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LINEAR-RESPONSE NANOCRYSTAL
SCINTILLATORS AND METHODS OF USING
THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. Non-Provisional
application Ser. No. 14/387,103, filed Sep. 22, 2014, which
is the U.S. national stage application of International Patent
Application No. PCT/US2013/031372, filed Mar. 14, 2013,
which claims the benefit of U.S. Provisional Application Ser.
No. 61/614,036, filed Mar. 22, 2012.

BACKGROUND

Scintillation materials, or scintillators, refer to materials
that emit light in the presence of ionizing radiation. Because
scintillators exhibit luminescence when excited by radiation,
these materials are often used to detect radiation from
impinging electrons, protons, neutrons, alpha particles, beta
particles, gamma rays, and x-rays.

Inorganic and organic scintillators find use in medical and
industrial applications, and improved scintillator materials
have continuously been developed since the time Wilhelm
Conrad Rontgen first discovered the existence of x-rays
from a barium platinocyanide screen. However, current
sensing systems may display hygroscopic characteristics
(where the absorption of moisture from the environment
render the scintillating materials inert or otherwise useless),
require large spatial dimensions, have complicated or expen-
sive fabrication steps, or depend upon cryogenic cooling.
Furthermore, detection sensitivity, such as the modulation of
wavelengths to frequency regimes that enable maximal
detection efficiency, presents additional considerations for
deploying scintillator material based sensing systems.

BRIEF SUMMARY

Systems and devices incorporating radiation detection,
and techniques and materials for improved radiation detec-
tion are described herein.

Certain embodiments of the invention are directed to
materials that function as nano-scintillators that have linear
or nearly linear luminescent response to stimulation energy
of energy wavelength of about 1 femtometer to about 100
nanometers as well as up to 300 nm, and systems involving
radiation detection in which the nano-scintillators are incor-
porated.

The systems involving radiation detection can include
nano-scintillator materials selected for stimulation by pho-
tons of vacuum ultra violet (VUV), x-ray and/or gamma-ray
energies while exhibiting a linear response. The nano-
scintillator materials described herein may also be stimu-
lated by electrons, beta particles, alpha particles, protons,
and neutron particles while exhibiting a linear response.

In some embodiments of the invention, the nano-scintil-
lator materials include rare earth oxides doped with a
lanthanide dopant and with a spectator ion. The rare earth
oxide can include Y, Th, Sc, or any lanthanide, such as Gd
or La. The lanthanide dopant can be any lanthanide such as
Eu, Gd, or Nd; and for the case where the rare earth oxide
is a lanthanide oxide, the lanthanide dopant is a lanthanide
of a different atomic number from the lanthanide of the rare
earth oxide. The spectator ion can be Li. In a specific
implementation, the nano-scintillator material includes Li-
doped [Y,O;; Eu] nanocrystals configured such that the

15

25

40

45

2

peak wavelength of the linear luminescent response is
between 610 and 615 nm an in certain cases at or about 612
nm.

In some cases, the nanocrystals for the scintillator can
have a host crystal composition of ZnO or ZnTe, or a
combination of ZnO or ZnTe and a rare earth oxide. In
addition (or as an alternative) to oxides, a perovskite, garnet,
fluoride, or semiconductor material may be included as part
of the nanocrystals forming the scintillator.

A method of preparing a nano-scintillator exhibiting a
linear or near linear response to stimulation energy is
provided. According to certain embodiments, the nano-
scintillators can be fabricated by combustion of metal nitrate
precursors in a solution comprising glycine, for example,
where the molar ratio of metal nitrate to glycine is 10:15
(e.g., the molar ratio of glycine to metal nitrate=1.5). This
method can be referred to as a “glycine combustion
method”.

Spectator ion-doped, lanthanide-doped rare earth oxide
nanocrystals, such as Li-doped [Y,O;; Eu] nanocrystals,
fabricated through the glycine combustion method as
described herein have a superior size and high crystallinity,
which results in the very high linearity of their response
upon stimulation. By this method, Li-doped [Y,O;; Eu]
nanocrystals can be fabricated with precise Y to Eu molar
ratios, for example, 1.9:0.1 (molar ratio of 19), and control-
lable rare-earth Y+Eu to Li molar ratios of up to about 2:0.25
(molar ratio of 8).

