. 42.

[0689] In order to test the impact of phosphor loading, a
series of phosphor loadings were prepared for testing. The
X-ray treatment was kept at two minutes for the conditions
in this experiment (for the sake of confirming the repeat-
ability of the fact that the lower level of energy delivery
leads to ds-DNA signal). The phosphor concentration was
varied from 0.1 mg/ml to 0.15 mg/ml and 0.18 mg/ml.
[0690] FIG. 43 illustrates the results from gel electropho-
resis post DNA crosslinking attempts using varying phos-
phor concentrations at kVp values at or below 80 kVp. As
illustrated in FIG. 43, the ds-DNA signal can be observed
across the entire series of samples treated according to the
experimental conditions in Table 5 (shown in FIG. 44). This
reinforces the utility of lower incident energy levels to avoid
generating ssDNA.

[0691] Furthermore as illustrated in FIG. 44, going to
lower kVp values during the irradiation treatment can fur-
ther be demonstrated in this subgroup from Table 5.
[0692] Sample S4 treated using 10 kVp exhibits a rela-
tively stronger ds-DNA signal than Si which was treated
using 80 kVp. The lower the kVp results in stronger observ-
able ds-DNA signal for the phosphor in 0.1 mg/mL final
concentration in DNA. The comparison of S1, S2, S3 and S4
conditions further reinforces that lower kVp values are
helpful to the crosslinking process.

[0693] As illustrated in FIG. 45, the condition that led to
most crosslinking was sample S11. The phosphor in this case
is 0.18 mg/mL final concentration in DNA and crosslinks 1o
best at 40 kVp. Besides the positive results at 80 kVp and
below, positive results at 105 kVp have been obtained.
[0694] A non-limiting illustration of how photo-catalytic
light can work cooperatively with non-ionizing radiation to
potentiate the activation of bio-therapeutics is provided in
FIG. 46.

[0695] Prior work used a test set up to permit channeling
of external radiation source into the x-ray radiation system
as illustrated in FIG. 47A.

[0696] The coupled fibers coupled red light and while
light, UV light, and LASER light (from outside the irradia-
tor) to the inside of the irradiator where the X-Ray energy
was turned on. FIG. 47B provides an illustration of the
coupled fiber permitting different wavelengths of ionizing
and non-ionizing radiation to be applied in conjunction with
X-Ray. In this invention while the sample depicted in FIG.
478 is inside a petri dish, the concept relates to any sample
regardless of the environment (including in vivo) where the
activation occurs.

[0697] In one embodiment of this invention, various col-
ors can be used to optimize an X-ray irradiation treatment.
For example, the application of photo-catalytic energy can
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be done in conjunction with energy able to induce confor-
mational changes in certain reactive site (i.e., a target site).
FIG. 47C illustrates the combination of X-Ray and a fiber
optic allowing the simultaneous use of X-Ray energy with
external light sources having potentiating effects. In one
embodiment of the invention, the light from the external
light source interacts with the energy augmentators of this
invention, and in particular infrared light interacting with the
folded resonator structures described above.

[0698] FIG. 48 illustrates the combination of X-Ray and a
microwave guide allowing the simultaneous use of X-Ray
energy and microwave energy to interact with a target or
reactive site. In one embodiment of the invention, the
microwave energy interacts with the energy augmentators of
this invention, and in particular the folded resonator struc-
tures described above.

[0699] Accordingly, as noted above, in one embodiment of
this invention, there is provided a system or method for light
stimulation within a medium. The system has a reduced-
voltage x-ray source configured to generate x-rays from a
peak applied cathode voltage at or below 105 kVp, and a first
plurality of energy-emitting particles in the medium which,
upon radiation from the x-ray source, radiate at a first lower
energy than the x-ray source to interact with photoactivat-
able agent(s) in the medium with or without energy aug-
mentation.

[0700] The method accordingly introduces a first plurality
of energy-emitting particles into the medium, radiates the
first plurality of energy-emitting particles in the medium
with x-rays generated from a peak applied cathode voltage
at or below 105 kVp, and emits a first lower energy than the
x-ray source to interact with photoactivatable agent(s) in the
medium. In various aspects to the invention the peak applied
cathode voltage is at or below 120 kVp, is at or below 105
kVp, is at or below 70 kVp, is at or below 60 kVp, is at or
below 50 kVp, is at or below 40 kVp, is at or below 30 kVp,
or is at or below 20 kVp, or is at or below 10 kVp or is at
or below 5 kVp. In one aspect of the invention, the distance
to the target is utilized to also alter the effect of varying the
incident energy of the X-rays incident on the medium. The
distance can be set to a value of less than 5 mm, less than
10 mm, less than 15 mm, or less than 20 mm. In other
embodiments, the x-ray source can be positioned farther
away from the target being irradiated. “kVp” is peak accel-
erating voltage applied in an X-ray tube between the cathode
and anode. The term and its definition derive from the fact
that in some systems the accelerating potential is not con-
stant, but varies over time (i.e., have a voltage ripple). The
kVp (in units of kilovolts) is the kinetic energy (in keV) of
the most energetic electrons arriving at the anode, and also
the energy of the most energetic X-ray photon produced by
bremsstrahlung.

[0701] The efficiency of X-ray production by bremsstrahl-
ung increases with increasing kVp, and so therefore does
X-ray tube output. If the kVp (in kilovolts) is higher than the
binding energy of an electron shell of the X-ray tube target
material, it is possible for the electron to ionize that shell and
for characteristic radiation to be produced.

[0702] For any given kVp, the X-ray spectrum contains a
spread of energies, the highest of which is proportional to the
kVp. However, the number of photons in lower energy
ranges is greater than at the very highest energies, and the
average energy of the X-ray beam is lower than the kVp.
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Nonetheless, the average energy increases with increasing
kVp and the beam becomes more penetrating.

[0703] FIG. 49 depicts the energy distribution of x-rays as
a function of kVp. It shows a progressive reduction in the
peak x-ray energy and a reduction in the number of x-rays
as kVp is reduced. Accordingly, a computer system (or
another x-ray source controller) controlling the initiation
energy source can control the kVp setting to change the dose
and average x-ray energies incident on a target of subject 4.
While the x-ray energy used in the experimental results
below were obtained without an aluminum filter on the x-ray
source, an aluminum or other filter can be used to truncate
a portion of the x-ray spectrum and selectively provide
different x-ray doses and x-ray energies to the target.

Phototherapy Excitation

[0704] Regardless of method of treatment, psoralen is of
interest for many of the biological applications of this
invention. The absorption of psoralen was measured in
different solvents including toluene, tetrahydrofuran (THF),
ethanol, and dimethyl sulfoxide (DMSO). The UV-Vis
absorption spectra are provided in FIG. 50. In particular,
FIG. 50 shows the absorption spectrum of psoralen mea-
sured in different solvents and over a broad range extending
from the UVB, the UVA and part of the visible.

