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Abstract 

X-ray phosphors are solid state inorganic materials used in medical X-ray imaging applications. The role of these phosphors is 
to reduce the exposure of the patient to X-rays while maintaining the structural features of the X-ray image. This is done by 
amplifying every X-ray photon absorbed by a phosphor screen into hundreds of visible- or UV-light photons which are then 
recorded by a detector, such as a piece of photographic film. Conventional screen/film imaging methods, still the highest 
quality, most widely used, and most cost effective diagnostic tools in radiology, are emphasized. A good X-ray phosphor must 
meet challenging prerequisites: good X-ray absorption in the diagnostic medical energy range (15-100 keV), high luminescence 
efficiency, emission in the green to near-UV region, proper crystallite size and shape, air and water stability, and easy large-scale 
production. The commercially important X-ray phosphors (e.g., LaOBr:Tm, Gd202S:Tb and M'-YTaO4) are all synthesized by 
high-temperature reactions (800-1300°C) in the presence of a flux. The chemistry and properties of these phosphor compounds 
and recent discoveries in reaction chemistry are discussed. Research on new X-ray phosphors is also described. 
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1. Introduction 

A phosphor is a material that emits light as a result 
of it absorbing energy (Fig. 1). Luminescence is the 
term given to the emission of this light. The excitation 
energy (i.e., the energy absorbed) may be supplied in 
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Fig. 1. Diagram illustrating the energy absorbed by a phosphor 
(left), which is then transformed to emitted light of lower energy 
(right). 
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various forms. If photons of visible or ultraviolet light 
are used for excitation, the emission of light is called 
photoluminescence. If excited by electrical energy, the 
phosphor is called electroluminescent. Electrons result 
in cathodoluminescence, physical impact gives rise to 
triboluminescence, and heating a phosphor to release 
energy held in " t raps"  yields thermoluminescence. 
Therefore,  an X-ray phosphor is a material that emits 
light when excited with X-rays, although it may also be 
stimulated with lower energy sources such as electrons 
or photons of ultraviolet light. General  perspectives of 
the luminescence of solids can be found in textbooks 
[1-3]  and recent reviews [4-7] .  

In medical X-ray imaging, X-ray phosphors (some- 
times referred to as scintillators) are used in film/ 
screen cassettes [8]. Phosphors are also used in the 
detectors found in electronic systems such as com- 
puted radiography (CR) [1,9,10], computed tomog- 
raphy (CT) [1,11], fluoroscopy [10], and phosphor/  
CCD (charge coupled device) array detectors [12]. 
This paper will focus on conventional X-ray phosphors 
employed in film/screen cassettes. Although this tech- 
nology has been used since shortly after Roentgen 
discovered X-rays in 1895, medical film/screen systems 
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are still the most widely used diagnostic devices. They 
provide the highest quality of all medical imaging 
modalities, and remain the most cost effective diagnos- 
tic tools in radiology. 

Most of us have gone to the hospital or doctor's 
office and had an "X-ray" taken of some part of the 
body. A thin plastic sheet coated on both sides with 
silver-halide emulsion, i.e., the X-ray film, is inserted 
into a cassette (Fig. 2). When the cassette is closed, a 
screen, consisting of a plastic sheet coated with an 
X-ray phosphor, is pressed against each side of the 
X-ray film. The patient is situated between the X-ray 
source and the cassette. The section of the body to be 
imaged is placed in contact with the cassette. X-rays 
travelling through the body are absorbed and scattered 
by bones and tissue to differing degrees and, as a 
result, a structural image is carried by the X-rays 
reaching the cassette. Most of these X-ray photons are 
absorbed by the front and back phosphor screens. The 
screens "intensify" the image by converting each 
absorbed X-ray photon into hundreds or thousands of 
ultraviolet-or visible-light photons that form the latent 
image in the silver halide emulsion. The role of the 
phosphor is, therefore, to reduce the patient's expo- 
sure to X-rays. To obtain a good image on X-ray film 
without phosphor screens would require an unaccep- 
tably high X-ray exposure (30-50-times) of the patient. 

However, the sharpness of the X-ray image arriving 
at the cassette is reduced by both the screen and the 
film. This is due to light diffusion in the screen, and to 
print-through (also called cross-over) in the film (Fig. 
3). In the screen, each phosphor particle emits radially. 
The emitted photons are scattered off neighboring 

cassette x-ray film 
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x - rays  
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Fig. 2. Schematic diagram of a screen/film cassette used in medical 
X-ray imaging. Individual components  shown separated for clarity. 
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Fig. 3. Schematic cross-section of a two-screen/double-sided film 
system illustrating the paths of emitted photons within the phosphor 
screen and the "cone"  of photons that escape the screen to expose 
the AgX film. 

phosphor crystals prior to exiting the screen and 
exposing the photographic emulsion. A portion of 
these emitted photons is attenuated within the screen. 
A "cone of emission" is often used to describe the 
distribution of actinic light photons that reach the 
X-ray film. Print-through occurs in visible-light emit- 
ting screens when a fraction of the light emitted by 
one screen transmits through the film to the emulsion 
on the opposite side. Because the film base is rela- 
tively thick, the emission from the screen continues to 
spread as it passes through the base, causing further 
reduction in the sharpness of the image. Print-through 
can occur from both the front and back screens. Green 
light emitting screens can print-through up to 40% of 
their emitted light, and blue-emitting screens can 
print-through up to 30%. 

