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Fig. 3: Schematic diagram for the preparation of core-shell nanoparticles.

(57) Abstract: This invention relates to a method for producing a core-shell nanophosphor for use in radiation storage compris-
ing: a) preparing a nanoscale metal halide core; b) coating the nanoscale metal halide core with at least one shell which is activat-
ed by a rare earth metal; and c¢) forming a core-shell nanophosphor. This invention also relates to a core-shell nanophosphor com-
prising a substrate core and at least one shell that is sensitive to ionizing radiation, neutrons, electrons or UV radiation. This in-
vention also relates to a radiation image storage panel, a radiation monitoring apparatus and a use of the core-shell nanophosphor
according to this invention.
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CORE-SHELL NANOPHOSPHORS FOR RADIATION STORAGE AND METHODS

FI.ELD OF THE INVENTION
| This invention relates td co;e-shell nanophosphors. In parﬁcular, this iﬁvenﬁon relate;s

to §;>re4sheu nanophosphor particles Which function as radiation sforagg ,ﬁhosphors and in

particular .X-ray radiation storage phosphors. ' This invéntion also relates to methods of
‘ production of core-sﬂell nanophosphors. 'Ilﬁs invéntion also relates to methods of detecting

and monitoring radiation levels in a subject or a part thereof using th’e core-shell

nanophpsphors bf this invention. Thi; invention also relates to methods of imaging a subject

or part thereof using the core-shell nanophosphors of this invention.

~ The core-shell nanophosphors may also be used in an apbarétus for detecting and
- monitoring radiation. In particular, the core-shell nanophosphors méy be used in an apbaratué
for detecting and monitoring lx_'adiation which may. be used on a subject or part thefeof where
tﬁe subject may be a mammal. The co;e—shell nanophosphors may also be used m an
apparatus for imaging such as imaging readers. ' _

BACKGROUND “

It should be understc;od that any discussion of the background art throughout this
specification should in no wéy be consideréd as an admission that such background is prior
art nor that éuch background art is widely known or forms part of the common general
~ knowledge in the field.

. X-rays have played ;1 major role in medical and scientific imaging since their
discovery in the 19™ century. The origingl technique c;f recording transmlitted X-rays dire;:tly
on photographic films is still in use where photographic emulsions are directly éxposed to X-

' rays, resulting in latent images by the blackeniné 'of the film. However, high X-ray doses are‘

required since silver based films are rather inefficient in the capture of X-rays.
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The healt.hvris'ks associated ‘with exposing the human body to high doses of X-fays
have been well recognized énd ii is.established that X-ray exposﬁre can cz;mse .cancer. In va
‘publication by G J Heyes, AJ Mill; aﬁd M W Charles, British Journal of Rbdiologﬁ' (2006)‘
79, 195-200 ‘e_ntitled; “Enhanced biological effectiveness of low energy X-rays and ‘
implications for the UK breast screeping prograrnme”, there is highlighted a need to reduce
X-ray doses in bréa_st screening érogrammc’s. | | |

Accordingly, if is desirable to prévide an apparétus and ‘method to facilitate medic;al_
X-ray imaéin'g at lower radiation doses. The screen-film method was the first major
improvement over the direct silver-ﬁlxﬁ exposure method.‘ In this method,‘ X-rays are |
convi.:rted.to visible light by a sdintillatiﬁg screen and tﬁe resulting visible light is then
recorded by a conventional silver-halide based emulsion film. |

The phdsphor materials used in the scintillating screens have to be good absorbers of
X-rays and have to emit light in the wavelength region of ﬁigh sensitivity of the photographic
film. The vprlescntly used phosphbrs in these screens are based on rare earth activated
materials. However, the photosensitive silver halide grains in the film are saturated with
approximately four X-ray photons i.e. the dynamic ranée of the blackening ;;rocess is very
limited. Nevertheléss, due to the thin film thickness, which limits scattering effects, the spatial
resolution of this method is still one of the highest up to date. |

Fig. 1 depicts a schematic diagram of the séreen-ﬁlfn'meﬁlod where X-rays are shbwn
as lines thich are converted\to visible light via a scintillation screen which comprises a film.
The resolution for two iméging mediums are shown in the table as 10 line pairs/mm for x-ray
film ahd 2.5 line pairs/mm for the- cgmputed radidgraphy mediu:n BaFBro,g;SIo,ls:Eu2+ (MD-
10).

Computed radiography has gained signiﬁcaﬁt momentum since it alldws a reduction

of the dose of radiation to as low as 18% in comparison with screen-film technology. In .
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éonventional c.oniputed radiograbhy (CR), the latent image on an imaging plate (comprising
an X-rayl storage phosphor) formed by exposure té ionizing radiation, is read out 'by
photostimulated emission using the so-called “ﬂyingQSpot” method.

In the “ﬂying-spot” méthod, a focused red helium-neon laser beam is‘scanned across
the imaging plate and the resulting photo>stimulated emission in the blue-green fegio_n of the
visible spectrurh is converted into a digital signal pixel?by-pixel. In contrast to the screen-film
method, CR phosphors enable a dynamic range of up to 8 orders of magnitude. However, the
spatial resolution of imaging plates in CR is not yet bn a par with screen-film technology due
to the relatively large crystallites/gr_aiﬁ size required in the commercially used
photostimulable X-ray storage phosphor, such as BaF Br(I):Eu®".