[0705] The UV light emitted inside a cell or inside an
organ depends on the light conversion capability of the
utilized particle and on the number of particles residing
close to the point of measurement. The higher the number of
particles the higher the net intensity according to the super-
position principles applicable to light in particular and to
electromagnetic waves in general. The nano-particle con-
version material can be selected to have a high probability
of interaction with X-ray and strong emission in UV range
with as much intensity as possible. Alternatively, the nano-
particle conversion material can be a scintillator selected to
have a high probability of interaction with an ionizing
particle and strong emission in UV range with as much
intensity as possible. A scintillator is a material which
exhibits luminescence when excited by ionizing radiation,
such as for example an incoming particle (electron or ion),
absorb its energy and reemit the absorbed energy in the form
of light.

[0706] Some phosphors can be doped with ionic species
such that the material formed can exhibit fluorescence and
phosphorescence at the same time. The materials can be
formed in single crystal or poly-crystalline forms, in pow-
ders or monoliths.

[0707] However, once the conversion material selection is
done, further improvement of intensity solely depends on
the size, the number and the distribution of the nano-
particles that are close to target or to the measurement point.
The delivery of particles inside an organ can be gated by the
organ’s vasculature. The delivery of particles inside a cell
can also be gated by the ion channels residing in the cell
walls. Organs can accept larger particles than cells since the
openings gated by the organ’s vasculature are much larger
than ion channels in the cell walls.

[0708] One embodiment of this invention deals with the
delivery of the above described energy converters, e.g.,
phosphors or scintillators or a combination thereof having
particle sizes below 40 nm and that can pass through the ion
channels of cells. Once inside the cell, the phosphors of this
invention are trapped in sufficient concentration. The entrap-
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ment of the phosphors of this invention can be facilitated by
the combination of applying a magnetic coating to the
particles and using magnetic fields that are imposed exter-
nally to a given mammalian body (or external to an artificial
medium). In addition to entrapment of phosphors or scin-
tillators or a combination thereof inside cells or organs, the
phosphors of this invention can be made to assemble in
patterns that increase their net UV light output under X-Ray
excitation.

[0709] In one embodiment, there is provided a system for
light stimulation within a medium with or without energy
augmentation. The system has a first plurality of light-
emitting particles which upon encountering an appropriate
initiating excitation of light energy or particle beam energy
radiate an output energy having photocatalysis potential to
activate photoactivatable agents with minimized impact on
the medium. The system further has a second plurality of
light-emitting particles which upon encountering the same
appropriate initiating excitation of light energy or particle
beam energy radiate an output energy complementary to the
output of the first set of particles With the energy augmen-
tators, this invention can generate local regions of intense
electric fields to enhance light emission from the plurality of
light-emitting particles in proximity to those local regions.
[0710] A combination of energy emission from the first
and second plurality of energy emitting particles produces a
combined energy capable of activating chemical agents
inside the medium more effectively than the first set of
particles alone. The two sets of particles are interoperably
complimentary to one another. The energy outputs can be of
different natures. The first set of particles can output light
energy and the second set of particles can output chemical
energy.

[0711] The energy spectrum of the first set of particles has
an energy distribution having a peak position in common
with a peak in an absorption spectrum of the photoactivat-
able agent(s) and having a bandwidth overlapping the
absorption spectrum of the photoactivatable chemical
agents. The second energy potentiates the photoactivation by
predisposing reactive sites to the photoactivatable chemical
agent(s). The second energy can also be a light energy of
different spectrum or a chemical energy resulting in the
favorable alteration of the reaction potential of select reac-
tive sites. For instance, light can cause excitation of photo-
sensitizers, in the presence of oxygen, to produce various
toxic species, such as singlet oxygen and hydroxyl radicals.
Meanwhile, microwave and RF energy leads to dipolar
alignment of molecular species having an asymmetrical
charge distribution over their length.

[0712] More specific methods by which chemical path-
ways of photoactivatable chemistries can be altered is
described below in at least the photo-treatment section and
the photobiomodulation section.

[0713] Accordingly, in one embodiment of the invention,
there is provided a method for light stimulation within a
medium with or without energy augmentation. The method
includes introducing a first plurality of light-emitting par-
ticles into the medium, introducing a second plurality of
light-emitting particles into the medium, exposing the first
plurality of light-emitting particles to an initiating excitation
of light energy or particle beam energy to produce from the
first plurality of light-emitting particles a first output energy
having photocatalysis potential to activate photoactivatable
agents in the medium, and exposing the second plurality of
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light-emitting particles to an initiating excitation of light
energy or particle beam energy to produce from the second
plurality of light-emitting particles a second output energy
complementary to the first output. A combination of energy
emission from the first and second plurality of energy
emitting particles produces a combined energy capable of
activating chemical agents inside the medium. With the
energy augmentators, this invention can generate local
regions of intense electric fields to enhance light emission
from the light-emitting particles in proximity to those local
regions.

[0714] The following attributes of this invention may or
may not use the energy augmentators described above, and
may or may not locally enhance light emission.

[0715] One attribute of this invention is to provide phos-
phor materials (or the above described energy converters)
capable of specific light outputs e.g., under X-Ray or other
excitation in the absence of line-of-sight access to the
external energy source.

[0716] A further attribute of this invention is to provide a
set of phosphor or scintillator particles or a combination
thereof that has a combined light output spectrum closely
matching the absorption of a photoactivatable agent.
[0717] Another attribute of this invention is to provide
phosphor or scintillator particles or a combination thereof
capable of being oriented under an applied magnetic field.
[0718] Another attribute of this invention is to provide
phosphor or scintillator particles or a combination thereof
capable of being oriented under an applied electric field.
[0719] Another attribute of this invention is to provide
self-assembly of nanoparticles under an applied magnetic or
electric field. In this attribute, the assembly of phosphor or
scintillator or a combination thereof particles can form
simple geometrical patterns such as dendrites, spherical
clusters and rings.

[0720] Another attribute of this invention is to provide a
method by which a set amount of phosphor or scintillator
particles or a combination thereof yield more intensity at a
targeted site than would occur the same amount of randomly
distributed phosphor particles.

[0721] Another attribute of this invention is to provide a
method by which two or more phosphors or scintillators or
a combination thereof each emitting an intrinsic spectral
signature, can be mixed or alloyed to form a particle mixture
yielding a specific emission spectral signature.

[0722] Another attribute of this invention is to provide a
method by which a particle mixture has a specific spectral
signature matching a specific absorption of a photoactivat-
able agent, e.g., a photo-catalyst agent or bio therapeutic
agent.

[0723] Another attribute of this invention is to provide a
method by which a particle mixture has a specific spectral
signature to activate two photo catalysts or two bio-thera-
peutic agents.

[0724] Another attribute of this invention is to provide a
method by which a particle mixture acts as the carrier for the
photo-catalyst of a bio-therapeutic agent.

[0725] Another attribute of this invention is to provide a
method by which phosphor or scintillator particles or a
combination thereof can be made to emit a single specific
wavelength to actuate specific biological functions or can be
used to assist or block intracellular communication.

[0726] Another attribute of this invention is to provide a
method by which phosphor particles or scintillator particles
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of a sufficiently small size are delivered to an organ, to a cell,
or to an inside of the cell nucleus and then are trapped inside
the target using magnetic fields.