Therefore, a compromise must be made between 
the minimum patient X-ray dose and the maximum 
diagnostic accuracy (image quality) when using medi- 
cal X-ray film/screen systems. 

A phosphor screen consists essentially of three 
layers (Fig. 3). A sheet of base material, often poly- 
ethylene terephthalate, is coated with a layer of X-ray 
phosphor mixed with a polymeric binder. A plastic 
topcoat is added to protect the phosphor layer from 
abrasion, dirt, etc. A reflecting material, such as TiO e 
or BaSO4, may be coated on or incorporated into the 
base layer to reflect light towards the X-ray film. 
Phosphor screens are used many times and can last for 
years. Each piece of X-ray film is used only once. 

In the phosphor screen, we need to capture as many 
of the incoming X-rays as possible in order to maintain 
a short exposure, and not allow the structural in- 
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formation to get lost by travelling clear through the 
cassette. Therefore, an X-ray phosphor must be a good 
absorber of X-rays. It is a high-density compound 
containing elements with high atomic numbers such as 
CaWO4, YTaO4, Gd202S, and LaOBr. Of course, the 
phosphor must also intensify the X-ray image by 
fluorescing many visible- or UV-light photons per X- 
ray photon absorbed, meaning that the phosphor must 
have good X-ray-to-light conversion efficiency, or 
"speed". Efficiencies generally run in the range 5- 
20% on the basis of the UV- or visible-light energy 
released versus the X-ray energy absorbed by the 
phosphor. Most of the absorbed energy is lost 
thermally. 

X-ray intensifying phosphor screens are important 
to companies such as DuPont, Kodak, 3M, Agfa, Fuji 
and Konica because they support a large business, 
mainly in the sale of silver-halide X-ray films. Exam- 
ples of commercially available X-ray phosphors are 
b l u e - e m i t t i n g  C a W O  4 and LaOBr:Tm, green-emitting 
Gd202S:Tb, and ultraviolet-light emitting YTaO 4. The 
chemistry of these compounds is discussed in more 
detail below. 

The goal of X-ray phosphor research is to design 
materials that will lower X-ray exposure and improve 
image quality. At DuPont, the X-ray phosphor re- 
search program is composed of several parts. One part 
is the study of the chemistry of phosphor synthesis 
with the goal of making better materials. Another part 
is the exploratory search for new phosphors, both as 
totally new compounds and for making existing com- 
pounds fluoresce efficiently. A third part is to study 
the relationships between the luminescence and crystal 
and electronic structures. 

We start with a brief introduction to solid-state 
chemistry, inorganic luminescence, and the history of 
X-ray phosphors. This is followed with a description of 
the synthesis of today's best X-ray phosphors. Next, 
reaction chemistry studies are discussed that have led 
to a different way of thinking about fluxes (described 
below) in solid state syntheses. Then, phosphor 
chemistry that has allowed the facile synthesis of 
traditionally "hard-to-make" compounds is described. 
Finally, some work in the area of new X-ray phos- 
phors is presented. 

2. Background 

2.1. Solid state chemistry 

Solid state chemistry [13-15] involves the synthesis, 
structure, properties, and applications of solid inor- 
ganic materials such as oxides, halides, sulfides, and 
intermetallics. These inorganic compounds almost al- 
ways have long-range bonding, i.e., they are non- 

molecular, and their structures are derived by the 
manner in which the atoms are arranged in the three- 
dimensional solid. It is important to understand that 
the properties of solid state compounds are deter- 
mined by their crystal structure and bonding. 

Another important aspect of solid state chemistry is 
the defect structure of solids [13-15]. Structural 
defects influence the properties of solids such as 
electrical resistivity (insulator to metal), mechanical 
strength (iron vs. steel), and chemical reactivity 
(catalysts). Defects in solids can be of different types, 
but point defects, occurring at a position or "point" in 
the structure, are most common. For example, an 
atom in the host compound may be missing (a va- 
cancy), or replaced with a different atomic element (a 
substitutional dopant or impurity) as shown in Fig. 4. 
Many X-ray phosphors luminesce efficiently only when 
substitutional dopants are incorporated into the 
structure. 

Solid state compounds are synthesized by a variety 
of techniques. Two of the most common are solid state 
reaction and molten flux synthesis [2,14,15]. Solid 
state reactions, or the ceramic method, usually involve 
powders of the starting materials that are first inti- 
mately mixed, then heated to induce atomic diffusion. 
Molten flux reactions have included a material that is 
molten at the reaction temperature that aids diffusion 
of the reactants. As we will see, all of the important 
commercially manufactured X-ray phosphors are syn- 
thesized via the molten flux procedure. To analyze and 
study solid state compounds, X-ray and electron dif- 
fraction are common, as well as other electron micro- 
scopic techniques [14]. 