By using nano-scintillators designed and/or optimized as
described herein, it is possible to create calibration data to
correlate radiation dose and measured light, which may be
used to directly determine a corresponding dose for a
measured light signal or to create a linear model from which
the corresponding dose to a measured light value can be
calculated.

Accordingly, certain embodiments of the invention are
directed to detection devices and methods of detecting
radiation using the luminescent response of a nano-scintil-
lator such as the spectator ion- and lanthanide-doped rare
earth oxide nanocrystal-based scintillators described herein.
In an embodiment of the invention, a detection device
includes the nano-scintillator, a light detector, and a proces-
sor for measuring the luminescent response of the nano-
scintillator using the light detector and converting the mea-
surement into information about radiation that may have
impinged the nano-scintillator. The light detector can be, for
example, a charge coupled device (CCD), a photodiode, a
photomultiplier tube (PMT), or any other detector capable of
detecting visible light. In some embodiments, the light
detector detects orange, orange-red, or red light emitted
from a nano-scintillator. In a specific embodiment, a detector
capable of sensing light in about the 612 nm range (e.g.,
orange light) is used.

In a further embodiment, the detection device can include
a communication interface for transmitting information to a
remote location. The information may be measurement
information, information about the radiation that may have
impinged the nano-scintillator, or a combination thereof. In
addition to transmitting the information, an identifier for the
device and optionally the location of the device can be
transmitted to the remote location. The location of the
detection device may be obtained through geographic coor-
dinates (e.g., from a GPS unit) or a CelllD (e.g., from a
cellular device) or inferred from the identifier for the device.

The detection device can be a dosimeter for measuring
exposure to ionizing radiation. The dosimeter may be a
fiber-optic dosimeter in which a linear response nano-scin-
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tillator material is provided at a distal end of a fiber-optic
cable connected to a light detector for measuring the nano-
scintillator material’s response to a radiation dose. The
output of the light detector can be connected to a signal
processor, which may be configured to provide an alarm
when a radiation event exceeds a certain threshold of
radiation.

The detection device can be a portable radiation detector
in which a linear response nano-scintillator material is
electrically coupled to a low-power processing and display
unit. In this manner, persons or objects in possession of the
portable radiation detector can observe total radiation dose,
current radiation levels, or both, at the location of a radiation
event.

In certain embodiments, the detection device can be
incorporated in existing mobile devices or wearable gadgets.

In an embodiment of the invention, a high-resolution
x-ray detector screen can be provided having a high reso-
Iution light detector with pixels individually optically
coupled to the linear response nano-scintillator material,
wherein the sub-pixel size of the nano-scintillator material
prohibits pixel-overlapping crystals, reducing blurring in
high-resolution imaging.

Another embodiment of the invention is directed to a
method of detecting radiation that includes measuring the
response of one or a combination of more than one scintil-
lator material with different stimulation properties and peak
emission wavelengths, whereby the measured stimulation
properties may be spectrally resolved by wavelength using
a spectrometer or a light detector with wavelength filters, or
the measured stimulation properties may be discriminated
by intensity on a multi-channel analyzer producing a pulse-
height spectrum, or both. At least one of the scintillator
material with different stimulation properties and peak emis-
sion wavelengths is a spectator ion- and lanthanide-doped
rare earth oxide nano-scintillator material.

This Summary is provided to introduce a selection of
concepts in a simplified form that are further described
below in the Detailed Description. This Summary is not
intended to identify key features or essential features of the
claimed subject matter, nor is it intended to be used to limit
the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

Many aspects of the disclosure can be better understood
with reference to the following drawings. While several
implementations and examples are described in connection
with these drawings, the disclosure is not limited to the
implementations and examples disclosed herein.

FIGS. 1A and 1B show transmission electron microscope
(TEM) images of as-synthesized [ Y, ,O;; Eu, ;| (FIG. 1A)
and [Y, ;O;; Eug 4, Li, ;4] (FIG. 1B) nanocrystals according
to an embodiment of the invention, illustrating that [.i ion
doping increases both size and crystallinity when incorpo-
rated into the crystalline matrix.