[0727] The phosphors or scintillator particles of this
invention can be synthesized from known material chemis-
tries that possess the capability of fluorescence (caused by
the instantaneous decay of electrons from a high energetic
state to a lower one) or phosphorescence (delayed decay of
electrons from a high energetic state).

[0728] The phosphors or scintillator particles of this
invention can be further prepared using additive processes
(i.e.; coatings) to gain the self-assembly capability inside
cells when exposed to electrical field or magnetic fields
stimulation. Externally imposed electrical field or magnetic
fields can be applied in a cyclic manner of specific frequen-
cies and magnitudes that promote the assembly into pat-
terned configurations.

[0729] Besides phosphors and scintillator particles, this
invention can also use other light emitting particles such as
fluorescent particles and up-converting particles or others of
the energy converters or light emitters described above. In
those cases, the techniques described here for improving the
efficiency of delivering light to a target or for spectrally
matching the emitted light to a photoactivatable substance
still apply regardless of energy augmentation.

[0730] Moreover, the light emitters of the invention can
utilize the above-described plasmonic metallic shell struc-
tures to increase the efficiency of absorption and light
emission.

[0731] Some of the materials (which can be used with or
without energy augmentation) include phosphors such as
YTaO4, YVO,, YNbO, and CaWO,. Each of these lattice
structures is an effective X-Ray absorber and a strong UV
emitter. The absorption spectra exhibit strong and broad
bands in the UV. The transition involved in these lattices is
typically the result of a charge transfer from the oxygen to
the dO ion. An electron can be excited from a non-bonding
orbital on the oxygen to an anti-bonding orbital (d on the
metal ion). Another lattice structure of interest is Y,O;. All
of these materials have been doped using ionic species to
create color centers. Y,0O; can be doped with Gd and YTaO,
can be doped with Nb. The specific influence of the host
lattice on the luminescent center is different for different
materials. This is not surprising since the direct surrounding
of the luminescent center is changed. The influence of the
lattice on optical centers is relatively well known for some
materials such as YF5:E** and Y,0,3:Eu®*.

[0732] One of the first factors is covalency. A high cova-
lency translates to reduced interactions between electrons
since they spread out over wider orbitals. Electronic transi-
tions between energy levels are set by the difference in these
energy levels which are in turn gated by electronic interac-
tions. The difference in energy levels is lower for increasing
covalency. Another factor for the influence of the lattice on
the optical properties of an ion is the crystal field. Certain
optical transitions are determined by the strength of the
crystal field. This explains why Cr,O; is green but Al,O;:
Cr** is red even though both materials have the same
crystalline structure. The Cr** ions occupy the smaller Al**
sites and as a result feel a stronger crystal filed in Al,O; than
in Cr,O;. The synthesis of the materials influences the
emission of the color centers. The defects as well as the
particle size and particle size distribution all play a role.
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[0733] Controllable and repeatable processes that can be
utilized to produce nano-particles, and use thereof, have
emerged as an area of science and engineering of consider-
able interest in recent years. The use of electric or magnetic
field-assisted transport offers an approach for manipulating
millimeter, micrometer and nanometer particles in a repeat-
able and controllable manner. The use of such electric fields
is generally referred to as dielectro-phoresis (DEP).

[0734] The application of a field gradient gives rise to
translation and orientation of particles exhibiting dipolar
characteristics. The net asymmetrical distribution of charge
along the dimension of a particle dictates the magnitude of
the resultant dipole which has units of unit charge per unit
length or Coulomb/meter. The same is true for magnetic
fields as well as electric fields. In magnetic fields, this effect
is characterized by the susceptibility of the material forming
the particle. The net magnetization per unit length will
define the strength of the magnetic dipole.

[0735] Phosphor or scintillator particles (which can be
used with or without energy augmentation), such as those
made of oxide materials, do not have a net dielectric dipole
or magnetic dipole. However, according to one embodiment
of the invention, phosphor or scintillator particles can be
made to act in a dipolar fashion.

[0736] Phosphor selection criterions for this invention are
based on peak intensity of the emission, peak position with
UV of the emission, the need to have a workable phosphor
with minimal storage requirements, handling and packaging,
the ability of the phosphor to couple to X-Ray energy, the
control over its particle size and particle size distribution;
and, finally their surface chemistry.

[0737] In one embodiment of the invention, the peak
emission target is between 310 nm and 800 nm or simply the
UVA spectrum. It is desirable to have the maximum con-
version of X-ray intensity into UVA intensity and visible
light (see Table 6 in FIG. 51).

[0738] This conversion can be characterized in various
interrelated terms. Sometimes the conversion is referred to
as the quantum yield or probability of interaction between
X-ray and phosphors. These interrelated terms include the
coupling efficiency, emission effectiveness or the Effective-
Z between the X-ray and the phosphor. A list of some of the
X-ray phosphors emitting in the VIS range is reported in
Table 7 in FIG. 52.

[0739] Alternatively, as noted above, a variety of scintil-
lator materials can also be used including organic scintilla-
tors, plastic scintillators, and inorganic crystals.

[0740] Organic scintillators (which can be used with or
without energy augmentation) are usually aromatic hydro-
carbon compounds which contain benzene ring structures
interlinked in various ways. Their luminescence typically
decays within a few nanoseconds. Some organic scintillators
are pure crystals. The most common types are anthracene
(C,4H, o, decay time~30 ns), stilbene (C,,H,,, few ns decay
time), and naphthalene (C,,Hg, few ns decay time). These
organic crystal scintillators are very durable, but their
response is anisotropic.

[0741] Anthracene has the highest light output of all
organic scintillators Plastic scintillators (which can be used
with or without energy augmentation) are solutions of
organic scintillators in a solvent which is subsequently
polymerized to form a solid. Some of the common solutes
are p-Terphenyl, PBD, b-PBD, PBO, POPOP. The most
widely used plastic solvents are polyvinyltoluene and poly-
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styrene. Plastics scintillators give a fast signal (a few ns) and
a high light output. The number of emitted scintillation
photons is best described by the convolution of an expo-
nential decay and a Gaussian (rather than the exponential
decay alone).

[0742] Plastics by their nature can very easily be shaped
and machined to the forms (cylinders, rods, flat sheets,
fibers, microspheres and thin films) and are relatively inex-
pensive. Plastics scintillators, while generally resistant, can
be scratched and attacked by organic solvents (e.g. acetone).
Also, bodily acids can cause cracking over time. Nonethe-
less, in one embodiment of the invention, plastic sheet
scintillators can be inserted around or near a tumor site to
provide light emission upon exposure to an electron beam.
[0743] Inorganic scintillator crystals (which can be used
with or without energy augmentation) include materials such
as tungstates and alkali metal halides, often with a small
amount of activator impurity. The most widely used inor-
ganic scintillator crystal is Nal(TI) (sodium iodide doped
with thallium). Other inorganic alkali halide crystals are:
CsI(T1), CsI(Na), Csl(pure), CsF, KI(Tl), Lil(Eu). Some
non-alkali crystals include: BaF,, CaF,(Eu), ZnS(Ag),
CaWO,, CdWO,, YAG(Ce) (YAL0,,(Ce)), BGO bismuth
germanate, GSO, LSO, LaCl;(Ce), LaBr,(Ce).

