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o (57) Abstract: This invention provides phosphor-doped fluoroperovskite compounds that are capable of storing at least part of the
energy of incident ionizing radiation and releasing at least part of the stored energy upon optical stimulation or heating. Also provided
are dosimeters and radiation storage devices comprising the compounds, methods of preparing the compounds, and methods of using
the compounds to determine a dose of ionizing radiation or to record and reproduce an ionizing radiation image.
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FLUOROPEROVSKITE RADIATION DOSIMETERS AND STORAGE PHOSPHORS

TECHNICAL FIELD

_The invention relates to radiation dosimeter and storage phosphor materials. More particularly,

but not exclusively, it relates to fluoroperovskites doped with optically active ions for the
detection of ionizing radiation by optically stimulated luminescence (OSL) and thermally

stimulated luminescence (TSL).

BACKGROUND OF THE INVENTION

TSL dosimeters (for example, LiF) are widely used for accurate measurements of the radiation

- dose upon exposure to ionizing radiation — for example, X-rays, gamma rays, beta particles,

-alpha particles and neutrons. The ionizing radiation leads to trappéd electrons and holes. The

dose information is read by heating the dosimeter at a controlled rate to high temperatures. The
integrated emitted luminescence intensity can be used to determine the radiation dose. This type
of dosimeter typically requires an expensive reader and the dose information can only be read

once. .

OSL dosimeters (for eXample, Al,0;:C) have recently been developed. Exposure to ionizing
radiation leads to trapped electrons and holes. The OSL read-out process is via exposure to light,
and the emitted light intensity provides the dose information. This type of dosimeter has the
advantage that dose inforrhation can be read by optical means, and no heating is required. For
personal dosimeters, it is advantageous if the effective atomic number (Z.) is close to that of

tissue, for which Z = 7.42.

X-ray storage phosphors, such as those discloSed in US 3,859,527, are substitutes for X-ray film,
which may be used in industrial and medical imaging. They ére formed as screens of powdered
crystalline phosphor material — BaFBr doped with ~1000ppm Eu’* is the most common
material — with the crystal grains held in place by.a transparent binder. Upon exposufe to X-
rays, electron—'hole pairs are created in the crystalline material and the electrons and holes can be
separately trapped at defect and impurity sites. The spatial distribution and concentration of
trapped electrons and holes represents a two-dimensional stored image of the incident X-ray

intensity and hence of any object that is placed in the X-ray beam.

Recombination of the electrons and the holes can be stimulated by illuminating the material with

red light that promotes one or other carrier to the conduction or valence band, where it is free to
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move to recombine with the conjugate charge carrier. The recombination energy is emitted in
the form of a visible photon, which may be detected with a photomultiplier. This stimulation

process is called optically stimulated luminescence.

If the stimulation is provided by a raster-scanned red laser beam, then the photo-stimulated

‘luminescence intensity follows that of the X-ray image. The read-out process is destructive in

nature, but the imaging plate can then be re-used. The primary disadvantages are poorer
resolution and greater initial cost as compared to X-ray film. The imaging plates also have a dark

decay, which means that the image must be read-out within 24 hours.

The peroVskites are a general group of compounds which have the same crystal structure. The

basic chemical formula follows the pattern 4BOs, where 4 and B are cations of different sizes

(for example, CaTiOs). The general crystal structure is a primitive cube, with the 4-cation in the
middle of the cube, the B-cation in the corner and the anion, commonly oxygen, in the centre of

the face edges.

The fluoroperovskites are analogous compounds of the composition AMF3, wherein A is an alkali

metal and M is an alkaline earth or transition metal.

Divalent and trivalent fluorides, such as those disclosed in US 5,028,509, are known to display
OSL. Such fluorides may be used in applications that include X-ray imaging plates (see, for

example, US 3,859,527) and thermal neutron imaging plates (see, for example, US 5,635,727).

Some fluoroperovskites are also known to display OSL and TSL and hence they have potential
applications in dosimetry and radiation imaging. US 6,583,434 discloses that RbCdF3;:Mn*",
RbMgF3:Mn?*, CsCdF3:Mn”* and CsMgF;:Mn*" display OSL after X-ray irradiation and
stimulation with light at 266 nm. No OSL was observed from. NaMgF;:Mn**.

US 7,141,794 discloses fast photo-luminescence from scintillator compositions comprising a

halide perovskite activated with Ce** or Pr'*,

It is an object of the present invention to provide compounds for use as radiation dosimeters
and/or storage phosphors; and/or to overcome one or more of the abovementioned

disadvantages; and/or to at least provide the public with a useful choice.

Other objects of the invention may become apparent from the following description, which is

given by way of example only.
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In this specification where reference has been made to patent specifications, other external
documents, or other sources of information, this is generally for the purpose of providing a
context for discussing the features of the invention. Unless specifically stated otherwise, such

references are not to be construed as an admission that such external documents, or such sources

~of information, in any jurisdiction, are prior art, or form part of the common general knowledge

in the art.

SUMMARY OF THE INVENTION

In a first aspect, the present invention provides a phosphor-doped fluoroperovskite compound,

capable of storing at least part of the energy of incident ionizing radiation, and releasing at least

part of the stored energy upon optical stimulation, wherein the phosphor-doped fluoroperovskite

compound is selected from the group consisting of:

: Na1.(,(ﬁu,(’)KxRb,gMgl_yZnyF3_zClz:Zd+ wherein Z% is the dopant phosphor ion and is
selected from the group consisting of: the transition metal ions: Cu*; Ag"; Mn>*; Mn**;
Mn**; and Cr**; the rare earth metal ions: Eu®"; Sm*"; Sm*": Pr**; Gd**; and Tb**; and

TI*; In*; Ga*; and Pb**; and wherein (x+x’) <0.1, y < 0.1 and z < 0.3;

K1{,ﬁxv)Na,(Rb,(’Mgl_yZnyF3_ZCIZ:Zd+ wherein Z*" is the dopant phosphor ion and is
selected from the group consisting of:. the transition metal ions: Cu*; Ag"; Mn**; Mn**;
Mn**; and Cr’*; the rare earth metal ions: Eu?*; Sm**; Sm®*; Pr**; Gd**; and Tb**; and

Ti"; In"; Ga*; and Pb2+; and wherein (x+x’) <0.1,y<0.1 and z <0.3; and

Rb1.(,(+,(’)Na,(K,(’Mg1.yZnyF3_ZC12:Zd+ wherein Z%" is the dopant phosphor ion and is
selected from the group consisting of: the transition metal ions: Cu’; Ag’; Mn**; Mn*";
and Cr’*; the rare earth metal ions: Eu**; Sm*"; Sm**; Pr*"; Ce**; Gd>*; and Tb**; and T1*:

In*; Ga*; and Pb®*; and wherein (x+x’) <0.1, y<0.1 and z < 0.3;
and mixtures of any two or more thereof.

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is.
Nal-(xﬂ»)Kxbe’Mgl_yZnyF3.zCIZ:Zd+, the dopant phosphor ion is selected from the gfoup
consisting of: the transition metal ions: Cu’; Ag"; Mn?*; Mn*"; Mn**; and Cr’*; and the rare earth

metal ions:‘Eu2+; Sm*; Sm®"; Pr**: Gd**; and b,

2
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In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is
Na._(x+x=)Kxbe’Mg1_yZnng,_ZClZ:Z‘H, the dopant phosphor ion is selected from the group

consisting of: Eu*"; Pr’*; Tb>*; and Mn*".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Na1.(x+x»)Kxbe’Mg1_yZnyF3-zClZ:Zd+, the dopant phosphor ion is Eu?’ or Mn2+'.

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Nay (o) KxRbe Mg, 5, Zn,F3,CL,:Z*, the dopant phosphor ion is Eu®".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Na1-(x+x’)Kxbe’Mg1_yZnng_ZCIZ:Zd+, the dopant phosphor ion is Mn?*.

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is
Rb1-(x+x’)NaxKx’Mg1_yZnyF3-ZCIZ:Zd+, the dopant phosphor ion is selected from the group
consisting of: the transition metal ions: Cu*; Ag"; Mn**; Mn*"; and Cr’"; the rare earth metal

jons: Sm**; Sm*"; Pr**; Ce*"; Gd**; and Tb**; and T1*; In*; Ga*; and Pb*".

In a second aspect, the present invention provides a phosphor-doped fluoroperovskite compound,
capable of storing at leaet part of the energy of incident ionizing radiation, and releasing at least
part of the stored energy upon optical stimulation, i)vherein the phosphor-doped fluoroperovskite
compound is selected from the group defined above with the proviso that the phosphor-doped
ﬂuoroperovsklte compound is not NaMgFs: Eu’* or NaMgF3:Mn*".

In a third aspect, the present invention provides a phosphor-doped ﬂuorope_rovskite compound,
capable of storing at least part of the energy of incident ionizing radiation, and releasing at least
part of the stored energy upon optical stimulation, wherein the phosphor-doped fluoroperovskite

compound is selected from the group consisting of:

Nal-(x+x’)Kxbe’Mg1-yZnyF3_ZCIZ:Zd+ wherein 2% is the dopant phosphor ion and is
selected from the group consisting of: the transition metal ions: Cu*; Ag"; Mn**; Mn*";
and Cr’"; the rare earth metal ions: Sm**; Sm*>*; Pr’*; Gd**; and Tb**; and T1*; In"; Ga*;
and Pb**; and wherein (x+x°) < 0.1, y<0.1 and z <0.3;

K1_(,hu,(’)Na,(be’Mgl.yZnng_ZCIZ:ZdJr wherein Z" is the dopant phosphor ionand is

selected from the group consisting of: the transition metal ions: Cu"; Ag’; Mn**; Mn**;
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Mn**; and Cr’*; the rare earth metal ions: Eu®*; Sm**; Sm*"; Pr**; Gd**; and Tb**; and

TI'; In*; Ga*; and Pb**; and wherein (x+x’) <0.1, y<0.1 and z < 0.3; and

Rbxx)Nay Ko Mg, ZnyF3,CL:Z% wherein Z*" is the dopant phosphor ion and is

(x+x7) gl-yLay p p

selected from the group consisting of: the transition metal ions: Cu™; Ag"; Mn**; Mn*";
and Cr’*; the rare earth metal ions: Eu?*; Sm?*; Sm**; Pr**; Ce**; Gd**; and Tb**; and TI*;

In*; Ga'; and Pb**; and wherein (x+x’) <0.1, y < 0.1 and z < 0.3;
and mixtures of any'two or more thereof.

In one embodiment, wherein the phésphor-doped' fluoroperovskite compound is
Nal-(x+x’)Kxbe’Mg1_yZnyF3_ZClZ:Zd+, the dopant phosphor ion is selected from the group
consisting of: the transition metal ions: Cu"; Ag"; Mn**; Mn*'; and Cr**; and the rare earth metal

. + 3+ + + +
jons: Sm? ;Sm3 ;Pr3 ;Gd3 ; and Tb*".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Nay (x+x)KxRbeMgi.yZn,F 12C1:Z%, the dopant phosphor ion is Pr** or Tb**.

In one émbodiment, wherein the phosphor-doped fluoroperovskite compound is
Kl.(x+x’)Naxbe’Mg1_yZnyF3_ZCIZ:Zd+, the dopant phosphor ion is selected from the group
consisting of: the transition metal ions: Cu*; Ag*; Mn®"; Mn**; Mn**; and Cr’*; and the rare earth

. + + + + + ) +
metal ions: Eu’ ;Sm2 ;Sm3 ;Pr3 ;Gd3 ; and Tb*".

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is
Rb|_(x+x’)NaxKx’Mg1_yZnyF3_ZCIZ:Zd+, the dopant phosphor ion is selected from the group
consisting of: the transition metal ions: Cu"; Ag+; Mn® * Mn4+;‘and cr " the rare earth metal

ions: Sm*"; Sm>*; Pr'*; Ce**; Gd**; and Tb**; and TI"; In*; Ga™; and Pb%*.

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is

Rb | (x+x)Nax K Mg).yZn F3_ZClZ:Zd+, the dopant phosphor ion is selected from the group
(x+x7) y&ily

consisting of: the transition metal ions: Cu'; Ag’; Mn3+; Mn4+; and Cr’ " and the rare earth metal

. + + + + 3+
jons: Eu*"; Sm?"; Sm**; Pr**; Ce*"; Gd>*; and TH*™.

‘In an alternative embodiment, wherein the phosphor-doped fluoroperovskite compound is

Rb1-(x+x’)NaxKx’Mg1_yZnyF3-zClZ:Zd*, the dopant phosphor ion is selected from the group
consisting of: the transition metal ions: Cu*; Ag"; Mn®*; Mn*"; and Cr*"; and the rare earth metal

. 3+
jons: Sm**; Sm’; Pr; ce* Gd*"; and Tb™.



10

15

20

25

WO 2009/005377 PCT/NZ2008/000160
-6 -

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Rb; ()Na K Mg, Zn,F3_,Cl,:Z*, the dopant phosphor ion is Eu*" or Ce**.

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Na1-(x+x=)Kxbe’Mg1_yZnyF3_ZCIZ:Zd+, the dopant phosphor ion is P,

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Naj ) KxRbyMg;_yZn. F3_ZC12:Zq+, the dopant phosphor ion is Tb>".
(x+x7) yLlly p P

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

K1_(x+x=)Naxbe’Mg1_yZnyF3_ZClZ:Zd+,’the dopant phosphor ion is Eu?*.

~ In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Rb (x+x)NaKxMg;.yZn F3-ZCIZ:Zd+, the dopant phosphor ion is Euzf.
(x+x7) yLlly 1%

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Rb1-(x+x’)NaxKx’Mg1_yZnyF3_ZCIZ:Zd+, the dopant phosphor ion is ce*’.
In one embodiment, x, x’, y and z are all about 0.

In a fourth aspect, the present invention provides a phosphor-doped fluoroperovskite compound,
capable of storing at least part of the energy of incident ionizing radiation, and releasing at least
part of the stored enérgy upon optical stimulation, wherein the phosphor-doped fluoroperovskite

compound is selected from the group consisting of:

NaMgF:Z% wherein Z** is the dopant phosphor ion and is selected from the group
consisting of: the transition metal ions: Cu’; Ag”; Mn?"; Mn**; Mn*"; and Cr**; the rare

earth metal ions: Eu®"; Sm**; Sm®*; Pr’*; Gd**; and Tb**; and T1*; In*; Ga'; and Pb**;

KMgF:Z%" wherein Z*" is the dopant phosphor ion and is selected from the group
consisting of: the transition metal ions: Cu'; Ag+; Mn2+; Mn® i Mn4+; and Cr’ *- the rare

earth metal ions: Eu?*; Sm?*; Sm**; Pr**; Gd**; and Tb® *. and TI; In*; Ga*; and Pb**; and

RbMgF;:Z% wherein Z*" is the dopant phosphor ion and is selected from the group
consisting of: the transition metal ions: Cu®; Ag"; Mn®"; Mn*"; and Cr**; the rare earth

metal ions: Eu*"; Sm*"; Sm®"; Pr**; Ce**; Gd**; and Tb*"; and TI; In*; Ga™: and Pb**;

and mixtures of any two or more thereof.
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In one embodiment, wherein the phosphor-doped fluoroperovskite compound is NaMgF3:Z%",
the dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’;
Ag'yMn®*; Mn®*; Mn*'; and Cr**; and the rare earth metal ions: Eu*"; Sm?*; Sm**; Pr**; Gd*';

and Tb>".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite cdmpound 1s
NaMgF3:Z*, the dopant phOSphor ion is selected from the group consisting of: Eu?*; Pr’*; Tb*";

and Mn2+;

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

NaMgF3:Z%, the dopant phosphor ion is Eu’* or Mn?*.

“In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

NaMgF3:Z* | the dopant phosphor ion is Eu**

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

NaMgF3:Z*", the dopant phosphor ion is Mn?".

Ina préferred embodiment, the phosphor-doped fluoroperovskite compound is selected from the
group consisting of: NaMgF3:Eu2+; NaMgF3:Pr3+; NaMgF3:Tb3+; NaMgF 3:Mn*; KMgF3:Eu2+;
RbMgF;:Eu®*; and RbMgF3:Ce®".

In a further preferred embodiment, the phosphor-doped fluoroperovskite compound is selected
from the group consisting of: NaMgF3:0.2%Eu”"; NaMgF3:0.1%Pr**; NaMgF3:0.2%Tb>";
NaMgF3:0.2%Mn?"; KMgF3:0.2%Eu*"; RbMgF3:0.2%Eu’*; and RbMgF3:0.2%Ce’*.

In a preferred embodiment, the phosphor-doped fluoroperovskite compound is selected from the
group consisting of: NaMgF3:Eu2+; NaMgF;:Pr3 " NaMgF3:Tb3 " NaMgF3:Mn2+; KMgF;:Eu2+;
and RbMgF;:Ce*".

In a further preferred embodiment, the phosphor-doped fluoroperovskite compound is selected

* from the group consisting of: NaMgF 3:0.2%Eu’"; NaMgF3:0.1%Pr’"; NaMgF3:0.2%Tb**;

NaMgF3:0.2%Mn’"; KMgF3:0.2%Eu”*; and RbMgF3:0.2%Ce’".