FIGS. 2A and 2B show x-ray diffraction (XRD) spectra of
the most emissive [Y,,0;; Bu,] and [Y,,0;; Eu, Li]
samples, where FIG. 2A is for [Y, ;O;; Eu, | ] and FIG. 2B
is for [Y, sO5; Bugy , Lig 46l

FIG. 3 shows six TEM images of [Y, 4O5; Eug y, Li]
nanocrystals, according to an embodiment of the invention,
with increasing lithium-doping content as indicated on the
image, where amorphous content decreases as [.i ion con-
centration increases and where larger particle sizes and more
defined crystalline boundaries are readily observable.
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FIG. 4 shows a Raman Spectroscopy measurement of the
[Y,O;; Li ] phonon structure, excited at 632 nm, indicating
that the augmented phonon intensities upon Li ion doping
result from an increase in crystalline size and enhanced
crystallinity of the nanostructures when correlated with
TEM data.

FIG. 5 is a mechanistic schematic for scintillation in
lanthanide doped inorganic crystals, where x-ray excitation
generates multiple uncoupled electron-hole pairs that collect
in the crystal’s respective conduction and valance bands and
where lanthanide f-block states facilitate subsequent elec-
tron-hole trapping and recombination to generate emission.

FIGS. 6A-6D show plotted scintillation data for [Y,_Os;
Eu, ], nanocrystals where: FIG. 6A is the spectral emission
intensity as a function of Eu concentration; FIG. 6B is the
power-dependent emission intensity of a specific [Y,_ O;;
Eu,] composition; and FIGS. 6C and 6D are plots of the
peak and integrated emission intensities, respectively, as a
function of x-ray tube voltage held at constant current (5
mA), demonstrating a nearly linear scintillation response
with increasing x-ray excitation power.

FIGS. 7A-7E show plotted scintillation data for [Y; ,O;;
Bu, ;, Li,] nanocrystals, according to an embodiment of the
invention, where: FIG. 7A and FIG. 7B show spectral and
integrated emission intensity, respectively, as a function of
Li ion concentration; FIG. 7C shows the power-dependent
emission intensity of [Y, ;O5; Eug 4, Li, ;6] and FIGS. 7D
and 7E are plots of the peak and integrated emission
intensity, respectively, as a function of x-ray tube voltage for
a tube held at a constant current of 5 mA.

FIGS. 8A and 8B show diagrams of a nano-scintillator
terminated optical fiber device according to an embodiment
of the invention.

FIG. 9 shows a plot of intensity versus dose of for a
prototype fiber-optic dosimeter, according to an embodiment
of the invention, with dose provided by 120 kV x-rays in a
X-ray Computed Tomography clinical instrument, where the
probes respond to clinical level radiation doses with high
linearity.

FIG. 10 shows a plot of intensity versus dose plot for a
prototype fiber-optic dosimeter, according to an embodiment
of the invention, with dose provided by 225 kV x-rays in an
Image Guided Radiation Therapy research instrument,
where the probe response is linear over a wide range of
energies and doses in radiation based imaging and therapy
settings.

FIG. 11 shows a plot of the dose-dependent integrated
scintillation response of a nano-scintillator fiber-optic probe
(such as described with respect to FIG. 8A), according to an
embodiment of the invention, where integration was over
the entire dose delivered from a 6 MV x-ray of a clinical
radiation therapy instrument to the scintillator placed 1.5 cm
into a tissue-block phantom.

FIG. 12 shows a plot of the dose-dependent integrated
scintillation response of a nano-scintillator fiber-optic probe,
according to an embodiment of the invention, where inte-
gration was over the entire dose delivered from a 6 MV
electron beam of a clinical radiation therapy instrument to
the scintillator placed 1.5 cm into a tissue-block phantom.

FIGS. 13A-13C show process flow diagrams for methods
of calibrating, measuring, and detecting radiation using a
nano-scintillator of embodiments of the invention.

FIG. 14 shows an example computing system in which
embodiments of the invention may be carried out.

DETAILED DESCRIPTION

Systems and devices incorporating radiation detection,
and techniques and materials for improved radiation detec-
tion are described herein.