[0744] A disadvantage of some inorganic crystals, e.g.,
Nal, is their hygroscopicity, a property which requires them
typically to be housed in an air-tight enclosure to protect
them from moisture. CsI(Tl) and BaF, are only slightly
hygroscopic and do not usually need protection. CsF, Nal
(TI), LaC,;(Ce), LaBr;(Ce) are hygroscopic, while BGO,
CaF,(Eu), LYSO, and YAG(Ce) are not. The hygroscopic
inorganic crystals for application in this invention would
typically be encapsulated with a silica or plastic.

[0745] Like the phosphors above, scintillators (which can
be used with or without energy augmentation) each show
typical emission peaks. BaF, or barium fluoride is reported
to emit in the UV band (220 nm) and at longer wavelengths
(310 nm) and has a 630 ns decay time. BaF, is not hygro-
scopic. CaF has a reported emission at 390 nm. CaF,(Eu) or
calcium fluoride doped with europium is not hygroscopic,
has a 940 ns decay time, and has been reported to have an
emission centered at 435 nm. BGO or bismuth germanate
has a higher stopping power, but a lower optical yield than
Nal(Tl). BGO has emission centered at 480 nm. CAWO,, or
cadmium tungstate has a relatively high light output (about
Y4 of that of Nal(Tl)) CAWO,, has been reported to have an
emission centered at 475 nm. CaWO, or calcium tungstate
has been reported to have emission at centered at 420 nm.
CsI(TI) or cesium iodide doped with thallium crystals have
been reported as one of the brightest scintillators. The
maximum wavelength of light emission is centered at 550
nm. CsI(TT) is only slightly hygroscopic. CsI(Na) or cesium
iodide doped with sodium is less bright than CsI(T1), but
comparable in light output to Nal(Tl). The wavelength of
maximum emission is at 420 nm. CsI(Na) is hygroscopic.
CsI undoped cesium iodide emits predominantly at 315 nm,
and is only slightly hygroscopic. The light output is rela-
tively low. LaBr;(Ce) (or lanthanum bromide doped with
cerium is an alternative to Nal(Tl). LaBr;(Ce) has been
reported to have emission at centered at 370 nm. It is
hygroscopic. LaCl;(Ce) (or lanthanum chloride doped with
cerium) is an alternative to LaBr;(Ce). It is hygroscopic. It
has been reported to have emissions centered at 350 and 390
nm.
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[0746] U.S. Pat. No. 7,084,403 (the entire contents of
which are incorporated herein by reference) shows a variety
of emission from lanthanum halides.

[0747] PbWO, or lead tungstate has a high stopping
power. It has emission at 420 nm. Lul; or lutetium iodide has
emission at 420 nm. LSO or lutetium oxyorthosilicate
(Lu,Si05) has emission around 420 nm. GSO or gadolinium
oxyorthosilicate (Gd,SiOs) has emission around 430 nm.
However, as reported by Mao et al, in “Emission Spectra of
LSO and LYSO Crystals Excited by UV Light, X-Ray and
(-ray,” in IEEE TRANSACTIONS ON NUCLEAR SCI-
ENCE, VOL. 55, NO. 3, JUNE 2008, the emission spectrum
shifts depending on the source of excitation. Accordingly, in
one embodiment of this invention, the choice of excitation
source can be used to peak match to a particular photoac-
tivatable substance such as to match the peak in the psoralen
absorption.

[0748] LYSO (Lu, 3Y,,Si05(Ce)) has a broad emission
around 425 nm. LYSO is non-hygroscopic. Nal(TI) or
sodium iodide doped with thallium. Nal(TI) is the most
widely used scintillator material. It has an emission around
410 nm. Nal(T1) is hygroscopic. YAG(Ce) or yttrium alu-
minum garnet: YAG(Ce) is non-hygroscopic. The wave-
length of maximum emission is around 550 nm. Its light
output is about Y3 of that of Nal(T1). ZnS(Ag) or zinc sulfide
has emission at 450 nm. ZnWO,, or zinc tungstate has a peak
emission at 480 nm (with emission range between 380-660
nm).

[0749] In one embodiment of the present invention, mix-
tures of these scintillators (with or without energy augmen-
tation) can provide a spectral output for photoactivation of
photoactivatable agent(s) such as psoralen. In one embodi-
ment of the invention, the amounts of each particular scin-
tillator mixed into the composition is a weighted sum where
the product of the emission intensity of each scintillator and
the weight composition percentage provides at each emis-
sion wavelength a predetermined component of a spectral
emission band. In one embodiment of the invention, light
from the composition of scintillators simulates at least a part
of an absorption spectrum of the photoactivatable agents.
For example, a wavelength distribution of the light from the
composition of scintillators can have a peak position in
common with one of the peaks in the absorption spectra of
the psoralens in different media. Further, the wavelength
distribution of the light from the composition of scintillators
can simulate an absorption edge of the absorption spectrum
of the photoactivatable agents, such as for example the
absorption edge to the higher wavelength side of the peaks.
Further, the wavelength distribution of the light from the
composition of scintillators can overlap the absorption spec-
trum of the photoactivatable agents in part or in whole as if
a replicating the absorption spectra. With the energy aug-
mentators, this invention can generate local regions of
intense electric fields to enhance light emission from the
scintillators in proximity to those local regions.
UVA/UVB Emissions (with and without Energy Augmen-
tation):

[0750] In some applications, the desirable incident or
initiation energy is different than X-ray (such as EUV) while
the desirable down-converted output intensity remains in the
UVA and the visible. In other applications, the desirable
incident or initiation energy is X-ray but the desirable
down-converted energy output of the phosphor is in the
UVB. Yet, in other cases, the desirable incident or initiation
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energy is X-ray but the desirable down-converted energy
output of the phosphor is in the UVA and the UVB or the UV
and the visible. According to one embodiment of the inven-
tion, phosphors (which can be used with or without energy
augmentation) were selected to work with excitation sources
including X-Ray, Extreme UV and e-beam. Within the X-ray
regime, the selected phosphors can couple to a flux of X-ray
photons emanating from commercially available equipment
sources used for therapeutic tumor treatments, medical
imaging and semiconductor inspection. With the energy
augmentators, this invention can generate local regions of
intense electric fields to enhance light emission from the
X-ray phosphors in proximity to those local regions.
[0751] One example of a material that emits in the UVA
regime is provided in FIG. 53.

[0752] The X-ray system used to carry out the excitation
was the Faxitron X-Ray System. (Faxitron X-Ray LLC, 575
Bond St. Lincolnshire, I1l. 60069 USA). FIG. 54 is a
schematic of emission from YTaO, reported to have a peak
emission at 337 nm under X-Ray excitation. However, here,
emission at 327 nm was observed.

[0753] One example of a material having an output in the
UVB is provided in FIG. 55. FIG. 55 is a schematic of
emission from LaOBr:Tm,* reported to have a peak emis-
sion at 280 nm under X-Ray excitation. However, emission
at 300 nm was observed in work by the inventors.