2.2. Inorganic luminescence 

Photoluminescent materials require a host crystal 
structure such as ZnS, A1203, CaWO4, and YTaO 4 

interst i t ia l  vacancy 

substitutional atoms 

Fig. 4. A two-dimensional  illustration of some point defects that 
occur in solids. 
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and an activator such as Mn 2+, Sn 2+, Eu  3+, and Ti 4+. 
Activators are commonly  transition metal,  main group, 
or rare earth ions. The activator is a dopant  that 
creates substitutional defects in the host structure. The 
formulas of doped compounds  may  be represented  as, 
for example,  ZnS:Mn or Zn  1 xMnxS where x is often 
less than about  0.1. Note  that luminescence comes 
f rom the activator. These inorganic luminescent ma- 
terials are known generally as phosphors.  A phosphor  
is said to exhibit fluorescence if the t ime between 
excitation (i.e., absorpt ion of energy by the activator) 
and emission is in the range 10 9 to 10 -3 seconds [2]. 
Emission occurring with longer decay times is referred 
to as phosphorescence.  The  activator may absorb the 
excitation energy directly, thereby promot ing  an elec- 
tron f rom the a tom's  ground state to excited states, or 
the energy may be transferred f rom the host to the 
activator as in X-ray phosphors.  

Host  materials  used for X-ray phosphors  are white, 
ionically bonded,  insulating compounds  with band 
gaps in the ultraviolet region. The activator has dis- 
crete energy levels associated with it and these levels 
are modified to different degrees depending on the 
type of activator and the local envi ronment  of the host 
structure. For  example,  activator ions that feel only a 
small influence f rom the host lattice will luminesce 
with narrow line emission characteristic of that par- 
ticular activator atom. This narrow line emission is 
common  for rare earth activators such as Tb 3+, T m  3+, 
or Eu  3÷ whose optical transitions involve only f-orbital 
energy levels. When the energy levels of activator ions 
are strongly modified by the host structure, the emis- 
sion transitions of the activator are generally of a more  
complicated nature  and are often only partially under- 
stood. Strong influence by the host lattice most  often 
causes these activators to luminesce with broad band 
emission. An example  of  an act ivator  that emits b road  
blue emission is Nb 5+. Also, the same activator ion in 
two different host structures that significantly modify 
the energy levels of  the activator may luminesce with a 
particular color in one host, and emit  a different color 
f rom the other  host. The  activator ions Ce 3+ or Bi 3+ 
are broad  band emitters whose peak  emission intensity 
can be located at different wavelengths in different 
host structures. 

To  understand the luminescence processes in ioni- 
cally bonded  phosphors,  the configurational coordi- 
nate diagram is used [1,334,16] (Fig. 5). The activator 
is excited f rom its ground state (A) to a higher energy 
level (B). Some of this absorbed energy is given up to 
the host structure as heat, and the activator ion relaxes 
to a lower energy excited state (C). The activator then 
returns to the ground state (A), releasing its energy by 
emitting light. Note  that the energy of excitation is 
greater  than the energy of emission. The decrease in 
energy, or the increase in wavelength,  is known as the 
Stoke 's  shift. 

Iii 

~ emission 

A~T~:¢ z Ground State 

I 

req 
Interatomic Distance 

Fig. 5. Example of a configurational coordinate diagram used to 
qualitatively understand luminescence in phosphors. Shown is the 
excitation of an electron from ground (A) to excited state (B), 
relaxation of the excited state electron to a lower energy excited 
state (C) and return to the ground state with emission of light . 

To study phosphor  luminescence under  X-ray exci- 
tation, equipment  such as that illustrated in Fig. 6 is 
used. Polychromatic  X-radiation, 1, bombards  the 
sample, 2. Some of the emit ted light passes through 
focusing lenses, 3, to a photomultiplier ,  4, used to 
record the amount  of emit ted light, 6. This is com- 
pared  to the emission level of a standard, often 
C a W O  4. Emit ted  light is also focused into a mono-  
chrometer ,  5, to obtain the spectrum of the emission, 
7. 

E] il "" "%Q 3 

7 
1 - X-Ray tube [ 
2 -  Sample I. 

3 -  Lenses 
4 -  Photomultiplier 
5 -  Monochrometer 
6 -  Picoammeter 
7 - Computer and plotter 
8 - Lead-lined enclosure 

Fig. 6. Schematic of the experimental equipment used in the study of 
phosphors under X-ray excitation. 
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2.3. Requirements for a good X-ray phosphor 

There are several important requirements for a 
good X-ray phosphor. It must strongly absorb X-rays, 
particularly the polychromatic X-ray photons in the 
15-100 keV energy range (e.g., tungsten X-rays) used 
in medical radiography. High X-ray absorption is 
necessary to minimize patient X-ray exposure and to 
maximize the signal-to-noise ratio for optimal image 
quality [10]. Strong X-ray absorption occurs in com- 
pounds containing elements with K-edges (i.e., X-ray 
energy required to remove a ls electron) in the 
diagnostic X-ray energy range. Fig. 7 shows the ab- 
sorption of several X-ray phosphors as a function of 
X-ray photon energy, clearly showing the K-edge 
absorption of the heavy elements in the host structure. 

The luminescence efficiency (i.e., X-ray-toqight con- 
version efficiency) of the X-ray phosphor must also be 
high to maximize imaging speed and to minimize 
patient exposure. Typical luminescence efficiencies for 
commercial X-ray phosphors are 5-20%. Fluores- 
cence, not phosphorescence, is the required type of 
luminescence and any delayed emission (i.e., "after- 
glow" or "lag") must be kept to a minimum or 
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Fig. 7. Absorption of X-ray energy by phosphor screens (150 /xm 
thick) showing the strong K-edge absorption of the heavy elements 
(i.e., Ta, Gd and W). 

eliminated so that subsequent film exposures do not 
become "fogged" or contain images of the previous 
patient. 

