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[001] FLUORINE RESISTANT, RADIATION RESISTANT, AND RADIATION
DETECTION GLASS SYSTEMS

[002] CROSS-REFERENCE TO RELATED APPLICATIONS
[003] This Application claims the benefit of priority of co-pending U.S. Provisional
Utility Patent Application 62/194,239, filed 19 JULY 2015, the entire disclosure of

which is expressly incorporated by reference in its entirety herein.

[004] It should be noted that throughout the disclosure, where a definition or use of a
term in any incorporated document(s) is inconsistent or contrary to the definition of
that term provided herein, the definition of that term provided herein applies and the

definition of that term in the incorporated document(s) does not apply.

[005] BACKGROUND OF THE INVENTION
[006] Field of the Invention
[007] One or more embodiments of the present invention relate to fluorine resistant,

radiation resistant, and radiation detection alkali free fluorophosphate glass systems.

[008] Description of Related Art

[009] Conventional fluorophosphate-based glass systems are well known and have
been in use for a number of years. Regrettably, existing conventional alkali free
fluorophosphate-based glass systems that are radiation resistance do not provide a
visible means for visually determining existence of radiation. That is, existing
conventional alkali free fluorophosphate-based glass systems that are radiation
resistance do not solarize, remain transparent within the visible portion of the
electromagnetic spectrum, and scintillate outside the visible portion of the
electromagnetic spectrum and hence, require external devices to be used in
conjunction with the conventional glass systems to determine existence of radiation.
For example, existing conventional alkali free fluorophosphate-based glass systems
use Yb as a dopant and or co-dopant, which do not solarize, remain transparent within

the visible spectrum, but generate scintillations within the infrared spectrum, which is
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obviously not detectable without the use of specialized devices. Non-limiting, non-
exhaustive listing of examples of conventional alkali free fluorophosphate-based glass
systems that are radiation resistance are disclosed in U.S. Patent 7,608,551 to
Margaryan et al., U.S. Patent 7,637,124 to Margaryan et al., U.S. Patent 7,989,376 to
Margaryan, U.S. Patent 8,356,493 to Margaryan, U.S. Patent 8,361,914 to Margaryan
et al., and U.S. Patent Application Publication 2010/00327186 to Margaryan et al., the
entire disclosures of each and every one of which is expressly incorporated by

reference in their entirety herein.

[0010] Further, existing conventional alkali free fluorophosphate-based glass systems
are generally comprised of a base composition containing a maximum of only four
raw compounds. However, the use of only four compounds limits the glass-forming
domain, limiting the number of permutations for the glass formations (or types) that

can be produced.

[0011] Additionally, existing conventional alkali free fluorophosphate-based glass
systems with only four raw compounds have a generally low Z number (atomic
number) by element. For example, the combined Z number of the conventional alkali
free fluorophosphate-based glass system by element is approximately 50 to 56 for

base glass composition:

[0012] Ba(PO3)2 - AI(PO3)3 -Ban -RFx- Dopants

[0013] wherein:
[0014] R is selected from the group comprising of Mg, Ca, Bi, Y, La;
[0015] x is an index representing an amount of fluorine (F) in compound KFy, and

[0016] Dopants may comprise of Yb, La.

[0017] It is well known that the lower the Z number for glass composition by element

2

the longer the excitation decay time is of an excitable element within the glass

composition when irradiated. For example, in the case of the above composition, the
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excitation decay time of Yb dopant in response to emitted high-energy radiation is
generally high, which would make the glass a somewhat poor choice for use in

Positron Emission Tomography (PET) scans.

[0018] Furthermore, existing conventional alkali free fluorophosphate-based glass
systems have low densities of about 4.1 grams per cubic centimeter (g/cm’) or less,
which is mostly due to the overall lower Z number by element. In general, low-
density conventional alkali free fluorophosphate-based glass systems have a lower
radiation resistance and shielding when exposed to high-energy environments.
Another drawback with existing conventional alkali free fluorophosphate-based glass
systems with low density is their lack of ability to shield against high energy
electromagnetic pulses (EMP). Further, optically, due to lower density, conventional
glass systems have lower refractive index np of about 1.57 (for wavelengths of about

589 nm - the visible light portion of the electromagnetic spectrum).

[0019] An additional drawback with existing conventional silica-based glass systems
is that they have a poor or low resistance to fluorine, which means for example, they

cannot be used as optical components in water treatment plants that utilize high levels
of concentrations of fluorine without clouding up and pitting to the point that they are

no longer transparent.

[0020] Accordingly, in light of the current state of the art and the drawbacks to
current glass systems mentioned above, a need exists for glass systems that would
have improved radiation resistance and shielding against high energy radiation and
that would provide scintillations within the visible spectrum to provide a visible
means for visually determining existence of high energy radiation. That is, a need
exists for glass systems that would provide scintillations within the visible spectrum
to provide visual indication of existence the of high energy radiation commensurate
with duration thereof. In other words, a need exist for a glass system that would
scintillate within the visible spectrum when irradiated (i.e., exposed to high energy

environment). Further, a need exists for glass systems that would provide a greater
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(larger) glass-forming domain for larger number of permutations for the glass
formations (or types) that may be produced. Additionally, a need exists for glass
systems that would have a larger overall Z number by element, resulting in higher
density, higher refractive index np, and shorter excitation decay time. Additionally, a
need exists for glass systems that would provide EMP shielding capabilities. Finally,

a need exists for glass systems that would be fluorine resistance.

[0021] BRIEF SUMMARY OF THE INVENTION
[0022] One or more embodiments of the present invention provide glass systems that
do not solarize (e.g., maintain transparency and remain clear) in high energy
environments before, during, and post irradiation in high-intensity gamma-ray
radiation dosage of 1.29 x 10’ rads and greater, and high neutron energy at neutron
fluxes ranging from 3x10° to 1x10"* n/cm” sec and greater, and fluencies ranging from
2x10'° to 8.3x10* n/cm” and greater, and mixtures thereof. The present invention
provides glass systems with radiation resistance that can withstand high-energy
irradiations with respect to mixture of high electromagnetic wave energy (e.g., 12

GeV or higher electrons) and high particle energy (e.g., 50 GeV or higher protons).

[0023] A non-limiting, exemplary aspect of an embodiment of the present invention
provides a glass system for detection of radiation, comprising:

one or more compounds that oscillate between a first state and a second state due
to absorption of high energy, with the oscillations preventing solarization of the glass
system for reuse while generating scintillations within a visible spectrum of the
electromagnetic spectra for determining existence of high energy;

the generation of scintillations have a duration that is commensurate with a
duration of the irradiation of the glass system, and cease when irradiation is ceased

without affecting the glass system.

[0024] Another non-limiting, exemplary optional aspect of an embodiment of the
present invention provides a glass system for detection of radiation, wherein one or

more compounds are selected from a group comprising:
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CGOQ, CeF4, LUQO3, LuF3.

[0025] Another non-limiting, exemplary optional aspect of an embodiment of the
present invention provides a glass system for detection of radiation, further
comprising:

barium metaphosphate Ba(POs), in mol%,

aluminum metaphosphate Al(POs3); in mol%, and

fluorides;

where the fluorides include both BaF; and RFx in mol%, and

dopants selected from a group comprising CeO,, CeF4, Lu,Os, LuFs3;

where R is selected from a group comprising: Mg, Ca, Sr, Pb, Y, Bi, Al, and

subscript x is an index representing an amount of fluoride (F) in the compound RF..

[0026] Another non-limiting, exemplary optional aspect of an embodiment of the
present invention provides a glass system for detection of radiation, further
comprising:

barium metaphosphate Ba(POs), in mol%,

aluminum metaphosphate Al(POs3); in mol%, and

fluorides;

where the fluorides include:

barium fluoride BaF; in mol %;

magnesium fluoride MgF, in mol %; and

RFx in mol%, and

dopants selected from a group comprising: CeO,, CeF4, Lu,0s3, LuFs;

where R is selected from a group comprising: Ca, Sr, Pb, Y, Bi, Al, La and

subscript x is an index representing an amount of fluoride (F) in the compound RF..

[0027] Another non-limiting, exemplary optional aspect of an embodiment of the
present invention provides a glass system for detection of radiation, further
comprising:

dopant/co-dopants from Lanthanide metals selected from a group comprising:

5
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La203, LaF3, PI‘203, PI‘F3, Nd203, NdF3, Pm203, PmF3, Sm203, SmF3, EUQO3,
ELIF3, Gd203, GdF3, Tb203, TbF3, Dy203, DyF3, H0203, HOF3, Er203, ErF3, Tm203,
TmF3, Yb203, YbFS.

[0028] Another non-limiting, exemplary optional aspect of an embodiment of the
present invention provides a glass system for detection of radiation, further
comprising:

dopants/co-dopants from Transition metals selected from a group comprising:
CuO, CuF,, TiO,, TiF4, Cr,03, CrFs, M0,03, MoFs, W,03, WFs, MnO,, MnF,,
C0,03, CoFg, Ni,03, NiF.

