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Phosphors for X-ray detectors in computed tomography
W. Rossner and B.C. Grabmaier
Siemens AG, Corporate Research and Development, Applied Materials Research, Otto-Hahn-Ring 6, 8000 München 83,
Germany
One of the most attractive applications of phosphors is their use as X-ray conversion detectors in X-ray computed
tomography (CT), the dominating method of medical radiology. The principle of CTis described and the resulting requirements
for potential phosphors are derived. The properties of conventional single crystal phosphors are reviewed. Finally, the recent
developments of a new class of phosphors based on ceramics of rare earth compounds are discussed.

1. Introduction
One of the most attractive applications of phosphors is their use as X-ray conversion detectors
for diagnostic systems in medical radiology. In
addition, nuclear medical imaging systems such as
gamma-camera, positron emitting tomography and
single photon emission tomography utilize phosphors for scintillation counting detectors.
In medical radiology imaging systems, classic
intensifying-screens and amplifier tubes, as well as
recently developed storage phosphors for digitized

radiography are widely used to visualize X-ray
transmission generated structures of the human
body. However, within the last two decades a cornpletely new diagnostic method has been established in this field, it is known as X-ray computed
tomography (CT). Now, CT holds an eminent
position due to the possibility of generating cross
sectional images of the interior of the human body
with extraordinary quality. For example, the high
quality image CT in Fig. 1 shows cross sectional
scans ofthe abdomen (fig. 1(a)) and the head (base
of the skull, fig. 1(b)). Without entering into the

Fig. I. CT-images of: (a) the ,ihdomen, and )h) the head (ha~eof the skull).
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anatomical details, these images show the clear
and sharp resolution of fine bone structures and
soft tissue anatomy free of image artefacts. Basically, this is the result of the properties of the CT
X-ray detecting system together with the precise
setting of the scan parameters and the image reconstruction algorithms.
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2. Principle of computed tomography
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The fundamentals of X-ray tomography were
established by Hounsfield in 1972 [1]. The principle is based on the detection of a series of X-ray
attenuation profiles from several different viewing
directions, which subsequently allow the reconstruction of cross sectional images of an object. A
comprehensive introduction to CT-techniques and
applications is given in refs. [2,3]. From a variety
of technical systems for CT-machines the so-called
fan-beam design has proven to be the most advantageous. In fig. 2 a CT scanning system following
the rotation—rotation principle is illustrated. In
such a system, the X-ray tube and detector are
rigidly coupled and rotate around the measurement field within a few seconds. A fanshaped beam
of X-rays continuously passes through a crosssectional “slice” of the measurement field and hits
the detector system. In order to be able to reconstruct CT images, attenuation profiles (projections)
of that part of the patient’s body located in the
measurement field are scanned from several
different viewing directions. The attenuation
profiles are registered in a “single shot” for each
viewing direction as an X-ray intensity pattern by
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Fig. 2. Scanning system of X-ray computed tomography with
fan-beam design and rotation-rotation principle [3].

means of a linear detector array system (see fig.
3). The detector array itself is built up of several
hundreds of individual channels which generate
the attenuation corresponding electrical signals.
The width of the detector elements and the
geometric arrangement of the X-ray source, collimation and detector determine the spatial resolution of the system which is presently about
0.4 mm.
Contrary to scintillation counting techniques,
computed tomography X-ray detectors are operating in current mode due to the dose flux in the
range of 1 R/s which yields quanta rates up to
10(0 s1. Principally, the quantitative determination of X-ray intensities with a photon energy up
to 150 keV can be realized by three detector types:
semiconductor based detectors, ionization chambers and phosphor based detectors. In the case of
semiconductor-based detectors, highpurity germanium is the favorite, but calls for thorough
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Fig. 3. Solid state detector scanner for X-ray computed tomography [5].
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cooling [4] and its use is far from practical. In
contrast, high pressure ionization chambers filled
with xenon are still todays dominating detector
systems for CT. It gives excellent results but has
its limitations, mainly in X-ray absorption and
efficiency. Since gases, even when pressurized do
not stop as many X-rays as solids, in particular
those with high density, phosphors are of big interest. In general such detectors are realized by the
combination of phosphors and photon detecting
devices, such as photodiodes or -multipliers, as
shown in fig. 3.
Modern CT scanners use dector arrays with at
least 1000 individual X-ray detecting channels.
Each detector element is about one millimeter
wide. The spacing between the elements is rather
small, but is present to suppress cross talk by
interstitials, to minimize the loss of dose utilization,
For solid-state detectors the phosphor-photodiode concept is preferred most. The X-rays absorbed by the phosphor are converted into visible
radiation, which propagates to the photodiode
coupled to the phosphor element at the side
opposite to the incident X-ray. Then, an electrical
signal is generated by the photoelectric conversion
of visible light. The following comments of this
work refer to this detector principle,