In Figure 2, there is sho% a schematic diagram of conventional computed
radiography comprising an imaging phase and a subsequent readout phase by the “flying-
spot” method. Figure 2 depicts an image acquisition phase and an image reading phase. The
imaging acquisition phase comprises X-ray photons contacting a storage phosphor imaging
plate. The imaging reading phase comprises a laser which shines light onto the storage
phosphor imaging plate which then releases an emission which is read by a detector.

Whilst there are many full-solid state digital radiology devices, the digital panels on
these devices are extremely expensive when large dir'netlxsions and high resolution are -
required. Moreover, full solid state devices are not flexible and hence, for example, cause
patient discomfort when used for oral examinations. Presently, more  than 66% of
radiography is still undertaken by the screen-film method; an upconversion to computed
fadiography does not require major instrumental upgrades.

PCT International application no. PCT/AU2005/001905 (W02006/063409)

(NewSouth ' Innovations Pty Limited),‘ entitled - “RADIATION STORAGE

PHOSPHOR & APPLICATIONS”, filed on 16 December 2005 describes photoluminescent
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(photoexcitable; radioluminescent) X-ray stdrage phosphors (nax;ocrystallihe alkaline earth
halides activated with Sm3+) that allow an accumulatiye. and repetitive readout of the latent
imagc.by photocicitation of relatively stable Sm?* centres generated from the Sm** impurity
ions by reduction from F-centres ﬁpon X-ray exposure.

The photoexcited luminescence is based on very narrow f-f transitibns in the red -
region of the‘visible §pectrum and in the near-infrared of the X-ray created Sm**-centres and
allows high-sensiﬁvity énd high-resolution readouts with excellent signal-to-noise ratic; and
high contrast. The contents of International PCT application no. PCT/AU2005/001905

(W02006/063409) is incorporated herein by cross reference.

International PCT ‘application no. PCT/AU2008/001566 (W02009/052568) (New
South Innbvations Pty Limited), entitled “APPARATUS AND METHOD FOR DETECTING
AND MONITORING RADIATION” describes apparatus and methods for detectiﬁg radiation .
which may use the core-shell nanophosphors of this invention. The contents of International
PCT application no. PCT/AU2008/001566 (W02006/063409) is incorporated herein by cross

reference.

Accordingly, this invention seeks to overcome the problems in the prior art by
providing core-shell nanophosphors, methods éf production of core-shell nanophosphors or to
provide alternatives to the prior art.

Definitions

The following part of the specification provides some definitions that may be useful in
un_d&standing the description of the present invention. These are intended as - general
definitions and should in no way limit the scope of thxs inventjon to those terms alone, but are

put forth for a better understanding of the following description.
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Unless the context requires otherwise or is specifically stated to the contrary, integers,
steps, or elements of the invention recited.herein as singular integers, steps or eléments clearly
encompass both singulaf and plural forms of the recited integers, steps or elements.

Throughout this speciﬁcaﬁoﬁ, unless the éontext requires otherwise, the‘ wad
“comprise”, or variations Sﬁch»as' “comprises” or “comprising” will be understood to imply
the inclusion of a stated step 6r element or integerb or group of steps or elements or integers.
Thus, in the context of this specification, fhe term “comprising” is used in an inclusive sense
and thus should be understood as meaning “including principally, but not vnecessarily solely”.

Those skilled in the field will appreciate that the invention described herein is
susceptible to variations and modifications other than those specifically described. It is to be
understood that the invention includes ail such variations and modifications.  The invention
also includes all of the steps, features, compositions and compounds or any two or more of
said steps or features.

Throughout this specification the terms photolu'minescent,. photoexcitable and
radioluminescent are defined to have the same meaning which is that upoﬁ exposure to
jonizing radiation relatively stable optical centres are created that can be read out by standard
‘photoluminescence that is to say' by excitation at shorter wavelengths with luminescence at
longer wavelengths. In this case electrons within the optical centre are directly excited by the

excitation light.

Throughout this specification the terms optically stimulated luminescence (OSL) and
photostimulated luminescence (PSL) refer to the same phenomenon. A PSL or OSL material
yields métastable traps for electron-hole pairs .upon exposure to ionizing radiation. Upon
subsequent stimulation at ionger wavelength, shorter wavelength luminescence occurs due to
the recombination of electrons and holes. This is an ihdirect excitation of luminescence and

distinctly different to the photoluminescence (radioluminescence) described above.
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Throughout the specification, the terms nanocrystals and nanocrystalline refer to
materials comprising crystallites that have at least one dimension on the nanometer scale (1-999
nm). Nanoparticles can either consist of one or more aggregated nanocrystals and the term core-
shell nanophosphor refers to a luminescent phosphorescent material comprising particles on the
nanometer scale that have a core consisting of one or multiple aggregated nanocrystals with a

shell with another chemical composition.

SUMMARY OF THE INVENTION
In an embodiment, this invention relates to a core-shell nanophosphor comprising
(a) a nanoscale metal halide core; and

(b) at least one shell which is activated by at least one rare earth ion selected from the

group consisting of Eu’". SM’*, Dy’ and combinations thereof, wherein

the at least one rare earth ion is reduced to the +2 oxidation state upon exposure to

ionizing radiation,

after the at least one rare earth ion is reduced to the +2 oxidation state, the at least one
rare earth ion is relatively stable allowing for multiple readouts of narrow f-f

photoluminescence; and

the at least one shell accommodates a greater number of defects relative to the

nanoscale metal halide core.

The core shell nanophosphor can have non-uniform rare earth ion distribution. In an
embodiment the at least one rare earth ion is distributed such that the concentration of the at

least one rare earth ion increases towards the surface of the nanophosphor.