[0029] A non-limiting, exemplary aspect of an embodiment of the present invention
provides a glass system for detection of radiation, comprising:

one or more compounds having oscillatory transformative states when absorbing
high energy radiation that generate scintillations within the visible spectrum while

facilitating to prevent solarization of the glass.

[0030] A non-limiting, exemplary optional aspect of an embodiment of the present
invention provides a glass system for detection of radiation, wherein:

one or more compounds oscillate between a first state and a second state when
absorbing high energy radiation, which generate the oscillatory transformative states

of the one or more compounds.

[0031] A non-limiting, exemplary aspect of an embodiment of the present invention
provides a glass system, comprising:
temporary, oscillatory transformative states when absorbing high energy radiation;
wherein: the temporary, oscillatory transformative states of the glass system
facilitate prevention of solarization of the glass system while generating scintillations

within the visible spectrum.
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[0032] A non-limiting, exemplary aspect of an embodiment of the present invention
provides a fluorine resistant glass system, comprising:

barium metaphosphate Ba(POs), in mol%,

aluminum metaphosphate AI(POs); in mol%, and

fluorides;

where the fluorides include both BaF; and RFx in mol%, and

where R is selected from a group comprising: Mg, Ca, Sr, Pb, Y, Bi, Al, and

subscript x is an index representing an amount of fluoride (F) in the compound RF..

[0033] A non-limiting, exemplary aspect of an embodiment of the present invention
provides a fluorine resistant glass system, comprising:

barium metaphosphate Ba(POs), in mol%,

aluminum metaphosphate Al(POs3); in mol%, and

fluorides;

wherein the fluorides include:

barium fluoride BaF; in mol %;

magnesium fluoride MgF, in mol %; and

RFx in mol%,

where R is selected from a group comprising: Ca, Sr, Pb, Y, Bi, Al, La and

subscript x is an index representing an amount of fluoride (F) in the compound RF..

[0034] A non-limiting, exemplary aspect of an embodiment of the present invention
provides a glass system for detection of radiation, comprising:

one or more compounds that oscillate between a first state and a second state due
to absorption of high energy, with the oscillations facilitating prevention of
solarization of the glass system for reuse while generating scintillations for
determining existence of high energy;

the generation of scintillations have a duration that is commensurate with a
duration of the irradiation of the glass system, and cease when irradiation is ceased

without affecting the glass system.
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[0035] A non-limiting, exemplary optional aspect of an embodiment of the present
invention provides a glass system for detection of radiation, comprising:

barium metaphosphate Ba(POs), in mol%,

aluminum metaphosphate Al(POs3); in mol%, and

fluorides;

where the fluorides include:

barium fluoride BaF; in mol %;

magnesium fluoride MgF, in mol %; and

RFx in mol%, and

dopants;

where R is selected from a group comprising: Ca, Sr, Pb, Y, Bi, Al, La and

subscript x is an index representing an amount of fluoride (F) in the compound RF..

[0036] A non-limiting, exemplary optional aspect of an embodiment of the present
invention provides a glass system for detection of radiation, wherein:
the dopants and or co-dopants are selected from a group comprising:

La, 03, LaF;, CeO,, CeF4, PryOs, PrFs;, Nd;Os3, NdF3;, Pm;03, PmF3, Sm;0s3,
SmFs, Eu,0s, EuFs, Gd,03, GdF3, Tb,Os, TbF3, Dy,0s, DyFs, Ho,Os, HoFs, Er,Os,
ErFs, Tm,0s, TmFs, Yb,05, YbFs, Luy03, LuFs, CuO, CuF,, TiO;, TiF4, Cr,0s, CrF,
Mo,03, MoFs, W,03, WEg, MnO,, MnF,4, C0,03, CoFg, Ni;O3, NiFe.

[0037] A non-limiting, exemplary aspect of an embodiment of the present invention
provides a method for detecting radiation, comprising:

generating oscillatory transformative states when absorbing high radiation energy,
with the oscillatory transformative states resulting in scintillation within the visible

spectrum.

[0038] A non-limiting, exemplary optional aspect of an embodiment of the present
invention provides a method for detecting radiation, wherein:
the scintillation has a duration that is commensurate with a duration of

presence of radiation, and ceasing when radiation is absent.
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[0039] These and other features and aspects of the invention will be apparent to those
skilled in the art from the following detailed description of preferred non-limiting

exemplary embodiments, taken together with the drawings and the claims that follow.

[0040] BRIEF DESCRIPTION OF THE DRAWINGS
[0041] It is to be understood that the drawings are to be used for the purposes of
exemplary illustration only and not as a definition of the limits of the invention.
Throughout the disclosure, the word “exemplary” may be used to mean “serving as an
example, instance, or illustration,” but the absence of the term “exemplary” does not
denote a limiting embodiment. Any embodiment described as “exemplary” is not
necessarily to be construed as preferred or advantageous over other embodiments. In

the drawings, like reference character(s) present corresponding part(s) throughout.

[0042] FIG. 1 is a non-limiting, exemplary illustration of a graph representing voltage
(mV) verses time (ns) for scintillation decay time of glass sample (1) in accordance

with one or more embodiments of the present invention;

[0043] FIG. 2 is a non-limiting, exemplary illustration of a graph that represents
number of events versus peak arrival time (ns) of glass sample (1) in accordance with

one or more embodiments of the present invention;

[0044] FIGS. 3A to 3C are non-limiting, exemplary graphs that are related to
transmission, relative intensity, and normalized intensity of scintillations and decay
times of glass sample (1) in accordance with one or more embodiments of the present

invention;

[0045] FIGS. 4A and 4B are non-limiting, exemplary graphs that are related to
transmission, and normalized intensity of scintillations and decay times of glass

sample (2) in accordance with one or more embodiments of the present invention; and
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[0046] FIG. 5 is a non-limiting, exemplary illustration of the transparency spectrum
measured by spectrophotometer, detailing the transmission curves for identical
specimens of glass sample (3) in accordance with one or more embodiments of the

present invention.

[0047] DETAILED DESCRIPTION OF THE INVENTION
[0048] The detailed description set forth below in connection with the appended
drawings is intended as a description of presently preferred embodiments of the
invention and is not intended to represent the only forms in which the present

invention may be constructed and or utilized.

[0049] 1t is to be appreciated that certain features of the invention, which are, for
clarity, described in the context of separate embodiments, may also be provided in
combination in a single embodiment. Conversely, various features of the invention
that are, for brevity, described in the context of a single embodiment may also be
provided separately or in any suitable sub-combination or as suitable in any other
described embodiment of the invention. Stated otherwise, although the invention is
described below in terms of various exemplary embodiments and implementations, it
should be understood that the various features and aspects described in one or more of
the individual embodiments are not limited in their applicability to the particular
embodiment with which they are described, but instead can be applied, alone or in

various combinations, to one or more of the other embodiments of the invention.

[0050] The use of the phrases "and or," "and/or" throughout the specification indicate
an inclusive "or" where for example, A and or B should be interpreted as "A," "B," or

both "A and B."

[0051] For the sake of convenience and clarity, this disclosure uses the word “energy”
in terms of both wave energy, particle energy, and mixtures thereof. Further, this

disclosure defines radiation in accordance with its ordinary meaning, which is the
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emission of energy as electromagnetic waves or as moving subatomic particles, or

mixtures thereof that may cause ionization.

[0052] Additionally, this disclosure defines high-energy wave or high
Electromagnetic Radiation (EMR) or Electromagnetic Radiation Pulse (EMP) as
electromagnetic waves on the high-energy end of the electromagnetic spectrum. The
high-energy end of the electromagnetic spectrum is defined by electromagnetic
spectra classes from at least near ultraviolet (NUV) that is at 30 THz (terahertz) or
greater, such as Gamma rays (y) at 300 EHz (Exahertz) frequencies or higher
(approximately greater than 10" Hz or higher). In addition, this disclosure defines
high particle energy in terms of average neutron fluxes of at least 3 x 10° n/ cm” sec,
and average neutron fluencies of at least 2 x 10'° n/cm”. Further, high energy may
include mixed beam and particle (protons, pions, electrons, neutrons, and gamma ray)
about 13 MRad or higher. Accordingly, this invention defines the collective phrases
“high energy,” “high radiation,” “high radiation energy,” “high energy environment,”
“heavily irradiated environment,” “high frequency electromagnetic radiation,” and so
on as energy or radiation defined by the above high wave energy and or high particle

energy parameters.

[0053] In addition, throughout the disclosure, the words “solarize” and its derivatives

29 CC

such as “solarization,” “solarized,” and so on define the darkening, browning, and or
burning up of materials due to irradiation (i.e., exposure to various amounts of applied
energy (e.g., high energy)). The words “desolarize” and its derivatives such as
“desolarization,” “desolarized,” and so on define the ability of a material to
continuously resist (or reverse) the solarization process while exposed to high energy.
The phrase “desolarizer” may be defined as agent(s) that reverse(s) the act of
solarization (e.g., reverse the act of burning up or browning of the glass systems (e.g.,

optical component)) when in heavily irradiated environment.