In a further preferred embodiment, the phosphor-dopéd fluoroperovskite compound is
NaMgF:0.2%Eu*".
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In a further preferred embodiment, the phosphor-doped fluoroperovskite compound is

RngF3:0.2%Eu2+.,

In a fifth aspect, the present invention provides a phosphor-doped fluoroperovskite compound,
capable of storing at least part of the energy of incident ionizing radiation, and releasing at least
part of the stored energy upon optical stimulation, wherein the phosphor-dopéd fluoroperovskite .

compound is selected from the group consisting of:

NaMgF;:Z** wherein Z*" is the dopant phosphor ion and is selected from the group
consisting of: the transition metal ions: Cu’; Ag"; Mn®*; Mn**; and Cr’*; the rare earth
metal ions: Sm*"; Sm**; Pr**; Gd**; and Tb*"; and TI*; In*; Ga'; and Pb*";

KMgF;:Zd+ wherein Z%" is the dopant phosphor ion and is selected from the group
consisting of: the transition metal ions: Cu’; Ag*; Mn®*; Mn*"; Mn**; and Cr**; the rare

earth metal ions: Eu?*; Sm*"; Sm®"; Pr’"; Gd*'; and Tb**; and TI'; In*; Ga™; and Pb*>"; and

RbMgF3:Z* wherein Z*" is the dopant phosphor ion and is selected from the group
.consisting of: the transition metal ions: Cu’; Ag+; Mn® * Mn4+; and Cr’ *: the rare earth

metal ions: Eu®’; Sm**; Sm®*; Pr**; Ce**; Gd**; and Tb*"; and TI"; In*; Ga*; and Pb*";
and mixtures of any two or more thereof.

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is NaMgF3:Z%*,
the dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’;

Ag"; Mn**; Mn“; and Cr’"; and the rare earth metal ions: Sm**; Sm**; Pr**; Gd**: and Tb*".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

NaMgF3:Z%, the dopant phosphor ion is Pr’* or Tb>".

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is KMgF3:Z*, the
dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’; Ag';

Mn?*; Mn*"; Mn*"; and Cr**; and the rare earth metal ions: Eu?**; Sm?"; Sm*"; Pr**; Gd**; and

Tb*".

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is RngF3:Zd+,

the dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’;
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Ag"; Mn’"; Mn*"; and Cr’*; and the rare earth metal ions: Eu®*; Sm**; Sm**; Pr*"; Ce®'; Gd*';

and Tb>".

In an alternative embodiment, wherein the phosphor-doped fluoroperovskite compound is
RbMgF 3:Z% the dopant phosphor ion is selected from the group consisting of: the transition
metal ions: Cu’; Ag’; Mn**; Mn*"; and Cr**; and the rare earth metal ions: Sh12+; Sm**; Pr**;

Ce™; Gd’*; and TH™,

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

RbMgF;:Z%, the ddpant phosphor ion is Eu®* or Ce**.

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

- NaMgF;:Z*, the dopant phosphor ion is Pr’*.

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

NaMgF3:Z%, the dopant phosphor ion is Tb".
p

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

KMgF3:Zd+, the dopant phosphor ion is Eu®*.
p

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

RbMgF;:Z%, the dopant phosphor ion is Eu?*.

Ina preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

RbMgF 3:Z%, the dopant phosphor ion is Ce*".

In a preferred embodiment, the phosphor-doped fluoroperovskite compound is selected from the
group consisting of: NaMgF3:Pr’"; NaMgF3:Tb>"; KMgF3:Eu2.+; RbMgF3:Eu*"; and
RbMgF3:Ce*.

In a further prefer'red embodiment, the phosphor-doped fluoroperovskite compound is selected
from the group consisting of: NaMgF3:0.1%Pr’"; NaMgF3:0.2%Tb**; KMgF;3:0.2%Eu”";
RbMgF3:0.2%Eu’"; and RbMgF3:0.2%Ce*.

In a preferred embodiment, the phosphor-doped fluoroperovskite compound is selected from the

 group consisting of: NaMgF3:Pr**; NaMgF:Tb*"; KMgF3:Eu®*; and RbMgF3:Ce*".
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In a further preferred embodiment, the phosphor-doped fluoroperovskite compound is selected
from the group consisting of: NaMgF3:0.1%Pr**; NaMgF3:0.2%Tb>*; KMgF3:0.2%Eu*"; and
RbMgF3:0.2%Ce’".

In one embodiment of any of the first to the fifth aspects of the invention, at least part of the
stored energy is released from the phosphor-doped fluoroperovskite compr)urld upon optical
stimulation in a wavelength range from about 200 nm to about 1000 nm. In one embodiment,
the optical stimulation wavelength is from about 290 nm to about 350 nm. Ina preferred
embodiment, the oprical stimulation wavelength is from about 300nm to about 1000 nm. Inone
embodiment, the'optical stimulation wavelength is about 470 nm. In a further preferred
embodiment, the optical stimulation wavelength is in the near infrared (>700 nm). In a further

- preferred embodiment, the optical stimulation wavelength is about 875 nm.

In a preferred embodiment of any of the first to the fifth aspects of the invention, the stored
energy is released from the phosphor-doped fluoroperovskite compound at a wavelength that is

shorter than the optical stimulation wavelength.

In a sixth aspect, the present invention provides a phosphor-doped fluoroperovskite compound,
capable of storing at least part of the energy of incident ionizing radiation, and releasing at least
part of the stored energy upon heating, wherein the phosphor-doped fluoroperovskite compound

is selected from the group consisting of:

Na1_(,ﬁu,g)K,(Rb,(’Mgl.yZnyF3_ZClZ:ZdJr wherein Z*" is the dopant phosphor ion and is
selected from the group consisting of: the transition metal ions: Cu+_; Agh; Mn2+; Mn® *
Mn*"; and Cr**; the rare earth metal ions: Eu®*; Sm*"; Sm® * Pr’*; Gd**; and TH*"; and

b

- TI%; In"; Ga*; and Pb*"; and wherein (x+x’)<0.1,y<0.1 and z<0.3; and

Rb1_(,h»,(’)NaxK,gMgl.yZnyF;;.ZCIZ:Z“l+ wherein Z%* is the dopant phosphor ion and is
~ selected from the group consisting of: the transition metal ions: Cu’"; Ag’; Mn2+i Mn’**;

Mn4+;a_nd Cr"; the rare earth metal ions: Eu**; Sm**; Sm®": Pr’ *- Gd**; and Tb**; and TI*;

In"; Ga*; and Pb®*; and wherein (x+x°) <0.1, y < 0.1 and z < 0.3;
and mixtures of any two or more thereof.

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is

Nal_(xﬂs)Kxbe’Mgl-yZnyF3_ZClz:Zd+, the dopant phosphor ion is selected from the group
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consisting of: the transition metal ions: Cu’; Ag’; Mn**; Mn**; Mn*'; and Cr° " and the rare earth

metal ions: Eu’"; Sm**; Sm**; Pr? *- Gd*"; and TH*".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Naj_x+x)KxRbe Mgy, Zn,F3.,CL:Z*, the dopant phosphor ion is selected from the grou
_ (x+X’) y4Aly group

: s 2+ + + +
consisting of: Eu - Pr**; Tb*"; and Mn?".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

NaHxﬂ’)Kxbe’MgliyZnyF3-zC12:Zd+, the dopant' phosphor ion is Eu?' or Mn*".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Na1-(x+x’)Kxbe’Mg1_yZnyF3.zClZ:Zd+, the dopant phosphor ion is Eu®'.

In a preferred embodiment, wherein the phosphor-doped ﬂuoroperbvskite compound is

Nay_x+x)KxRbyeMg)yZn,F3,CL:Z%, the dopant phosphor ion is Mn?".
-(x+x7) y&Aly

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is
Rb1-(x+x’)NaxKx’Mg1_yZnng_zClz:Zd+, the dopant phosphor ion is selected from the group
consisting of: the transition metal ions: Cu’; Ag"; Mn?"; Mn**; Mn*";and Cr**; and the rare earth

. + 4. + + + +
metal ions: Eu? ;Sm2 ;Sm3 ;Pr3 ;Gd3 ; and Tb*".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Rby (N2 K Mgy, Zn,F3,Cl,:Z%, the dopant phosphor ion is Eu®* or Mn*".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Rbeﬂ’)NaxKx’Mgl.yZnyF3_ZCIZ:Zd+, the dopant phosphor ion is Mn?*.

In a seventh aspect, the present invention provides a phosphor-doped fluoroperovskite
compound, capable of storing at least part of the energy of incident ionizing radiation, and
releasing at least part of the stored energy upon heating, wherein the phosphor-doped
fluoroperovskite compound is selected from the group defined above, with the proviso that the
phosphor-dopéd fluoroperovskite compound is not NaMgF3:Eu®", NaMgF3:Mn**, or
RbMgF3:Mn?".

In an eighth aspect, the present invention provides a phosphor-doped fluoroperovskite

compound, capable of storing at least part of the energy of incident ionizing radiation, and
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releasing at least part of the stored energy upon heating, wherein the phosphor-doped

fluoroperovskite compound is selected from the group consisting of:

Nay (ee)KRbe Mgy, Zn,F3 ,CL,:Z* wherein Z*" is the dopant phosphor ion and is
selected from the group consisting of: the transition metal ions: Cu’; Ag’; Mn**; Mn*";
and Cr’*; the.rare earth metal ions: Sm**; Sm*"; Pr**; Gd**; and Tb**; and TI"; In"; Ga";

and Pb>*; and wherein (x+x”) <0.1, y <0.1 and z < 0.3; and

Rb1_(,(Jr,(’)Na,(szMgl.yZnyF3_ZClZ:ZdJr wherein Z*" is the dopant phosphor ion and is
selected from the group consisting of: the transition metal ions: Cu*; Ag"; Mn**;
Mn**:and Cr**; the rare earth metal ions: Eu**; Sm>"; Sm**; Pr**; Gd**; and Tb**; and TI*;

3

In"; Ga"; and Pb2+_; and wherein (x+x’) <0.1, y<0.1 and z £0.3;
and mixtures of any two or more thereof.

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is
Na1-(x+x’)Kxbe’Mg1_yZnyF3_ZClZ:Zd+, the dopant phosphor ion is selected from the group
censisting of: the transition metal ions: Cu'; Ag+; Mn® * Mn4+; and Cr’ " and the rare earth metal

. 134 +
jons: Sm**; Sm®"; Pr’*; Gd**; and TH>".

In a preferred embodiment, wherein the phosphor;doped fluoroperovskite compound is

Najx+x)KxRbyMg).,Zn F;,Cl,:Z%, the dopaht hosphor ion is Pr** or Tb*".
(x+x’) y4Aly phosp

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is
Rb1{xﬂ’)NaxKx’Mgl-yZnyF3-ZCIZ:Zd+, the dopant phosphor ion is selected from the group
consisting of: the transition metal ions: Cu*; Ag"; Mrr3+; Mn4+§and cr " and the rare earth metal

. +
jons: Eu?*; Sm*"; Sm**; Pr**; Gd**; and Tb*".

~ In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Naj(x+x)KxRby'Mg).,Zn F3-ZCIZ:Zd+, the dopant phosphor ion is pr*.
(x+x7) y£Llly P

Ina preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Nay.eex)KxRbe Mgy Zn,F3.,CL,:Z%, the dopant phosphor ion is Tb>".
.( ) y&ily

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

Rbe,an)NaxszMg]_yZnyF3_ZCIZ:Zd+, the dopant phosphor ion is Eu?*.

In one embodiment, x, x’, y and z are all about 0.
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In a ninth aspect, the present invention provides a phosphor-doped fluoroperovskite compound,
capable of storing at least part of the energy of incident ionizing radiation, and releasing at least
part of the stored energy upon heating, wherein the phosphor-doped fluoroperovskite compound

is selected from the group consisting of:

NaMgF;: Z* wherein Z*" is the dopant phosphor ion and is selected from the group
consisting of: the transition metal ions: Cu"; Ag"; Mn**; Mn**; Mn**; and Cr*"; the rare

earth metal ions: Eu*"; Sm**; Sm’*; Pr’*; Gd**; and Tb*"; and TI"; In*; Ga'; and Pb**; and

RbMgF 3:Zd+‘wherein Z* is the dopant phosphor ion and is selected from the group
consisting of: the transition metal ions: Cu’; Ag"; Mn?*; Mn**; Mn*":and Cr**; the rare

earth metal ions: Eu®*; Sm*"; Sm*"; Pr’*; Gd*; and Tb**; and TI*; In*; Ga'; and Pb**;
and mixtures of any two or more thereof.

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is NaMgFs: z*,
the dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’;
Ag"; Mn™"; Mn**; Mn**; and Cr**; and the rare earth metal ions: Eu**; Sm**; Sm*"; Pr**; Gd*;

and Tb>*.

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is-
NaMgF;:Z%, the dopant phosphor ion is selected from the group consisting of: Eu>*; Pr’*; Tb*";

and Mn*".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

NaMgF3:Z%, the dopant phosphor ion is Eu?* or Mn®".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is NaMgF;:

Z%; the dopant phosphor ion is Eu?".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is NaMgF;:

Z*, the dopant phosphor ion is Mn®".

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is RbMgF3:Z%,
the dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu";
Ag'; Mn?"; Mn®*; Mn*";and Cr**; and the rare earth metal ions: Eu?*; Sm?*; Sm**; Pr’*; Gd**;

and Tb*".
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In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

RbMgF3:2%, the dopant phosphor ion is Eu** or Mn?*".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

RbMgF;:Z*, the dopant phosphor ion is Mn*".

In a preferred embodiment, the phosphor-doped fluoroperovskite compound is selected from the
group consisting of: NaMgF;:Eu”"; NaMgF3:Pr’"; NaMgF;:Tb>*; NaMgF3;:Mn”"; RbMgF3:Eu**;
and RbMgF;:Mn?". ©

In a further preferred embodiment, the phosphor-doped fluoroperovskite compound is selected
from the group consisting of: NaMgF3:0.2%Eu’"; NaMgF3:0.1%Pr’*; NaMgF3:0.2%Tb>";
NaMgF3:0.2%Mn”"; RbMgF3:0.2%FEu”"; and RbMgF5:0.2%Mn>".

In a further preferred embodiment, the phosphor-doped fluoroperovskite compound is

NaMgF3:0.2%Eu?".

In a tenth aspect, the present invention provides a phosphor-doped fluoroperovskite compound,
capablé of storing at least part of the energy of incident ionizing radiation, and releasing at least
part of the stored energy upon heating, wherein the phosphor-doped fluoroperovskite compound

is selected from the group consisting of:

NaMgF;:Z* wherein Z*" is the dopant phosphor ion and is selected from the group
consisting of: the transition metal ions: Cu"; Ag+; Mn® * Mn4+; and Cr’ " the rare earth

metal ions: Sm*"; Sm®"; Pr**; Gd**; and Tb*"; and TI"; In*; Ga’; and Pb*"; and

RbMgF 3:Z% wherein Z% is the dopant phosphor ion and is selected from the group
consisting of: the transition metal ions: Cu'; Ag"; Mn*"; Mn**;and Cr**; the rare earth

metal jons: Eu’"; Sm**; Sm®"; Pr**; Gd*"; and Tb*"; and TI"; In*; Ga*; and Pb**;
and mixtures of any two or more thereof.

In one embodiment, wherein the phosphor-doped fluoroperovskite compound is NaMgFs: Z%,
the dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’;

Ag"; Mn**; Mn*"; and Cr’*; and the rare earth metal ions: Sm**; Sm*"; Pr**; Gd*'; and Tb™".
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In one embodiment, wherein the phosphor-doped fluoroperovskite compound is RngF3:Zd+,
the dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’;

Ag’ Mn’*; Mn*";and Cr**; and the rare earth metal ions: Eu*'; Sm*; Sm**; Pt Gd**; and T,

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

NaMgF3:Z*, the dopant phosphor ion is Pr*" or Tb*".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

NaMgF3:Z*, the dopant phosphor ion is Pr*".

In a preferred embodiment, wherein the phosphor-doped fluoroperovskite compound is

NaMgF3:Z%, the dopant phosphor ion is Tb*".

In a preferred embodiment, wherein the phosphor-doped ﬂuoroperbvskite compound is

RbMgF3:2%, the dopant phosphor ion is Eu?".

In a preferred embodiment, the phosphor-doped fluoroperovskite compound is selected from the

group consisting of: NaMgF3:Pr’*; NaMgF;:Tb*>"; and RoMgF3:Eu®".

In a further preferred embbdiment, the phosphor-doped fluoroperovskite compound is selected

from the group éonsisting of: NaMgF 3:0.1%Pr3+; NaMgF 3:0.2%Tb3+; and RngF;:O.Z%Eu2+.

In a further preferred embodiment, the phosphor-doped fluoroperovskite compound is

RbMgF3:0.2%Eu’".