3. Phosphor requirements
The CT-market offers different types of
machines. Each type has its own principle and

X-ray detectors in computed tomography

therefore special properties and demands for the
performance of components. Referring to solidstate detector systems, each principle has its
individual advantages and disadvantages. For that
reason the determination of the phosphor requirements for CT-application is limited to the principal
physical and technical aspects. An overview of the
most important properties is given in table I with
the absorption, emission, optical and technical
demands.
The key feature of CT is not the spatial resolution, but the contrast resolution which should
have an accuracy of a few parts per thousand. Very
small differences in X-ray attenuation, which are
in general a few percent for soft tissue parts, have
to be detected precisely, whilst simultaneously CT
must be able to detect the highest attenuation in
the case of bone material. With modern CTinstallations a few parts per thousand are recognized within a high dynamic range of up to i06.
For phosphor based detectors this necessitates
high light output of the X-ray excited luminescence. Light output is itself not an overall universal
measure due to the individuality of detector
devices [6], but with respect to the phosphor, it is
the result of X-ray absorption, efficiency of the
internal luminescent processes and the interior
optical quality to avoid losses of the emitted light
by scattering or absorption. Because the phosphor
element is coupled to a photodiode, optical matching of the emission wavelength should be close to
the maximum of the diode’s sensitivity to ensure
high signal conversion. The phosphor has to show

Table 1
Basic requirements of phosphors for CT-applications.
X-ray
absorption

Ligth
emission

• Atomic number
• Sufficient efficiency
~50
• High output
• Density
• Spectral matching
~‘4g/cm2
(500-800nm)
• High radiation stability ‘ Fast decay
<0.1 ms
• Short afterglow
2 ms <0.5%
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Optical
properties

Technical
aspects

• High transmittance
• Low scattering

•
•
•
•
•

Nontoxic
Chemical stability
Mechanical strength
Reproducibility
Machining
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high X-ray absorption for high dose utilization to
avoid unnecessary radiation hazards to the patient.
Therefore an average atomic number higher than
about 50 or a density above 4g/cm3 is preferred.
Regarding the emission characteristics, high
quantum- or radiant conversion efficiency is an
essential demand. Although this is a basic physical
“constant” for a given phosphor, the preparation
of the phosphor material has an important
influence by controlling defect generation and
impurity incorporation [7].
One of the primary requirements for suitable
CT-phosphors is the rapid behavior ofthe emission
after the termination of X-ray excitation. Afterglow, in particular, is an extraordinary critical
parameter. If the afterglow intensity exceeds
specific limitations, image degradation occurs due
to memory effects. Such limitations are given by
the scanning duration for CT imaging. The scan
time is determined by the need to avoid motion
artefacts and to reduce exposure time for minimizing the patients’ risk from the radiation hazard.
For the fan-beam rotation-rotation principle a
single rotation including up to 1500 projections
takes, for example, two seconds. This yields time
intervals of about 1.3 milliseconds for the read out
of the detector channels. This time limit may give
a qualitative measure of the time range of afterglow, with intensities of some parts per thousand.
Due to the basic physical process of luminescence,
decay time describes the behavior of the specific
luminescent center while afterglow is symptomatic
for a long term decrease by retardation effects.
Besides all these physical requirements the
suitability of phosphors depends further on some
technical aspects, for example, toxicity, chemical
stability,
reproducibility
and
machining
possibilities. Finally, overall radiation stability is
required. Nevertheless, for distinct phosphors
extraordinary advantages may compete with smaller disadvantages so that compromises have to be
considered.