The nanoscale metal halide core can be selected from the group consisting of an alkali

halide, an alkaline earth halide and mixtures thereof.

The shell can be formed from the same material as the nanoscale metal halide core

except that the shell material is activated by at least one rare earth ion.

5426880_1 (GHMatters) P95224 AU
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The at least one shell can be selected from the group consisting of a metal halide, an

alkali halide or an alkaline earth halide and mixtures thereof.

The at least one rare earth activated shell can be selected from the group consisting of
BaFCl:Sm*", BaFBr:Sm’’, BaFCI:Sm*’, BaFCl,,Br,:Sm*’, BaFCl,.,,Br,l,:Sm"", SrFCl:Sm™",
StFBr:Sm>*, SrFCl,,Br,:Sm’, BaFCl, . Br,l;:Sm’", Ba, Sr,FCl:Sm’*, BaFCl:Sm™, SrMgF..
CleSm™, SrAIFsCli:Sm*, Ba;F,Cl:Sm* | Ba,Mg;Fo:Sm*, BaMgF,:Sm®", and mixtures

thereof.

In an embodiment, the metal halide can be selected from the group consisting of CaF,,
SrF,, BaF,, BaFCl, BaFBr, SrFCI, SrFBr, Ba,CIF;, CsBr, CsF, SrMgF,, SrAlFs, Ba;Fi,C,,
Ba,Mg;F 0, BaMgF, and mixtures thereof.

In another embodiment the nanophosphor can be selected from the group consisting of

BaFCl/BaFCl:Sm**, SrFCI/SrFCl:Sm®*, and Ba,Sr,., FCl/Ba,Sr,.. FCl:Sm®".
In an embodiment the rare earth ion is Sm™".
There can be one or more rare earth activated shells coated on the metal halide core.

In an embodiment there is a first and a second rare earth activated shell where the
second rare earth or transition metal ion activated shell acts as an electron donor. The second
rare earth or transition metal ion activated shell can be selected from the group consisting of a
metal halide, an alkali halide, an alkaline earth halide and mixtures thereof. The second rare
earth or transition metal ion activated shell upon exposure to radiation can be capable of
producing a plurality of free electrons or F-centres. The second rare earth or transition metal
ion activated shell can after exposure to radiation produce a plurality of electrons which are

then injected into the rare earth activated layer.

According to another embodiment, this invention relates to a method for producing the
core-shell nanophosphor as described above for use in ionizing radiation storage and

photoluminescence readout, comprising:
a) preparing a nanoscale metal halide core;

b) coating the nanoscale metal halide core with at least one shell which is activated by

at least one rare earth ion wherein the rare earth ion is selected from the group consisting of

5426880_1 (GHMatters) P95224. AU
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3+ 3 3 : . . . .
Eu™", Sm™, Dy"" and combinations thereof, wherein the at least one rare earth ion is reduced to

the +2 oxidation state upon exposure to ionizing radiation; and

c¢) forming a core-shell nanophosphor.

The method according to this invention may further comprise the step a) of preparing

the nanoscale metal halide core by chemical preparation or chemical treatment steps.

The chemical preparation in step a) may be selected from the group consisting of
reverse microemulsions, solid state reactions, co-precipitation, colloidal treatment, capping,
cluster formation, sol-gel, electrochemical treatment, solvothermal treatment, hydrothermal
treatment, chemical vapour deposition, wet chemistry, ball milling, sputtering of thin
nanocrystalline films, combustion reaction and combinations thereof. In step a), the nanoscale
metal halide core may be prepared by precipitation, hydrothermal/solvothermal synthesis, or

reverse microemulsions.

The step a) of preparing the nanoscale metal, halide core may also be by
physical preparation or physical treatment steps. The physical preparation or physical treatment

may comprise milling, in particular using ball mills.

The method according to this invention may further comprise coating at least one rare
earth activated shell on the metal halide core. The method may also comprise coating a first and
a second rare earth or transition metal ion activated shell on the metal halide core. The second

rare earth or metal ion activated shell may also act as an electron donor.

The first rare earth activated shell may be selected from the group consisting of a metal halide,
an alkali halide, an alkaline earth halide and mixtures thereof. The second rare earth or
transition metal ion activated shell may upon exposure to radiation be capable of producing a

plurality of free electrons or F-centres.

m? In another embodiment of this invention, there is provided a radiation image
storage panel comprising the core-shell nanophosphor. In another embodiment of this invention,
there is provided a radiation monitoring apparatus comprising the core-shell nanophosphor
according to this invention. In another embodiment of this invention, there is provided a use of
the core-shell nanophosphor according to this invention in monitoring doses of radiation

therapy.

5426880_1 (CHMatters) P95224 AU
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In another embodiment of this invention, there is provided a use of the core-shell

nanophosphor according to this invention in imaging plates for scientific and medical imaging.

In another aspect, this invention relates to a use of the core-shell nanophosphor
according to this invention for energy sensitive dosimetry and radiation detection. A mixture of
at least two different core-shell nanoparticles is exposed to ionizing radiation. Since the two
types of nanoparticles have different energy dependences of their radiation storage efficiency, it
is possible to calculate the (average) energy of the ionizing radiation by measuring the ratio of
the intensities of the induced photoluminescence or photostimulated emission of the two

variants of nanoparticles.