In an eleventh aspect, the present invention provides a dosimeter for detecﬁng ionizing radiation
by OSL, comprising a phosphor-doped fluoroperovskite compdund, capable of storing at least
part of the energy of incident ionizing radiation, and releasing at least part of the stored energy
upon optical stirﬂulation, wherein the phosphor-doped fluoroperovskite compound is as defined

for any of the first to the fifth aspects of the invention.

In a twelfth aspect, .the present invention provides a radiation storage device comprising a
phosphor-doped fluoroperovskite compound, capable of storing at least part of the energy of
incident ionizing radiation, and releasing at least part of the stored energy upon optical
stimulation, wherein the phosphor-doped fluoroperovskite compound is as defined for any of the

first to the fifth aépects of the invention.
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In a thirteenth aspect, the present invention provides a method of determining a dose of ionizing

radiation comprising:

(a) = providing a phosphor-doped fluoroperovskite compound, capable of storing at least part
of the energy of ingideni 1onizing radiation, and releasing at lgast part of the stored
energy upon optical stimulation, wherein the phosphor-doped fluoroperovskite compound
is as defined for any of the first to the fifth aspects of the invention;

(b) irradiating the phosphor-doped fluoroperovskite compound with ionizing radiation;

(c) optically stimulating the irradiated phosphor-doped fluoroperovskite compound with a
predetermined intensity of light comprising at least one predetermined wavelength;

(d) measuring the intensity and duration of the optically stimulated luminescence from the

irradiated phosphor-doped fluoroperovskite compound; and

(e) relating, by calibration procedures, the intensity and duration of the optically stimulated

luminescence to the dose of ionizing radiation absorbed by the phosphor-doped

fluoroperovskite compound.

In a fourteenth aspect, the present invention provides a method for recording and reproducing an

ionizing radiation image comprising the steps of: .

(a) providing a phosphor-doped fluoroperovskite compound, capable of storing at least part
of the enérgy of incident ionizing radiation, and releasing at least part of the stored
energy upon optical stimulation, wherein the phosphor-doped fluoroperovskite compouhd
is as defined for any of the first to the fifth aspects of the invention;

(b) causing ionizing radiation to be incident upon the compound through an object to be
imaged, so that the compound stores energy from the radiation; |

(c) exposing the compound to stimulating light to release the stored energy as emitted light;

(d) detecting the emitted light for imaging.

In one embodiment of any of the eleventh to the fourteenth aspects of the invention, the

‘phosphor-doped fluoroperovskite compound is Na1_(x+xv)Kxbe’Mg1_yZnyF3_ZClz:Zd+, and the

dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’; Ag';
MnZ"; Mn®*; Mn*"; and Cr**; and the rare earth metal ions: Eu?*; Sm?"; Sm*"; Pr*": Gd**; and

Tb>".

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is Na1_(x+x’)Kxbe’Mg1-yZnyF3_ZCIZ:Zd+, and the

dopant phosphor ion is selected from the group consisting of: Eu"; Pr’*; Tb**; and Mn?".
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In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is Na1_(X+x’)Kxbe’Mg1_yZnyF3-zClZ:Zd+, and the

dopant phosphor ion is Eu** or Mn?*.

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the

~ phosphor-doped fluoroperovskite compound is Na1-(x+x’)Kxbe=Mg1-yZnyF3.ZCIZ:Zd+, and the

dopant phosphor ion is Eu*".

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped ﬂueroperovskite compound is Nal_(x+x’)Kxbe’Mg1_yZnyF3_ZCIZ:Zd+, and the

dopant phosphor ion is Mn™*.

. In one embodiment of any of the eleventh to the fourteenth aspects of the invention, the

phosphor-doped fluoroperovskite compound is Rbl-(x+x’)NaxKx’Mg1;yZnyF3-ZCIZ:Zd+, and the
dopant phosphorion is selected from the group consisting of: the transition metal ions: Cu'; Ag';
Mn**; Mn**; and Cr**; the rare earth metal ions: Sm>"; Sm*"; Pr*"; Ce*"; Gd*'; and Tb**; and TI*;

In*; Ga*; and Pb**.

In one embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is Na1{xﬂ’)Kxbe’Mgl_yZnyF3_zCIZ:Zd+, and the
dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’; Ag";

Mn3+_; Mn4+; and Cr’ *- and the rare earth metal ions: Sm2+;_ Sm3+; Pr * Gd® - and b,

Ina preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is Nal{x+x’)Kxbe’Mgl_yZnyF3_ZClz:Zd+, and the

dopant phosphor ion is Pr’* or Tb*".

In one embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped ﬂuoroperovskite compound is Kl-(x+x’)Naxbe’Mg1-yZnyF3-ZC12:Zd-+, and the
dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’; Ag';

Mn®*; Mn3+; Mn**; and Cr**; and the rare earth metal ions: Eu?"; Sm?*; Sm*"; Pr**; Gd**; and

Tb*,

In one embodiment of any of the eleventh to the fourteenth aspects of the invention, wherein the
phosphor-doped fluoroperovskite compound is Rbl_(xﬂ’)NaxKx’Mg]_yZnyF3-ZCIZ:Zd+, and the

dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu+; Ag';
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Mn**; Mn**; and Cr**; and the rare earth metal ions: Eu*"; Sm**; Sm**; Pr’ * e’ Gd**; and

Tb*".

In an alternative embodiment of any of the eleventh to the fourteenth aspects of the inverition,
the phosphor-doped fluoroperovskite compound is Rb14x+x’)NaxKx’Mg1_yZnyF3_ZCIZ:Zd+, and the
dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’; Ag";

Mn**; Mn*'; and Cr3. *. and the rare earth metal ions: Sm*"; Sm*"; Pr’*; Ce*"; Gd**; and Tb*".

Ina preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the

phosphor-doped fluoroperovskite compound is Rb,_x+xyNa Ko Mg, Zn,Fs ,CL,:Z* | and the

| dopant phosphor ion is Eu** or Ce’".

"In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the

phosphor-doped fluoroperovskite compound is Na14x+x’)Kxbeng1;yZnyF3_ZClZ:Zd+, and the
dopant phosphor ion is Pr*.

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is Nal-(xﬂ’)Kxbe’Mgl-yZnyF3_;ClZ:Zd+, and the
dopant phosphor ion is Tb>".

In a preferred embodiment of any of the eleventh to the fourteenth aspecté of the invention, the
phosphor-doped fluoroperovskite compound 1s K1 (x+x)NaxRb, Mg yZnyF 3.Cl: Zd+ and the
dopant phosphor ion is Eu .

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is Rbj ()Na K Mg, ZnyF3 ,Cl,:Z%, and the
dopant phosphor ion is Eu®*.

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is Rb _(x+x’)NaxKx’Mg1-yZnyF3_zCIZ:Zd+, and the
dopant phosphor ion is Ce’*,

In one embodiment of any of the eleventh to the fourteenth aspects of the invention, x, x’, y and

z are all about 0.

In one embodiment of any of the eleventh to the fourteenth aspects of the invention, the

phosphor-doped fluoroperovskite compound is NaMgF3:Z%, and the dopant phosphor ion is
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selected from the group consisting of: the transition metal ions: Cu*; Ag"; Mn*"; Mn**; Mn*";

and Cr’"; and the rare earth metal ions: Eu®"; Sm?>*; Sm®"; Pr**; Gd**; and Tb*".

2

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is NaMgF3:Z%, and the dopant phosphor ion is

selected from the group consisting of: Eu’*; Pr**; Tb>"; and Mn**.

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fludroperovskite compound is NaMgF3:Z%", and the dopant phosphor ion is Eu®*

+
or Mn**.

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is NaMgF;:Zd+, and the dopant phosphor ion is

2+
Eu .

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is NaMgF3:Z*", and the dopant phosphor ion is
Mn?*. .

In a preferred embodimént of any of the eleventh to the fourteenth aépects of the invention, the
phosphor-doped fluoroperovskite compound is selécted from the group consisting of:
NaMgF3:Eu?"; NaMgF;:Pr*"; NaMgF5:Tb*"; NaMgF3:Mn2*; KMgF3:Eu?"; RbMgF3:Eu?*; and
RbMgF;:Ce™". | |

In a further preferred embodimént of any of the eleventh to the fourteenth aspects of the
invention, the phosphor-doped fluoroperovskite compound is selected from the group consisting
of: NaMgF3:0.2%Eu”"; NaMgF3:0.1%Pr’*; NaMgF3:0.2%Tb*"; NaMgF3:0.2%Mn*";
KMgF3:0.2%Eu**; RbMgF3:0.2%Eu’"; and RngF;:O.Z%Ce3;L.

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the

phosphor-doped ﬂubroperovskite compound is selected from the group consisting of:

NaMgF3:Eu2+; NaMgF;:Pr3+; NaMgF 3:Tb3 * NaMgF3:Mn2+; KMgF 3:Eu2+; and RngF3:Ce3+.

In a further preferred embodiment of ahy of the eleventh to the fourteenth aspects of the
inveﬁtion, the phosphor-doped fluoroperovskite compound is selected from the group consisting
of: NaMgF3:0.2%FEu*"; NaMgF3:0.1%Pr’*; NaMgF3:0.2%Tb*"; NaMgF3:0.2%Mn’";
KMgF;:0.2%Eu*"; and RbMgF3:0.2%Ce’".
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In a further preferred embodiment of any of the eleventh to the fourteenth aspects of the
invention, the phosphor-doped fluoroperovskite compound is NaMgF3:0.2%Eu**.

In a further preferred embodiment of any of the eleventh to the fourteenth aspects of the

invention, the phosphor-doped fluoroperovskite compound is RbMgF3:0.2%Eu?".

In one embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is NaMgF3:Z*", and the dopant phosphor ion is
selected from the group consisting of: the transition metal ions: Cu*; Ag"; Mn’*; Mn*"; and Cr**;

and the rare earth metal 1ons: Sm2+; Sm3+; Pr3+; Gd® " and Tb*".

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the

- phosphor-doped fluoroperovskite compound is NaMgF:Z%, and the dopant phosphor ion is Pr**

or TH*". - '

~ In one embodiment of any of the eleventh to the fourteenth aspects of the invention, the

phosphor-doped fluoroperovskite compound is KMgF3:Z%, and the dopant phosphor ion is
selected from the group consisting of: the transition metal ions: Cu’; Ag+; Mn2+; Mn® - Mn4+;

and Cr’"; and the rare earth metal ions: Eu*"; Sm**; Sm*>": Pr**; Gd**; and Tb>".

2

In one embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is RbMgF;:Z2%, and the dopant phosphor ion is
selected from the group consisting of: the transition metal ions: Cu*; Ag"; Mn®"; Mn*"; and Cr**;

and the rare earth metal 1ons: Eu2+; Sm2+; Sm3+; Pr3+; ce*; Gd* " and Tb>".

2

In an altemativevembodiment of any of the eleventh to the fourteenth aspects of the invention,
the phosphor-doped fluoroperovskite compound is RboMgF 1:Z%, and the dopant phosphor ion is
selected from the group consisting of: the transition metal ions: Cu"; Ag"; Mn? *: Mn**; and Cr**;

and the rare earth metal ions: Sm*"; Sm*"; Pr’*; Ce**; Gd**; and Tb*".

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is RbMgF3:Z%, and the dopant phosphor ion is Eu**

or Ce™*,

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the

phosphor-doped fluoroperovskite compound is NaMgF;:Z*, and the dopant phosphor ion is Prt.



10

15

20

25

WO 2009/005377 - PCT/NZ2008/000160
2921 -

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is NaMgF3:Z*", and the dopant phosphor ion is
b,

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the

phosphor-doped ﬂuoropérovskite compound is KMgF;:Z*, and the dopant ﬁhosphor ion is Eu*".

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped flucroperovskite compound is RbMgF3:Z*", and the dopant phosphor ion is

2+
Eu®'.

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the

- phosphor-doped fluoroperovskite compound is RbMgF3:Z%, and the dopant phosphor jon is

+
ce*.

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is selected from the group consisting of:

NaMgF;:Pr’*; NaMgF;:Tb**; KMgF3:Eu®*; RbMgF3:Eu**; and RbMgF;:Ce*".

In a further preferred erhbodiment of any of the eleventh to the fourteenth aspects of the
invention, the phosphor-doped fluoroperovskite cofnpound is selected from the group consisting
of: NaMgF3:0.1%Pr**; NaMgFs:0.2%Tb**; KMgF3:0.2%Eu?"; RbMgF;:0.2%FEu?"; and
RbMgF3:0.2%Ce>". | |

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is selected from the group consisting of: -
NaMgF;:Pr’*; NaMgF3:Tb*"; KMgF3:Eu?*; and RbMgF;:Ce".

In a further preferred embodiment of any of the eleventh to the fourteenth aspects of the
invention, the phosphor-doped fluoroperovskite compound is selected from the group consisting

of: NaMgF3:0.1%Pr**; NaMgF3:0.2%Tb*"; KMgF3:0.2%Eu’"; and RbMgF3:0.2%Ce>".

In one embodiment of any of the eleventh to the fourteenth aspects of the invention, at least part
of the stored energy is released from the phosphor-doped fluoroperovskite compound upon
optical stimulation in a Wavelerigth range from about 200 nm to about 1000 nm. In one
embodiment, the optical stimulation wavelength is from about 290 nm to about 350 nm. In a

preferred embodiment, the optical stimulation wavelength is from about 300nm to about 1000
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nm. In one embodiment, the optical stimulation wavelength is about 470 nm. In a further
preferred embodiment, the optical stimulation wavelength is in the near infrared (>700 nm). Ina

further preferred embodiment, the optical stimulation wavelength is about 875 nm.

Accordingly, in one embodiment of the thirteenth aspect of the invention, the at least one

predetermined wavelength in step (c) is in a range from about 200 nm to about 1000 nm. In
another embodiment, the wavelength is from about 290 nm to about 350 nm. In a preferred
embodiment, the wavelength is from about 300nm to about 1000 nm. In one embodiment, the
wavelength 1s aboutj470 nm. In a further preferred embodimeﬁt, the wavelength is in the near

infrared (>700 nrh). In a further preferred embodiment, the wavelength is about 875 nm.

Accordingly, in one embodiment of the fourteenth aspect of the invention, the wavelength of the
stimulating light in step (c) is in a range from about 200 nm to about 1000 nm. In another
embodiment, the wavelength is from about 290 nm to about 350 nm. In a preferred embodiment,
the wavelength is from abouf 300nm to .about 1000 nm. In one embodiment, the wavelength is
about 470 nm. In a further preférred embodiment, the wavelength is in the near infrared (>700

nm). In a further preferred embodiment, the wavelength is about 875 nm.

In a preferred embodiment of any of the eleventh to the fourteenth aspects of the invention, the
energy stored upon irradiation with the incident iohizing radiation is released as optically

stimulated luminescence at a wavelength that is shorter than the optical stimulation wavelength.

Accordingly, in a preferred embodiment of the thirteenth aspect of the invention, the wavelength
of the optically stimulated luminescence, the intensity and duration of which is measured in step

(d), is shorter than the at least one predetermined wavelength in step (c).

Accordingly, in a preferred embodiment of the fourteenth aspect of the invention, the wavelength

of the light emitted in step (d) is shorter than wavelength of the stimulating light in step (c).

In one embodiment of any of the eleventh to the fourteenth aspects of the invention, prior to
irradiation with ionizing radiation, the phosphor-doped fluoroperovskite compound is ground;
the ground compound is sintered at a temperature below the melting point of the compound; and
the éintered phosphor-doped fluoroperovskite compound is cooled. In one embodimént, the
coolihg of the sintered phosphor-doped fluoroperovskite compound comprises quenching the

compound.
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In fifteenth aspect, the present invention also provides a dosimeter for detecting ionizing
radiation by TSL, comprising a phosphor-doped fluoroperovskite compound, capable of storing
at least part of the energy of incident ionizing radiation, and releasing at least part of the stored
energy upon heating, wherein tﬁe phosphof-doped fluoroperovskite compound is as deﬁned’ for

any of the sixth to the tenth aspects of the invention.

In a sixteenth aspect, the present invention also provides a radiation storage device comprising a
phosphor-doped fluoroperovskite compound, capable of storing at least part of the energy of
incident ionizing radiation, and releasing at least part of the stored energy upon heating, wherein
the phosphor-doped fluoroperovskite compound is as defined for any of the sixth to the tenth

aspects of the invention.

Ina séventeenth aspect, the present invention provides a method of determining a dose of

ionizing radiation comprising;

(a)  providing a phosphor-doped fluoroperovskite compound, capable of storing at least part
of the energy of incident ionizing radiation, and releasing at least part of the stored
energy upon heating, wherein the phosphor-doped ﬂuoroperdvskite compound is as
defined for any of the sixth to the tenth aspects of the invention,

(b) irradiating the phosphor-doped fluoroperovskite compound with ionizing radiation;

(c) heating the irradiated phosphor-doped fluoroperovskite compound in the dark;

(d)  measuring the intensity and duration of the luminescence from the irradiated phosphor-
doped fluoroperovskite compound at a predetermined temperature or within a
predetermined temperature range or during a predetermined temperature ramp; and

(e) relating, by calibration procedures, the intensity and duration of the luminescence to the

dose of ionizing radiation absorbed by the phosphor-doped fluoroperovskite compound.