The wavelength of emission from the phosphor must 
spectrally fall in the X-ray film's absorption energy 
region to maximize the imaging speed of the film/ 
screen system. Silver halide particles commonly used 
in photographic film have an intrinsic absorption in the 
blue and ultraviolet energy region. However, silver 
halide films can be altered to absorb light from green- 
emitting X-ray phosphors by using sensitizing dyes. 

Luminescence efficiencies are related to the phos- 
phor crystallite size with the optimum size being in the 
2 to 12 /,m range. Smaller crystals are less efficient 
because of lower bulk emission intensity. Also, tighter 
packing of the smaller particles will increase the 
probability that the emitted light will get lost (at- 
tenuated) within the screen. Larger crystals cause 
difficulties in coating the phosphor particles into 
smooth, thin screens. 

To maximize the sharpness of X-ray images, it is 
important to make the screen coatings as thin as 
possible with a dense packing of the phosphor powder. 
Therefore, phosphor particles of roughly spherical 
shape with relatively high densities, greater than 6 g 
cm 3, are preferred. 

Phosphor particles should also be air and water 
stable, and prepared using a straightforward, cost- 
effective commercial process. Radioactive isotopes 
must not be present in X-ray phosphors since radioac- 
tivity will fog the X-ray film. 

2.4. History of X-ray phosphors' 

X-rays were discovered by Wilhelm Conrad Roen- 
tgen in 1895. In the following year, CaWO 4 was found 
to intensify the light output of X-rays. This phosphor 
was used almost exclusively for 75 years. In the early 
1970s came the discovery of the "rare-earth" phos- 
phors. The rare-earth phosphors gave researchers the 
ability to engineer new phosphors with greater density 
and improved X-ray absorption (Fig. 7) and higher 
X-ray-to-light conversion efficiencies. Today's best X- 
ray phosphors are given in Table 1, which includes 

Table 1 
Properties of commercial X-ray phosphors 

Phosphor Conversion Density K-edge Emission 
efficiency (%) (gcm ~) (keV) (color, width) 

CaWO 4 5 6.12 70 blue. broad 
BaFCI:Eu 16 4.56 37 UV/blue, broad 
LaOBr:Tm 18 6.10 40 UV/blue, line 
Gd202S:Tb 19 7.34 50 green, line 
M'-YTaO~ 8 7.57 67 UV, broad 
M' YTaO~:Nb 8 7.57 67 blue, broad 
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C a W O  4 for comparison. All of these phosphors are 
prepared at temperatures  greater than 800°C by flux 
synthesis. 

A flux is defined [2] as "a  material which melts 
lower than the solid state reaction temperature,  dis- 
solves one or more of the components  and allows 
material transport  to the reaction zone, without enter- 
ing into the solid state reaction. Preferably, the end- 
product  should be insoluble in the flux". However ,  as 
will be seen below in Section 4.2, the flux can be more 
intimately involved in the formation of the product. 

3. Commercial X-ray phosphors: synthesis and 
properties 

A brief description of the syntheses and crystal 
structures of the phosphors in Table 1 is now given. 
X-ray excited emission spectra are also presented. A 
more detailed description of the history of these 
compounds as well as image quality data is given in 
Ref. [8]. 

3.1. C a W O  4 

CaWO4,  also known by its mineral name scheelite, 
crystallizes with tetragonal symmetry (a = 5.243 and 
c = 11.374 A) and has a density of 6.12 g cm 3. It 
contains isolated tetrahedral  WO~ groups intercon- 
nected by calcium ions in 8-coordination with oxygen 
[17] (Fig. 8). Synthesis is as follows: 

Na2WO4 + CaCI 2 900 o c  CaWO 4 + 2NaC1 

NaC1 formed in the reaction acts as a flux to 
produce round polyhedral  crystallites. Pure calcium 
tungstate suffers from high lag (afterglow), and a small 
amount  of sulfate is added to the reaction, as 
NaHSO 4, to lower the afterglow. Mechanisms for lag 
are not well understood,  and consequently the re- 
quired chemistry necessary to control lag is deter- 
mined by much trial-and-error. C a W O  4 emits broad 
band blue light with the maximum in the emission 
peak at 430 nm (Fig. 9). Emission is understood to be 
from the tungstate group [18], and CaWO 4 is thus 
referred to as being "self activated". Because of its 
inferior X-ray absorption relative to newer materials, 
the use of CaWO 4 as a phosphor  has decreased 
considerably in the recent years. 

3.2. B a F C I : E u  

One of the first rare-earth X-ray phosphors was 
BaFCI:Eu. The host, BaFC1, is a layered material 
having the tetragonal PbFCI structure with a = 4.393 
and c = 7.225 ]k and p = 4.56 g cm 3 [19]. Individual 
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Fig. 8. Structure of  tetragonal  CaWO 4 (scheelite) showing the 
isolated tetrahedral  W O  4 units interconnected by 8-coordinated Ca 
ions. Ca and W are shaded. 
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Fig. 9. Broad band emission spec t rum of CaWO 4 (scheelite) peaking 
in the blue region (430 nm) under  X-ray excitation (Mo 30 kVp 
(peak kilovoltage)). 