[0054] Further, in addition to its ordinary meaning, transparency or derivatives

thereof (e.g., transparent, etc.) may further be defined by the amount of passage of
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radiation energy (electromagnetic, particle, or mixtures thereof) through a glass

system without distortion.

[0055] One or more embodiments of the present invention provide alkali free
fluorophosphate-based glass systems that include glass compositions that are
particularly useful in numerous applications, a few, non-limiting, non-exhaustive
listing of examples of which may include applications in the field of lasers,
amplifiers, windows, sensors (e.g., scintillators), fibers, fiber lasers, high density
optical storage applications, radiation resistance, radiation shielding, radiation

detection, fluorine resistance applications, and many more.

[0056] One or more embodiments of the present invention provide an alkali free
fluorophosphate-based glass systems that are highly radiation resistance (for example,
they do not solarize before, during, and after application of high energy radiation) and
hence, are reusable and further, provide a visible means for visually determining
existence of radiation. That is, the alkali free fluorophosphate-based glass systems of
the present invention provide a visual indication of existence of high-energy radiation
commensurate with duration of irradiation and may be reused. In other words, the
alkali free fluorophosphate-based glass systems of the present invention have
improved radiation resistance and radiation shielding against high energy radiation
while they scintillate within the visible spectrum to provide a visible means for
visually determining existence of high energy radiation. Simply stated, one or more
embodiments of the alkali free fluorophosphate-based glass systems of the present
invention scintillate within the visible spectrum when in high energy radiation

environment while resisting and shielding against high energy radiation.

[0057] As detailed below, one or more embodiments of the present invention use
dopants and or co-dopants that scintillate within the visible spectrum and hence,
provide a visual indication of existence of high energy radiation without the need or
requirement of additional radiation sensor apparatuses. In other words, the reusable,

highly radiation resistant glass systems of the present invention include one or more
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sensor element (e.g., Cerium- Ce and or Lutetium Lu) that scintillates within the

visible spectrum under application of high energy radiation.

[0058] One or more embodiments of the alkali free fluorophosphate-based glass
systems also function to provide EMP shielding capabilities. As further detailed
below, in addition to providing higher density glass systems with sensor elements that
provide radiation resistance, radiation shielding, and scintillations, one or more
embodiments of the present invention provide glass systems that use one or more
elements (e.g., Transition metals) that may be used as dopants and or co-dopants to

shield against a desired part of EM spectra pulses.

[0059] As detailed below, due to the use of five compounds as the base-composition
of the glass system, one or more embodiments of the present invention provide an
alkali free fluorophosphate-based glass systems that have a greater (larger) glass-
forming domain for larger number of permutations for the glass formations (or types)

that may be produced.

[0060] One or more embodiments of the present invention provide for an alkali free
fluorophosphate-based glass systems that use compounds that result in having a larger
overall Z number by element, higher density, higher refractive index 7p, shorter
excitation decay time, and improved radiation resistance, radiation shielding, and
EMP shielding. Higher density glass systems (higher number of atoms per cubic
centimeter) in accordance with one or more embodiments of the present invention
enable use of smaller size glass products (using much less space) with improved
radiation resistance and improved radiation shielding due to higher density. That is,
higher density glass systems of the one or more embodiments of the present invention
function to better impede and in fact, better absorb propagation of energy passed

through the glass systems due to their density, even if smaller in size.

[0061] One or more embodiments of the present invention provide for an alkali free

fluorophosphate-based glass systems that are fluorine resistance. As further detailed
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below, one or more embodiments of the present invention provide passive alkali free
fluorophosphate-based glass systems that are fluorine resistance (maintain
transparency) that may be used in most water treatment plants. Because the glass
system already contains fluorine in its base composition, it remains neutral

(transparent, with no changes) within the fluorine environment.

[0062] GLASS SYSTEM (1)
[0063] In particular, one or more embodiments of the present invention provide a
glass system that may be comprised of alkali free fluorophosphate-based glass

systems that include:

[0064] {{Ba(POs),, Al(POs);, BaF,, and RF,} and {dopant}} (1)

[0065] where R is selected from a group comprising: Mg, Ca, Sr, Pb, Y, Bi, Al, and
subscript “x” in “F,” is an index representing an amount of fluoride (F) in the
compound RF,, resulting in the group MgF,, CaF,, SrF,, PbF,, YF;, BiF;, or AlFs.
Further included are additional Lanthanide oxides AM,O; and or Lanthanide fluorides
MF, as dopants and or co-dopants selected from Lanthanide metals over 100 wt. % of
the glass base composition of glass system (1). The italic letter A in MO, or MF,
represents a Lanthanide metal with italic subscripts a, b, and g being indexes that
represent the respective amounts of Lanthanide metals (M), oxygen (O), and fluorine
(F) in the compounds A0, and MF,, resulting in the following:

[0066] La,0s, LaF;, CeO,, CeF4, Pr,03, PrF;, Nd,03, NdF3, Pm,;0;, PmF;, Sm;0s,
SmFs, Eu,0s, EuFs, Gd,03, GdF3, Tb,Os, TbF3, Dy,0s, DyFs, Ho,Os, HoFs, Er,Os,
ErF;, Tm;03, TmF3, Yb,03, YbF3, Lu,Os3, LuFs.

[0067] The glass system (1) is highly radiation resistant (does not solarize before,
during, and after application of high energy) and shields against high radiation
energy, and hence, is reusable. Further, due to the use of Ce and or Lu as dopant and
or co-dopant, the glass system (1) provides a visible means for visually determining

existence of high energy radiation (obviously within the visible spectrum). That is,
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the reusable glass system (1) of the present invention provides a visual indication of
the existence of high-energy radiation commensurate with duration of irradiation
without the use, need, or requirement of external radiation detection components,
devices, or systems. In other words, the glass system (1) uses sensor elements such as
Ce and or Lu as dopants and or co-dopants that scintillate within the visible spectrum
when irradiated or exposed to high energy, which provide a visual indication of the
existence of radiation without the need or requirement of additional radiation sensor
apparatuses. Glass systems (1) have improved radiation resistance as well as
improved shielding against high energy radiation while they scintillate within the
visible spectrum to provide a visible means for visually determining existence of high

energy radiation.

[0068] Table I below is a non-limiting, non-exhaustive exemplary listing of preferred
sample ranges for the alkali free fluorophosphate glass system (1) composition that
are highly radiation resistant and shield against high energy radiations and provide a
visual means of detecting existence of high energy radiation within the visible

spectrum due to their ability to scintillate within the visible spectrum.
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[0069] Table I

Base Composition of Glass System (1)

Dopant and or Co-dopant (wt %)

(mol %)
Ba(POs), | Al(POs3)s BaF, RF, Over 100%
20 20 30 30 0.1to25
15 15 35 35 0.1to25
10 10 40 40 0.1to25
20 10 35 35 0.1to25
10 20 20 50 0.1to25
5 10 50 35 0.1to25

- R is selected from a group comprising: Mg, Ca, Sr, Pb, Y, Bi, Al;

- Sub-script x is an index representing an appropriate amount of fluorine (F) in the

compound RF, (e.g., MgF,, CaF,, StF,, PbF,, YFs, BiF;, AlF5)

- The dopant / co-dopant are over 100 wt % of the base composition of glass system

(1), which may include Lanthanide metals (A,0O; and or MF,) and in particular, Ce

and or Lu for scintillation within visible spectrum
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[0070] Glass system (1) as a fluorophosphate glass has a potential for hosting a
relatively large amount of rare earth dopants without clustering and a wide glass
forming domain. Glass system (1) has a relatively low phonon energy (0.0856 eV ),
relatively low nonlinear refractive index ( n2=1.42x10" esu ), and relatively wide

transmission range near ultraviolet (UV) up to mid infrared (IR).

[0071] Radiation resistant and radiation shielding characteristics of the glass system
(1) of the present invention provide high resistance and shield against high levels of
energy without solarizing (e.g., browning or darkening of the optical component—no
solarization) before, during, and after irradiation. The combination of unique
molecular structure, such as large atomic radius, high electro-negativity of fluorine
(about 4eV), and the reverse change of valency of Ce (IV), Lu (III) as dopant and or
co-dopant enable the glass system (1) to achieve high solarization resistance and
allow for visual detection of radiation without the use, need, or requirement of
detection mechanisms due to scintillation of Ce and Lu within the visible spectrum

when the glass systems (1) are irradiated (exposed to high energy radiation).

[0072] The incorporation of metaphosphate compounds such as Ba(POs), and
fluorides such as BaF, creates a glass with large atomic radius ( 2.53 A for Ba), which
allows the dopant to move and function within the glass matrix more freely thus
creating a more efficient optical media. Additionally, the unique structure of glass
allows for the dopant to be uniformly dispersed, reducing temperature gradients and

distortions.