In an eighteenth aspect, the present invention provides a method for recording and reproducing

an ionizing radiation image comprising the steps of: | '

(a)  providing a phosphor-doped fluoroperovskite compound, capable of storing at least part
of the énergy of incident ionizing radiation, and releasing at least part of the stored
energy upon heating, wherein the phosphor-doped fluoroperovskite compb{lnd isas
defined for any of the sixth té the tenth aspects of the invention;

(b) causing ionizing radiation to be incident upon the compound through an object to be
imaged, so that the compound stores energy from the radiation,; '

() exposing the compound to heat to release the stored energy as emitted light;
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(d)  detecting the emitted light for imaging.

In one embodiment of any of the fifteenth to the eighteenth aspects of the invention, the

phosphor-doped fluoroperovskite compound is Na1_(x+x=)Kxbe’Mg1-yZnyF3_ZClz:Zd+, and the

‘dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’; Ag';

Mn*"; Mn®"; Mn*"; and Cr*"; and the rare earth metal ions: Eu*"; Sm**; Sm*"; Pr*": Gd*"; and
Tb*. | |

Ina preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is Naj (x+x)KxRbxyMg;) yZnyF3_zCIZ:Zd+, and the
dopant phosphor ion is selected from the group consisting of: Eu**; Pr’*; Tb**; and Mn®".

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-dop-ed fluoroperovskite compound is Nal-(x+x’)Kxbe’Mg1_yZnyF3_ZCIZ:Zd+, and the
dopant phosphor ion is Eu** or Mn*".

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is Najx+x’ )K Rb,Mg,.yZn,F3.,Cl, 2% and the
dopant phosphor ion is Eu**

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is NaH,ﬁux )K«RbyMg;.yZn,F3_,Cl;: :Z%, and the
dopant phosphor ion is Mn

In one embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is Rb1{Hx’)NaxKg’Mgl_yZnng-ZCIZ:Zd+, and the
dopant phosphor ion is _selccted from the group consisting of: the transition metal ions: Cu™; Ag’;
Mn®"; Mn®*; Mn*";and Cr**; and the rare earth metal ions: Eu2+; Sm*"; Sm**; Pr*t; Gd*; and

Tb™.

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the

‘phosphor-doped fluoroperovskite compound is Rb1-(x+x’)NaxKx’Mg1-yZnyF3-ZCIZ:Zd+, and the

dopant phosphor ion is Eu** or Mn*",

In a preferred embodiment of any of the fifteenth to the cighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is Rb1-(x+x’)NaxKx’Mg1_yZnyF3-ZCIZ:Zd+, and the
dopant phosphor ion is Mn*". |
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In one embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is Nal_(x+x=)Kxbe=Mg1-yZnyF3-ZClZ:Zd+, and the
dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’; Ag’;

Mn**; Mn*"; and Cr**; and the rare earth metal ions: Sm*"; Sm*; Pr’*; Gd**; and Tb>*.

Ina preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the

phosphor-doped fluoroperovskite compound is Na1-(x+x’)Kxbe’Mg1_yZnng_ZCIZ:Zd+, and the
dopant phosphor ion is Pr’* or Tb*.

In one embodiment of any of the fifteenth to the eighteenth aspects of the invention, wherein the

phosphor-doped fluoroperovskite compound is Rbl_(xﬂv)NaxKx’Mg]_yZnng-zClZ:Zd+, and the

dopant phosphor ion is selected from the group consisting of: the transition metal ions: Cu’; Ag';

Mn®"; Mn*";and Cr**; and the rare earth metal ions: Eu**; Sm>"; Sm*": Pr*"; Gd**; and Tb*".

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is Na;4X+x=)Kxbe’Mg1_yZnyF3-zCIZ:Zd+, and the
dopant phosphor ion is Pr’*. A

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention,
wherein the phosphor-doped fluoroperovskite compound is Naj x+x)K«Rbxy'Mg; yZnyF3 LCL:Z%,
the dopant phosphor ion is Tb*".

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is RbHXJ,X’)NaxKx’Mgl_yZnyF3_ZCIZ:Zd+, and the
dopant phosphor ion is Eu**.

In one embodiment of any of the fifteenth to the eighteenth aspects of the invention, X, X’, y and

z are all about 0.

In one embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped ﬂuoroperovsklte compound is NaMgF3: Z**, and the dopant phosphor ion is
selected from the group consisting of: the transition metal ions: Cu*; Ag"; Mn™"; Mn®*; Mn*;

and Cr**; and the rare earth metal ions: Eu?"; Sm**; Sm**; Pr**; Gd®*; and Tb*".

Ina preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is NaMgFs: :Z% and the dopant phosphor ion is

selected from the group consisting of: Eu®"; Pr**; Tb*; and Mn*".
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In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is NaMgF3:Zfi+, and the dopant phosphor ion is Eu®*

2+
or Mn~".

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the

phosphor-doped flueroperovskite compound is NaMgFs: Z*, and the dopant' hesphor ion is
p

+
Eu’".

Ina preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is NaMgFs: Z*, and the dopant phosphor ion is
Mn?". ' '

In one embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is RbMgF3:Z*, and the dopant phosphor ion is
selected from the group consisting of: the transition metal ions: Cu*; Ag"; Mn®*; Mn®*; Mn**;and

Cr*'; and the rare earth metal ions: Eu*"; Sm**; Sm®*; Pr**; Gd*'; and Tb**.

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is RbMgF3:Z*, and the dopant phosphor ion is Eu®*

+
or Mn*".

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is RbMgF;:Z%, and the dopant phosphor ion is
Mn?*.

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is selected from the group consi'sting of:

NaMgFs:Eu®*; NaMgF3:Pr3+; NaMgF;:Tb>*; NaMgF3:Mn”*; RbMgF3:Eu**; and RngF3:Mn2+.4

In a further preferred embodiment of any of the fifteenth to the eighteenth aspects of the
invention, the phoéphor-doped fluoroperovskite compound is selected from the group consisting
of: NaMgF3:0.2%Eu’"; NaMgF3:0.1%Pr**; NaMgF3:0.2%Tb>*; NaMgF3:0.2%Mn’*;
RbMgF;:0.2%FEu*"; and RbMgF3:0.2%Mn”".

In a further preferred embodiment of any of the fifteenth to the eighteenth aspects of the

invention, the phosphor-doped fluoroperovskite compound is NaMgF3:0.2%Eu?*.
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In a further preferred embodiment of any of the fifteenth to the eighteenth aspects of the
invention, the phosphor-doped fluoroperovskite compound is RbMgF3:0.2%Eu*".

In one embodiment of any of the fifteenth to the eighteenth aspects of the invention, the

phosphor-doped fluoroperovskite compound is NaMgF;: Z%, and the dopant phosphor ion is

selected from the group consisting of: the transition metal ions: Cu'; Ag"; Mn*"; Mn*'; and C;

and the rare earth metal ions: Sm2+; Sm3+; Pr; Gd3+; and Tb*".

>

In one embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is RbMgF3:Z*", the dopant phosphor ion is selected
from the group consisting of: the transition metal ions: Cu*; Ag*; Mn>"; Mn*";and Cr’*; and the

rare earth metal ions: Eu2,+; Sm2+; Sm3+; Pr3+; Gd3+; and Tb**,

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is NaMgF3:Z**, and the dopant phosphor ion is Pr**
or Tb*", |

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the

phosphor-doped fluoroperovskite compound is NaMgF3:Z%, and the dopant phosphor ion is Pr’*.

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is NaMgF3:Z*", and the dopant phosphor ion is
Tb*". |

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the inventioﬁ, the
phosphor-doped fluoroperovskite compound is RbMgF;:Z%, and the dopant phosphor ion is

+
Eu®’.

In a preferred embodiment of any of the fifteenth to the eighteenth aspects of the invention, the
phosphor-doped fluoroperovskite compound is selected from the group consisting of:
NaMgF;:Pr**; NaMgF3: Tb*"; and RbMgF5:Eu®,

In a further preferred embodiment of any of the fifteenth to the eighteenth aspects of the
invention, the phosphor-doped fluoroperovskite compound is selected from the group consisting

of: NaMgF;:0.1%Pr’"; NaMgF:0.2%Tb>*; and RbMgF3:0.2%Eu*".
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In one embodiment of any of the fifteenth to the eighteenth aspects of the invention, prior to
irradiation with ionizing radiation, the phosphor-doped fluoroperovskite compound is ground;
the ground compound is sinterqd at a temperature below the melting point of the compound; and
the sintered phosphor-doped fluoroperovskite compound is cooled. In one embodiment, the
cooling of the sintered phosphor-doped fluoroperovskite compound comprises quenching the

compound.

In one embodiment :of the seventeenth aspect, the method further comprises a step, before. the
step of heating the irradiated phosphor-doped fluoroperovskite compound in the dark, of
optically _stimulaﬁng the irradiated phosphor-doped fluoroperovskite compound with a
predetermined intensity of light comprising at lqast one predetermined wavelength and,
optionally, measuring the intensity and duration of the optically stimulated luminescence from
the irradiated phosphor-doped fluoroperovskite compound. In one embodiment, the optical
stimulation is in a wavelength range from about 200 nm to about 1000 nm. In one embodiment,
the optical stimulation wavelength is from about 290 nm to about 350 nm. In a preferred
embodiment, the optical stimulation wavelength is from about 300nm to about 1000 nm. In'one
embodiment, the optical stimulation wavelength is about 470 nm. In a further preferred
embodiment, the optical stimulation wavelength is in the near infrared (>700 nm). In a further

preferred embodiment, the optical stimulation wavelength is about 875 nm.

In one embodiment of the eighteenth aspect, the method further comprises a step, before the step
of exposing the compound to heat to release the stored energy as emitted light, of optically
stimulating the irradiated phosphor-doped fluoroperovskite compound with a predetermined
intensity of light comprising at least one predetermined wavelength and, optionally, measuring
the intensity and duration of the optically stimulated luminescence from the irradiated phosphor-
doped fluoroperovskite compound. In one embodiment, the optical stimulation is in a '
wavélength range from about 200 nm to about 1000 nm. In one embodiment, the optical
stimulation wavelength is from about 290 nm to about 350 nm. In a preferred embodiment, the
optical stimulation 'wavelength is from about 300nm to about 1000 nm. In one embodiment, the
optical stimulation wavelength is about 470 nm: in a further preferred embodiment, the optical
stimulation wavelength is in the near infrared (>700 nm). In a further preferred embodiment, the

optical stimulation wavelength is about 875 nm.

In a nineteenth aspect, the present invention provides a method for preparing a phosphor-doped

fluoroperovskite compound, capable of Storing at least part of the energy of incident ioriizing
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radiation, and releasing at least part of the stored energy upon optical stimulation or upon
heating, wherein the phosphor-doped fluoroperovskite compound is as defined for any of the
first to the tenth aspects of the invention, the method comprising the steps:

(a) providing a mixture of precursor compounds;

- (b) heating the mixture to a temperature at or above the melting point of the mixture to form

a homogendus melt; and

(c) cooling the melt to provide the phosphor-doped fluoroperovskite compound.

In an alternative embodiment, step (b) comprises heating the mixture to a temperature below the
melting point of the mixture and sintering the mixture; and step (c) comprises cooling the

sintered mixture to provide the phosphor-doped fluoroperovskite compound.

Preferably, one or both of steps (b) and (c) are carried out in an atmosphere having a low oxygen
partial pressure. In one embodiment, the atmosphere having a low oxygen partial pressure is an
argon atmosphere. In an alternative embodiment, the atmosphere is an argon-hydrogen

atmosphere.

In one embodiment, the method further comprises the steps:

(d) grinding the phdsphor-doped fluoroperovskite compound,

(e) sintering the ground compound at a tempefature below the melting point of the .
compound; and ‘ |

(f)  cooling the sintered phosphor-doped ﬂubroperovskite compound.

In one embodiment, step (c) comprises cooling the melt to a temperature below the melting point
of the phosphor-doped fluoroperovskite compound and then quenching the compound. In an
alternative embodiment, step (c) comprises quenching the molten phosphor-dopéd

fluoroperovskite compound.

In one embodiment, step (f) comprises quenching the sintered phosphor-doped ﬂuorop.erovskite

compound.

In a twentieth aspect, the present invention provides a phosphor-doped fluoroperovskite
compound, capable of storing at least part of the energy of incident ionizing radiation, and
reledsing at least part of the stored energy upon optical stimulation or upon heating, prepared

substantially according to the method of the nineteenth aspect of the invention.
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In other aspects, the present invention provides dosimeters for detecting ionizing radiation by
OSL and/or by TSL, radiation storage devices, methods of determining a dose of ionizing
radiation and methods for recording and reproducing an ionizing radiation image; all utilizing a
phosphor-doped fluoroperovskite cbmpound, capable of storing at least part of the energy of
incident ionizing radiation, and releasing at least part of the stored energy upon optical
stimulation or upon'heating, wherein the compound is prepared substantially according to the

method of the nineteenth aspect of the invention.

Specific and preferred embodiments of these other aspects are as recited above for any of the

eleventh to the eighteenth aspects of the invention.

This invention may also be said broadly to consist in the parts, elements and features referred to
or indicated in the specification of the applicétion, individually or éollectively, and any or all
combinations of any two or more said parts, elements or features, and where specific integers are
mentioned herein which have known equivalents in the art to which this invention relates, such

known equivalents are deemed to be incorporated herein as if individually set forth.

As used herein with respect to the fluoroperovskite compound, the term “phosphor-doped”
meahs that up to a few mole percent of the ions in the compound have been replaced with a
different ion, whiéh resulfs in new properties. For example, in the fluoroperovskite compounds
described in the examples, NaMgF3:0.2%Eu’* means that 0.2 % of the Mg ions are replaced

iy + .
with Eu”" ions.

In one embodiment, the mole percent of dopant phosphor ions replacing the Mg”* ions and Zn**

ions, if present, in the fluoroperovskite compound is between 0.001% and 10%. In a preferred

'embodiment, the mole perceht of dopant phosphor ions is between 0.01% and 2%, more

preferably between 0.01% and 1%, more preferably between 0.1% and 0.5%.

As used herein the term “quenching” means the rapid cooling of the phosphor-doped
fluoroperovskite compound to a lower temperature. The quenching may proceed, for example,
by contact with liquids or gases which are cooler than the molten or solid compound.

Alternatively, the molten compound can be poured onto a colder metal surface or into a mold at

the lower temperature to form the solid compound.

As used herein the term “storing” with respect to radiation means that, following irradiation of

the phosphor-doped fluoroperovskite compound, part of the energy is stored in the form of
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trapped electrons and holes. Subsequent exposure of the compound to stimulating light or heat -
leads to detrapping of the trapped electrons and holes followed by energy transfer to the dopant

phosphor ion and then emission of light from the phosphor ion.

The term “comprising” as used in this specification means “consisting at least in part of>. When
interpreting each statement in this specification that includes the term “comprising”, features
other than that or those prefaced by the term may also be present. Related terms such as

“comprise” and “comprises” are to be interpreted in the same manner.

It is intended that réference to a range of numbers disclosed herein (for eXample, 1 to 10) also
incorporétes reference to all rational numbers within that range (for example, 1, 1.1, 2, 3, 3.9, 4,
5,6,6.5,7, 8,9 and 10) and also any range of rational numbers within that range (for example, 2
to 8, 1.5 to 5.5 and 3.1 to 4.7) and, therefore, all sub-ranges of all ranges expressly disclosed
herein are hereby expressly disclosed. These are only examples of what is specifically intended
and all possible combinations of numerical values between the lowest value and the highest
value enumerated are to be considered to be expressly stated in this application in a similar

manner.