layers contain BaF4C14 square antiprisms that share 
edges and faces within the layer and are arranged to 
have the fluoride and chloride anions located in the 
middle and outer parts of the layer, respectively (Fig. 
10). In addition, each Ba atom bonds to a chlorine 
atom in an adjacent layer, making the barium nine- 
coordinated (4 F and 5 C1 atoms). The latter bond 
holds the layers together. Europium, the activator, 
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Fig. 10. Tetragonal structure of the layered compounds BaFCI and 
LaOBr showing the smaller F or O ions in the middle of the layer 
and larger C1 or Br ions forming the surface of the layers. One of 
the interlayer M-X bonds is shown as a dashed line. Metal atoms 
are shaded. 

substitutes for a small amount  of the barium, giving 
the formula Ba0.99Eu0o,FC1 as the op t imum composi-  
tion. A fine powder  is first precipitated f rom aqueous 
solution by stirring overnight the following: 

(1 - 2x)BaF2(s ) + BaC12(aq) + 2x EuF2(s ) 
. r -  0 . 0 l  

2 Ba 1 xEuxFCl(s) 

A stoichiometric excess of aqueous BaC12 solution is 
used. At  this point, the precipitate may be separated,  
blended with BaC12 to serve as a flux, and fired. 
However ,  a product  with plate-shaped crystallites is 
produced with this procedure.  This undesirable mor-  
phology can be circumvented by spray drying the 
slurry of BaFCI:Eu and aqueous BaClz, heating the 
resulting well-mixed phosphor / f lux  intermediate at 
1000°C, and finally washing out the BaCI 2 flux [20]. 
Under  X-ray excitation, BaFCI:Eu emits in the blue/  
U V  at 390 nm [21] (Fig. 11). At  the time of its 
discovery, BaFCI:Eu was an improvement  over  
CaWO 4 in speed by a factor of - 2 .  Even though the 
density of BaFC1 is considerably lower than that of 
CaWO 4, the higher absorpt ion in the 40-70 keV region 
makes  the overall absorption about  the same as that of 
C a W O  4. However ,  increasing speed with no increase 
in X-ray absorption produces images with lower sig- 
nal-to-noise ratios because the image is created with 
fewer absorbed X-ray photons. For  this reason BaF- 
CI:Eu was abandoned  for bet ter  materials,  which are 
now described. 

3.3. L a O B r : T m  

The very important  phosphor  L a O B r : T m  is isostruc- 
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Fig. 11. X-ray excited (Mo 30 kVp) emission spectrum of europium 
in BaFCI:Eu showing its peak in the blue/near-UV energy region 
(390 nm). 

tural with BaFCI and has higher absorption and 
density, 6.10 g cm -3. The tetragonal unit cell parame-  
ters are a = 4.159 and c = 7.392 .& [22]. The smaller, 
more  ionic oxide anion resides in the middle of the 
layer, and the bromide anions form the top and 
bo t tom of the layer (Fig. 10). The stacked layers are 
held together  mainly by the interlayer L a - B r  bond. 
Thul ium serves as the luminescent center in this 
efficient phosphor  at a low dopant  level, 
La0.998Tm0 002OBr. The synthesis is a bit more  delicate 
than those of other phosphors owing to the sensitivity 
of bromide to water  and to volatilization at high 
temperatures ,  but these complications have been over- 
come. It  is synthesized as follows: 

(1 -- x )La20  3 + x T m 2 0  3 + 2 NH4Br 

2 La I xTmxOBr + 2 N H  3 + H 2 0  

A m m o n i u m  bromide serves as 

8 0 0  ° C  
K B r  f l u x  

) 

the brominating 
agent, while potassium bromide acts as the flux [23]. 
The  problem of sensitivity to water  vapor  was solved 
by adding potassium ant imony tartrate to the final 
product  [24]. The crystallite morphology of L a O B r  is 
plate-like, and there have been no process improve-  
ments  to synthesize a more  isotropic particle, as was 
done for BaFCI. Nevertheless,  the superior propert ies  
of LaOBr :Tm allow its use in X-ray phosphor  screens. 
T m  3. emits predominant ly  in the U V  and blue with 
several f - f  electronic transitions observed [25] (Fig. 
12). 

3.4. GdeOeS:Tb 

One of the best known phosphors  is hexagonal 
(trigonal) Gd202S:Tb (a = 3.851 and c = 6.667 ,~ [26]). 
It has high density, 7.34 g cm 3, and, more  important-  



S.L. Issler, C.C. Torardi I Journal o f  Alloys and Compounds 229 (1995) 54-65 61 

1.0 

0,8 

0.6 __= 

.-,,,_ 
~ 0.4 
i_ 
o 
z 

° "  

0.0 . . . . .  ' ~  J . . . . . . . .  I . . . . . . . .  
250 300 350 400 450 500 550 

W a v e l e n g t h  ( n a n o m e t e r s )  

Fig. 12. Line emission spectrum of thulium in LaOBr:Tm under 
X-ray excitation (Mo 30 kVp) showing the predominant peaks in the 
UV and blue-light energy range (<500 nm). 

ly, it has strong X-ray absorption at the Gd K-edge, 50 
keV, which lies in the middle of the diagnostic X-ray 
energy range (Fig. 7). The structure (Fig. 13) is built of 
edge-sharing monocapped trigonal antiprisms com- 
posed of G d O a S  3 units [27]. This host phase is 
synthesized by reacting the rare-earth oxides with 
sulfur in a polysulfide flux [28]: 

polysulfide flux 
(S, Na2CO3) 