In another aspect, this invention relates to shell activated core-shell nanoparticles of
metal halides. The core-shell nanoparticles may be made to be very sensitive to ionizing
radiation. The size of the core-shell nanoparticle can vary from 1 nm to 900 nm and may be

tailored and optimized for various applications.

5426880_1 (GHMatters) P95224. AU
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Importantly, due to the vé_ry small grain/particle size the core-shell nanophosphors, the
core-shell nanophospﬁors have the potential to oﬁ'é_:r'the dynamic range.ar'ld sensitivit‘y of X-
ray storage phosphors combined with the high resolution of conventional screen-ﬁln; X-ray
imaging. The photoluminescent X-ray storage phosphors described in International PCT _
apﬁlication no. P(IZT/AU2005/OOVI 905 (W0O2006/063409) require different read out mémods |
since they are based on narrov(r photolumiﬁescénce (emission at longer wavcleﬁgth ‘than
photoexcitation light) with relatively long lifetimes (2 ms) rather. than the broad, short;lived
photostimulated emission (enlissioh at shorter wavelengtﬁ than photostimulaﬁon light) used in

conventional computed radiography.
BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 bdepicts a schematic diagram of a screen-ﬁlrn method of tixe prior art;

Fig. 2 depicts a sche@ﬁc diagram of a prior art computed radiography method;
Fig. 3 depicts a schematic diagram for a method of preparation of a core-shell nanophosphor
particle having oﬁe shell in accordémce with a first embodiment of this invention; and
Fig. 4 depicts a schematic diagram for the method of preparatioh_ of a core-shell
* nanophosphor particle having two shells in accordance with a second embodiment of this
invention;

Fig. 5a and Fig. Sb are graphical representations of data resulting from an evaluation of the
modulation transfer function (MTF) for the core-shell BaFCI/BaFCl:Sm®* photoluminescent
X-ray storage phosphor (solid line in picture on right);

Fig. 6 is a representation of reverse microemulsions as used in this invention;
Fig.7 depicts the luminescence spectrum of the nanocrystalline core-shell photoluminescent

X-ray storage phosphor BaFCl/BaF C1:Sm’" before and after exposure to ionizing radiation; .
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Fig. 8 depicts photoluminescence in the region of the ISDQ,—-)"FO transitioné of an enérgy v
selective photoluminescent stétage phosphor (SrF;,/SrFCl:‘sz+ and SrF2/BaFCl:Sm*") where
the 'ratio of the two transitions allows the détermination of the average energy; |

Fig. 9 depicts the powder X-ray diffraction of BaF»/BaF Cl:Sm®* core-shell nanoparticles; and

Fig. 10 depicts a transmission electron microscqpy graph of BaFCl/BaFCl:Sm** nanocrystals.

‘ Description of the Preferred Embodiment(s)
The following is a description of the preferred embodiments of the invention. It should be
appreciat_ed that the following description of the preferred embodiments is not intended to
limit the generality and scope of the claims.

In Fig. 3, there is shown an embodiment of this invention which is depicted as a
schematic diagram for a method of preparétion of a core-shell nanophosphor particle having
one shell in accordance with a first embodiment of this invention. In a first step, a core is
produced on the nanoscale by a range of chemical methods e.g. co-precipitation,
solvothermal, hydrothermal tréatment or chemical vapour deposition. In a second step, the
nanoscale core is coated with a silell that is activated by a rare éarth metal such as samarium
in the 3+ oxidation state. Th15 second step can be conducted by a wide range of chemical
methods such as solid state reaction assisted by milling, hydrothermal or solvothermal
treatment and by wet chemistry in genefal.

In Fig. 4, there is shown another embbdiment showing dual shell nanoparticles where
in this embodiment of this invéntion, instead of applying only one shell that is activated by a
rare earth metal such as samarium in the 3+ oxidation state (Smy) there is also provided a
second shell using the same or similar method of production steps as for the production of the
first shell as describéd earlier. The second shell acts as an electron donor and is capable of

injecting electrons into the first shell .upon exposure to ionizing radiation. The electrons
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injected into the inner shell are theﬁ used for the reduction of the rare earth metal such as for‘
example from Sm** to Sm?*. |

A sigfniﬁcant advantagc of the storage phosphors' and associated reader apparatus is
the X-ray storage mechanism. In.the X ray storage mechanism, ihe. Sm?* centres (formed by

lionizing radiation inducing reduction from Sm’") are very stable (although they can be
reversibly bleached out by a two-step photon ionization at higher light powérs) and thus their
photoluminescence can be readout many times, yielding a better signal-to-noise ratio
compared to photostimulable phosphors where the stored energy 1s released upon
photostimulation (one readout per pixel only).

This allows repetitive and parallel readout‘ of a few megapixels by CCD or CMOS
cameras. Moreover, in contrast to the broad photostimulated 4f65d—)4f7 emission of the
BaFBr (I):Eu”** phosphor, the photoluminescence of our photoluminescent phosphors is
extremely narrow since it is based oﬁ transitions within the f-electron shell.