have always been of interest. A detailed overview
of the conventional phosphor systems has been
given previously by Farukhi [8,9] and Grabmaier
[7]. In table 2 the characteristic data of the most
important phosphors are summarized together
with some new ceramic-phosphors which are discussed in the following chapter. The alkali halides,
tungstates and germanate-phosphors listed here,
are single crystal type materials and are prepared
by conventional crystal growth techniques.
For these phosphors only the main features are
discussed. For further information refer to [7—9].
The X-ray excited emission spectra of some representative single crystal phosphors which exhibit
broad band emitter characteristic are plotted in
fig. 4.
The thallium-doped alkali halides, NaI:Tl and
CsI:Tl, are the most efficient known phosphors. In
spite of high light output and short exponential
decay, NaI:Tl is not applicable for CT use because
of serious afterglow problems [8] and its hygroscopic nature. In contrast Csl:Tl is widely used in
CT but still has several drawbacks. As shown in
fig. 5 by time dependent intensity measurements
after X-ray excitation cut off, CsI:Tl shows a long
afterglow. In addition its light output depends on
its irradiation history, known as hyseresis and
varies for different crystal ingots. However, these
difficulties may be controlled by pulsed CT techniques for detector calibration and by mathematical calculations.
With the tungstates, CdWO
4 and ZnWO4 and
Bi4Ge3O12 (BGO) an excellent low afterglow is
obtained (fig. 5). These materials like other unactivated phosphors have low radiant efficiency. Only
the tungstates, where CdWO4 is toxic, show a
sufficient light output. Furthermore, tungstates
have the tendency of cleavage parallel to distinct
crystallographic planes, making precise machining
of detector elements difficult; a drawback for their
effective application to CT.

5. Recent developments
4. Conventional single crystal phosphors
Within the period of technical developments of
CT machines, phosphors for solid state detectors

For the reason that CsI:Tl could be well suited
for CT application, experiments were initiated to
clarify if afterglow and hysteresis can be minim-
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Table 2
Characteristic data of potential phosphors for CT-detectors.

Type
Structure
Density
3)
Atten.
(g/cm coeff.
150 keV (cm’)
Emission
maximum (nm)
Light output
80 keV (rel.)
Decay time
(p.s)
Afterglow

(%~)

Nal:Tl

Csl:Tl

CdWO

single
crystal
cubic
3.67
2.20

single
crystal
cubic
4.52
3.21

415
118

ZnWO4

Bi4Ge3O12

(Y,Gd)203:Eu

Gd20,S:Pr,Ce,F

single
crystal
monoclinic
7.99
7.93

single
crystal
monoclinic
7.87
7.80

single
crystal
cubic
7.13
9.93

ceramic

ceramic

cubic
(5.9)
(3.40)

hexagonal
7.34
6.86

550

480

480

480

610

520

100

30

20

10

40

—60

5

5

—1000

—3

0.23

4

0.98

90
(within
150 ms)
clear

7-15
(after
20 ms)
clear

2
(20 ms)

Optical
clear
quality
Chem. stability
Water
Water
HCI
(attacked by)
(hygroscopic)
Mechanical
brittle
plastic
brittle
behavior (20°C) cleavable
deformable cleavable

0.3

<1
(20 ms)

<1
(20 ms)

—700
(3 ms)

clear
(coloured)
HCI

clear
transparent
(colourless)
Conc. HCI Cone. l-lCl

brittle
cleavable

brittle

(3 ms)
translucent
HCI

brittle
high
strength

brittle
low strength
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Fig. 4. X-ray excited emission spectra of various single crystal phosphors.
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Fig. 5. Afterglow curves for various phosphors by X-ray excitation cut off.

ized. An emperical study of the influence of crystal
growth conditions, and anion/cation doping in
particular, results in a slight improvement of the
properties mentioned above, however, radiant
efficiency decreased markedly [10]. An analytical
investigation of the radiation defects by optically
detected magnetic resonance methods indicated
that the interaction of Vk-centers and TI-monomers
as well as Tl-dimers may contribute to afterglow
and hysteresis [11]. Further investigations are in
progress to improve the understanding of the
intrinsic mechanisms,
For the last few years a new class of phosphors
based on ceramic materials has been introduced
by several groups for X-ray CT use [12]. These
materials are
derivatives
of well
known rarewhich
earth
phosphor
systems
of oxides
and oxisulfides
find new applications with the introduction of
advanced ceramic technologies to phosphor preparation methods. Europium doped yttriagadolina
ceramics,
Y,O
1-Gd2O3:Eu,
and
gadolinium
oxisulfide
doped
with
praseodymium,
cerium and fluor, Gd
2O2S:Pr,Ce,F, are promising
candidates of this class of phosphors or scintillators. The corresponding characteristics are listed
in table 2 and the X-ray excited emission spectra