Although the present invention is broadly as defined above, those persons skilled in the art will
appreciate that the invention is not limited thereto and that the invention also includes -

embodiments of which the following description gives examples.
BRIEF DESCRIPTION OF THE DRAWINGS
The invention will now be described with reference to the Fi gures in which:

Figure 1 shows the room temperature OSL emission from as-made NaMgF3:0.2%Eu2+_,

NaMgF3:0.1%Pr**, NaMgF3:0.2%Tb’*, and NaMgF3:0.2%Mn’";

Figure 2 (a) shows the TSL after X-ray irradiation of as-made NaMgF3:0.2%Eu’* and (b)
shows the TSL after X-ray irradiation of a sintered and liquid nitrogen quenched

NaMgF3:0.2%Eu** sémple;
Figure 3 shows the TSL after B irradiation of as-made NaMgF3:0.02%Mn”";

Figure 4 shoWs the integrated TSL intensity of as-made NaMgF3:0.02%Mn’" as a function of
X-ray dose;
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Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

- Figure 16

-32-

shows the decay curve of the room temperature OSL from a sintered and liquid

nitrogen quenched NaMgF3:0.2%Eu”" sample, and the inset shows the dark decay;
shows the room temperature OSL emission from KMgF3:O.2%Eu2+;

is a plot of the time integrated room temperature OSL intensity from

KMgF3:O.2%Eu2 " against the B radiation dose;

shows the room temperature OSL emission after X-ray irradiation of

RbMgF3:0.2%Eu”* and RbMgF3:0.2%Ce’";

shows the room temperature OSL decay curves after f irradiation for
RbMgF3:0.2%Eu’" during continual stimulation with an infrared LED or a blue
LED; |

shows the room temperature OSL decay curve for RbMgF3:0.2%Eu’" after y-
irradiation and immediate stimulation with light above 435 nm or 715 nm and with

a five day delay between irradiation and stimulation;

shows the TSL from RbMgF3:0.2%Eu’";

shows the TSL from RngF;:OtZ%Eu2+ after X-ray irradiation both with and

without illumination with an infrared LED;

shows the room temperature OSL decay curves for NaMgF3:0.2%Eu’" after 8

irradiation and stimulation with an infrared LED or a blue LED;

shows the room temperature OSL decay curve for NaMgF3:0.2%FEu”" after B

irradiation and stimulation with a blue LED;

is a plot of the time integrated room temperature OSL intensity after X-ray
irradiation of a sintered and liquid nitrogen quenched NaMgF;:O;Z%EuzJ' sample
and stimulation with a blue LED, and the inset shows the time integrated OSL

intensity for hi gh B radiation doses;

shows the room temperature OSL decay curve for NaMgF3:0.2%Eu®" and Al,0;:C

after X-ray irradiation and during constant stimulation; and
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Figure 17 ~ shows the TSL, after a brief exposure to X-rays, from as-made and sintered
RbMgF; doped with nominal Mn** concentrations of: (a) 5%; (b) 2%; (c) 0.7%,; (d)
0.2%; (e) 0.05%; and (f) 0%.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to fluoroperovskite compounds activated by a phosphor ion dopant
that display OSL or TSL after exposure to ionizing radiation. Such compounds are particularly
suitable for the measurement of ionizing radiation dosage by OSL and TSL, and can also be used

as a phosphor for radiation imaging.

The present invention also relates to radiation dosimeters, imaging plates and other radiation -

monitoring devices based on the fluoroperovskite compounds.

Irradiation of the phosphor-doped fluoroperovskite compound leads to the excitation of electrons
and holes that become trapped in the compound. The concentration of the trapped electrons and
holes is related to the radiation dose and the spatial distribution of trapped electrons and holes
can be used to generate a two-dimensional dose distribution profile. The spatial distribution and
concentration of trapped electrons and holes can also fepresent a latent X-ray image for X-ray

imaging or radiation dose distribution applications.

The stored dose or image information can be read out promptly or at a later time by conventional
OSL or TSL methods. '

For OSL read-out, the irradiated phosphor-doped fluoroperovskite compound is exposed to
stimulating light, which leads to the recombination of the trapped electrons and holes and the

emission of the light. The emitted light is known as OSL emission. The emitted light can be

recorded as a function of time during continual stimulation, and the time integrated OSL

emission intensity will be proportional to the radiation dose. It is also possible to stimulate the
sample with weak stimulating light for a short period and record the OSL emission. The
intensity can be related to the radiation dose, and this method enables the dose information to be

periodically monitored.

- For radiation imaging applications, in which the phosphor-doped fluoroperovskite compound is

typically formed into a plate using methods known to those skilled in the art, the image can be

read-out via a scanning stimulating beam or by stimulating the entire plate.
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For TSL read-out, the irradiated phosphor-doped fluoroperovskite compound is heated at a rate
that is typically between 0.01 K/s and 25 K/s. In one embodiment, the heating rate is about 1
K/s.

Heating leads to thermal excitation of the trapped carriers and electron-hole recombination

| followed by the emission of TSL light. The intensity and temperature dependence of the TSL

emission can be related to the radiation dose.
The phosphor-doped fluoroperovskite compounds for OSL applications are selected from:

Na1.(,(+,(7)K,(Rb,(ng1_yZnyF3_ZCIZ:ZdJr wherein Z%" is the dopant phosphor ion and is selected from

the group consisting of: the transition metal ions: Cu*; Ag"; Mn?*; Mn**; Mn*'; and Cr**; the rare

earth metal ions: Eu*"; Sm*"; Sm®"; Pr’*; Gd°*; and Tb”"; and TI'; In"; Ga'; and Pb”"; and

wherein (x+x’) <0.1,y<0.1and z<0.3;

Kl.(,hu,g)Na,(Rb,cMgl_,,Znng,.ZCIZ:Zd+ wherein 2% is the dopant phosphor ion and is selected from

the group consisting of: the transition metal ions: Cu*; Ag"; Mn**; Mn**; Mn**; and Cr*"; the rare:

_earth metal ions: Eu®"; Sm?**; Sm>"; Pr**; Gd**; and Tb**; and TI"; In*; Ga™; and Pb**; and

wherein (x+x°) <0.1, y < 0.1 and 2 <0.3;

Rb1{,hux’)Na,(K,yMgl_yZnyF3_ZCIZ:ZdJr wherein Z%" is the dopant phosphor ion and is selected from

~ the group consisting of: the transition metal ions: Cu"; Ag'; Mn**; Mn*"; and Cr**; the rare earth

metal ions: Eﬁ2+; Sm’*; Sm**; Pr’*; Ce**; Gd**; and Tb**; and T1*; In*; Ga'; and Pb*"; and

wherein (x+x’) < 0.1, y<0.1 and z < 0.3;
and mixtures of any two or more thereof.
The phosphor-doped fluoroperovskite compounds for TSL applications are selected from:

Naj.x+)KxRbyMgiyZnyF3.,Cl, wherein 7% is the dopant phosphor ion and is selected from the
group consisting of: the transition metal ions: Cu*; Ag"; Mn?*; Mn®*; Mn*"; and Cr**; the rare
earth metal ions: Eu?*; Sm?"; Sm*"; Pr**; Gd**; and Tb*"; and TI'; In™; Ga'; and Pb**; and

wherein (x+x’) 5‘0.1, y<0.land z<0.3;

Rb1.(',(+,(’)Na,(K,(’Mg1_yZnng.zClZ:Zd+ wherein Z% is the dopant phosphor ion and is selected from

the group consisting of: the transition metal ions: Cu’; Ag"; Mn?*; Mn**; Mn*:and Cr**; the rare
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earth metal ions: Eu**; Sm?*; Sm®*; Pr**; Gd**; and Tb*"; and TI"; In*; Ga*; and Pb>*; and

wherein (x+x’) <0.1, y<0.1 and 2 <0.3;

and mixtures of any two or more thereof.

- The phosphor-doped fluoroperovskite compounds useful in the invention are sensitive to X-rays,

gamma-rays, beta particles, alpha particles and other forms of ionizing radiation.

- The phosphor-doped fluoroperovskite compounds useful in the invention may be prepared from

suitable precursor compounds by methods known to those persons skilled in the art.

Suitable precursor compounds inélude: the alkali metal fluorides: NaF; KF and RbF; MgF, and

ZnF,; and various dopant phosphor ion compounds.

A preferred method of preparation involves placing a mixture of the precursor compounds in a
crucible. The mixture is then heated to form a homogeneous melt. Typically, the mixture of
precursor compounds is heated to a temperature that is about 50 °C above the melting point of
the mixture. However, lower or higher temperatures — as high as about 1200 °C — may also be
used. The maximum temperature for a particular mixture will be determined by the vapor

pressures of the individual precursor compounds.

Typically, the mixture is heated in an atmosphere having a low oxygen partial pressure. In a
preferred embodiment, the mixture is heated in argon, but other gases and mixtures may be used

including, but not limited to: dry nitrogen; argon-hydrogen; and nitrogen-hydrogen.

The mixture is held at or above the melting temperature for a peﬁod of timé,_typically at least 20
minutes. The temperature is then ramped down to room temperature. The resultant material is

polycrystalline. -

In an alternative embodiment, the phosphor-doped ﬂuoroperovskite compound may be prepared
by heating a mixture of the precursor compounds to a temperature which is below the melting

point and sintering the mixture to form the compound.

In other embodiments, the phosphor-doped fluoroperovskite compound may be prepared by
known methods of single crystallite synthesis — for example, the Bridgman method or the .

Czochralski process.



10

15

20

25

WO 2009/005377 PCT/NZ2008/000160
-36 -

Generally, the precursor dopant phosphor ion compound will be selected such that the dopant _
phosphor ion has the desired valency. In some embodiments, the precursor compound will
include dopant phosphor ions having a higher valency than that desired for incorporation in the

phosphor-doped fluoroperovskite compound. For example, a Eu’* precursor (such as Eu,0;3)

“may be used to prepare compounds in which the desired dopant phosphor ion is Eu**. In such

embodiments, the mixture of precursor compounds may be heated in a reducing atmosphere,
such as 95% argon-5% hydrogen, to ensure that the dopant phosphor ions are reduced to the

desired valency.

The resultant phosphor-doped fluoroperovskite compound may be ground and then sintered at

temperatures below the melting point and then quenched from temperatures as high as 1100 °C

- to optimize the response of the compound to ionizing radiation. This quenching procedure may

also be applied to the as-made phosphor-doped fluoroperovskite compound, without the

intermediate grinding and sintering.

In a preferred embodiment, the temperature of the phosphor-doped fluoroperovskite compound
before quenching is less than about 200 °C below the melting point of the compound, and

preferably close to the melting point.

Without wishing to be bound by theory, the grindihg and s.intering process is thought to lead to
diffusivity of the fluorine vacancies and other defects, and to increase their concentration, in the
phosphor-doped fluoroperovskite compound structure. Rapid quenching of the compound
“freezes” these vacancies and defects, whereas slow cooling may lead to a decrease in the trap

distribution, depth and type.

The phosphor-doped fluoroperovskite compound can also be ground into a fine powder and

dispersed in a polymer to enable the formation of arbitrary shépes, including panels, and to

ensure long term material stability.

The phosphor-doped fluoroperovskite compound useful in the present invention may be used to
produce an ionizing radiation imaging device by combining the compound with a source of
ionizing radiation, to irradiate the compound. Subsequent illumination with stimulating light, or
heating, can be used to cause luminescence of the compound to create an imagé using

conventional techniques.
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The following examples are provided to illustrate the present invention and in no way limit the

scope thereof.

EXAMPLES
Example 1

Four NaMgF;3 samples, doped with 0.2% Eu®*, 0.2% Mn**, 0.1 %Pr’* and 0.2% Tb*",
respectively, were prepared. The Samples were prepared from stoichiometric quantities of NaF
and MgF, with appropriate éoncentrations of EuF3, MnF,, PrF; or TbFs. The precursors were
placedin a vitredus carbon crucible and heated in an argon atmosphere to 1070 °C. That
temperature was held for 120 minutes. The temperature was then cooled to 1030 °C at a rate of
1 K/min, then to 1010 °C at 2 K/hour. This was followed by furnace cooling to room

temperature.

The room temperature OSL emission spectra after exposure to X-rays are shown in Figure 1 for
NaMgF3:0.2%Eu”" (solid curve, stimulated at 500 nm), NaMgF3:0.1%Pr’* (dashed curve,
stimulated at 800 nm), NaMgF3:O.2%Tb3+ (dotted curve, stimulated at 470 nm), and
NaMgF3:0.2%Mn?* (d(_)t-dash curve, stimulated 375 nfn). The stimulation wavelength is longer
than the emission wavelength for the samples doped with Eu®*, Pr** and Tb**. This is
advantageous because excitation at wavelengths shorter than the emission wavelength can lead
to photoluminescence from the fluorescent ion excited states. This will limit the minimum
detectable dose. The OSL can be Bleached by stimulating in the OSL excitation band and the

time integrated OSL emission intensity is proportional to the radiation dose.

Figure 2(a) is a plot of the TSL glow curve from the Eu®* doped sample at a heatingravt‘e of 1 K/s
and after X-ray irradiation. Figure 2(a) shows that this compound can also be used to measure

the radiation dose by TSL.
Example 2

A sample of NaMgF3:0.02%Mn”* was prepared using the procedure in Example 1. The TSL
data, at a heating rate of 1 K/s and after  irradiation, are plotted in Figure 3. There is one main

high temperature trap, which is a desirable property for a TSL dosimeter.

The TSL dose response to X-ray irradiation for another NaMgF3:0.02%Mn”* sample is shown in

Figure 4. The dose response to X-rays is linear up to 300 Gy and increases for doses exceeding



10

15

20

25

WO 2009/005377 PCT/NZ2008/000160
-38 -

1 kGy. This is a desirable property for a TSL dosimeter and the high dose response exceeds that
of commercial TSL materials. '

Example 3

A sample of NaMgF3:0.2%Eu”", prepared using the procedure in Example 1, was ground,
pressed into pellets and sintered at 900 °C in an air atmosphere for 2 hours. The sample was

then quenched in liquid nitrogen.

The resulting OSL excitation and emission spectra after exposure to ionizing radiation were -

similar to those observed for the as-made sample.

_The OSL can be bleached by stimulating with wavelengths ranging from the infrared to

approximately 300 nm, and the time integrated OSL emission is proportional to the radiation
dose. An example of the radiation dose read-out after 0.1 Gy B irradiation is shown in Figure 5.
The OSL was stimulated by a blue LED centered at 470 nm. The emitted light was passed
through a Hoya U-340 UV bandpass glass filter and detected-with a photomultiplier tube. It can

be seen that there is rapid bleaching, which a desirable characteristic for OSL dosimeters.

The dark decay is shown in the inset to Figure 5, where the integrated OSL is plotted for
different times after the radiation dose. There is a small dark decay for times less than 24 hours
and the dose information is stable after 1 day: The observed dark decay may be attributable to
the épeciﬁc sintering and ahnealing process used for this sampl¢ and does not reflect the dark

decay observed for as-made material.

The TSL data at a heating rate of 1 K/s and after X-ray irradiation are ploﬁed in Figure 2(b).
Compared to the data for as-made NaMgF3:0.2%Eu2+, which are shown in Figure 2(a), the TSL
data also show a significant reduction for temperatures below 100 °C. It should be noted that it
is these shallow traps that lead to the afterglow and initial decrease in the dark decay in the as-
madé samples. It is also apparent that sintering and quenching lead to a significant decrease in
the TSL glow curves for temperatures above 300 °C. This indicates that sintering and quenching
leads to a reduction in the density of deep traps. A low concentration of deep traps is desirable

for OSL dosimeters because deep traps require high read-out intensities. -
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_Example 4

KMgF; doped with 0.2% Eu®* was prepared from stoichiometric quantities of KF and MgF, with
an appropriate concentration of EuF3. The precursors were placed in a platinum crucible and
heated in an argon atmosphere to 1100 °C. That temperature was held for 120 minutes. The
temperature was then cooled to 1080 °C at a rate of 1 K/min, then to 1060 °C at 2 K/hour. This

was followed by furnace cooling to room temperature.

The room temperature OSL emission spectra, after X-ray irradiation and stimulation at 450 nm,
are shown in Figure 6. The dose response is shown Figure 7, which is a plot of the time
integrated OSL intensity against the radiation dose. The response is linear up to kGy, which is

desirable for a OSL dosimeter.
Example 5

RbMgF; doped with 0.2% Eu®* and 0.2% Ce*" were prepared from stoichiometric quantities of
RbF and MgF, with appropriate concentrations of EuF; or CeF;. Thé precursors were placed in
a vitreous carbon crucible and heated in an argon ahndsphere to 970 °C. That temperature was
held for 120 minutes. The temperature was then cooled to 920 °C at a rate of 1 K/min, then to

900 °C at 2 K/hour. This was followed by furnace cooling to room temperature.

The room temperature OSL emission spectra after X-ray irradiation are shown in Figure 8 for
RngF 3:0.2%Eu* (solid curve, stimulated at 580 nm) and RngF3:O.2%Ce3 " (dashed curve,
stimulated at 450 nm). '

The dose read-out can be obtained by continual stimulation and detection of the emitted light.
This is shown in Figure 9 where the OSL emission intensity from RbMgF3:0.2%Eu’" is plotted
during continual stimulation with an infrared LED centered at 875 nm (IRSL, solid curve) or a

blue LED centered at 470 nm (Blue SL, dashed curve) aftef 0.1Gy B irradiation.

Figure 10 shows the dose read-out for RbMgF3:0.2%Eu”" after irradiation with a y-ray source
(60 keV) to a dose of approximately 400 mGy. Figure 10 shows the infrared stimulated
luminescence (IRSL) decay when stimulating with light above 715 nm immediately after
irradiation and with a five day delay between irradiation and stimulation. Figure 10 also shows
the OSL decay when stimulating with light above 435 nm immediately after irradiation and with
a ﬁve day delay between irradiation and stimulation. These data show that partial dose

information can be obtained by stimuléting with light from the blue to the infrared. It is also
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possible to read-out the dose information with wavelengths as low as 300 nm, provided that

suitable emission and detection optical filters are used.