-This facilitates a far higher contrast and discrimination between excitation and
emission light. Prior art phosphors (BaFBr sslo.1s:Eu®") have limited spatial resolution due to
scattering .effeéts caused by the relatively large crystallites that have to be employed to
facilitate their senéitivity. In contrast, the core-shell nanophosphors of this invention may be
based on nanoparticles which may range from 50nm to 150nm in diameter, 60nm to 140nm in
diameter, 70nm to 136nm in diameter, 80nm to 120nrh’in diameter, 90nm td 110nm in
diameter, or more typi‘(:#lly about 100 nm in diameter (average volume weighted diameter).
Hence a highér packing density is achieved and scattering effects are less pronouncéd,
allowing higher spatial resolution. -

The far higher contrast and discrimination of the core-shell nanophosphors of this
invention is demonstrated by data shown in Fig. 5. Fig. S demonstrates an evaluation of the

modulation transfer function (MTF).  The data in Fig. 5 was obtained by imaging a steel
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edge by oné standard oral ex@ation dose (ca 1 mGy surfacé dose) at 65 kV and 7 mA\X-/A
ray tube voltage and current,

., The steel edge was sandwiciled betWeen the imaging plate and a 20-r'nnil. Perspex plate
(to mimic fscattéring by tissue) and the XJray camera was 150 mm above thc; Perspex. Aé f:ah
be seen from this e'va,luatibn, the MTF is s_igniﬁcanﬂy better than for state-of-the-art CR
systems (e.g. Kodak CR 9000 with CR-GP imaging piate); The latter CR\systen; is based on
the photostir.nul.ablc storage phosphor systems.
A steel édge on top of an imaging plate was imaged by one standard oral examination
dose (ca 5 _ HGy body dose) thrdugﬁ 20 mm of PerSpe:;. The readout was conducted by a
prototype 2D reader developed. The MTF for a Kodak CR9000 reader with CR-GP imaging
plates is shown for comparison (solid triangles co;mectcd by solid line). The picture on the
left shows the line spread function as obtainéd by differentiation of the edge spread function

ESF. |
| Core-shell nanophosphor particles are photoluminescexicp b:ascd' X-ray storage
phosphors. The core-shell nanophosphors of this invention are more sensiti&e than prior art
phosphors since it is péstulated that the activated shell can accommodate many more defects
and hence can provide electrons for the ionizing radiation induced reduction of samarium

N :
(III)‘. Also the ionizing radiation does not have to penetrate a particle that strongly Aattenuat‘es
the ionizing radiation. Rather, the e.ffect occurs on the surface i.e. shell. |
.A mixture of core-shell nanophosphor particles (e.g. BaF Cl/BaFCl:Smsf
BaFCl/SrFC_I:Sm”) c;r nanophos;phor particles with a mixed shell may also ‘be‘ usea for
energy-sensitive radiation dete/ction. The radiation detection -occurs on the basis ‘of t:kle
different energy - dependence of the Sm**->Sm?* conversion in the two (or multiple -

environments). The measurement of the ratio of the Sm”* photoluminescence at the two (or

multiple) wavelengths corresponding to different environments allows the determination of v
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the energy or the average energy of the monochromatic or multichromatic ionizing radiation,

respectively.

Preparation of core-shell and core-dual shell nanophosphor particles

~ In one embodunent of this invention, the core of the nanophosphor particles may be
prepared by a range of methods including but not limited to hydrothermal/solvothermal
synthesis (e.g. where solutlons are exposed at hlgh temperatures and high pressures in an
autoclave), reverse mlcroemulsmns (e.g. whcre reverse rmcelles in an-oily phase restrict and
control dimensions of the aqueous phase i.e microscopic “reaction vessels” are provxded), co-
precipitation (e.g. SrF; and BaF, nanopamcles can be synthesnzed by co-precipitation of the
chloride salt w1th ammonia ﬂuonde solutions and with various ethanol-water mixtures), and
(mechanochemical) solid state reactions (e.g. milling BaF; and BaC12:Sm nanoparticles).

In Fig. 6, for example, rcverse micelles may be readily produced by using
polyoxyethylene nonyl phenol (Igepal CO-520), methanol and water. The Igepal, methanol
and water act as the surfactant, co-surfactant and polar phase, respectively. The first polar
aqueous phase contains the alkaline earth salt and the éecund phase contains the fluoride salt.
-The two reverse micelles are stirred and then rapidly mixed to yield the powder on the
nanoscale. The particle size and its uniformity can be optimized by employing a range of
surfactant/polar ‘phase ratios. Tha micelles define the dimensions of a “chemical reaction
vessel” and thus limit and determine the size of the nanoparticles.

_In another example, highly uniform particle sizes of Ba,CIF3; may be obtained through
solvothermal treatment by changing the ratio uf water to .olcic acid. The nanoparticles formed
from th'e'solvqthermal treatment may then be further treated in a second step with the
hydrothénnal/solvoﬂmnnal method or by solid state chemistry in a ball mill. As a further

example, when BaF, nanoparticles are milled with BaCl,:Sm**, BaFy/BaFCl:Sm** core-shell
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nanophospilor paﬁicles are formed as can be demonstrated with hlgh reso.l,ution electron
microscopy and powder x-r;ciy diffraction. | |

A list of cc;re and'shel_l materials which may be used for this invention is shown in
Table'~1 below. Table 1 lists 225 examples of suitable core-shell combinations of this
| invention. The core particles may be coated by a range of shell rﬁateria]s, alth01.1gh it will be
appreciated that not all combinations may.be formed due to lattice parametetﬁ. Also, the.

sensitivity of the phosphor may .dcpend on the relative dimensions of the core and shell.