1100 °C 
G d 2 0  3 + X T b 4 0  7 "{- exces s  S > 

G d z O 2 S : T b  3+ + byproducts 

After washing, the phosphor is recovered as well- 
faceted round-shaped crystallites [8]. Although other 
trivalent rare-earth activators will luminesce in this 
host, Tb 3÷ doping creates one of the most efficient 
X-ray phosphors (19%) at x - 0 . 0 1 .  At  this activator 

~ S  

G 
) 

~ S  

- -  Gd  (Tb s+) 

- - O  

0 

Gd (Tb 3*) 

Fig. 13. Hexagonal (trigonal) structure of Gd2OzS showing positions 
of Gd, S and O atoms. Gd (shaded) is bonded to four oxygen and 
three sulfur atoms. 

level, Gd202S:Tb emits predominantly green light as 
seen in the narrow line emission spectrum in Fig. 14. 
However, the "color" is dependent on the terbium 
concentration level, and a shift to blue emission occurs 
as x decreases because the emission peaks in the 
region below 500 nm increase in intensity [8]. 

3.5. Y T a O  4 

One of the more recently commercialized X-ray 
phosphors is M ' - Y T a O  4 [29,30]. YTaO4 exhibits 
three crystal structures. A high temperature tetragonal 
form (T) with the scheelite structure (as discussed for 
C a W O 4 )  distorts via a second-order phase transition to 
a monoclinic (M) structure having the fergusonite 
structure. Another  monoclinic structure, called M', can 
be synthesized directly at lower temperatures (below 
-1400°C). M' transforms to T at approximately 
1450°C and then to M upon cooling. It is the M' 
modification that is used in phosphor screens. The unit 
cell parameters are a = 5.30, b = 5.45, c = 5.11 A and 
/3 = 96.5 °, and the density is 7.57 g cm 3. Tantalum is 
in a 4 + 2 coordination environment [29] with oxygen 
(Fig. 15). These distorted TaO 6 units share edges with 
one another to form strings. Yttrium, in eight-fold 
coordination with oxygen, interconnects the T a - O  
strings. 

The use of a flux in the synthesis of M ' - Y T a O  4 not 
only allows the growth of polyhedral, equi-axed, 4-12 
/zm single crystals, but also assists greatly in the 
formation of the compound [8]. Without a flux, it is 
necessary to heat at > 1300°C several times with 
intermediate grindings. Using Li2SO 4 or LiC1 as a flux 
facilitates the reaction: 
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Fig. 14. Line emission spectrum of terbium in GdzO2S:Tb under 
X-ray excitation (Mo 30 kVp) showing intense peaks in the green- 
light energy region ( -  545 nm). 
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G 

a 

z I 

Fig. 15. Monoclinic structure of  M ' - Y T a O  4 emphasizing a section of 
an edge-sharing chain of distorted TaO6 units. Chains are inter- 
connected by yttr ium in 8-fold coordination with oxygen. Metal 
a toms are shaded. 

L i 2 S O  4 o r  L i C I  

Y203 + Ta205 ~ 2 M'-YTaO 4 
1 2 5 0 ° C .  12 h 

The chemistry involved in this reaction is discussed 
in more detail below. As in the case of CaWO 4, 
M'-YTaO 4 is self activated and emits broad band 
ultraviolet light peaking at 330 nm (Fig. 16). This 
compound is versatile because it can also be doped 
with other elements to make phosphors efficiently 
emitting different "colors". Activating with Nb, i.e., 
M'-YTa~ xNbxO4 with x=0.005-0.020, shifts the 
emission from UV (330 nm) to blue (410 nm) [29] as 
seen in Fig. 16. The denser, isostructural compounds 
M' -GdTaO 4 and M'-LuTaO 4 offer improved X-ray 

absorption. The major drawback of the latter com- 
pound is its cost. 

4. Recent developments in conventional X-ray 
phosphors 

4.1. Ultraviolet-emitting X-ray phosphors 

Recently, the use of UV-emitting X-ray phosphors 
such as M'-YTaO 4 in place of visible-light emitting 
phosphors in intensifying screens was found to sig- 
nificantly improve image sharpness in radiographs 
[30]. There are two reasons for the improvement in 
image quality. First, the UV light is more highly 
attenuated within the intensifying screen, especially at 
higher scattering angles relative to the direction per- 
pendicular to the surface of the screen (Fig. 17). As a 
result, the image emanating from the screen (i.e., the 
cone of emission) will be sharper than that of compar- 
able visible-light emitting screens. Secondly, print- 
through is virtually eliminated because the UV light 
emitted from the intensifying screen is more efficiently 
absorbed by the silver halide emulsion, and because 
any remaining UV light that transmits through the 
emulsion is attenuated by the film base. 

The use of UV-emitting phosphors is a simple and 
highly effective way of significantly improving image 
quality in a radiograph. Since 1992, UV-emitting 
screen/film systems, covering all conventional X-ray 
imaging applications, have been commercialized by 
the DuPont Company under the name Ultra-Vision T M  

[30-32]. Because of this technological significance, 
recent R&D efforts have been focused on the search 
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Fig. 16. X-ray excited (Mo 30 kVp) emission spectra of M ' - Y T a O  4 
and M' -YTa. .~sNb0020 4 showing broad band U V  emission centered 
at 330 nm (solid line) and blue emission centered at 410 nm (dashed 
line), respectively. 

uv-emittinq_ blue/green-emitting. 