[0754] One example of a material having an output in the
UVA, UVB and the visible is provided in FIG. 56. FIG. 56
is a schematic of emission from a CaWO,, phosphor coated
with silica and showing emission in UVB, UVA, and the
visible.

Impact of X-Ray on UV Output Intensity:

[0755] The initiation energy (X-Ray in this example)
influences the UV output of the phosphor. Both the intensity
of X-Ray and the energy of the X-Ray photon excitation
influence the UV light output. The following examples are
provided to illustrate how modifying the photonic energy
and intensity of X-Ray can modulate the light output of the
UV and Visible light. These tests were made using three
different voltages between the filament and the tungsten
target of the X-ray generator. In each case, the emission peak
and intensity of the phosphor emission was dependent on the
voltage between the filament and the target (i.e., dependent
on the intensity of X-Ray and the energy of the X-ray photon
excitation).

[0756] In these tests, various phosphors were weighed to
12 grams and placed in UV transparent containers. These
phosphors were activated under X-ray generated using dif-
ferent voltages (50 kVp, 90 kVp and 130 kVp). The term
“kVp” as before represents the peak voltage in kilovolts. A
photo-spectrometer was placed in the same position vis-a-
vis the various containers.

[0757] FIG. 57 is the spectral output from a visible phos-
phor Y,SiO5:Ce under X-ray excitation using three different
voltages between the filament and the target. FIG. 58 is the
spectral output of a visible phosphor (BASF commercial
phosphor XYMARA MARKER BLUE LF2A) under X-Ray
using three different voltages between the filament and the
target of the X-ray generator. FIG. 59 is the spectral output
of a visible phosphor Y,0,S:Tm under X-Ray using three
different voltages between the filament and the target of the
X-ray generator. FIG. 60 is the spectral output of a BaSO,:
Eu phosphor capable of emission in the UVA and in the
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visible. FIG. 61 is the spectral output of an YTaO,, phosphor
capable of emission in the UVA and in the visible. FIG. 62
is a schematic of the spectral output of an YTaO, phosphor
chemistry capable of emission in the UVA and CaWO,
capable of emitting in the UVA and in the visible.

A Mixed or Alloyed Configuration of the Invention for Use
with or without Energy Augmentation

[0758] According to another embodiment of the invention,
at least two phosphors are mixed to broaden the output of the
mixture as compared to the individual starting phosphors.
According to this embodiment, multi-peak output phosphors
can be obtained from one phosphor chemistry or by com-
bining multiple phosphor chemistries. All or any of the
phosphor chemistries listed in Table 3 can be combined with
one another to form multiple wavelengths of interest. These
phosphors in Table 8 shown in FIG. 63 are listed in an
ascending order of wavelength emissions.

[0759] In one embodiment of the invention, the amounts
of each particular phosphor mixed into the composition is a
weighted sum where the product of the emission intensity of
each phosphor and the weight composition percentage pro-
vides at each emission wavelength a predetermined compo-
nent of a spectral emission band. In one embodiment of the
invention, light from the composition of phosphors simu-
lates at least a part of an absorption spectrum of the
photoactivatable agents. For example, a wavelength distri-
bution of the light from the composition of phosphors can
have a peak position in common with one of the peaks in the
absorption spectra of the psoralens in different media shown
in FIG. 50. Further, the wavelength distribution of the light
from the composition of phosphors can simulate an absorp-
tion edge of the absorption spectrum of the photoactivatable
agents, such as for example the absorption edge to the higher
wavelength side of the peaks in FIG. 50. Further, the
wavelength distribution of the light from the composition of
phosphors can overlap the absorption spectrum of the pho-
toactivatable agents in part or in whole as if a replicating the
absorption spectra.

[0760] Inoneembodiment, the weighted product produces
a spectral emission band which simulates a commercial UV
light source. FIG. 64 provides a typical spectrum from a
commercial UV light source which has been used to activate
psoralens. As can be seen, the commercial UV light source
has a broader spectral width than the absorption line of
psoralen.

[0761] Given the uncertainties of the mechanisms of pso-
ralen activation and association with the cancer cells for cell
death, the broader spectral width of the commercial UV light
source may offer advantages in activation of the psoralen
and promotion of cancer cell death. For example, the
broader spectral width of the commercial UV light source
may itself promote changes in the cancer cells themselves
which promote attachment of the “activated” psoralen.
Laskin et al, in a paper entitled “Psoralens potentiate ultra-
violet light-induced inhibition of epidermal growth factor
binding,” in Proc. Nat. Acd. Sci. vol. 83, pp. 8211-8212,
November 1996, show in their FIG. 1 the effects of UV dose
with and without trimethyl psoralen on inhibition of **°I-
EGF specific binding. The inhibition of promoted with and
without trimethyl psoralen at higher UVA light doses, but
with higher efficiency with trimethyl psoralen present.
Moreover, the data shows that doses of greater than 1
Joule/cm?® seem required to activate a cell response without
psoralen, while with psoralen the activation occurs at lower
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doses. Indeed, the dose to induce a cell response seems
inversely proportional to the psoralen concentration, that is
the higher the psoralen concentration the lower the dose
needed to promote a cell response. Laskin et al concluded
that psoralen/UVA or UVA light-induced changes in the
kinase activity of an epidermal growth factor receptor may
initiate a cascade of biochemical events leading to cellular
responses.

[0762] Varga etal in “Dose-related Effects of Psoralen and
Ultraviolet Light on the Cell Cycle of Murine Melanoma
Cells,” in Cancer Res 1982; 42:2223-2226, published online
Jun. 1, 1982 reported similar results with Accordingly, in
one embodiment of the invention, the mixed phosphors and
scintillators of the invention provide a spectral response of
higher UV dose and a closer spectral match to that of
commercial UVA sources than for example single fluores-
cent emitters or single phosphor emitters.

[0763] FIG. 65 is the superimposed emission spectra
under X-ray excitation for CaWO,, phosphors and YTaO,
phosphors. In the example illustrated in FIG. 65, the two
phosphors each emit in a distinct region. FIG. 66 is the
emission spectra under X-ray excitation (for various volt-
ages between the filament and the target) for the combina-
tion of a mixture of CaWO, and YTaO, phosphors. The
spectral output demonstrates the ability to influence the
output intensity of the mixture as compared to the staring
materials. The intensity of the initiation energy (X-ray in this
case) influences the UV output of the phosphor. The fol-
lowing examples are provided to illustrate how modifying
the intensity of photonic energy of X-ray can modulate the
light output of the UV and Visible light. The relative
intensity output of a phosphor (CaOW,) was measured as a
function of the energy of the X-ray photons. The X-ray
energy was intensified by modifying the peak voltages that
exist between the filament and the target. The target in this
case was Tungsten. The measurements were carried out
using the same mass of phosphor under 50 kVp, 90 kVp and
130 kVp. The relative intensity of the emission in arbitrary
units is indicative but not conclusive in terms of comparing
different materials. However, within the same conditions
used to conduct measurements, it is clear that the higher
X-ray intensity the higher the relative intensity of the
emitted wavelength.