[0073] During high energy radiation exposure (e.g., the gamma ray or neutron fluxes
and fluencies), the Ce or Lu create a continuing de-solarization process that enable the
glass system (1) of the present invention to remain de-solarized due to Ce and Lu
having a remarkably high transformation of valency (for example, of approximately
90-95% for Ce). That is, when the Ce or Lu is bombarded by the gamma, neutron or

other high energy (radiation and/or particle), the transformation of the valency of Ce
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and Lu from Ce(IV) to Ce(III) and vice versa (or Lu(IIl) to Lu(Il) and vice versa)
constantly reoccurs, which allows the glass matrix to remain de-solarized while
scintillating within the visible spectrum of the EM spectra in accordance with the

following:

[0074] Ce(IV) + hv +e <>Ce(Ill) - hv - e
[0075] Ce(IV) + e<=Ce(Ill) — e
[0076] Ce(IV) <>Ce(I1I)

and

[0077] Lu(IIl) + hv +e <>Lu(Il) - hv -
[0078] Lu(IIl) + e<>Lu(Il) — e
[0079] Lu(III) <>Lu(II)

[0080] where hv is the environmental energy, with h as the Planck Constant and v as a
frequency, and e is an electron. In other words, the peak absorption level of Ce and or
Lu compounds within the optical component varies as a result of continuing
transformation of a valency of Ce from Ce(IV) to Ce(IIl), and Ce(III) to Ce(IV) or
transformation of a valency of Lu from Lu(III) to Lu(II), and Lu(II) to Lu(III).

[0081] In order for Ce (IV) to become ionized and to create the transformation
process of Ce (IV) to Ce (III) and vice versa, only a minimum of about 3.6 eV
(electron volt) energy is required (at 340 nm wavelength or shorter). Ce(IV)is Ce
that is combined with oxygen or fluoride in the form of CeO,, CeF4in its normal state,
and Ce(I1]) is the result of Ce(IV) gaining an electron as a result of excitation of the

dopant due to application of radiation.

[0082] In order for Lu (III) to become ionized and to create the transformation

process of Lu (III) to Lu (II) and vice versa, only a minimum of about 4.1 eV

(electron volt) energy is required (at 300 nm wavelength or shorter). Lu(IIl) is Lu
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that is combined with oxygen or fluoride in the form of Lu,0Os, LuFsin its normal
state, and Lu(II) is the result of Lu(IIT) gaining an electron as a result of excitation of

the dopant due to application of radiation.

[0083] Wavelengths starting from 380 nm or shorter (e.g., to high levels of X-Ray
and Gamma ray) are capable of producing the required 3.6 eV or higher for the Ce
(IV) or Lu(III) dopant to achieve the continuous reciprocating transformation,

thereby, maintain the glass transparent (i.e., de-solarized) and scintillating in high

energy environments.

[0084] The Electron Volt Energy for each Wavelengths can be measured by

utilizing the following formula:

hce  1240nm
E=lf =5

[0085] Where FE'is energy, fis frequency, 4 is the wavelength of a photon, 4 is

eV

Planck’s Constant and is c is the speed of light.

[0086] As indicated above, one or more embodiments of the present invention
provide an alkali free fluorophosphate-based glass systems that also functions to
provide EMP shielding capabilities. That is, in addition to providing higher density
glass systems with sensor elements that provide radiation resistance, shielding, and
scintillations, one or more embodiments of the present invention provide glass
systems that use one or more elements (e.g., Transition metals) that may be used to
shield against a selected part of EM spectra pulses. Accordingly, the alkali free
fluorophosphate-based glass system (1) may include additional co-dopants of oxides
and or fluorides of Transition metals selected from the group Cu, Ti, Cr, Mo, W, Mn,
Co, Ni to provide the added function of shielding against a desired part of EM spectra

pulses.
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[0087] Addition of Transition metals to glass system (1) enables shielding against EM
pulses. That is, Transition metals may be used instead of Lanthanide metals such as
Ce and or Lu as dopants and or co-dopants or, alternatively, Transition metals may be
used in combination with Lanthanide metals such as Ce and or Lu. In other words,
dopants and or co-dopants may comprise of a group that include the oxides and or
fluorides of Transition metals CuO, CuF,, TiO,, TiF,, Cr;03, CrFg¢, M0,03, MoFs,
W;03, WFEg, MnO,, MnF,4, Co,03, CoFe, Ni;Os, NiF, oxides of Lanthanide metals
(M,Os), and or fluorides of Lanthanide metals (AMF; ) over 100 wt. % of the glass base
composition of glass system (1). For example, use of the Transition metal Ti as co-
dopant in combination with Lanthanide Ce as dopant within the above glass system
(1) would enable scintillation of the glass system (1) when irradiated and further,
shield against UV pulses of the EM spectra. Accordingly, various combinations of
Transition metals may be used as dopants and or co-dopants to shield against desired
parts of the electromagnetic spectra pulses and or as co-dopants with dopant Ce and
or Lu for scintillations within the visible spectrum in addition to shielding EMP. It
should be noted that various combinations of other Lanthanide metals may also be
used as additional co-dopants in addition to Transition metals, however, at the very
least, the glass system (1) must include as dopants 0.1 wt % of Ce and or Lu for
scintillations within the visible spectrum when irradiated. In other words, to have
scintillations within the visible spectrum, dopant may comprise of at least 0.1 wt % of
Ce and or Lu, with the co-dopants of up to 24.9 wt% comprising one or more
combinations of Lanthanide metals, one or more combinations of Transition metals,

and or one or more combinations of Lanthanide metals and or Transition metals.

[0088] For the base composition of glass system (1), use of PbF, or BiFs is preferred
as the RF, of base composition of glass system (1). PbF, or BiF; increase the overall Z
number of the glass system (1) by element and hence, its density by the largest
number, which facilities to lower decay time of Lanthanide metals Ce, Lu when used
as dopants and or co-dopants, while also improving resistance to high energy

radiation. A lower or shorter decay time of an excited element such as Ce increases
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the frequency by which various particles (e.g., nuclear particles with short life-time)

may be detected.

[0089] The following is a non-limiting, specific example of glass system (1):

[0090] Example 1:
[0091] aluminum metaphosphate Al(POs)s, from 5 to 60 mol percent;
[0092] barium metaphosphate Ba(POs),, from 5 to 60 mol percent;
[0093] fluorides BaF; and RF,, 10-70 mol percent; and
dopant comprised of oxides and fluorides 0.1-25 wt % selected from a group
comprising of rare earth and or Transition elements, including Ce, Lu, Cu, Ti, Cr, Mo,
W, Mn, Co, Ni, and or mixtures thereof over 100 wt% of the base composition.
[0094] where:
[0095] R is selected from the group comprising of Mg, Ca, Sr, Pb, Al, Y, and Bi; and

[0096] x is an index representing an amount of fluoride (F) in the compound RF..

[0097] Tests were conducted on the following, non-limiting, exemplary glass sample

composition of glass system (1), comprising:

[0098] Glass Sample (1)

[0099] aluminum metaphosphate Al1(POs)s, 15 mol percent;
[00100] barium metaphosphate Ba(POs),, 15 mol percent;

[00101] fluorides that are comprised of

[00102] BaF,, 35 mol percent;

[00103] RF,. = MgF,, 35 mol percent; and

[00104] dopant comprised of CeO, 1% wt over 100 wt% of the base

composition of glass sample (1).

[00105] The tests were conducted in high energy radiation environments with
results that glass sample (1) did not solarize (remained transparent) and generated

scintillations while being irradiated. After 13 Mrad of *'Cs (633 KeV) of irradiation,
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no change in measured properties of the glass sample (1) were detected with respect
to integrated light output, speed of emission, light transmission (errors £3% estimated
systematic, <=1% statistical). The measurements for the irradiation were as follows:
* Electrons (12 GeV) and Protons (50 GeV) were sent into the glass sample (1).

* The glass sample (1) was coupled to a fast photomultipliers via quartz fiber bundles
* Photomultipliers integrated light from ~ 360 nm to 650 nm (2%-2% quantum

efficiency region)

[00106] The glass sample (1) was again irradiated up to a minimum of 99 Mrad
in 3 more expose/measure cycles (of mixture of 12 GeV electron and 50 GeV
protons) with the results shown in graphs of FIGS. 1 and 2. Glass sample (1)
withstood high-energy irradiations of mixture of high electromagnetic wave energy
(e.g., 12 GeV or higher electrons) and high particle energy (e.g., 50 GeV or higher
protons). FIG. 1 is a graph representing voltage (mV) verses time (ns), and FIG. 2
represents number of events versus peak arrival time (ns). As illustrated in FIG. 1,
the pulse shape (Voltage vs Time) averaged over 4 million protons through the above
glass sample (1). The histogram of scintillation pulse arrival time (FIG. 2): number of
events per 0.2 ns vs time in ns. A Gaussian fit well characterizes the data with a fitted
time resolution oy = £1.98 ns. Removing the phototube rise time (about 1.1 ns) in

quadrature, resulted in a time resolution of £1.6 ns.