Fig. 17. Schematic diagram explaining the increase in image sharp- 
ness and resolution obtained with UV-emitt ing phosphor  screens 
relative to blue- and green-emit t ing screens. A more  focused "cone 
of emiss ion"  and low print- through are illustrated for the UV- 
emitt ing example (left). For clarity, only one of the two screens is 
shown emitt ing light. 
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for other  UV-emitting X-ray phosphors (i.e., those 
with emission less than 400 nm). 

chemistry, applied to the synthesis of potential phos- 
phor  hosts, follow. 

4.2. Chemistry of phosphor synthesis 4.3. Improved compound syntheses 

To understand bet ter  the dynamics of M ' - Y T a O  4 
formation, the reaction chemistry was studied as a 
function of temperature  [33,34]. Differential thermal 
analyses (DTA) display an exothermic peak when 
Y203, Ta205,  and Li2SO 4 (or LiC1) are reacted at 
elevated temperatures.  No exothermic peak occurs in 
the absence of any one of the three starting ingredi- 
ents. The exothermic process occurs at or very near to 
the melting point of the flux, 860°C for Li2SO 4 and 
610°C for LiCI. Note that melting is an endothermic 
event. X-ray powder  diffraction patterns of samples 
quenched from various temperatures,  and also re- 
corded at temperature,  reveal that the flux actually 
reacts with the starting oxides to form two inter- 
mediate compounds. For  the general case of a rare- 
earth oxide, R203: 

R203 + T a 2 0  5 + LizSO4 -850 oc) 2 LiTaO 3 + R 2 0 2 8 0  4 

A small amount  of these intermediate phases is 
visible via X-ray powder  diffraction below the melting 
point of the Li2SO 4. However,  at the melting point of 
the flux, the crystallization of LiTaO 3 and R202504 is 
accelerated, releasing energy as heat. As the tempera-  
ture rises, the intermediates react slowly to make 
M ' - R T a O 4  and to regenerate Li2SO4: 

8 5 0 - 1 2 5 0  °C 
2 LiTaO 3 + R202SO 4 ~ 2 M ' -RTaO 4 + Li2SO 4 

At  1250°C, the Li2SO 4 behaves as a flux, assisting in 
the growth of crystallites. Other  sulfate compounds, 
e.g., Na2SO 4 and K2SO4, also react to form inter- 
mediates [35]. Chloride compounds react with R203 
and T a / O  5 to form oxychloride intermediates. For  
example: 

R203 ÷ T a 2 0  5 + 2 LiC1 -610 oc 2 LiTaO 3 + 2 ROC1 

2 LiTaO 3 + 2 ROC161°-12°°~c2 M'-RTaO4 + 2 LiC1 

Looking only at the initial reactants and final 
products of the RTaO4 reaction leads one to conclude 
that Li2SO 4 and LiC1 act as conventional fluxes as 
described earlier. However,  in light of the new discov- 
ery, a more appropriate term for these compounds 
may be "catalyst" or "reactive flux" because they 
facilitate the synthesis of RTaO 4 through chemical 
reaction. 

The importance of these findings is that a different 
way of thinking of the chemistry of fluxes in solid state 
syntheses has developed. This has allowed the facile 
synthesis of pure compounds that have traditionally 
been difficult to prepare [36]. Some examples of this 

Bismuth tantalate, BiTaO4, exists in two structural 
modifications, a high temperature  triclinic phase and a 
low temperature  or thorhombic phase [37]. Long reac- 
tion times [37] and a colored product  [38] are 
reported for BiTaO 4. Both the high and low tempera- 
ture phases are easily synthesized [36] as white 
powders in 12 h at 1000°C and 900°C, respectively, 
using Li2SO 4 as a "flux". 

900 or 1000°C,  12 h 

Bi20 3 + Ta2 0  5 ~ 2 BiTaO 4 
Li2SO 4 

The reactions are done in air in covered alumina 
crucibles. Crystals are 2 - 1 0 / z m  in size. LiC1 can not 
be substituted for Li2SO 4 in this process because 
bismuth is lost, presumably as a volatile chloride- 
containing intermediate. BiTaO 4 has high density, 9.33 
g cm -3, and good X-ray absorption. Unfortunately,  
attempts to activate this host have been unsuccessful. 

The cubic fluorite-related phases R2Hf20  7 ( R =  
rare-earth and yttrium) are reported to be made by 
solid state reaction of the constituent oxides above 
1800°C [39]. The high temperature  is required for the 
reaction to go to completion. The reaction tempera- 
ture can be lowered considerably by the use of Li2SO 4 
as a reactive flux [36]. This is analogous to the 
situation found in the synthesis of M ' - Y T a O  4, but for 
R2Hf20  7 the results are more dramatic. The synthesis 
temperature  is lowered by over 700°C in the case of 
R = La: 

La2 0  3 + 2 HfO 2 1100 oc La2Hf207 
Li2SO 4 

The other  rare-earth hafnate analogs are cleanly 
prepared at 1200°C using Li2SO 4 [36]. 