[0764] According to one embodiment of the invention,
phosphors are synthesized from different chemicals and
using different processes to control their morphology, in turn
influence their properties and light intensity output, but more
importantly their stability in ambient air environments. It is
preferred in certain applications to have phosphors that are
not hygroscopic. Phosphors are easier to handle and to work
with when the phosphors are stable in water and do not
contain dopants that are toxic; however, even when phos-
phors are not stable in water and do contain dopants that are
toxic, particles of these phosphors in one embodiment of the
invention can be coated using chemical synthesis methods to
build-up a protective coating which shields the phosphor
from the environment (water for example) and which shields
the environment from the toxic dopant in the phosphor
(Bromide for example). The protective coating can be silica
or can be diamond or diamond-like carbon. Silica can be
formed using sol-gel derived techniques. Diamond and
diamond-like carbon can be derived from chemical vapor
deposition (CVD) techniques based for example on Hydro-
gen-Methane gas mixtures. The handling and packaging of
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various phosphors and phosphor mixtures can be achieved
through dispersion in solution or in powder form. It was
found that silica coated phosphors do not have a tendency to
agglomerate.

[0765] FIG. 67 is the emission spectra under X-ray exci-
tation for various materials including Y,0;, CaWO,,
YaTO,, YaTO,:Nb, BaSO,:Eu, La,0,S:Tb, BaSi,O:Pb.
These materials yield various peak intensities and wave-
lengths. As seen from this figure, the phosphor and scintil-
lator materials (CaWO,, YaTO,, YaTO,:Nb, BaSO,:Eu,
La,0,8:Tb, BaSi,O4:Pb) are considerably brighter than that
of Y,0; a conventional fluorescent material.

[0766] Hence, in one embodiment, there is provided a
system and method for light stimulation within a medium.
The system includes an initiation source configured to an
initiation energy and a plurality of energy-emitting particles
in the medium which, upon radiation from the initiation
source, radiate at a lower energy than the initiation source to
interact with photoactivatable agents in the medium. The
energy-emitting particles radiate with an intensity at least
two times greater than that of intrinsic (or undoped) Y,O;,
upon exposure of Y,O; to the radiation from the initiation
source. The method includes introducing a plurality of
energy-emitting particles into the medium, radiating the
plurality of energy-emitting particles in the medium with
radiation from an initiation energy source, and emitting from
the plurality of energy-emitting particles a lower energy than
the radiation from the initiation energy source to interact
with photoactivatable agents in the medium. In various
aspects of the invention, the energy-emitting particles radi-
ate with an intensity at least times greater than that of
intrinsic Y,0O;, at least 50 times greater than that of intrinsic
Y,0;, or at least 100 times greater than that of intrinsic
Y,0,, or at least 500 times greater than that of intrinsic
Y,0;, or at least 1000 times greater than that of intrinsic
Y,0;.

[0767] In this and other embodiments, the plurality of
energy-emitting particles can include at least one of phos-
phors, scintillators, fluorescent materials, and combinations
and agglomerations thereof with or without plasmonic
inducing agents. In this and other embodiments, the initia-
tion energy source can be one of an X-ray source, a high
energy source, a particle source, and extended UV source,
and a radioactive source including at least one of a Cobalt 60
source, a Cesium-137 source, an Iridium-192 source, a
Krypton-85 source, a Radium-226 source, and a Strontium-
90 source or a combination thereof.

[0768] According to one embodiment of the invention, a
combination of these materials can yield a spectrum with a
specific signature. Phosphor emissions from these materials,
as illustrated in FIGS. 67, 68, and 69, cover a broad range
of the VIS and UV spectrum. Hence, in one embodiment,
there is provided a system for light stimulation within a
medium. The system includes an initiation source config-
ured to radiate an initiation energy, a first plurality of
energy-emitting particles in the medium which (upon radia-
tion from the initiation source) radiate at a first lower energy
than the initiation source to interact with photoactivatable
agents in the medium, and a second plurality of energy-
emitting particles in the medium which (upon radiation from
the initiation source) radiate at a second lower energy than
the initiation source to interact with photoactivatable agents
in the medium. A combination of emission from the first and
second plurality of energy-emitting particles produces a
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spectrum for illumination of the photoactivatable agents in
the medium. The spectrum has a wavelength distribution
simulating at least a part of an absorption spectrum of the
photoactivatable agents or a spectrum of an ultraviolet
discharge lamp.

[0769] In one aspect of the invention, the wavelength
distribution can have a peak position in common with a peak
in the absorption spectrum of the photoactivatable agents or
can simulates an absorption edge of the absorption spectrum
of the photoactivatable agents. In another aspect, the first
and second plurality of energy-emitting particles can be a
weighted composition of a plurality of different light-emit-
ting particles, where light emitted from the weighted com-
position simulates part of the absorption spectrum of the
photoactivatable agents.

[0770] In another aspect, the combination of the emission
from the first and second plurality of energy-emitting par-
ticles with or without energy augmentation can be config-
ured about a target site to form a light source illuminating the
target site to treat the target site with the photoactivatable
agents. In another aspect, an energy distribution emitted
from the first and second plurality of energy-emitting par-
ticles resembles the absorption spectrum of the photoacti-
vatable agents or the spectrum of the ultraviolet discharge
lamp. The energy distribution can overlap with the absorp-
tion spectrum of the photoactivatable agents or the spectrum
of the ultraviolet discharge lamp. With the energy augmen-
tators, this invention can generate local regions of intense
electric fields to enhance light emission from the energy-
emitting particles in proximity to those local regions.

Toxicity Testing:

[0771] Clonogenic Survival Assay (Low Density Proto-
col): In low density clonogenics, multiple cell densities are
plated first and then treated. This clonogenic technique
minimizes plating effects and pilot errors. In contrast, high
density clonogenics have one stock plate of cells that is
treated and then trypsinized and plated at different densities.
This assay is more labor intensive and more prone to errors
(e.g., pilot and plating) as well as contamination. However,
this technique may more accurately depict the clinical
situation as it allows cells to have more cell-to-cell contact.
[0772] The procedures followed for the clonogenic sur-
vival assays below are as follows:
[0773] 1. Label plates (cells, treatments, date, initials).
[0774] a. Plate cells in triplicate at 3 different densities

(such as 100, 300, and 1,000 cells/plate).

[0775] i. The # of cells plated depends on:

[0776] 1. The cell line (for example HelLa, HT29,
B16/F10 and most MEF cell lines, recommend
using 100, 300 and 1,000 cells per plate).

[0777] 2. Treatments—the higher drug concentra-
tions, higher IR doses or longer hypoxia treat-
ments are usually more toxic compared to less
stringent conditions, so use more cells for the
more toxic treatments.