The radiation dose can also be obtained by TSL. This is shown in Figure 11, which is a plot of
the TSL data for RbMgF3:0.2%Eu’" after X-ray irradiation with a temperature ramp of 1 K/s.

Figure 12 is a compa;rison of the TSL data for RbMgF3:0.2%Eu*" after X-ray irradiation (solid
curve) and the TSL data after a similar X-ray dose and illumination with an infrared LED
céntered at 875 nm (dashed curve). This comparison shows that the material can be used as a
TSL dosimeter and that infrared stimulation depopulates the traps associated with the low

température peaks that are also responsible for the initial dark decay.

The radiation sensitivity of RbMgF3:0.2%Eu”" was compared with that of a commercial
BaFBr:Eu** stbfage phosphor plate (AGFA MD30). Samples of approximately the same area
(2.1x4.5 mm?) and thickness (0.7 mm) were prepared. These dimensions were chosen to match
the spot size of the excitation light of a Hitachi fluorescence spectrometer with aband pass of

20 nm. The samples were then subjected to a dose of 5.4 mGy by irradiation with an **' Am
source for 5 minutes at a distance of approximately 2 cm. The OSL data were obtained using
633 nm excitation light.with an OG590 filter and detecting at 395 nm with BG18 and UGS filters
for the imaging plate sample (for which the OSL emission occurs at 395 nm), and Oth order light
from the excitation monochromator with a GG435 filter and detecting at 360 nm with BG18,
UG.I 1 and UGT filters for the RbMgF3:0.2%Eu”" sample. The emission spectra were not
corrected for the excitation intensity, so the detected signal was a measure of the total OSL yield.
The signals, integrated over the first 100 s (more than 90% of the signal was depleted in ail
cases), were measured relative to the value obtained for the imaging plate. The

RbMgF;:0.2%FEu** sample was found to have a relative conversion efficiency of 32%.
Example 6

A sample of NaMgF3:0.2%Eu®* was repared using the procedure in Example 1. The sample
p Y

was PB-irradiated (100 mGy) and the OSL emission recorded as a function of time during

_ continual OSL stimulation with an infrared LED centered at 875 nm. The irradiation was

repeated and the OSL emission recorded as a function of time during continual OSL stimulation
with a blue LED centered at 470 nm. The room temperature OSL decay curves are shown in
Figure 13, which shows that a wide range of wavelengths can be used to read-out part or all of

the dose information.
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The OSL decay from a 28 mg sample after 3 uGy B irradiation is plotted in Figure 14, which
shows the OSL emission intensity as a function of time during continual stimulation with a blue

LED centered at 470 nm. It shows the sensitivity of this material to ionizing radiation.

The time integrated OSL signal is proportional to the radiation dose. Figure 15 is a plot of the

time integrated room temperature OSL intensity against the radiation dose after X-ray
irradiation. Figure 15 shows that the OSL response is linear for relatively low doses. The inset‘
shows the dose response to higher X-ray doses. It shows that the dose response is linear to 100
Gy and that there isstill a dose response to 1 kGy. This is in contrast to Al;O3:C where the dose
response‘saturatés at approximately 100 Gy. A wide range of dose response and a high dose

limit is very desirable in OSL dosimeters, which can also be used for radiation therapy as well as

- non-destructive testing. There is negligible fading after 24 hours. .

Figure 16 compares the OSL emission intensity as a function of time for NaMgF 3:0.2%Eu2+
(sblid curve) and a transparent Al,O3:C dosimeter sample obtained from Landauer (dashed
curve). A c_lirect comparison with the industry standard OSL material Al,0;:C is not
straightforward because of the differences in the stimulation and emission characteristics. The
main emission of Al,O3:C occurs around 420 nm, and the stimulation maximum appears in the

same wavelength region, but extends to red and infrared wavelengths.

For comparison, rectangular samples of 2.5x4.5 mm’ and 0.5 mm thickness were cut and
irradiated with X-rays to approximately 10 Gy.‘ OSL read-out was performed in a Hitachi
fluorescence spectrometer. The beam width using a stimulation band pass was wide enough to
cover the total sample areas, thus providing complete dose read-out. For Al,O;:C, the excitation
monochromator was set to 560 nm, and the emission monochromator to 420 nm. Additional |
wavelength separation was provided by inserting a GG495 filter in front of the excitation

aperture and a BG3 filter in front of the detection aperture. NaMgF;:0. 2%Eu®" was read out with
425 nm stlmulatlon 360 nm emission and GG400 and UG11 filters, respectively. . |

The stimulation efficiency in this setup was much higher for NaMgF3:0.2%Eu?*. While the
initial OSL intensity of NaMgF3:0.2%Eu”" is approximately a factor of 4 higher than that of

- ALOs:C, the time integrated intensity is approximately a factor of 4 smaller. Without taking into

account the detector characteristics, these values are not very significant, but show that the

sensitivity of both materials is in the same order of magnitude.



10

15

20

25

WO 2009/005377 PCT/NZ2008/000160
-42 -

Example 7

RbMgF3:Mn®" doped with different concentrations of Mn?* were prepared from stoichiometric
quantities of RbF and MgF, with appropriate concentrations of MnF,. The precursors were
placed in a vitreous carbon crucible and heated in an argon atmosphere to 970 °C. That
temperature was held for 120 minutes. The temperature was then cooled to 920 °C at a rate of 1

K/min, then to 900 °C-at 2 K/hour. This was followed by furnace cooling to room temperature.

Sintered pellets weré prepared by grinding part of each sample and pressing into a disc using a
die. They were then sintered at 880 °C for 3 hours in argon and then furnace cooled to room

temperature.

The TSL data for the as-made (solid curves) and sintered (dashed curves) ‘samples after a short
exposure to X-fays are shown in Figure 17. The nominal Mn”* nominal concentrations were: (a)
5%; (b) 2%; (c) 0.7%:; (d) 0.2%; (e) 0.05%; and (f) 0%. The ramp rate was 1 K/s. These data
show that sintering can result in a reduction in the relative intensity of the low temperature

peaks, which is advantageous for a TSL dosimeter.
Conclusions

The fluoroperovskite compounds described in these Examples have a number of advantages over
materials currently used in dosimetry applications and as storage phosphors. For example,
RbI\/_I‘gF3:Eu2Jr has a higher OSL sensitivity to iohizing radiation than Al,O5:C and it is slightly
less than that found for a commercial X-ray storage phosphor plate comprising BaFBr:Eu®".
However, unlike the imaging plate, the dose information does not degrade, even for times as

long at 24 hours.

Infrared stimulation of RbMgF3:Eu’* ensures that the exciting light is far removed from the
emitted light and, hence, the minimal detectable dose is lower because of the reduced leakage
into the detector from the stimulating light. If the detector is a photomultiplier detector with
photon counting, then infrared stimulation enables the OSL emission to be detected without the
need for optical filters. This is because a sufficiently long infrared stimulation wavélength,

which is not detected by the photomultiplier, can be selected.

KMgF;:Eu”* has a linear dose response to nearly 1000 Gy. This is significantly greater than the

linear dose range reported for the OSL dosimeter material Al,O3:C or even for TSL dosimeters.
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NaMgF;:Mn”" has a higher TSL sensitivity and higher maximum detectable dose limit than
TLD-100 (LiF:Mg,Ti). The effective atomic number of NaMgF; is lower than that of Al,O3,

which is advantageous for personal dosimetry.

The conversion efficiency of NaMgF3:Eu®" is slightly less than that of AO3:C but NaMgFs:Eu®"
has a higher maximum recordable dose limit. Furthermore, most of the dose- information can be
read out via infrared stimulation and the peak OSL emission wavelength matches that of
photomultiplier tubg detectors. Advantageously, this enables highly sensitive dosimeter
measurements using infrared stimulation above 650 nm without requiring optical filters as well
as photon-counting using a photomultiplier to detect the OSL emission at the peak of the

photomultiplier tube sensitivity.
INDUSTRIAL APPLICATION

The present invention provides fluoroperovskite compounds that can be used in, for example,
OSL and TSL personal dosimeters to measure the biological exposure to harmful ionizing

radiation, and in medical applications to measure the dose during radiation therapy.

The fluoroperovskite compounds may also be used in the manufacture of radiation imaging
plates for X-rays, gamma-rays and thermal neutrons for medical and non-destructive testing
applications where a slow dark decay of the image is required. Such imaging plates may be

used, for example, in medical X-ray imaging in remote locations where the image is read out at a

central location, and in gamma-ray or X-ray imaging of critical valves or pipes in remote

locations where the read-out is done up to two or more weeks later.

It is not the intention to limit the scope of the invention to the abovementioned examples only.
As would be appreciated by a skilled person in the art, many variations are possible without

departing from the scope of the invention as set out in the accompanying claims.
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CLAIMS

. A phosphor-dbped fluoroperovskite compound, capable of storing at least part of the
energy of incident ionizing radiation, and releasing at least part of the stored energy upon
optical stimulation, wherein the phosphor-doped fluoroperovskite compound is selected

5 from the group consisting of:

Nal_(x;ngxbengl-yZnyF3_Z_ClZ:Zd+ wherein Z%" is the dopant phosphor ion and is
selected from the group consisting of: the transition metal ions: Cu’; Ag+; Mn2+;
Mn>"; Mn**; and Cr**; the rare earth metal ions: Eu®"; Sm®"; Sm®"; Pr**; Gd**: and

2

Tb>"; and T1*; In"; Ga*; and Pb**; and wherein (x+x°) <0.1, y< 0.1 and z < 0.3;

10 K1{,(Jr,g)Na,;Rb,yMgl.yZnyF_3.zClZ:Z‘1+ wherein Z%" is the dopant phosphor ion and is
‘selected from the group consisting of: the transition metal ions: Cu*; Ag’; Mn®*;
Mn**; Mn**; and Cr’**; the rare earth metal ions: Eu*"; Sm*"; Sm*>*; Pr**; Gd&**; and

" Tb*"; and TI'; In*; Ga'; and Pb**; and wherein (x+x’) <0.1, y<0.1 and z < 0.3;

and

15 Rb1_(,(WL,(’)Nai,(K,cMgl'.yZnyF3.ZClz:Zd+ wherein ZdJr is the dopant phosphor ion and is
selected from the group consisting of: the transition metal ions: Cu’; Ag’; Mn’";
Mn*"; and Cr**; the rare earth metal ions: Eu?*; Sm?*: Sm*"; Pr**; Ce*"; Gd*"; and

Tb>"; and TI*; In*; Ga*; and Pb**; and wherein (x+x’) <0.1, y<0.1 and z < 0.3;
and mixtures of any two or more thereof.

20 2. A phosphor-doped fluoroperovskite compound, capable of storing at least part of the
energy of incident ionizing radiation, and releasing at least part of the stored energy upon
optical stimulation, wherein the phosphor-doped ﬂuorbperovskite compound is selected

from the group consisting of:

. Na1._(,(WL,(’)K,(Rb,yMgl_yZnyF3.ZCIZ:Zd+ wherein Z*" is the dopant phosphor ion and is
25 ' selected from the group consisting of: the transition metal ions: Cu*; Ag"; Mn**;
Mn**; and Cr’*; the rare earth metal ions: Sm>*; Sm>*; Pr3_+; Gd**; and Tb**; and

TI"; In*; Ga"; and Pb%*; and wherein (x+x’) <0.1, y<0.1 and z<0.3;

Kl_(,hu,g)Na,(be’Mg]_yZnng.zCIZ:Zd+ wherein Z*" is the dopant phosphor ion and is

“selected from the group consisting of: the transition metal ions: Cu®: Ag+; Mn2+;
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Mn’*; Mn**; and Cr**; the rare earth metal ions: Eu**; Sm**; Sm®*; Pr**; Gd*';
Tb*";.and TI; In*; Ga*; and Pb**; and wherein (x+x’) <0.1, y<0.1 and z < 0.3;

and

Rbl.(,(Jr,(’)Na,;K,(’Mgl_yZnyF3_ZClz:Zd+ wherein Z%" is the dopant phosphor ion and ig

selected from the group consisting of: the transition metal ions: Cu'; Ag"; Mn®*;

and

Mn*"; and Cr**; the rare earth metal ions: Eu**; Sm**; Sm**; Pr’ * e’ Gd**; and

Tb3+;:and TI*; In*; Ga*; and Pb**; and wherein (x+x’)<0.1,y<0.1 and 2 <0.3;
and mixtures of any two or more thereof.

A phosphor-doped fluoroperovskite compound, as claimed in Claim 1, wherein the
phosphor-doped ﬂuoroperovskite compound is Na1_(,ﬁL,(v)K,(Rb,(’Mgl_,,ZnyF3.zCIZ:Zd+ and
the dopant phosphor ion is Eu®*.

A phosphor-doped fluoroperovskite compound, as claimed in Claim 1, wherein the
phosphor-doped fluoroperovskite compound is Nal_(,(+,(=)K,(va,(’Mg1_yZnyF3_ZClz:Zd+ and
the dopant phosphor ion is Mn**.

A phosphor-doped fluoroperovskite compound, as claimed in Claim 1 or 2, wherein the
phosphor-doped fluoroperovskite compound is Nal{xﬂ’)Kxbe’Mgl_yZnyF3,ZClz:Zd+ and
the dopant phosphor ion is Pr**.

A phosphor-doped fluoroperovskite compound, as claimed in Claim 1 or 2, wherein the
phosphor-doped fluoroperovskite compound is NaHXJ,xv)Kxbe’Mgl-yZnyF3_ZCIZ:Zd+-and
the dopant phosphor ion is Tb*".

A phosphor-doped fluoroperovskite compound, as claimed in Claim 1 or 2, wherein the
phosphor-doped fluoroperovskite compound 1s K x+xyNaRb, Mg yZnyF3 .Cl, Zd and
the dopant phosphor ion is Eu?*

A phoéphor-doped fluoroperovskite compound, as claimed in Claim 1 or 2, wherein the
phosphor-doped fluoroperovskite compound is Rbl.(,(J,,(a)Na,(K,gMgl_yZnyF3_ZCIZ:ZdJr and
the dopant phosphor ion is Eu*".
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A phosphor-doped fluoroperovskite cbmpound, as claimed in Claim 1 or 2, wherein the
phosphor-doped fluoroperovskite compound is Rb].(,ﬁu,(’)Na,(Kx’Mgl_yZn),F3_zCIZ:Zd+ and
the dopant phosphor ion is ce’.

A phosphor-doped fluoroperovskite compound, as claimed in any one of Claims 1 to 9,

wherein x, x*, y and z are all about 0.

A phosphor-doped fluoroperovskite compound, capable of storing at least part of the
energy of inéident ionizing radiation, and releasing at least part of the stored energy upon
optical stimulation, wherein the phosphor-doped fluoroperovskite compound is selected

from the group consisting of: V

NaMgF:Z* wherein 2" is the-dopant phosphor ion and is selected from the group
consisting of: the transition metal ions: Cu*; Ag"; Mn**; Mn*"; Mn*'; and Cr**;
the rare earth metal ions: Eu**; Sm?*; Sm*"; Pr’"; Gd**; and Tb**; and TI"; In*;

Ga'; and Pb**;

KMgF:Z* wherein Z*' is the dopant phosphor ion and is selected from the group
consisting of: the transition metal ions: Cu*; Ag"; Mn>"; Mn**; Mn**; and Cr**;
the rare earth metal ions: Eu**; Sm”*"; Sm**; Pr**; Gd**; and Tb*"; and T1": In";

Ga'; and Pb%*"; and

RbMgF3:Z%" wherein Z% is the dopant phosphor ion and is selected from the
group consisting of: the transition metal ions: Cu*; Ag"; Mn®"; Mn**; and Cf3+;
the rare earth metal ions: Eu*"; Sm**; Sm**; Pr**"; Ce**; Gd®*; and Tb**; and TI*;

In*; Ga*; and Pb**;
and mixtures of any two or more thereof.

A phosphor-doped fluoroperovskite compound, capable of storing at least part of the
energy of incident ionizing radiation, and releasing at least part of the stored energy upon
optical stimulation, wherein the phosphor-doped fluoroperovskite compound is selected

from the group consisting of:

NaMgF3:Z* wherein Z%" is the dopant phosphor ion and is selected from the

group consisting of: the transition metal ions: Cu”; Ag"; Mn’*; Mn**; and cr;

2
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the rare earth metal ions: Sm**; Sm**; Pr*"; G&**; and Tb**; and TI*; In*; Ga*; and

Pb%*..

KMgF 3:Zd+ wherein Z%" is the dopant phosphor ion and is selected from the grou
g pant pnosp group
consisting of: the transition metal ions: Cu*; Ag"; Mn**; Mn**; Mn*"; and Cr*";
the rare earth metal ions: Eu?*; Sm?*; Sm**; Pr**; Gd*>'; and Tb*"; and TI; In™;

Ga'; and Pb*"; and

RbM:gF3:ZdJr wherein Z* is the dopant phosphor ion and is selected from the
group consisting of: the transition metal ions: Cu*; Ag"; Mn**; Mn**; and Cr**;

the rare earth metal ions: Eu*"; Sm**; Sm*"; Pr**; Ce**; Gd**; and Tb3+; and TI";

In*; Ga*; and Pb*";
and mixtures of any two or more thereof.