_ Table 1 ‘
Core Shell .
1. CaF, 9. CsBr 1. BaFCl:Sm’" 9. Ba; ,SryFCl:Sm>*
2. SrF, 10. CsF 2. BaFBr:Sm’" 10.BaFCl:Sm’" ,SrFCl:Sm’"

3. BaF, 11. StMgFs | 3. BaFCl;,Br,:Sm’" 11. StMgF4xClx:Sm’"

4.BaFCl | 12. SrAlFs 4. BaFCl;..,Brily:Sm’" [ 12. SrAlFs.,Cl,:Sm’"

5.BaFBr. | 13. Ba;F;oCl, | 5. StFCl:Sm’" | 13. Ba;F12Cl:Sm*
6.StFCl | 14. Ba;MgsFo | 6. STFBr:Sm®" 14. Ba;MgsF0:Sm’"
7.StFBr | 15.BaMgFs | 7. StFCliBr:Sm’ 15. BaMgF4:Sm™"
8. Ba,CIF; 8. BaFCl).x,Bryly:Sm™

Examples of Methods of Preparation of core-shell nanoparticles

1. Embodiment: Preparation in situ

Example 1: BaFCl/BaF Cl:Sm** core-shell nanophosphor particles

1. Prepare aqueous solutions of:
0.4 M BaCl>2H,0 (48.85 g in 500 mL of H;0 and 2 drops HCI 36%), -
0.2 M NH4F (1.48 g in 200 mL H,0) and ‘
- Img/mL solution of SmCl36H,0 in advance and keep in a water bath at 23°C.
2. Into 'é S0mL plastic centrifuge tube place 25 ml 0.4 M BaCl;2H,0, 600 pL of a 1
mg/ml solution of SmCly6H,0 and 150 pL HCl (36%).
Seal the centrifuge tube, and place in the water bath at 23°C.
4. Add 25 mL of 0.2 M NH4F to the barium and samarium solution. A white precipitate

should immediately start.to form.
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5. Allow the mixture to pfecipitate for a further 10min at 23°C.
6. Separate the precipitaie ﬁ'oﬁl the solution by centrifugation for 10 minutes and“then

decant. |

7. Add 10 drops of the solution back to the precipitate.

8.  Place the preclpltate in the centrifuge tubes ina sultable glass container and allow it to
dry at 65°C for approximately 24 hrs.

9. For preparation of a powder, grind the precipitate in a mortar and pestle to yield
phosphor BaFCI/BaFCl:Sm** as a white powder, 0.79 g.

This preparation procédure may be modified to synthesize a wide range of core-shell
nanophosphor pérticles. In particular, the first step produces a core on the nanoscale and then

in the second step, an activated shell is formed.

Example 2: Synthesis. of SrFCVSrFCL:Sm*

In this example a mixture of 0.2 g SrFz, 50 mL 0.4 M SrCl,-6H,0, 300 uL 36% HCI and
2400 puL 1 mg/mL SmCl3-6H>0 were added into a plastic centrifuge tube. The centrifuge tube
was then sealed, and shaken quickly. Then, the mixture was centrifuged for 12 minutes and
the solution was decanted off. However, 2500 pL of the solution was then added back to the
precipitate in the centrifuge tube. The centrifuge tube with the precipitate and 2500 pL

solution were then dried in an oven at a temperature of 65°C, where the precipitate is cooled

and ground to yield the StFCUSIFCL:Sm™ as a white powder having a yield of 0.30 g
Example 3: Synthesis of Ba,Sr,FCV/Sm>*

In this example, a mixture of 0.2 g SrF>, 50 mL 0.4 M BaCl,-6H,0, 300 pL 36% HCI and
2400 pL 1 mg/mL anClg-sHZO were added into a plastié centrifuge tube. The centrifuge tube
was then sealed, and shaken quickly. Then, the mixture was centrifuged for 12 minutes and
the solution was decanted off. Hdwever, 2000 pL of the solution was then added back to the
precipitate in the centrifuge tube. The centrifuge tube with the precipitate and 2000 pL

solution were then dried in an oven at the temperature of 65 °C, where the dried precipitate is

then cooled and grinded to yield the Ba,Sr;xFCL/Sm®* as a white powder. Yield: 0.37 g.



WO 2011/054050 PCT/AU2010/001476
17

Example 4: Preparation of BaFCI/BaFCl:Sm>" core-shell nanophosphor

In a further preferred embodiment of this invention, there is now described an example of a

“method of preparation of BaFCL/BaF Cl:Sma* core-shell nanophosphor in two separate steps.

1% Step

1. Aqueous solutions of:
0.4M BaCl,2H,0 (48.85 g in 500 ml of H20 and 2 drops HCI 36%),
0.2M NH4F (1.48 g in 200 mL H,0), and
1mg/mL solution of SmCly6H,0 are prepared and stored in a water bath at 23°C.

2. 25mL of the 0.4 M BaCl,2H,0 solution is then placed into a 50 mL plastic centrifuge
tube, together with 600 pL of the 1 mg/mL solution of SmCl36H,0 and 150 ml of
HCl (36%). ' '

_ The centrifuge tube is sealed and placed in a water bath at 23°C.

4. Add 25 mL of 0.2M NH4F to the barium and samarium solution in the plastic
centrifuge tube where a white precipitaté is formed.

5. Allow the barium and samarium solution to precipitate for a further 10 min at 23°C

6. Separate the precipitate from the barium and samarium solution by centrifugation for
10 minutes and then decant. 3 |

7.  Wash precipitate several times with 20-40 mL of water and centrifuge in between.

8. Decant water and dry powder in oven at ca. 65 degrees.

2nd Step
1. Prepare a suspension of BaFCl nanoparticles (ca. 0.7 g in 40 mL water) by wet

grinding/milling in 25 mL of 0.4 M BaCl,, 600 pL of a lymymL solution of
SmCl36H,0 and 150 ul HCI (36%). |

2. - The suspension is then rigorously ‘shaken and/or sonicated.
The suspension is then centrifuged and natant liquor is thereafter decanted.