are illustrated in fig. 6. Values of table 2 put in
brackets refer to a Y203-Gd201 = 2: 1 ratio and
may be understood as an average value.
The rare earth ceramic phosphor, e.g. Y203Gd2O3:Eu containing more than 50 mole fractions
of yttria to ensure cubic crystal structure, was
developed by Greskovich, Cusano et al. with
special regard to CT applications (e.g. [13-16]).
Using highly advanced ceramic sintering techniques, such as vacuum hot pressing or hot isostatic
pressing with subsequent heat treatments, they
obtained completely transparent, but polycrystalline ceramics. So, the problem of emission light
collection is well solved. The emission spectra during X-ray excitation
(fig. 6) shows the characteristic
3~ 5D~-manifoldto
7F~ manifold
lines of the Light
Eu output, spectral matching and
transitions.
technical properties exceed most of the single crystal phosphors. However, there is still an insufficient
long term afterglow (fig. 5) and even a long
exponential decay time3~-emission.Following
of about 1.3 milliseconds
the
which is typical for Eu
patent specifications this time behavior of the
emission can be improved by additional doping
with other rare earth ions or cations with another
valency. In the case of Y,O3-Gd,03 : Eu the decay
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Fig. 6. X-ray excited emission spectra of ceramic phosphors.

time changes from 1.3 ms to about 1.0 ms if ThO2
is added [17]. This may be caused primarily by a
reduction of the inversion
of the sur3tsitessymmetry
due to dopant
and
roundings
of
the
Eu
defect incorporation increasing the transition
probability.
In contrast to the Y
203-Gd2O3:Eu phosphor,
for Gd2O2S:Pr,Ce,F a very low afterglow is reported [18]. This ceramic phosphor established by
Yamada, Tsukuda et al. is made from a flux derived
phosphor powder by hot isostatic pressing using
some sintering aids [18-20]. By this technique a
highly densified ceramic with a residual porosity
of less than 1% is obtained. Due to the hexagonal
crystal structure of this compound only translucency is achievable, In spite of this principal
limitation of the optical quality high light output
is measured. The X-ray
excited emission
3~transitions
from exhibits
the 3P,the characteristic
manifold
and ‘D Pr 3H~-manifoldground state.
2 to thea very rapid decay.
Typically Pr3~shows
To ensure low afterglow the Ce- and F-dopants
are introduced, It was found that doping with F
decreases the afterglow by about one order of
magnitude. As shown by the thermoluminiscence
glow curve in fig. 7, this effect is attributed to a
stabilization of the deep trap states while low traps

at about 260 K are destabilized. In addition Cedoping decreases the concentration of all trap
states observed [20].
6. Conclusion and future outlook
At present, the “ideal” phosphor for CT detectors is not available. For CT-application cornpromises are still necessary. With the recently
developed ceramic based rare earth phosphors,
like Y203-Gd203 :Eu and Gd2O2S:Pr,Ce,F, further
progress may be achievable by offering increased
light output, higher stability and lower afterglow.
Although these “new” phosphors are derivatives
of well known phosphor systems, the advanced
ceramic technologies allow the preparation of
compact
phosphor
elements,
even
withcrystals
high
optical quality,
of materials
where
single
are not available. As a sophisticated approach to
phosphor engineering the ceramic way may give
new possibilities. In the case of phosphor activation by multicomponent doping, ceramic preparation methods may offer more flexibility than
crystal growth techniques as dopant incorporation
mainly occurs by solid state reactions, Thus, controlled tailoring of the phosphors chemical and
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Fig. 7. Influence of F-doping on the thermoluminescence glow curve of Gd.,0
2S:Pr [20].

structural properties, including lattice defects,
should result in improved phosphor properties.
Future phosphors may prove to be other rare
earth systems [21] and so far undiscovered cornpounds. However, the development of these phosphors will call for a considerable effort in science
and technology with an extensive understanding
of the basic physics. In the case of phosphors for
high performance CT-use the mechanisms of afterglow which is mostly of nonexponential, mixed
nature is of special interest.
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