A phosphor-doped fluoroperovskite compound, as claimed in Claim 11, wherein the
phosphor-doped fluoroperovskite compound is NaMgF3:Z2% and the dopant phosphor ion

. +
is Eu**.

A phosphor-doped fluoroperovskite compound, as claimed in Claim 11, wherein the
phosphor-doped fluoroperovskite compound is NaMgF3:Z%" and the dopant phosphor ion

is Mn”".

A phosphor-doped fluoroperovskite compound, as claimed in Claim 11 or 12, wherein
the phosphor-doped fluoroperovskite compound is NaMgF3:Z% and the dopant phbsphor

ion is Pr't.

A phosphor-doped fluoroperovskite compound, as claimed in Claim 11 or 12, wherein
the phosphor-doped fluoroperovskite compound is NaMgF3:Z** and the dopant phosphor

ionis Tb>". '

A phoéphor-doped fluoroperovskite compound, as claimed in Claim 11 or 12, wherein
the phosphor-doped fluoroperovskite compound is KMgF3:Z* and the dopant phosphor

. . +
ion is Eu®*.
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A phosphor-doped fluoroperovskite compound, as claimed in Claim 11 or 12, wherein
the phosphor-doped fluoroperovskite compound is RngF3:Zd+ and the dopant phosphor

. . +
ion is Eu*".

A phosphor-doped fluoroperovskite compound, as claimed in Claim 11 or 12, wherein
the phosphor-doped fluoroperovskite compound is RbMgF3:Z%* and the dopant phosphor

. . +
ion is Ce*". )

A phosphor-aoped fluoroperovskite compound, as claimed in Claim 11, selected from the
group consisting of: NaMgF3::Eu2+; NaMgF3:Pr3 " NaMgF3:Tb3+; NéMgF3:Mn2+;
KMgF;:Eu”*"; RbMgF3:Eu?*; and RbMgF;:Ce’".

A phosphor—doped fluoroperovskite compound, as claimed in Claim 11 or 12, selected
from the group consisting of: NaMgF3:Pr’"; NaMgF;:Tb>"; KMgF3:Eu”"; RbMgF;:Eu®";
and RngF3:Ce3+. ' |

A phosphor-doped fluoroperovskite compound, as claimed in any one of Claims 1 to 21,

‘wherein the mole percent of dopant phosphor ions replacing the Mg** ions, and the Zn*"

ions if present, in the fluoroperovskite compouhd is between 0.001% and 10%.

A phosphor-doped fluoroperovskite compound, as claimed in any one of Claims 1 to 21,
wherein the mole percent of dopant phosphor ions replacing the Mg®* ions, and the Zn**

ions if present, in the fluoroperovskite compound is between 0.01% and 2%.

A phosphor-doped fluoroperovskite compound, as claimed in any one of Claims 1 to 21,
wherein the mole percent of dopant phosphor ions replécing the Mg®" ions, and the Zn**

ions if present, in the fluoroperovskite compound is between 0.01% and 1%.

A phosphor-doped fluoroperovskite compound, as claimed in any one of Claims 1 to 21,
wherein the mole percent of dopant phosphor ions replacing the Mg?* ions, and the Zn®*

ions if present, in the fluoroperovskite compound is between 0.1% and 0.5%.

A phosphor-doped fluoroperovskite compound, capable of storing at least part of the
energy of incident ionizing radiation, and releasing at least part of the stored energy upon
heating, wherein the phosphor-doped fluoroperovskite compound is selected from the

group consisting of:
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Nal-(x+x’)Kxbe’Mg1_yZnyF3_ZCIZ wherein Z%" is the dopant phosphor ion and is
selected from the group consisting of: the transition metal ions: Cu’; Ag"; Mn®*";
Mn**; Mn*"; and Cr’"; the rare earth metal ions: Eu**; Sm*"; Sm*"; Pr’*; Gd*"; and
Tb**; and TI*; In*; Ga*; and Pb**; and wherein (x+x’) < 0.1, y<0.1 and z < 0.3;

and

Rb1_(X+x’)NaxKx’Mg1_yZnyF3-ZCIZ:Zd+ wherein Z*" is the dopant phosphor ion and is
selected from the group consisting of: the transition metal ions: Cu'; Ag’; Mn*";
Mn3+4; Mn4+;and Cr3+; the rare earth metal ions: Eu2+; Sm2+; Sm3+; Pt Gd3+; and

b

Tb**; and TI"; In"; Ga*; and Pb>"; and wherein (x+x) < 0.1, y<0.1 and z<0.3;
and mixtures of any two or more thereof.

A phosphor-doped fluoroperovskite compound, capable of storing at least part of the
energy of incident ionizing radiation, and releasing at least part of the stored energy upon

heating, wherein the phosphor-doped fluoroperovskite compound is selected from the

group consisting of:

Nal-(xﬂ’)K,;be’Mgl_yZnyF3-ZCIZ wherein Z%" is the dopant phosphor ion and is
selected from the group consisting of: the transition metal ions: Cu*; Ag"; Mn**;
Mn**; and Cr**; the rare earth metal ions: Sm>"; Sm*"; Pr**; Gd**; and Tb**; and

TI*; In*; Ga*; and Pb**; and wherein (x+x’)<0.1,y<0.1 and z<0.3; and

Rb (er)Na Ko Mgy, Zn,F3 ,Cl,:Z* wherein Z* is the dopant phosphor ion and is
selected from the group consisting of: the transition metal ions: Cu’; Ag"; Mn*;
Mn**;and Cr**; the rare earth metal ions: Eu?"; Sm*; Sm*"; Pr**; Gd**; and Tb**;

b

and T1"; In*; Ga™; and Pb2+; and wherein (x+x’) <0.1, y<0.1 and z<0.3;
and mixtures of any two or more thereof.

A phosphor;doped fluoroperovskite compound, as claimed in Claim 26, wherein the
phosphor-doped ﬂuoroperdvskite compound is Na1_(,(J,,(’)K,(be’Mgl_yZnng_ZCIZ:Zd+ and
the dopant phosphor ion is Eu®*.

A phosphor-doped fluoroperovskite compound, as claimed in Claim 26, wherein the
phosphor-doped fluoroperovskite compound is Na1_(,hu,c)K,(Rb,(’Mgl.yZnyF3_ZClZ:ZdJr and
the dopant phosphor ion is Mn®". ‘
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A phosphor-doped fluoroperovskite compound, as claimed in Claim 26, wherein the
phosphor-doped fluoroperovskite compound is Rb1_(,ﬁux’)NaxK,gMgl.),ZnyF3_ZCIZ:ZdJr and
- the dopant phosphor ion is Mn?".

A phosphor-doped fluoroperovskite compound, as claimed in Claim 26 or 27, wherein
the phosphor-doped fluoroperovskite compound is Na;4,(+,(’)K,(Rb,yMgA1_yZnyF3_ZClZ:Zd+
and the dopant phosphor ion is Pr*".

A phosphor-doped fluoroperovskite compound, as claimed in Claim 26 or 27, wherein
the phosphor-doped ﬂuoroperovsklte compound is Naj.+x)K«Rby’ Mgl vZnyF3.,Cl, VAl
and the dopant phosphor ion is Tb**.

A phosphor-doped fluoroperovskite compound, as claimed in Claim 26 or 27, wherein
the phosphor-doped fluoroperovskite compound is Rb1{,(J,,(’)NaxK,(’Mgl.yZnyF3.zCIZ:Zd+
and the dopant phosphor ion is Eu**.

A phosphor-doped fluoroperovskite compound, as claimed in any one of Claims 26 to 33,

‘wherein x, x’, y and z are all about 0.

A phosphor-doped fluoroperovskite compound, capable of storing at least part of the
energy of incident ionizing radiation, and releasing at least part of the stored energy upon
heating, wherein the phosphor-doped.ﬂuoroperovskite compound is selected from the

group consisting of:

NaMgF3: Z** wherein Z% is the dopant phosphor ion and is selected from the
group consisting of: the transition metal ions: Cu*; Ag"; Mn?*; Mn®*; Mn*"; and
Cr**; the rare earth metal ions: Eu®"; : Sm** Sm3 * Pr*; Gd®*; and Tb**; and Tl
Iﬁ+; Ga"; and Pb**; and

RbMgF:z% wherein Z% is the dopant phosphor ion and is selected from the

: groﬁp consisting of: the transition metal ions: Cu™; Ag"; Mn**; Mn®"; Mn**;and
Cr**; the rare earth metal ions: Eu’"; Sm?"; Sm®"; Pr’*; Gd**; and Tb**; and TI;
In"; Ga*; and Pb**;

and mixtures of any two or more thereof.
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A phosphor-doped fluoroperovskite compound, capable of storing at least part of the
energy of incident ionizing radiation, and releasing at least part of the stored energy upon
heating, wherein the phosphor-doped fluoroperovskite compound is selected from the

group consisting of:

NaMgF3:Z% wherein Z* is the dopant phosphor ion and is selected from the
group consisting of: the transition metal ions: Cu”; Ag"; Mn**; Mn*'; and Cr**;

the rare earth metal ions: Sm*"; Sm*"; Pr’*; G&*"; and Tb**; and TI"; In*; Ga'; and

Pb**; and

RbMgF3:Z*" wherein Z*" is the dopant phoéphor ion and is selected from the
group consisting of: the transition metal ions: Cu'; Ag+; Mn3+; Mn4+;and cr’ " the
rare earth metal ions: Eu?*; Sm?*; Sm®*; Pr**; Gd**; and Tb*"; and TI"; In*; Ga™;

and Pb2+;
and mixtures of any two or more thereof.

A phosphor-doped fluoroperovskite compound, as claimed in Claim 35, wherein the
phosphor-doped -ﬂl'loropero'vskite compound‘is'NaMngZd+ and the dopant phosphor ion

. +
is Eu**.

A phosphor-doped fluoroperovskite compound, as claimed in Claim 35, wherein the
phosphor-doped ﬂ_uoroperovskite compound is NaM gF_o,:Z‘d+ and the ddpant phosphor ion

. +
is Mn>".

A phosphor-doped fluoroperovskite compound, as claimed in Claim 35, wherein the
phosphor-doped fluoroperovskite compound is RngFlg,:ZdJr and the dopant phosphor ion

is Mn%*.

A phosphor-doped fluoroperovskite compound, as claimed in Claim 35 or 36, wherein

the phosphor-doped fluoroperovskite compound is NaMgF3:Z*" and the dopant phosphor
p ] P

. . +
-ion is Pr*.

A phosphor-doped fluoroperovskite compound, as ‘c'laimed in Claim 35 or 36, wherein

the phosphor-doped fluoroperovskite compound is NaMgF3:Z* and the dopant phosphor

. . -+
ion is Tb>".
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A phosphor-doped fluoroperovskite compound, as claimed in Claim 35 or 36, wherein
the phosphor-doped fluoroperovskite compound is RoMgF 3:Z%" and the dopant phosphor

. . +
ion is Eu®".

A phosphor-doped fluoroperovskite compound, as claimed in Claim 35, selected from the
group consisting of: NaMgFs:Eu®*; NaMgF:Pr’"; NaMgF3:Tb*"; NaMgFy:Mn®*;
RbMgF;:Eu®*; and RbMgF;:Mn*".

A phosphor-doped fluoroperovskite corhpound, as claimed in Claim 35 or 36, selected

from the group consisting of: NaMgF 3:Pr’*; NaMgF;:Tb*"; and RbMgF3:Eu®".

A phosphor-doped fluoroperovskite compound, as claimed in any one of Claims 26 to 44,
wherein the mole 'percent of dopant phosphor ions replacing the Mg®* ions, and the Zn**

ions if present, in the fluoroperovskite compound is between 0.001% and 10%.

A phosphor-doped fluoroperovskite compound, as claimed in any one of Claims 26 to 44,

wherein the mole percent of dopant phosphor ions replacing the Mg®" ions, and the Zn**

ions if present, in the fluoroperovskite compound is between 0.01% and 2%.

A phosphor-doped fluoroperovskite compound, as claimed in any one of Claims 26 to 44,
wherein the mole percent of dopant phosphor ions replacing the Mg”* ions, and the Zn?"

ions if present, in the ﬂuoroperovskité compound is between 0.01% and 1%.

A phosphor-doped fluoroperovskite compound, as claimed in any one of Claims 26 to 44,
wherein the mole percent of dopant phosphor ions replacing the Mg®* ions, and the Zn**

ions if present, in the fluoroperovskite compound is between 0.1% and 0.5%.

A dosimeter for detecting ionizing radiation by OSL, comprising a phosphor-doped
fluoroperovskite compound, capable of storing at least part of the energy of incident
ionizing radiation, and releasing at least part of the stored energy upon optical »

stimulation, as claimed in any one of Claims 1 to 25.

A radiation storage device comprising a phosphor-doped fluoroperovskite compound,
capable of storing at least part of the energy of incident ionizing radiation, and releasing
at least part of the stored energy upon optical stimulation, as claimed in any one of

Claims 1 to 25.
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A dosimeter as claimed in claim 49 or a radiation storage device as claimed in Claim 50,
wherein the phosphor-doped fluoroperovskite compound is

Nay (x+x)KxRbyM gl_yZnyF3_zClZ:Zd+ and the dopant phosphor ion is Eu?',

A dosimeter as claimed in claim 49 or a radiation storage device as claimed in Claim 50,

wherein the phosphor-doped fluoroperovskite compound is

: Na1-(x+xa)KxR_bx’Mg1-yZnyF3_ZCIZ:Zd+ and the dopant phosphor ion is Mn**,

A dosimeter-as claimed in claim 49 or a radiation storage device as claimed in Claim 50,
wherein the phosphor-doped fluoroperovskite compound is

N‘a1_(,ﬁLx’)K,(Rb,(’Mgl.yZnng._zCIZ:Zd+ and the dopant phosphor ion is Pr*.

A dosimeter as claimed in claim 49 or a radiation storage device as claimed in Claim 50,
wherein the phosphor-doped fluoroperovskite compound is

Na)(x+x)K«RbxyMgi.yZn,F 3.Cl,:Z%" and the dopant phosphor ion is Tb>".

A dosimeter as claimed in claim 49 or a radiation storage device as claimed in Claim 50;
wherein the phosphor-doped fluoroperovskite compound is

Ki.qery)NaRb, Mgy, ZnyF3_,Cl,:Z*" and the dopant phosphor ion is Eu*".

A dosimeter as claimed in claim 49 or a radiation storage device as claimed in Claim 50,.
wherein the phosphor-doped fluoroperovskite compound is

Rb; (e)Na, Ko Mgy yZn,F3_,Cl,:Z* and the dopant phosphor ion is Eu®*.

A dosimeter as claimed in claim 49 or a radiation storage device as claimed in Claim 50,
wherein the phosphor-dopéd fluoroperovskite compound is

Rbl.(,(ﬂu,(’)Na,(K,"Mgl_,,Znng_ZCIZ:Zd+ and the dopant pho.sphor ion is Ce**.

A dosimeter as claimed in claim 49 or a radiation storage device as claimed in Claim 50,

~ wherein the phosphor-doped fluoroperovskite compound is NaMgF3:Z*" and the dopant

phosphor ion is Eu?".

A dosimeter as claimed in claim 49 or a radiation storage device as claimed in Claim 50,

wherein the phosphor-doped fluoroperovskite compound is NaMgFg,:ZdJr and the dopant

phosphor ion is Mn?*.
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A dosimeter as claimed in claim 49 or a radiation storage device as claimed in Claim 50,
wherein the phosphor-doped fluoroperovskite compound is NaMgF;:Z* and the dopant

phosphor ion is Pr**.

A dosimeter as claimed in claim 49 or a radiation storage device as claimed in Claim 50,
wherein the phosphor—dopéd fluoroperovskite compound is NaMgF3:Z% and the dopant
phosphor ion is Tb*".

A dosimeter ‘as claimed in claim 49 or a radiation storage device as claimed in Claim 50,
whereln the phosphor-doped ﬂuoroperovsklte compound is KMgF3:Z*" and the dopant

phosphor ion is Eu?*

A dosimeter as claimed in claim 49 or a radiation storage device as claimed in Claim 50,
wherein the phosphor-doped ﬂuoroperovsklte compound is RngF 3:Z* and the dopant

phosphor ion is Eu**

A dosimeter as claimed in claim 49 or a radiation storage device as claimed in Claim 50,
wherein the phosphor-doped fluoroperovskite compound is RbMgF3:Z*" and the dopant
phosphor ion is Ce**

A dosimeter as claimed in claim 49 or a radlatlon storage device as claimed in Claim 50,
wherein the phosphor-doped ﬂuoroperovsklte compound is selected from the group
consisting of: NaMgF3:Eu”"; NaMgF3:Pr’*; NaMgF;:Tb>*; NaMgF;:Mn”"; KMgF3:Eu®*;
RbMgF;:Eu’*; and RbMgF;:Ce’*.