[0778] 2. Calculate the drug concentrations and the
amount of media needed for each treatment.
[0779] a. Media:
[0780] 1. In 6-wellplates, use 3 mL media per well—
so total amount of media needed is (3 mL/well)*
(total # of plates)*(# of wells/plate)
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[0781] ii. In 6-wellplates, use 3 mL media per plate—
so total amount of media needed is (3 mL/well)*
(total # of plates)*(# of wells/plate)

[0782] iii. Also, take into account any media changes/
washes—if using drug treatments, double the
amount of media needed as you will need to add
fresh media after the drugs are rinsed off the cells.

[0783] b. Drugs:

[0784] i. Make fresh drug dilutions for every experi-
ment

[0785] ii. Make drug dilutions beforehand—if adding
drugs directly to the media, add greater 3 pL. volume
per well. Any volume less than 3 ul. adds potential
error to the experiment.

[0786] 3. Plating:
[0787] a. Trypsinize cells.
[0788] b. Determine total # of cells for each cell density

in a 6-wellformat:

[0789] 1. (# of plates)*(3 well/plate)*(100 cells/well)
=Total # of cells needed to give 3 wells 100 cells/
well in each plate.

[0790] ii. (# of plates)*(3 well/plate)*(300 cells/well)
=Total # of cells needed to give 3 wells 300 cells/
well in all plates

[0791] iii. Calculate media needed to plate each den-
sity:
[0792] 1. (# of plates)*(3 well/plate)*(3 mL/well)

=Total # mL of media needed to plate each density.

[0793] c. Pellet cells—centrifuge @ 1,000 rpm/2-3 min/
4° C.

[0794] d. Resuspend in media and count.

[0795] e. Make serial dilutions to obtain the number of

cells needed to add to total volume of media (step 3iii).

[0796] 1. If 1,200,000 cells/ml are counted, plate #100
and #300 cells/well—dilute the total number of cells
down to a more manageable volume.

[0797] ii. Dilute (1:10) the main stock 1,200,000
cells/ml- to give 120,000 cells/ml-dilute (1:10) again
to give 12,000 cells/ml—dilute (1:10) again gives
1,200 cells/ml. See FIG. 70.

[0798] {. Plate 3 ml of media and cells in each well of
all plates
[0799] g. Put in the incubator and allow cells-18-24 hr
to attach.
[0800] 4. Treat cells:

[0801] a. Treat cells according to the experimental
design
[0802] i. Optional (depends on experiment): Remove

media on all plates, rinse with to 2 mL. 1xPBS and
then add fresh 3 mL of media.

[0803] b. Incubate plates under normal conditions (37°
C. and 5% CO,) for 7-14 days, or until visually
detecting colonies of greater than 50 cells in the cell
alone control plates.

[0804] c. Stain plates.
[0805] 5. Staining (not necessarily under sterile condi-

tions):

[0806] a. Decant media off plates.

[0807] b. Rinse plates with ~2 m[, 1xPBS.

[0808] c¢. Add Fixation Solution and leave on for 10
min/RT
[0809] i. Typically, 2-3 mL is enough (i.e. enough to

cover the bottom of the plate)
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[0810] d. Decant Fixation Solution
[0811] e. Add Crystal Violet Stain (enough to cover
bottom of plate) and leave on for 10 min/RT.
[0812] f. Rinse plates with water.
[0813] 1. Fill sink with water and drop plates in as you
remove the crystal violet.

[0814] ii. Rinse off plates with water.
[0815] g. Allow plates to dry on bench paper
[0816] h. Count colonies using the ColCounter.

[0817] i. Count colonies that have >50 cells in
them—Ilook at colonies under the microscope if you
are unsure.

Fixation Solution:

10% Methanol
10% Acetic Acid
80% H,O

Crystal Violet

500 mL of working stock:

0.4% Crystal Violet (200 mL of the 1% stock)
20% Ethanol (100 mL)

200 mL H,0

[0818] 6. Data Analysis:
[0819] a. Record the number of colonies for each cell
density and treatment group.
[0820] b. Correct for cell density (i.e. normalize all
plates to 100 cells)

[0821] i. Compare between groups to see if the
groups are all corrected to reflect the same number of
cells plated.

[0822] 1. To compare your treatment #1 on 300
cells to control/vehicle on 100 cells—divide your
number of colonies from your 300 cell group by 3
since there are 3x as many cells.

[0823] c. Calculate the plating efficiency (survival of
your control-plated cells)

[0824] 1. Average the # colonies in your control plates

[0825] d. Correct for plating efficiency (this removes
effects just from plating your cells)

[0826] 1i. Divide the surviving fractions normalized
for cell density (Step6B) by the plating efliciency
calculated in Step 6C.

[0827] e. Calculate survival fraction, which is the
average of the corrected numbers in Step 6D, stan-
dard deviation as well as standard error (standard
deviation divided by the square root of (n)).

[0828] {f. Plot Surviving Fraction (semi-log plot; y-axis)
vs. treatments (linear; x-axis).

Solubilization Protocol:

[0829] (Used if working with cell lines that do not form
tight, distinct colonies—like some GBM lines. Reference:
Bernardi et al (2001) Clinical Cancer Research 7, 4164-73)
[0830] 1. Add 33% acetic acid to each of your 60 mm
plates 24 hr post-staining.
[0831] a. Do not use less than 400 pL.
[0832] 2. Aliquot 100 pL from each plate (in triplicate) to
a 96-well plate.
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[0833] 3. Read the absorbance at 540 nm and average the
3 values.
[0834] 4. Normalize all values based on the volume solu-

bilized and then follow regular data analysis steps.

[0835] The phosphors were tested in two forms, coated
and uncoated. All coated phosphors were designated by a
“c” at the end for example BP7¢ (blue phosphor #7 coated).
All uncoated phosphors were designated by a “u” at the end
for example BP3u (blue phosphor #3 uncoated). Most of the
coatings tested in our experiments consisted of silica. All
uncoated phosphors were predominantly oxides. The
assigned names to the various phosphors are provided in the
following Table 9 in FIG. 71.

Toxicity Testing of YTaO,:Nb

[0836] Various phosphors including YTaO,:Nb phosphors
were tested for their inherent toxicity using a clonogenic
survival assay (the details of which are provided below).
Three different doses of YTaO,:Nb were used in this case.
In this particular case, the YTaO,:Nb oxide phosphor was
coated with a nano-meter size layer of silica.

[0837] This clonogenic survival assay was plated using the
B16 mouse melanoma cells with TMP (5:m/ml) and/or silica
coated YTaO,:Nb phosphor at three concentrations (1
mg/ml, 100 pg/ml, 10 pg/ml). The mixture sat on the cells
for 3 hr, and then the media was removed. YTaO,:Nb was
found to be non-toxic up to a dose of 1 mg/ml alone or in
combination with TMP. FIG. 72 is a depiction of the results
of YTaO,:Nb Phosphor-Alone Toxicity using clonogenic
assay. No inherent toxicity was observed. The YTaO,:Nb
with silica coating was found to be nontoxic even in high
doses.