[00107] Mixed Beam and Particle (protons; pions; electrons; neutrons and
gamma rays) resulting from a 22 GeV proton beam incident on a metal target:
estimated dose is bracketed by 10 MRad <Dose <100 MRad. Additional Dosages of
13 MRad of 633 KeV"?’Cs X-rays were administered twice. This glass (glass sample
(1)) has radiation resistance capabilities of at least 99 MRad of 633 KeV'’'Cs X-rays.
The scintillation (for Ce 1 wt%) is estimated to be at least 10 photons/KeV. The time
structure of the light emission shows 2 exponentials of about ~5-6 ns and ~35 ns. Half

the photons are emitted in ~40 ns.
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[00108] As indicated above, no change in the properties of glass sample (1)
were detected post irradiation. Further, decay times of 19 ns to 50 ns (for Ce)
observed were at least three times faster than for example, the required 150 ns long
pulse for gamma/neutron interrogation of large cargo. In fact, given the observed
decay time of about 19 ns to 50 ns, glass sample (1) may be used with Computed

Tomography (CAT) like scanning devices, which operate at about 6 MHz data rate.

[00109] As to scintillations of glass sample (1) due to use of Ce dopant, the
light output observed was 2 to 3 times more than conventional plastic scintillates, as
best illustrated in FIG 2A. FIG. 2A is a non-limiting, exemplary illustration of glass
sample (1) scintillating at 450 to 550 nm when excited at 288 nm to 380 nm. It
should be noted that increasing the amount of Ce dopant in glass sample (1) improves
the overall performance of the glass system. For example, light output of 1 wt%
CeO; dopant due to scintillations is about 310 ph/MeV in visible spectrum whereas
the light output of 5 wt% CeO, dopant is about 750 ph/MeV. This make glass sample
(1) sufficient for use with portable or fixed radiation warning detectors, reactor and
nuclear waste monitoring, and especially, biomedical/pharma instrumentation such as
gamma cameras, micro-wells, Scanning Electron Microscopy (SEM) analytical, and

genetic/protein sequencing, and high energy cargo scanning.

[00110] FIGS. 3A to 3C are non-limiting, exemplary graphs that are related to
scintillations and decay times of the glass sample (1). FIG. 3A illustrates the
transparency spectrum measured by spectrophotometer, detailing the transmission
curves for three identical specimens of glass sample (1). As illustrated, all three
specimens have good transmission - well over 90% transparency. It should be noted
that the higher the transparency of a glass, the wider the range of wavelengths of the
electromagnetic spectra within which dopants may operate to generate observable
scintillations (visible or otherwise). For example, certain dopants scintillate at a
specific wavelength only, which may be outside of the range of wavelength that may
be accommodated by the poor transparency of a conventional glass and hence, not be

observable.
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[00111] FIG. 3B is a graph that illustrates the measurements of decay time (of
CeO; 1 wt % for glass system (1)) using single photon counting technique, with the
instrument response subtracted. As illustrated, in this specific, non-limiting example
the main decay component in accordance with this particular technique is about 50 ns.
However, as illustrated in FIG. 3C, the same glass system (1) when excited at 325 nm

wavelength (laser), the decay time was found to be about 19 ns.

[00112] GLASS SYSTEM (2)
[00113] One or more embodiments of the present invention provide an alkali

free fluorophosphate-based glass system that is comprised of’

[001 14] {{Ba(PO3)2, AI(PO3)3, Ban, Mng, and RFx} and {dopant}} (2)

[00115] where R is selected from a group comprising: Ca, Sr, Pb, Y, Bi, Al, La
and subscript “x” in “Fy” is an index representing an amount of fluoride (F) in the
compound RF,, resulting in the group CaF,, SrF,, PbF,, YF;, BiF;, AlFs, LaFs.
Further included are additional Lanthanide oxides AM,O; and or Lanthanide fluorides
MF, (as defined above) as dopants and or co-dopants selected from Lanthanide metals

over 100 wt. % of the glass base composition of glass system (2).

[00116] Glass system (2) has a glass base composition {Ba(POs),, AI(POs)s,
BaF,, MgF,, and RF.}, which is comprised of five compounds instead of four
compounds of glass system (1), which greatly improves the overall glass properties.
For example, the five compound glass base composition of glass system (2) provides
a greater (larger) glass-forming domain for larger number of permutations for the
glass formations (or types) that may be produced compared to the four compound
glass system (1). As other examples, the five compound glass base composition of
glass system (2) has a larger overall Z number of about 56 to 60 by element, has

higher density of about 4.6 to 5.4 g/cc, shorter excitation decay time of about 19 ns to
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50 ns, and improved radiation resistance and radiation shielding (due to higher

density).

[00117] In particular, it should be noted that the use of MgF; in addition to KFx
facilitates favorable glass-forming criteria, which drastically increases glass-forming
domain and as a result, the glass-forming ability of the glass system (2). That is,
MgF, in particular, provides a wider glass forming domain from which larger number
of permutations of various glass formations (or types) may be produced. In other
words, the compound MgF, of the glass base composition increases the glass forming

ability of the composition of glass system (2).

[00118] The alkali free fluorophosphate-based glass system (2) is highly
radiation resistance (does not solarize before, during, and after application of high
radiation energy) and hence, is reusable. Glass system (2) has improved radiation
resistance as well as improved radiation shielding against high energy radiation.
Further, due to the use of dopant and or co-dopant Ce and or Lu, the alkali free
fluorophosphate-based glass system (2) provides a visible means for visually
determining existence of high energy radiation within the visible spectrum. That is,
the reusable alkali free fluorophosphate-based glass system (2) of the present
invention provides a visual indication of existence of high-energy radiation
commensurate with duration irradiation without the use, need, or requirement of
external radiation detection components, devices, or systems. In other words, the
glass system (2) uses sensor elements such as Ce and or Lu as dopants and or co-
dopants that scintillate within visible spectrum when irradiated or exposed to high
energy radiation, which provide a visual indication of existence of radiation without

the need or requirement of additional radiation sensor apparatuses.

[00119] Table II below is a non-limiting, non-exhaustive exemplary listing of
preferred sample ranges for the alkali free fluorophosphate glass system (2)
composition that are highly radiation resistant and shield against high energy radiation

and provide a visual means of detecting existence of high energy radiation due to their
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ability to scintillate within the visible spectrum (if Ce and or Lu are used as dopants

and or co-dopants).
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[00120] Table IT
Base Composition of Glass System (2) Dopant and or Co-dopant
(mol %) (wt %)

Ba(POs), | Al(PO:): | BaF, | MgF, | RF, Over 100%

15 10 30 30 15 0.1to 25

20 10 20 25 25 0.1to 25

10 10 20 30 30 0.1to 25

10 10 30 30 20 0.1to 25

15 10 30 40 5 0.1to 25

20 10 25 35 10 0.1to 25
[00121] - R is selected from a group comprising: Ca, Sr, Pb, Y, Bi, Al
[00122] - Sub-script x is an index representing an appropriate amount of

fluorine (F) in the compound RF, (e.g., CaF,, StF,, PbF,, YF3, BiFs;, AlF;)

[00123] - The dopant and/or co-dopant are over 100 wt% of the glass base
composition of glass system (2), which may include - Lanthanide metals (AM,0; and
or MF,), Transition metals, and or a combination of Lanthanide metals (3,0, and or
MF,) and or Transition metals (and in particular, Lanthanide metals such as CeO,,

CeF4, Lu,Os, LuF;5 if scintillation is desired within visible spectrum)
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[00124] Similar to glass system (1), the radiation resistant characteristics of the
glass system (2) of the present invention provide high resistance and shield against
high levels of energy without solarizing (e.g., browning or darkening of the optical
component—no solarization) before, during, and after irradiation. Similar to glass
system (1), the combination of unique molecular structure, such as large atomic
radius, high electro-negativity of fluorine, and the reverse change of valency of
Lanthanide metals dopant enable the glass system (2) to achieve high solarization
resistance and allows for visual detection of radiation (if Ce and or Lu are used as
dopant and or co-dopants) without the use, need, or requirement of detection
mechanisms due to scintillation of Ce, Lu dopant within the visible spectrum when

the glass systems (2) is exposed to high energy radiation.

[00125] It should be noted that the reverse change of valency of Lanthanide
metals other than Ce or Lu also enable the glass system (2) to achieve high
solarization resistance and allows for detection of radiation, but outside the visible
spectrum. In other words, scintillations are also generated if Lanthanide metals other
than Ce or Lu are used as dopant and or co-dopant, but the generated scintillations are
generally outside of the visible spectrum of the electromagnetic spectra. As a non-
limiting example, due to reverse change of valency, the Lanthanide metal Yb

scintillates within the infrared spectrum.

[00126] As with glass system (1), during high energy radiation exposure (e.g.,
the gamma ray or neutron fluxes and fluencies), the Lanthanide metals as dopant of
glass system (2) create a continuing de-solarization process that enable the glass
system (2) of the present invention to remain de-solarized due to the Lanthanide
metals dopants having a remarkably high transformation of valency of approximately
90-95% for Ce. That is, when Lanthanide metals used as dopants and or co-dopants
within glass system (2) are bombarded by the gamma, neutron or other high energy
(radiation and or particle), the transformation of the valency of the Lanthanide metals

constantly reoccurs, which allows the glass matrix to remain de-solarized. Exemplary

28



10

15

20

25

30

WO 2017/015176 PCT/US2016/042709

transformations with respect to Lanthanide metals Ce and Lu are detailed above in
relation to glass system (1), which are similar to transformations of other Lanthanide

metals.