4. After decanting, 10-20 drops of fresh natant liquor is then added back to the
suspension.

S. The suspension is then dried in an oven at 65°C to form a precipitate.
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6. In order to prepare a powder, the precipitate is ground in a mortar and péstle to yield a

. core-shell nanophosphor BaFCl/BaF CL:Sm™ which is in the form of a white powder.

As ménﬁoned previéusly, Fig. 5a and Fig. 5b prpvides data based on an evaluation of the
~modulation transfer function (MTF) for the core-shell BaFCL/BaFCl:Sm®* photoluminescent
X-ray storage phosphor (solid line in picture on right).

Further, the data shown in Fig. Sa and 5b demonstrates thé higher contrast and
disérimination of the core-shell nanophosphors of this invention, in particular
BaFCL/BaFCL:Sm™". |

The data in Figure 5a and 5b was obtained by imaging a steel edge by one standard
oral examination dose (ca 1 mGy surface dose) at 65 kV and 7 mA X-ray tube voltage and
current. The steel edge was sandwiched between the imaging plate and a 20-mm Perspex '
plate (to mimic scattering by tissue) and the X-ray camera was 150 mm above the Perspex. As
can be seen from Figure 5a and 5b, the MTF is significantly better than for prior art CR
systems (e.g. Kodak CR 9000 with CR-GP imaginé plate). The prior art CR system is based
on the photostimulable storage phosphor systems.

In Fig.5a and Fig. Sb, a steel edge on top of an imaging plate was imaged by one
standard oral examination dose (ca 5 pGy body dose) through 20 mm of Perspex. The readout
was conducted by a prototype 2D reader. The MTF for a Kodak CR9000 reader with CR-GP
imaging plates is shown for comparison (solid triangles connected by solid line). The picture
on the left shows the line spread function as obtained by differentiation of the edge spread
function ESF.

In Fig.7, there is shown the luminescence spectnim of the nanocrystalline core-shell
phobl@inescent X-ray storﬁge phosphor BaFCl/BaF Cl:Sm** before and after exposure to a
low dose of X-r#y radiation. The prominent transitions of the Sm2+ ion are labelled in Fig. 7

as (SDQJFo‘q).
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In Fig. 8, there is shown photoluminescence in the region of the *Dy—'F; transitions of
an energy selective photoluminescent storage phosphor  (SrF/SrFCL:Sm**  and
SrF,/BaFCl:Sm®") where the intensity ratio of the two intense transitions can be used to
determine the average energy of the ionizing radiation in energy sensitive dosimetry. This is
done based on the predetermined energy dependence of the two phases and hence the intensity
ratio provides the average energy. Similar methods are used for the wavelength determination in

dual photodiode wavemeters and would be well known to the skilled person in the field.

In Fig. 9, there is shown the powder X-ray diffraction of BaF,/BaFCl:Sm™ core-shell

nanoparticles.

In Fig. 10, there is shown a transmission electron microscopy graph of

BaFCl/BaFCl:Sm™ nanocrystals.

It will be appreciated that Figures 7 to 10 demonstrate the improved properties of core-
shell nanoparticles of the present invention over previously known phosphors. In particular, it is
noted that the core-shell nanophosphors show much higher sensitivity of core-shell

nanoparticles in comparison with nanoparticles with uniform rare earth ion distribution.

The advantages of the core-shell nanoparticles of this invention is that the core-shell
nanoparticles can be used as photoluminescent X-ray storage phosphors which has far greater

sensitivity than the currently used photostimulable materials in computed radiography.

It will be appreciated by a skilled person that the process of this invention can be
modified to synthesize a wide range of core-shell nanoparticles. In particular, the first step

produces a core on the nanoscale and then in a second step the activated shell is created.

In the claims which follow and in the preceding description of the invention, except
where the context requires otherwise due to express language or necessary implication, the
word “comprise” or variations such as “comprises” or “comprising” is used in an inclusive
sense, i.e. to specify the presence of the stated features but not to preclude the presence or

addition of further features in various embodiments of the invention.

It is to be understood that, if any prior art publication is referred to herein, such
reference does not constitute an admission that the publication forms a part of the common

general knowledge in the art, in Australia or any other country.
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CLAIMS:
1. A core-shell nanophosphor comprising
(a) a nanoscale metal halide core; and

(b) at least one shell which is activated by at least one rare earth ion selected from the

group consisting of Eu’". SM**, Dy*" and combinations thereof, wherein

the at least one rare earth ion is reduced to the +2 oxidation state upon exposure to

ionizing radiation,

after the at least one rare earth ion is reduced to the +2 oxidation state, the at least one
rare earth ion is relatively stable allowing for multiple readouts of narrow f-f

photoluminescence; and

the at least one shell accommodates a greater number of defects relative to the nanoscale metal

halide core.
2. The core shell nanophosphor of claim 1 having non-uniform rare earth ion distribution.
3. The core shell nanophosphor of claim 1 or claim 2, wherein the at least one rare earth

ion is distributed such that the concentration of the at least one rare earth ion increases towards

the surface of the nanophosphor.

4, The core-shell nanophosphor of any one of claims 1 to 3, wherein the nanoscale metal
halide core is selected from the group consisting of an alkali halide, an alkaline earth halide and

mixtures thereof.