Toxicity Testing of BaSO,:Eu:

[0838] Three doses of BaSO,:Eu were used to look for any
inherent toxicity. FIG. 73 is a depiction of the results of
BaSO4:Eu phosphor-alone toxicity using the clonogenic
assay. BaSO,:Fu with silica coating was added in three
different concentrations to B16 mouse melanoma cells with
TMP. No inherent toxicity was observed. The clonogenic
survival assay was plated using the B16 mouse melanoma
cells with TMP (5 pm/ml) and/or BaSO,:Eu phosphor (1
mg/ml, 100 pg/ml, 10 pg/ml) sat on the cells for 3 hr, and
then the media was removed. BaSO,:Eu phosphor coated
with silica coating was found to be non-toxic at 100:g/ml
and 10:g/ml. It had moderately toxic at 1 mg/ml.

Toxicity Testing of BaSi,O5:Pb:

[0839] Three doses of BaSi,O4:Pb were used to look for
any inherent toxicity FIG. 74 is a depiction of BaSi,O5:Pb
phosphor-alone toxicity using the clonogenic assay. A
BaSi,O5:Pb phosphor coated in silica containing trace
amounts of Pb, is much more toxic at the highest concen-
tration compared to either of the previous phosphors. This
clonogenic survival assay was plated using the B16 mouse
melanoma cells with TMP (5 pm/ml) and/or BaSi,Os:Pb
phosphor (1 mg/ml, 100 ng/ml, 10 pg/ml) sat on the cells for
3 hr, and then the media was removed. BaSi,O5:Pb was
found to be non-toxic at 10:g/ml, moderately toxic at 100:
g/ml, and markedly toxic at 1 mg/ml.

YTaO, Phosphor Coated with Silica Under X-Ray in the
Presence of TMP:

[0840] Another clonogenic survival assay was plated
using the B16 mouse melanoma cells. The testing was
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designed to determine if the YTaO, phosphor plus TMP lead
to melanoma cells kill. Two levels of x-ray energy (filament
to target voltage) were used. The TMP was added at a
concentration of (5 um/ml) and/or phosphor (1 mg/ml,
100:g/ml, or 10:g/ml). The mixture sat on the cells for 3 hr
before the cells were exposed to radiation. The radiation was
given to the indicated groups using the Orthovoltage
machine where the 2 Gy total dose was delivered using 2
different energy levels (135 kVp, 160 kVp).

[0841] There is some degree of XRT+phosphor effect even
at the lower doses of phosphor at 160 kVp. One effect of the
X-ray radiation treatment with the YTaO, phosphor was
observable though not as pronounced at 135 kVp. The cell
kill results indicated a 30-40% ‘inherent’ toxicity with 1
mg/ml of phosphor (high concentration).

[0842] FIG. 75 is a depiction of the results using a voltage
of 160 kVp and 1 mg/ml concentration of the TaO, phos-
phor, which shows a marked XRT and Phosphor effect, and
further cell kill when adding TMP.

[0843] Based on this data with YTaO,, two concentrations
of the YTaO, phosphors were evaluated to resolve with
greater details the combined effect of phosphor plus X-Ray
radiation plus TM at 160 kVp+TMP. This clonogenic sur-
vival assay was plated using the B16 mouse melanoma cells
with TMP (5 pm/ml) and/or YTaO, phosphor (1 mg/ml,
500:g/ml) sat on the cells for 3 hr before the cells were
exposed to radiation. The radiation was given to the indi-
cated groups using the Orthovoltage machine with the 2 Gy
total dose at 160 kVp.

[0844] A repeatable and reproducible signal was observed
based on the effect of radiation and phosphor. However, no
significant added benefit of adding TMP was observed. In
fact the data showed that (in this case) the addition of TMP
lessened the surviving cell fraction. Perhaps, the TMP may
have selectively adsorbed on the particle surfaces or the UV
intensity was attenuated more in the presence of TMP. In
either case, the phosphor effect was observable under X-ray.
FIG. 76 is a depiction of the YTaO, phosphor-alone toxicity-
using clonogenic assay with three different concentrations
added to B16 mouse melanoma cells with TMP.
YTaO,Phosphor (with No Coating) Under X-Ray in the
Presence of TMP:

[0845] Another clonogenic test was carried out using an
identical YTaO,(BP3u) without the SiO, In essence, the
innate oxide was tested to resolve the impact of the surface
finish of the phosphor. FIG. 77 is a depiction of the results
with YTaO, (uncoated) at 0.75 mg/ml+/-2 gray XRT at 160
kVp or 320 kVp. 30-40% No cell kill from radiation alone
was observed. There is moderate toxicity with 0.75 mg/ml of
YTaO, uncoated by itself (36-48% kill). There is a markedly
enhanced cell kill with YTaO, plus XRT. However, similarly
to the previous result shown in FIG. 75, there is no added
benefit from XRT+BP3u+TMP.

[0846] With YTaO, (uncoated) at a dose of 0.75 mg/ml,
there is moderate toxicity from the phosphor alone. An
enhanced cell kill was seen with BP3+radiation. However,
there was observed no added benefit of YTaO,+radiation+
TMP at either 160 kVp or 320 kVp.

YTaO,:Nb Phosphor (with No Coating) Under X-Ray in the
Presence of TMP:

[0847] Another clonogenic test was carried out using the
same phosphor base matrix with a doping that shifted the
peak emission. This was achieved by adding niobium to the
tantalate chemistry to form YTaO,:Nb (BP6u). This evalu-
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ated phosphor was without the SiO, coating. In essence, the
innate oxide was tested to resolve the impact of the surface
finish of the phosphor. FIG. 78 is a depiction of the results
with YTaO,:Nb (uncoated) at 0.75 mg/ml, +/-2 gray XRT at
160 kVp and 320 kVp. 30-40% cell kill from radiation alone
was observed. There is minimal toxicity with 0.75 mg/ml of
BP6u by itself (0-7% kill). There is markedly enhanced cell
kill with YTaO,:Nb plus XRT. However, there is no added
benefit from XRT plus YTaO,:Nb plus TMP at these kVp
levels.

LaOBr:Tm>* Phosphor (with SiO, Coating) Under X-Ray in
the Presence of TMP:

[0848] Based on the previous data with YTaO,, three
doses of LaOBr:Tm>* were evaluated to look for a phosphor
plus radiation plus TMP effect. This clonogenic survival
assay was plated using the B16 mouse melanoma cells with
TMP (5 pm/ml) and/or LaOBr:Tm phosphor (1 mg/ml, 100
ng/ml, 10 pg/ml) sat on the cells for 3 hrs before the cells
were exposed to radiation. The radiation was given to the
indicated groups using the Orthovoltage machine (2 Gy total
dose at 160 kVp or 80 kVp).

[0849] FIG. 79 is a depiction of the results with LaOBr:
Tm (coated with SiO,) phosphor-alone toxicity—using a
clonogenic assay with three different concentrations added
to B16 mouse melanoma cells with TMP. LaOBr:Tm is toxic
by itself (see the left bars in FIG. 79). There was no
additional benefit of adding TMP at these kVp levels.
LaOBr:Tm while the brightest phosphor was found to be
toxic by itself. This is not a surprise in the view of the
bromine constituent which is toxic. Also, no TMP activation
was seen, as with the previous experiment, at either 80 or
160 kVp. However, with this phosphor having a strong UV
and visible l