[00127] Similar to glass system (1), one or more Transition metals may be used
with glass system (2) to shield against selected parts of EM spectra pulses.
Accordingly, the alkali free fluorophosphate-based glass system (2) may include
additional co-dopants of oxides and fluorides of Transition metals selected from the
group comprising Cu, Ti, Cr, Mo, W, Mn, Co, Ni to provide the added function of
shielding EM pulses, similar to glass system (1).

[00128] As with glass system (1), in glass system (2) Transition metals may be
used as dopants and or co-dopants instead of Lanthanide metals or, alternatively, may
be used in combination with Lanthanide metals. Accordingly, various combinations
of Transition metals may be used in glass systems (2) to shield against
electromagnetic pulses in combination with Lanthanide metals for scintillations. As
with glass system (1), to have scintillations within the visible spectrum, dopant used
may comprise of at least 0.1 wt % of Ce and or Lu, with the co-dopants of up to 24.9
wt% comprising one or more combinations of Lanthanide metals, one or more
combinations of Transition metals, and or one or more combinations of Lanthanide

metals and or Transition metals.

[00129] As with glass system (1), the use of PbF, or BiF; in glass system (2) is
also preferred as the RF,, which increase the overall Z number of the glass system (2)
by element and hence, its density by the largest number, which facilities to lower
decay time of Lanthanide metals when used as dopants and or co-dopants, while also
improving resistance to high energy radiation. Use of CaF,, StF,, YF3;, AlF; also
increase the overall Z number, but to a lesser extent. However, CaF,, StF,, YF3, AlF;
do increase the glass forming domain (i.e., the glass-forming ability) of the glass
system (2). That is, they provide a wider glass forming domain from which larger

number of permutations of various glass formations (or types) may be produced. In

29



10

15

20

25

30

WO 2017/015176 PCT/US2016/042709

other words, they increase the glass forming ability of the composition of glass

system (2).

[00130] The following is a non-limiting, specific example of glass system (2):
[00131] Example 2:

[00132] aluminum metaphosphate Al1(POs)s, from 5 to 60 mol percent;

[00133] barium metaphosphate Ba(POs),, from 5 to 60 mol percent;

[00134] barium fluoride BaF, , from 10-40 mol percent;

[00135] magnesium fluoride MgF, and RF,, 10-90 mol percent; and

[00136] dopant comprised of oxides and fluorides 0.1-25 wt % percent, from a

group comprising of rare earth and or Transition elements Ce, Nd, Er, Yb, Tm, Tb,
Ho, Sm, Eu, Pr; Lu, Cu, Ti, Cr, Mo, W, Mn, Co, Ni, and mixtures thereof over 100

wt% of the glass base composition;

[00137] where

[00138] R is selected from the group consisting of Mg, Ca, Sr, Pb, Al, Y, and
Bi; and

[00139] x is an index representing an amount of fluoride (F) in the compound
RFx.

[00140] FIGS. 4A and 4B are non-limiting, exemplary graphs that related to

scintillation of the glass system (2) with the following non-limiting, exemplary, glass

sample composition of glass system (2), comprising:

[00141]
[00142] Glass Sample (2)
[00143] aluminum metaphosphate Al1(POs;)s, 10 mol percent;
[00144] barium metaphosphate Ba(POs),, 15 mol percent;
[00145] barium fluoride BaF,, 30 mol percent;
[00146] magnesium fluoride MgF,, 30 mol percent;
[00147] Lead fluoride PbF,, 15 mol percent and
[00148] dopant CeO; 1% wt over 100 mol % of glass base composition
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[00149] FIG. 4A illustrates the transparency spectrum measured by
spectrophotometer, detailing the transmission curves for three identical specimens of
glass sample (2). As illustrated, all three specimens have good transmission - well
over 90% transparency. As indicated above, the higher the transparency of a glass, the
wider the range of wavelengths of the electromagnetic spectra within which dopants
may operate to generate observable scintillations (visible or otherwise). For example,
certain dopants scintillate at a specific wavelength only, which may be outside of the
range of wavelength that may be accommodated by the poor transparency of the glass
and hence, not be observable. FIGS. 4B is a graph that illustrates that Cherenkov

light is dominating with a fast scintillation component (about 10 ns).

[00150] It should be noted that the use of the glass base compositions of glass
system (1) and or glass system (2) with no dopants provide passive glass systems (3)
and (4) that are fluorine gas resistance (maintain transparency - do not become
opaque, clouded, or pitted), which may be used in most water treatment plants (e.g.,

nuclear facilities).

[00151] Ba(P0O3)2, AI(PO3)3, BaF2, and RF, (3)
[00152] Ba(P0O3)2, AI(PO3)3, BaF2, MgF2, and RF, (4)
[00153] Table III below is a non-limiting, non-exhaustive, exemplary listing of

preferred sample ranges for an alkali free fluorophosphate passive glass system (3)

composition (which has no dopants).
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[00154] Table III
Composition of Passive Glass System (3)
(mol %)
Ba(POs), Al(PO;); BaF, RF,
20 20 30 30
15 15 35 35
10 10 40 40
20 10 35 35
10 20 20 50
5 10 50 35
[00155] - R is selected from a group comprising: Mg, Ca, Sr, Pb, Y, Bi, Al
[00156] - Sub-script x is an index representing an appropriate amount of

fluorine (F) in the compound RF, (e.g., MgF,, CaF,, StF,, PbF,, YF3;, BiF;, AlF3)
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[00157] The following is a non-limiting, specific example of passive glass
system (3):
[00158] Example 3:
5 [00159] aluminum metaphosphate Al1(POs)s, from 5 to 60 mol percent;

[00160] barium metaphosphate Ba(POs),, from 5 to 60 mol percent;
[00161] fluorides BaF, and RF,, 10-70 mol percent; where
[00162] R is selected from the group consisting of Mg, Ca, Sr, Pb, Al, Y, and
Bi; and

10 [00163] x is an index representing an amount of fluoride (F) in the compound
RFx.
[00164] Table IV below is a non-limiting, non-exhaustive, exemplary listing of

preferred sample ranges for an alkali free fluorophosphate passive glass system (4)

15 composition (which has no dopants).

[00165] Table IV
Composition of Passive Glass System (4)
(mol %)

Ba(PO:), | AI(PO); BaF, MgF, RF,

15 10 30 30 15

20 10 20 25 25

10 10 20 30 30

10 10 30 30 20

15 10 30 40 5

20 10 25 35 10
[00166] - R is selected from a group comprising: Pb, Ca, Sr, Bi, Y, Al
[00167] - Sub-script x is an index representing an appropriate amount of

20 fluorine (F) in the compound RF, (e.g., CaF,, SrF,, PbF,, YFs, BiFs;, AlFs)
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[00168] The following is a non-limiting, specific example of passive glass
system (4):
[00169] Example 4:
[00170] aluminum metaphosphate Al1(POs)s, from 5 to 60 mol percent;
[00171] barium metaphosphate Ba(POs),, from 5 to 60 mol percent;
[00172] barium fluoride BaF, , from 10-40 mol percent;
[00173] magnesium fluoride MgF, and RF,, 10-90 mol percent;
[00174] where R is selected from the group consisting of Ca, Mg, Pb, Al, Y, Sr

and Bi; and x is an index representing an amount of fluoride (F) in the compound RF,.

[00175] During tests, glass systems (3) and (4) were installed in a water plant
room where fluorine gasses were present. The glass systems (3) and (4) were exposed
to this environment for seven months. After the seven month period, the glasses
remained transparent. This is significant in many worldwide industries (such as

Water Treatment Facilities) that utilize fluorine and hydrofluoric acids.

[00176] Conventional glass, crystal or plastic products, including window
panels and gauge display covers develop an opaque (cloudy/etched/pitted) layer and
worsened with time when exposed to fluorine gasses. Clouded (or opaque) glass raise
safety and security issues and become a prominent problem for device manufacturers
and end users who operate equipment in these environments primarily because it

becomes difficult to inspect rooms, view outside activity, and read instrument gauges.

[00177] Advantages of having fluorine resistant glasses of the present invention
are that they greatly increase the safety standards by allowing complete visual access
to equipment’s operating parts (e.g., the pressure gauge readings, etc.) within the
harsh fluorine gas environment, they enhance visibility to ensure security (e.g., when
used as camera lens, etc.), and reduce maintenance costs and improve the overall

performance of the equipment.
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[00178] Non-limiting, non-exhaustive listing of exemplary applications for
glass systems (3) and (4) may include: windows on pressure gauges, windows on
electronic equipment with numerical displays, protective shield windows that can be
installed on equipment that is sensitive to harsh fluorine gases, windows that can be

installed on chemical room doors or air tight chamber doors to provide visual access.