S. The core-shell nanophosphor of any one of claims 1 to 4, wherein the shell can be
formed from the same material as the nanoscale metal halide core except that the shell material

is activated by at least one rare earth ion.
6. The core-shell nanophosphor of any one of claims 1 to 5, wherein the at least one shell

is selected from the group consisting of a metal halide, an alkali halide or an alkaline earth

halide and mixtures thereof.
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7. The core-shell nanophosphor according to any one of claims 1 to 6, wherein the at least
one rare earth activated shell is selected from the group consisting of BaFCl:Sm**, BaFBr:Sm®",
BaFCl:Sm™, BaFCl,Br,:Sm’, BaFCl,,BrJ,:Sm", SrFCl:Sm, SrFBr:Sm®, SrFCI,.
BraSm'", BaFCl,..,BrJ;:Sm*, Ba,,Sr,FCl:Sm"™, BaFCl:Sm>, SrMgF,Cl:Sm’’, SrAlFs.
LClL:Sm*, Ba;F ,Cly:Sm™ | Ba,MgsF0:Sm’", BaMgF,:Sm™", and mixtures thereof.

8. The core-shell nanophosphor according to any one of claims | to 7, wherein the metal
halide is selected from the group consisting of CaF,, SrF,, BaF,, BaFCI, BaFBr, SrFCI, SrFBr,
Ba,CIF;, CsBr, CsF, SrMgF,, SrAlFs, Ba,Fi,C,,, Ba,Mg;F 0, BaMgF, and mixtures thereof.

9. The core-shell nanophosphor according to any one if claims 1 to 7, wherein the
nanophosphor is selected from the group consisting of BaFCl/BaFCl:Sm’", SrFCl/StFCl:Sm™,
and Ba,Sr,., FCl/Ba,Sr,., FCl:Sm™".

10. The core-shell nanophosphor according to any one of claims 1 to 9, wherein the rare
earth ion is Sm™".

11. The core-shell nanophospor according to any one of claims | to 10, wherein there is

one or more rare earth activated shells coated on the metal halide core.

12. The core-shell nanophospor according to claim 11, wherein there is a first and a second
rare earth activated shell where the second rare earth or transition metal ion activated shell acts

as an electron donor.

13. The core-shell nanophospor according to claim 12, wherein the second rare earth or
transition metal ion activated shell is selected from the group consisting of a metal halide, an

alkali halide, an alkaline earth halide and mixtures thereof.

14. The core-shell nanophospor according to claim 12 or 13, wherein the second rare
earth or transition metal ion activated shell upon exposure to radiation is capable of producing

a plurality of free electrons or F-centres.
15. The core-shell nanophospor according to claim 14, wherein the second rare earth or
transition metal ion activated shell after exposure to radiation produces a plurality of electrons

which are then injected into the rare earth activated layer.

16. A method for producing the core-shell nanophosphor of any one of claims 1 to 15 for

use in ionizing radiation storage and photoluminescence readout, comprising:
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a) preparing a nanoscale metal halide core;

b) coating the nanoscale metal halide core with at least one shell which is activated by
at least one rare earth ion wherein the rare earth ion is selected from the group consisting of
Eu*’, Sm™, Dy3 " and combinations thereof, wherein the at least one rare earth ion is reduced to

the +2 oxidation state upon exposure to ionizing radiation; and
¢) forming a core-shell nanophosphor.

17. A method according to claim 16, wherein the step a) of preparing the nanoscale metal

halide core is by chemical preparation or chemical treatment steps.

18. A method according to claim 17, wherein the chemical preparation is selected from the
group consisting of reverse microemulsions, solid state reactions, co-precipitation, colloidal
treatment, capping, cluster formation, sol-gel, electrochemical treatment, solvothermal
treatment, hydrothermal treatment, chemical vapour deposition, wet chemistry, ball milling and

combinations thereof.
19. A method according to any one of claims 16 to 18, wherein in step a) the nanoscale
metal halide core is prepared by precipitation, hydrothermal/solvothermal synthesis, or reverse

microemulsions.

20. A method according to claim 16, wherein the step a) of preparing the nanoscale metal

halide core is by physical preparation or physical treatment steps.

21. A method according to claim 20, wherein the physical preparation is milling, in

particular ball milling.
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Fig. 1: Schematic diagram of screen-film method.
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Fig. 2: Schematic diagram of conventional Computed Radiography comprising an imaging
phase and a subsequent readout phase by the “flying-spot” method.
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Fig. 3: Schematic diagram for the preparation of core-shell nanoparticles.

Fig. 4: Dual-shell nanoparticles.
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Fig. 6: Reverse microemulsions.
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Figure 7: Photoluminescence specfra of BaFCI/BaFCI:Sm® nanocrystals before and after exposure to
a low dose of X-ray radiation. Prominent transitions of the Sm?* ion are labeled (°Do-"Fo1).
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Figure 8: Photoluminescence in the region of the °Dy-'F, transitions of SrF,/SrFCI:Sm** and
Srf,/BaFCl:Sm?* after exposure of a mixture of SrF,/StFCI:Sm** and SrF./BaFCI:Sm®" nanoparticles.
The intensity ratio of the two intense transitions can be used to determine the (average) energy of the
ionizing radiation in energy sensitive dosimetry. :
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Figure 9: Powder X-ray diffraction of BaF,/BaFCl:Sm>* core-shell nanoparticles.
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Figure 10: Transmission electron microscopy graph of BaFI/BaFC Sm nanocrysta>ls.
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