A dosimeter as claimed in claim 49 or a radiation storage device as claimed in Claim 50,
wherein the phosphor-doped fluoroperovskite compouod is selected from the group
consisting of:_NaMgF;:Pr3+; NaMgF;:Tb3+; KMgF;:Eu2+; RbMgF;:Eu®*; and
RbMgF;:Ce*. | |

A dosimeter for detecting ionizing radiation by TSL, comprising a phosphor-doped
fluoroperovskite compound, capable of storing at least part of the energy of incident

ionizing radiation, and releasing at least part of the stored energy upon heating, as

claimed in any one of Claims 26 to 48.



10

15

20

25

68.

69.

70.

71.

72.

73.

74.

75.

76.

WO 2009/005377 PCT/NZ2008/000160

-55-

A radiation storage device comprising a phosphor-doped fluoroperovskite compound,
capable of storing at least part of the energy of incident ionizing radiation, and releasing

at least part of the stored energy upon heating, as claimed in any one of Claims 26 to 48.

A dosimeter as claimed in claim 67 or a radiation storage device as claimed in Claim 68,
wherein the phosphor-doped fluoroperovskite compound is

Nal_(,hL,(’)KxRb,(’Mgl.yZnyF3_ZClz:ZdJr and the dopant phosphor ion is Eu®'.

A dosimeter:as claimed in claim 67 or a radiation storage device as claimed in Claim 68,
wherein the phosphor-doped ﬂuoroperovsklte compound is

Na1 ) KxRbeMgi.yZnyF3 ,Cl, :Z% and the dopant phosphor ion is Mn2+

A dosimeter as claimed in claim 67 or a radiation storage device as claimed in Claim 68,
wherein the phosphor-doped fluoroperovskite compound is

Na|_(x+x’)Kxbe’Mg1_yZnyF3-zClz:Zd+ and the dopant phosphor ion is Pr.

A dosimeter as claimed in claim 67 or a radiation storage device as claimed in Claim 68,
wherein the phosphor-doped fluoroperovskite compound is ‘

Na; x+x)KxRbyMg).yZn F3.,CL:Z% and the dopant phosphor ion is Tb*".
(x+x7) y£Aly phosp

A dosimeter as claimed in claim 67 or a radiation storage device as claimed in Claim 68,
wherein the phosphor-doped ﬂuoroperbvskite compound is

Rbl-(xﬂ’)NaxKx’Mgl_yZnyF 3_zClZ:Zd+ and fhe dopant phosphor ion is Mn?".

A dosimeter as claimed in claim 67 or a radiation storage device as claimed in Claim 68,
wherein the phosphor-doped fluoroperovskite compound is

Rbxtx NaxKx’Mgl- Zn F3.ZCIZ:Zd+ and the dopant phosphor ion is Eu®*.
(x+x’) y£Aly phos

A dosimeter as claimed in claim 67 or a radiation storage device as claimed in Claim 68,

wherein the phosphor-doped fluoroperovskite compound is NaMgF3:ZdJr and the dopant

phosphor ion is Eu®*.

A dosimeter as claimed in claim 67 or a radiation storage device as claimed in Claim 68,

wherein the phosphor-doped fluoroperovskite compound is NaMgF3:Zd+ and the dopant

* phosphor ion is Mn®".
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A dosimeter as claimed in claim 67 or a radiation storage device as claimed in Claim 68,
wherein the phosphor-doped fluoroperovskite compound is NaMgF3:Z* and the dopant

phosphor ion is Pr’".

A dosimeter as claimed in claim 67 or a radiation storage device as claimed in Claim 68,
wherein the phosphor-doped fluoroperovskite compound is NaMgF3:Z*" and the dopant
phosphor ion is Tb*.

A dosimeter as claimed in claim 67 or a radiation storage device as claimed in Claim 68,
wherein the'phosphor-doped fluoroperovskite compound is RbMgF3:Z%" and the dopant

phosphor ion is Mn*".

A dosimeter as claimed in claim 67 or a radiation storage device as claimed in Claim 68,
wherein the phosphor-doped fluoroperovskite compound is RbMgF 3:Z*" and the dopant

phosphor ion is Eu?".

A dosimeter as claimed in claim 67 or a radiation storage device as claimed in Claim 68,

‘wherein the phosphor-doped fluoroperovskite compound is selected from the group

consisting of: NaMgF3:Eu®"; NaMgF3:Pr’"; NaMgF;:Tb>"; NaMgF3;:Mn**; RbMgF;:Eu”*;
and RbMgF3:Mn*".

A dosimeter as claimed in claim 67 or a radiation storage device as claimed in Claim 68,
wherein the phosphor-doped ﬂuoroperoVskite compound is selected from the group-

consisting of: NaMgF3:Pr3 * NaMgF 3:Tb3 +; and RngF;:Eu2+.
g .

A dosimeter or radiation storage device, as claimed in ahy one of Claims 67 to 82,
wherein the mole percent of dopant phosphor ions replacing the Mg?* ions, and the Zn2+

ions if present, in the fluoroperovskite compound is between 0.001% and 10%.

A dosimeter or radiation storage device, as claimed in any one of Claims 67 to 82,
wherein the mole percent of dopant phosphor ions replacing the Mg”" ions, and the Zn**

ions if present, in the fluoroperovskite compound is between.0.01% and 2%.

A dosimeter or radiation storage device, as claimed in any one of Claims 67 to 82,

~ wherein the mole percent of dopant phosphor ions replacing the Mg®* ions, and the Zn**

ions if present, in the fluoroperovskite compound is between 0.01% and 1%.
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A dosimeter or radiation storage device, as claimed in any one of Claims 67 to 82,

wherein the mole percent of dopant phosphor ions replacing the Mg** ions, and the Zn>*

ions if present, in the fluoroperovskite compound is between 0.1% and 0.5%.

A method of determining a dose of ionizing radiation comprising:

(a)

(b)

(©)

d

(e)

providing a phosphor-doped fluoroperovskite compound, capéble of storing at
least part of the energy of incident ionizing radiation, and releasing at least part of
the stored energy upon optical stimulation, as claimed in any one of Claims 1 to
25; .

irfadiating the phosphor-doped fluoroperovskite comﬁbund with ionizing
radiation;

optically stimulating the irradiated phosphor-doped fluoroperovskite compound

‘with a predetermined intensity of light comprising at least one predetermined

wavelength;

measuring the intensity and duration of the optically stimulated luminescence
from the irradiated phosphor-doped fluoroperovskite compound; and
relating, by calibration procedures, the intensity and duration of the optically.
stimulated 1uminescence to the dose of >ionizing radiation absorbed by the

phgsphor-doped fluoroperovskite compound.

A method for recording and reproducing an ionizing radiation image comprising the steps

of:
(a)

(b)

(c)

(d)

providing a phosphor-doped fluoroperovskite compound, capable of storing at
least part of the energy of incident ionizing radiation, and reieasing at least paft of
the stored energy upon optical stimulation, as claimed in any one of Claims 1 to
25;

causing ionizing radiation to be incident upon the compound through an object to

be imaged, so that the compound stores energy from'the radiation;

_expdsing the compound to stimulating light to release the stored energy as emitted

light;
detecting the emitted light for imaging.

A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite

compound is Na1.(,(+,(7)K,(Iib,(’Mg1.yZnyF3_ZCIZ:Zd+ and the dopant phosphor ion is Eu?*.
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A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite

compound is Nal.(,(J,,(’)K,(Rb,;Mgl_yZnyF3_ZCIZ:Zd+ and the dopant phosphor ion is Mn?*,

A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite

compound is Na1_(,'(+x’)Kxbeng1_yZnng_ZCIZ:Zd+ and the dopant phosphor ion is Pr'".

A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite

compound i$ Na1_(,ﬁu,g)K,(be’Mgl_yZnng.ZClZ:Zd+ and the dopant phosphor ion is Tb*".

~ A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite

compound is K x+x)NayRb,:Mg;_,Zn Fg,_ZCIZ:ZdJr and the dopant phosphor ion is Eu®".
v (x+x7) yLlly pant pnosp

A methdd as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite

compound is Rb1{,hL,(’)Na,(K,(:Mgl.yZnyF3.ZCIZ:Zd+ and the dopant phosphor ion is Eu®".

A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite

compound is Rb1_(,hL,c)NaxK,(’Mgl_yZnyF3_ZCIZ:Zd+ and the dopant phosphor ion is ce*’.

A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite

compound is NaMgF 3:Z* and the dopant hosphor ion is Eu?".
phosp

A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite

compound is NaMgF3:Z* and the dopant phosphor ion is Mn**.

A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite

compound is NaMgF 1:Z% and the dopant phosphor ion is Pr**.

A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite

compound is NaMgF3:Z*" and the dopant phosphor ion is Tb>".

. A method as claimed in claim 87 or 88, wherein the phoéphor-doped fluoroperovskite

compound is KMgngZd+ and the dopant phosphor ion is Eu®*".

A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite

compound is RngF3:Zd+ and the dopant phosphor ion is Eu*.

A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite

compound is RbMgF3:Z*" and the dopant phosphor ion is Ce*".
p
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A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite
compound is selected from the group consisting of: NaMgF3:Eu®"; NaMgF;:Pr’";
NaMgF3:Tb*"; NaMgF3;:Mn®"; KMgF3:Eu*"; RbMgFs:Eu®*; and RbMgF;:Ce™. -

A method as claimed in claim 87 or 88, wherein the phosphor-doped fluoroperovskite
compound is selected from the group consisting of: NaMgF3:Pr’*; NaMgF;:Tb>";
KMgF3:Eu**; RbMgF3:Eu?*; and RbMgF5:Ce®". -

A method of determining a dose of ionizing radiation comprising:
(a) prov1d1ng a phosphor-doped fluoroperovskite compound, capable of stormg at
| least part of the energy of incident ionizing radlatlon, and releasing at least part of
the stored energy upon heating, as claimed in any one of Claims 26 to 48;

(b)  irradiating the phosphor-doped fluoroperovskite compound with ionizing
radiation;

() heating the irradiated‘phosphor-doped fluoroperovskite ’compound in the dark;

(d)  measuring the intensity and duration of the luminescence from the irradiated
phosphor-doped fluoroperovskite compound at a predetermined temperature or
within a predetermined temperature range or during a predetermined temperature
ramp; and

(e) relating, by calibration proced_ufes, the intensity and duration of the luminescence
to the dose of ionizing radiation absorbed by the phosphor-doped fluoroperovskite

compound.

A method for recording and reproducing an ionizing radiation image comprising the steps
of: '

(a) providing a phosphor-doped fluoroperovskite compound, capable of storing at

least part of the energy of incident ionizing radiation, and releasing at least part of
the stored energy upon heating, as claimed in any one of Claims 26 to 48;
(b)  causing ionizing radiation to be incident upon the compound through an object to
‘be imaged, so that the compound stores energy from the radiation; _
(c) exposing the compound to heat to release the stored energy as erﬁittéd light;

(d) detecting the emitted light for imaging.

A method as claimed in claim 105 or 106, wherein the phosphor-doped fluoroperovskite

compound is Nay_(v)K Rby Mgy, Zn,F3,Cl,:Z%" and the dopant phosphor ion is Eu®".
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A method as claimed in claim 105 or 106, wherein the phosphor-doped fluoroperovskite

compound is Na1.(,(4,,(’)K)(Rb,(’Mg1.yZnyF3_ZClZ:Zd+ and the dopant phosphor ion is Mn**,

A method as claimed in claim 105 or 106, wherein the phosphor-doped fluoroperovskite

compound is Nal{,ﬁu,(’)KxRb,gMgl_yZnyF3_zC1Z:Zd+ and the dopant phosphor 10n is Pr*.

A method as claimed in claim 105 or 106, wherein the phosphor-doped fluoroperovskite

| compound is Na1’4,(+,(’)K,(be’Mg1_yZnyF3.ZCIZ:Zd+ and the dopant phosphor ion is Tb>*.

A method as claimed in claim 105 or 106, wherein the phosphor-doped fluoroperovskite

compouﬁd is Rb1.(,(Jr,c)Na,(K,z’Mgl.,,ZnyF3_ZCIZ:Zd+ and the dopant phosphor ion is Mn*".

A method as claimed in claim 105 or 106, wherein the phosphor-doped fluoroperovskite

compound is Rb1{,hL,(’)Na,(vaMgl.yZnyF3.zCIZ:Zd+ and the dopant phosphor ion is Eu?’.

A method as claimed in claim 105 or 106, wherein the phosphor-doped fluoroperovskite

compound is NaMgF3:Z* and the dopant phosphor ion is Eu**.

-A method as claimed in claim 105 or 106, wherein the phosphor-doped fluoroperovskite

compound is NaMgF3:Z%" and the dopant phqéphor jon is Mn*".

A method as claimed in claim 105 or 106, wherein the phosphor-doped fluoroperovskite

compound is NaMgF3:Z% and the dopant phosphor ion is Pr**.

A method as claimed in claim 105 or 106, wherein the phosphor-doped fluoroperovskite

compound is NaMgF3:Z%" and the dopant phosphor ion is Tb*".

A method as claimed in claim 105 or 106, wherein the phosphor-doped fluoroperovskite

compound is RbMgF 3:Z* and the dopant phosphor ion is Mn®".

A method as claimed in claim 105 or 106, wherein the phosphor—doped fluoroperovskite

compound is RngF;:Zd+ and the dopant phosphor ion is Eu*".

A method as claimed in claim 105 or 106, wherein the phosphor-doped fluoroperovskite

compound is selected from the group consisting of: NaMgF;:Eu2+; NaMgF3:Pr**;

© NaMgF3:Tb”"; NaMgF3:Mn”"; RbMgFs:Eu’"; and RbMgF3:Mn*",
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A method as claimed in claim 105 or 106, wherein the phosphor-doped fluoroperovskite
compound is selected from the group consisting of: NaMgF;:Pr’*; NaMgF3:Tb**; and
RbMgF;:Eu**.

A method, as claimed in any one of Claims 105 to 120, wherein the mole percent of

dopant phosphor ions replacing the Mg”" ions, and the Zn*" ions if pfesent, in the

fluoroperovskite compound is between 0.001% and 10%.

A method, as claimed in any one of Claims 105 to 120, wherein the mole percent of
dopant phosphor ions replacing the Mg”" ions, and the Zn** ions if present, in the

fluoroperovskite compound is between 0.01% and 2%.

A method, as claimed in any one of Claims 105 to 120, wherein the mole percent of ‘
dopant phosphor ions replacing the Mg2+ ions, and the Zn®* fons if present, in the

fluoroperovskite compound is between 0.01% and 1%.

A method, as claimed in any one of Claims 105 to 120, wherein the mole percent of.

dopant phosphor ions replacing the Mg®* ions, and the Zn** ions if present, in the

fluoroperovskite compound is between 0.1% and 0.5%.

A method for prepéring a phosphor-doped ﬂuoroperovskite compound, as claimed in any

one of Claims 1 to 48, capable of storing at least part of the enérgy of incident ionizing

radiation, and releasing at least part of the stored energy upon optical stimulation or upon

heating, the method comprising the steps:

(a) providing a mixture of precursor compounds;

(b)  heating the mixture to a temperature at or above the melting point of the mixture
to form a homogenous melt; and

(c) cooling the melt to provide the phosphor-doped fluoroperovskite compound.

A method for preparing a phosphor-doped ﬂﬁoroperovskite compound, as claimed in any
one of Claims 1 to 48, capable of storing at least part of the energy of incident ionizing
radiation, and releasing at least part of the stored energy upon optical stimulation or upon

heating, the method comprising the steps:

(a)  providing a mixture of precursor compounds;

(b)  heating the mixture to a temperature below the melting point of the mixture and

sintering the mixture; and
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(c) = cooling the sintered mixture to provide the phosphor-doped fluoroperovskite

compound.

A method, as claimed in Claim 125, wherein step (c) comprises cooling the melt to a
temperature below the melting point of the phosphor-doped fluoroperovskite compound

and then quenching the compound.
A method, as claimed in Claim 125, wherein step (c) comprises quenching the melt.

A method, as claimed in Claim 126, wherein stép (c) comprises quenching the sintered

misture.

A method, as claimed in any one of Claims 125 to 129, wherein one or both of steps (b)

and (c) are carried out in an atmosphere having a low oxygen partial pressure.

A method, as claimed in any one of Claims 125 to 130, further comprising the steps:
(d) grinding the phosphor-doped fluoroperovskite compound;

(e) sinterihg the ground compound at a temperature below the melting point of the

compound; and

® cooling the sintered phosphor-doped fluoroperovskite compound.

‘A method as claimed in Claim 131, wherein step (f) comprises quenching the sintered

- phosphor-doped fluoroperovskite compound.

A phosphor-doped fluoroperovskite compound, capable of storing at least part of the
energy of incident ionizing radiation, and releasing at least part of the stored energy upon
optical stimulation or upon heating, prepared sﬁbstantially according to the method as

claimed in any one of Claims 125 to 131.
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