[00179] FIG. 5 illustrates the transparency spectrum measured by
spectrophotometer, detailing the transmission curves for identical specimens of glass

sample (3). As illustrated, all specimens have good transmission - well over 90%

transparency.
[00180] Glass Sample (3)
[00181] aluminum metaphosphate Al1(POs)s, 15 mol percent;
[00182] barium metaphosphate Ba(POs),, 15 mol percent;
[00183] fluorides that are comprised of
[00184] BaF,, 35 mol percent;
[00185] RF, = MgF,, 35 mol percent.
[00186] As illustrated in FIG. 5, all specimens of glass sample (3) have
excellent transmissions.
[00187] Although the invention has been described in considerable detail in

language specific to structural features and or method acts, it is to be understood that
the invention defined in the appended claims is not necessarily limited to the specific
features or acts described. Rather, the specific features and acts are disclosed as
exemplary preferred forms of implementing the claimed invention. Stated otherwise,
it is to be understood that the phraseology and terminology employed herein, as well
as the abstract, are for the purpose of description and should not be regarded as
limiting. Further, the specification is not confined to the disclosed embodiments.

Therefore, while exemplary illustrative embodiments of the invention have been
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described, numerous variations and alternative embodiments will occur to those
skilled in the art. Such variations and alternate embodiments are contemplated, and

can be made without departing from the spirit and scope of the invention.

[00188] It should further be noted that throughout the entire disclosure, the
labels such as left, right, front, back, top, inside, outside, bottom, forward, reverse,
clockwise, counter clockwise, up, down, or other similar terms such as upper, lower,
aft, fore, vertical, horizontal, oblique, proximal, distal, parallel, perpendicular,
transverse, longitudinal, etc. have been used for convenience purposes only and are
not intended to imply any particular fixed direction, orientation, or position. Instead,
they are used to reflect relative locations/positions and/or directions/orientations

between various portions of an object.

[00189] In addition, reference to “first,” “second,” “third,” etc. members
throughout the disclosure (and in particular, claims) is not used to show a serial or
numerical limitation but instead is used to distinguish or identify the various members

of the group.

[00190] In addition, any element in a claim that does not explicitly state
"means for" performing a specified function, or "step for" performing a specific
function, is not to be interpreted as a "means" or "step" clause as specified in 35
U.S.C. Section 112, Paragraph 6. In particular, the use of "step of," "act of."
“operation of,” or “operational act of” in the claims herein is not intended to invoke

the provisions of 35 U.S.C. 112, Paragraph 6.
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CLAIMS

What is claimed is:
1. A glass system for detection of radiation, comprising:

one or more compounds that oscillate between a first state and a second state due
to absorption of high energy, with the oscillations preventing solarization of the glass
system for reuse while generating scintillations within a visible spectrum of the
electromagnetic spectra for determining existence of high energy;

the generation of scintillations have a duration that is commensurate with a
duration of the irradiation of the glass system, and cease when irradiation is ceased

without affecting the glass system.

2. The glass system for detection of radiation as set forth in claim 1, wherein:
the one or more compounds are selected from a group comprising:

CGOQ, CeF4, LUQO3, LuF3.

3. The glass system for detection of radiation as set forth in claim 1, further
comprising:
barium metaphosphate Ba(POs), in mol%,
aluminum metaphosphate AI(POs); in mol%, and
fluorides;
where the fluorides include both BaF; and RFx in mol%, and
dopants selected from a group comprising CeO,, CeF4, Lu,Os, LuFs3;
where R is selected from a group comprising: Mg, Ca, Sr, Pb, Y, Bi, Al, and

subscript x is an index representing an amount of fluoride (F) in the compound RF..

4. The glass system for detection of radiation as set forth in claim 3, further
comprising:
co-dopants from Transition metals selected from a group comprising: CuQO,
CuF,, TiO,, TiF4, Cr,03, CrFs, M0,03, MoFs, W,03, WFg, MnO,, MnF,, C0,0s3,
CoFg, Ni, O3, NiFs.
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5. The glass system for detection of radiation as set forth in claim 1, further
comprising:
barium metaphosphate Ba(POs), in mol%,
aluminum metaphosphate Al(POs3); in mol%, and
fluorides;
where the fluorides include:
barium fluoride BaF; in mol %;
magnesium fluoride MgF, in mol %; and
RFx in mol%, and
dopants selected from a group comprising: CeO,, CeF4, Lu,0s3, LuFs;
where R is selected from a group comprising: Ca, Sr, Pb, Y, Bi, Al, La and

subscript x is an index representing an amount of fluoride (F) in the compound RF..

6. The glass system for detection of radiation as set forth in claim 5, further
comprising:
co-dopants from Lanthanide metals selected from a group comprising:
La, 03, LaF3, Pr;O3, PrF3, Nd,03, NdF3, Pm;0s, PmF;, Sm;0;, SmF3, Eu,0s,
EuF;, Gd,0s, GdFs, Tb,Os, TbF3, Dy,0s3, DyFs, Ho,Os, HoFs, EryOs, ErFs, Tm,Os,
TmFs, Yb,Os3, YbF;.

7. The glass system for detection of radiation as set forth in claim 6, further
comprising:
co-dopants from Transition metals selected from a group comprising: CuQO,
CuF,, TiO,, TiF4, Cr,03, CrFs, M0,03, MoFs, W,03, WFg, MnO,, MnF,, C0,0s3,
CoFg, Ni, O3, NiFs.

8. The glass system for detection of radiation as set forth in claim 5, further
comprising:
co-dopants from Transition metals selected from a group comprising: CuQO,
CuF,, TiO,, TiF4, Cr,03, CrFs, M0,03, MoFs, W,03, WFg, MnO,, MnF,, C0,0s3,
CoFg, Ni, O3, NiFs.
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9. A glass for radiation detection, comprising:
one or more compounds having oscillatory transformative states when absorbing
high energy radiation that generate scintillations within a visible spectrum while

facilitating to prevent solarization of the glass.

10. The glass for radiation detection as set forth in claim 9, wherein:
the one or more compounds oscillate between a first state and a second state when
absorbing high energy radiation, which generate the oscillatory transformative states

of the one or more compounds.

11. The glass for radiation detection as set forth in claim 10, wherein:
the one or more compounds are selected from a group comprising CeO,, CeF4,

LUQO3, LuF3.

12. A glass system, comprising:

temporary, oscillatory transformative states when absorbing high energy radiation;

wherein: the temporary, oscillatory transformative states of the glass system
facilitate prevention of solarization of the glass system while generating scintillations

within the visible spectrum.

13. A fluorine resistant glass system, comprising:
barium metaphosphate Ba(POs), in mol%,
aluminum metaphosphate AI(POs); in mol%, and
fluorides;
where the fluorides include both BaF; and RFx in mol%, and
where R is selected from a group comprising: Mg, Ca, Sr, Pb, Y, Bi, Al, and

subscript x is an index representing an amount of fluoride (F) in the compound RF..

14. A fluorine resistant glass system, comprising:

barium metaphosphate Ba(POs), in mol%,
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aluminum metaphosphate AI(POs); in mol%, and

fluorides;

wherein the fluorides include:

barium fluoride BaF; in mol %;

magnesium fluoride MgF, in mol %; and

RFx in mol%,

where R is selected from a group comprising: Ca, Sr, Pb, Y, Bi, Al, La and

subscript x is an index representing an amount of fluoride (F) in the compound RF..

15. A glass system for detection of radiation, comprising:

one or more compounds that oscillate between a first state and a second state due
to absorption of high energy, with the oscillations facilitating prevention of
solarization of the glass system for reuse while generating scintillations for
determining existence of high energy;

the generation of scintillations have a duration that is commensurate with a
duration of the irradiation of the glass system, and cease when irradiation is ceased

without affecting the glass system.

16. The glass system for detection of radiation as set forth in claim 15, further
comprising:
barium metaphosphate Ba(POs), in mol%,
aluminum metaphosphate AI(POs); in mol%, and
fluorides;
where the fluorides include:
barium fluoride BaF; in mol %;
magnesium fluoride MgF, in mol %; and
RFx in mol%, and
dopants;
where R is selected from a group comprising: Ca, Sr, Pb, Y, Bi, Al, La and

subscript x is an index representing an amount of fluoride (F) in the compound RF..
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17. The glass system for detection of radiation as set forth in claim 16, wherein:
the dopants are selected from a group comprising:
La, 03, LaF;, CeO,, CeF4, PryOs, PrFs;, Nd;Os3, NdF3;, Pm;03, PmF3, Sm;0s3,
SmFs, Eu,0s, EuFs, Gd,03, GdF3, Tb,Os, TbF3, Dy,0s, DyFs, Ho,Os, HoFs, Er,Os,
ErF;, Tm;03, TmF3, Yb,03, YbF3, Lu,Os3, LuFs.

18. The glass system for detection of radiation as set forth in claim 17, further
comprising:
co-dopants from Transition metals selected from a group comprising: CuQO,
CuF,, TiO,, TiF4, Cr,03, CrFs, M0,03, MoFs, W,03, WFg, MnO,, MnF,, C0,0s3,
CoFg, Ni, O3, NiFs.