4.4. New X-ray phosphors 

Efficient X-ray phosphors, Li3Ta I xNb~O4, were 
synthesized during a study of the compounds that 
could form in the Y203, Ta2Os/Nb2Os,  Li2SO 4 or 
LiC1 systems [36]. The phosphors are easily prepared 
using lithium sulfate flux in covered alumina crucibles: 

1000-1100  °C 
1 2 h  

3 Li2CO 3 + (1 - x )  T a 2 0  5 + x  N b 2 0  5 
Li2SO 4 

2 Li3Ta l_xNbxO4 + 3 CO 2 

The low-temperature monoclinic crystal structure of 
Li3TaO 4 [40] is observed for x up to 0.5. In this range, 
the wavelength of the broad-band emission peak 
under Mo X-ray excitation shifts from 410 nm at x = 0 
to 435 nm at x = 0.5. The x = 0 compound exhibits 
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Fig. 18. X-ray excited (Mo 30 kVp) emission spectrum of 
Li~Ta099~Nb000204 showing broad band blue emission peaking at 
415 nm. 

speed comparable to that of C a W O  4. However,  the 
brightest phosphor  is found with x - 0.005 (Fig. 18). In 
the range x = 0.5-0.8, two structure types exist, mono- 
clinic Li3TaO 4 and cubic Li3NbO 4. For x > 0.8, only 
the cubic Li3NbO 4 structure is observed in X-ray 
powder  diffraction patterns. Under  the preparative 
conditions employed (1000°C), the solubility of Nb in 
the monoclinic Li3TaO 4 structure is much greater than 
that of Ta in the cubic Li3NbO 4 structure. Undoped  
Li3NbO 4 emits at 405 nm under  X-ray excitation. The 
UV-excited luminescence of the end members,  
Li3TaO 4 and Li3NbO 4 [41], has peak emission ener- 
gies, 459 and 370 nm, respectively, which are different 
from those observed under X-ray stimulation. Blue- 
emitting Li3TaO4:Nb is a faster phosphor than 
CaWO 4, but it has about the same X-ray absorption, 
thereby making it less attractive for most medical 
imaging applications. 

Several additional b lue /UV emitting X-ray phos- 
phors have been developed in recent years by the 
Eastman Kodak Company: Mg4Ta2Og:Ti [42], 
HfO2:Ti [43], Li2HfO3:Sn [44] and HfGeO4:Ti  [45]. 
The primary objective of this research has been to 
achieve a bet ter  spectral match between the intrinsic 
absorption of silver halide films and the emission of 
X-ray phosphors. The properties of these new materi- 

als are summarized in Table 2. HfO~:Ti [46] and 
HfGeO4:Ti  [47] are promising phosphors for use in 
mammography screens. Large scale commercial manu- 
facture using these phosphors in screen/film applica- 
tions remains the challenge. 

5. Summary 

X-ray phosphors are technologically important ma- 
terials used primarily for medical X-ray imaging appli- 
cations. The role of these phosphors is to reduce the 
exposure of the patient to X-rays while maintaining 
the quality of the image. This is done by amplifying 
every X-ray photon absorbed by a phosphor screen 
into hundreds of visible- or UV-light photons which 
are then recorded by a detector,  such as a piece of 
photographic film. Conventional screen/film imaging 
methods are still the highest quality, most widely used, 
and most cost effective diagnostic tools in radiology. 
Phosphors are composed of a host compound con- 
taining an activator (i.e., chemical element) from which 
light is emitted. The crystal structure and bonding 
within the host, as well as the nature of the activator, 
control the energies of the emitted light and the 
efficiency of these emissions. A good X-ray phosphor 
must meet  strict prerequisites: good X-ray absorption 
in the diagnostic medical energy range (15-100 keV), 
high luminescence efficiency, emission in the green to 
near-UV region, proper  crystallite size and shape, air 
and water stability, and easy commercial production. 
Employment  of UV-emitting phosphors in screen/film 
systems significantly improves radiographic image 
sharpness. 

All of the best known X-ray phosphors are syn- 
thesized at temperatures above 800°C with the use of a 
flux. The preparative chemistry and emission-related 
properties of the compounds CaWO4, M ' - Y T a O  4, 
LaOBr:Tm, BaFCI:Eu, and Gd202S:Tb were dis- 
cussed. Investigations of the reaction chemistry of 
M ' - Y T a O  4 formation from the oxide constituents in 
the presence of various fluxes have uncovered the dual 
role of the flux, first as a catalyst, by reacting with the 
starting oxides to produce reactive intermediate 
phases, and secondly as a flux, growing crystallites to 
the appropriate size and morphology. The chemistry 

Table 2 
New X-Ray phosphors (Eastman Kodak) 

Host Phosphor Density Emission 
example (g cm ~) (color, width) 

Mg4Ta20 ~ Mg4Ta20~:Nb 6.2 blue / UV, broad 
HfO 2 Hfa ~Zr O2:Ti,Ln,M" 10.1 blue, broad 
Li2HfO 3 Li2Hf ~ zZrzO3:Sn,Ti,Ln ~' 6.6 blue, broad 
HfGeO 4 (Hf l_~Zrz) j +~Ge I ~O4:Ti 8.5 blue, broad 

"Ln - at least one rare earth element, and M = at least one alkali metal. 
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learned from these studies has been extended to the 
synthesis of other traditionally "hard-to-make" com- 
pounds such as BiTaO 4 and LazHf207. 

New X-ray phosphors have recently been prepared 
and were discussed. The most promising of these new 
phosphors include broad band, blue-emitting 
Li3Ta~_xNb×O4, HfO2:Ti and HfGeO4:Ti. 
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