19. The glass system for detection of radiation as set forth in claim 16, further
comprising:
the dopants are from Transition metals selected from a group comprising:
CuO, CuF,, TiO,, TiF4, Cr,03, CrFs, M0,03, MoFs, W,03, WFs, MnO,, MnF,,
C0,03, CoFg, Ni,03, NiF.

20. A method for detecting radiation, comprising:
generating oscillatory transformative states when absorbing high radiation energy,
with the oscillatory transformative states resulting in scintillation within the visible

spectrum.
21. The method for detecting radiation as set forth in claim 20, wherein:

the scintillation has a duration that is commensurate with a duration of

presence of radiation, and ceasing when radiation is absent.

41



PCT/US2016/042709

WO 2017/015176

1/9

[ OId

{su) oy

K

w0

- f
H
H

00z 08l 09L Oyi 0ZL 00k 08 09 Oy 02 O

Z
Z
Z

P

\\\\\\\\

pe

\\\\\\\\

v'1g A gy
V949 Aupew
G L0 uBayy

S g S G0

\\\\\\\\

0g

low

<

o1

&3

PRy

Al abwiaay



WO 2017/015176 PCT/US2016/042709
2/9

me (ns)

120

?
Z
%
3

IVEY

e

100
Peak ary

80

3
s
Rexmy e

X
aranand

\““\\

aavasaassassa
RIOCERERROR
R

SR

4

X
R XA RN

AR,
Sanans

60

NN
“\\:k\\\\\\\\\\
T

of W

Ny
3

Py
7

A

N
PN

sl
R

AN
Py
Ry
3
3
3
o
Nany
proeTeRey
B
Y
ASY
Nvanaany,
AMNANAAT O

o
SRR

&4

%
sty

RNuanannany
Y

3
vt
oF w

-~
SAAAAAAAAAAARY
SR
Sooooy,
&
& w
e
ny
panaaad
Rarnmnnnanansnnsg

N

AN
v

e

3 . .
ey <

S e Snd gy

wrmre
i

=
Q &
SluaA JO JBGUINN

FIG. 2



00000000000000000

FIG. 2A



PCT/US2016/042709

WO 2017/015176

* V¢ DI

] yibusisaepa

{
H
H
H
H
H
H
H
H
H
H
H
H
3

008 00/

061} 8004
(261 8004

{(%a1 8004

14

W

14

i

i

008
|

- $0LE =

s POLE et

S GOLE et

i

A AN AN AN AN AY e AVA ws A AN AV AN Ay Avaay A

Ty
&
©

A

.

UOISHEIUsURY

(%]



PCT/US2016/042709

WO 2017/015176

[suj sy

00¢ 04l

} } 7
H H ¢

Ia

S

AR PN S

o er o srmis s s s i n

_ Sssaa— Iy

L N P . EoN > AN e ot m i n s n i et s e ook

>
“de DIA
=
M L,
; ; -
: : =
: : : 5 D
e AOBOGR () = .,M -~ SU GOPS Ay = 7L ww
PRy u .M\,I:\(.;\f;\fi((.\\\ ANW
PRV » R _ w ) . o ., xm))l»llif PSPPI ﬁ
o LEBlEE0 O =1 - 8U LOleE e = | SR &




PCT/US2016/042709
6/9

WO 2017/015176

ke 4 ’ m 3 K 4 ‘. v M a 04 v . m v X N v N - \.v‘\‘v
¥ 4
»
¥
3 P S
% L
s..‘*\r.
A, A
LAk % Larv 3 70
Yot g bt e Yt
’ i e z 55 Lng
. %
i % e
o, Z %
/ 7 3
ae 5
e, ;
. £ 0. .
Ex %
£ )
7 -
G £ - 4 ”
. SO § e,
&\\\M T g4 . "
i 3 G qptn % 555 G o %, . 7 7%
s - A Bt s ! 257
.ﬂ\.\ ey s \\ % Ly, 3
A L A il i
L m\w\w s
" ,.«..\.W\ : g
£ N A %
| P, i3 %7
G e e :
F G hd e g, B
Fovidh e v i pw
2 55y P
A S vssi

A o,
i L 24 4463
z P
% oy
.\‘.\\\ $
3 % ¥ )
i mn&
Loy A
3 g % Bk o
o s

Hessat 3
7%, Sndaen A
Wﬁ\ 3

L55

st W . &

P S e 4
7 n, een?. y
%, % v, wardl T
o, - e 5
r. 7z
Gt i e P
\s\om o
: 7
: i
% i
. ’ . 7 . . 2% e,
; P 7 ; ; ; ;
R RS T YR Y ey
4 % ]
v
2%, pary & Py sren, 2% o5 5 7% b3
3 83 1 4 45 4.4 £%; 5% o d ik 3 F

X
3
NN
\\\\§
AN
"
0
PSS

§ .

N NANNAN
SN

1%
NN

AN
-

S
et
¢\\Nw'
\\&\\\\)
RS
&
§ ‘;}
3

B

S
R
-

FIG. 3C



PCT/US2016/042709

WO 2017/015176

9

=~

7

fuu] wbBussaepa

008

Vv DIA

004

000 008

? £ HE
O + (%1} 8004V - 1018 ~ |
G + {%1) 80104Y - 001E ~—s—
e - 0g
Jed + (1% 1) BI0Y ~ BEOE et

-
L3
W

‘UBL|

¥

LOISSIW

o]



PCT/US2016/042709

WO 2017/015176

8/9

dv DId

T SE8285 0=

;
%

L EGLILP O

|

z

FrBU LGB0 L

Armaas sman b s s

i

- SUGBELYL D

Ged + {261} 80 O4Y

b saad
['re] Aususw

-
W

P ZIBULION



PCT/US2016/042709

WO 2017/015176

gl uiBusisaeia
408 1473 (09 (0% 00 o0s mw%
H

3 2 2 be H ’ b H . H H b 1
[ A A T A A A | [ i i
i ; i H H
H : : H :
H : ; H H

“ 01
PRUCPUN (Y » L1 e

padopun Ody - 0115

PBUCDUN (Y - BOLE mtp

PRUOLUN OdY - QOLE ——t

9/9

¢ DIA

2] voEssIUSURL

%

St



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US 16/42709

A. CLASSIFICATION OF SUBJECT MATTER

CPC

IPC(8) - CO9K 11/06, CO9K 11/61, GO1N 21/64, GO1T 1/20, G21K 4/00 (2016.01)
- CO9K 11/06, CO9K 11/61, GO1N 21/64, GO1N 2021/296, GO1T 1/20, GO1T 1/2002, G21K 4/00
According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

IPC(B) CO9K 11/06, CO9K 11/61, GO1N 21/64, G

nimum documentation searched (classification s%s1t_?_rr1\/fzoollogv;;!%z/g%s(sﬁ(ﬁ)’tfatgyn symbols)

CPC- CO9K 11/06, COSK 11/61, GO1N 21/64, GO1N 2021/296, GO1T 1/20, GO1T 1/2002, G21K 4/00

Patents and NPL (classification, keyword; search terms below)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
USPC- 23/305RE, 250/370.11, 250/483.1, 252/301.4H, 378/190, 378/70, 422/82.08;

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

Pub West (US EP JP WO), Pat Base (AU BE BR CA CH CN DE DK EP ES FI FR GB IN JP KR SE TH TW US WO), Google Patent,
Google Scholar, Google Web, FPO; search terms: scintillate, oscillate, solarization, solarise, cerium, lutentium, oxide, fluoride,
magnesium barium, aluminum, aluminium, Al, Ba, Ce, F, Lu, Mg, glass, frit, metaphosphate...

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 3,842,271 A (GEE et al.) 15 October 1974 (15.10.1974), col 1, In 14-38; col 4, In 3-41; col 5, | 1, 2, 9-12, 15
- In 25-31; col 6, In 24-53;co! 7,In14-29 el
A 3-8, 13, 14, 16-189
X US 2014/0233196 A1 (SHOJI et al.) 28 August 2014 (28.08.2014), para [0029], [0037], [0108], | 20, 21
- [0115], [0158), [0163], [0368], [0404)},[0425) | e
A 3-8, 13, 14, 16-19
A US 2013/0299720 A1 (OSINSKI et al.) 14 November 2013 (14.11.2013), para [0020), [0026]- 1-21

[0028], (0087)
A US 2012/0282630 A1 (GEDDES) 08 November 2012 (08.11.2012), para [0007], [0032], [0033], | 1-21

[0137)
A US 2012/0074356 A1 (FUKUDA et al.) 29 March 2012 (29.03.2012), para [0011], {0032], (0082] | 1-21

D Further documents are listed in the continuation of Box C.

H

- Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0O” document referring to an oral disclosure, use, exhibition or other
means

“P” document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the clalmed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

13 October 2016

Date of mailing of the international search report

TONOV 2076

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - claims
	Page 43 - claims
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - wo-search-report

