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Abstract
Dedicated high-speed microCT systems are being developed for noninvasive screening of small
animals. Such systems require scintillators with high spatial resolution, high light yield, and minimal
persistence to ensure ghost free imaging. Unfortunately, the afterglow associated with conventional
CsI:Tl microcolumnar films used in current high-speed systems introduces image lag, leading to
substantial artifacts in reconstructed images, especially when the detector is operated at several
hundreds of frames per second. At RMD, we have discovered that the addition of a second dopant,
Eu2+, to CsI:Tl crystals suppresses the afterglow by as much as a factor of 40 at 2 ms after a short
excitation pulse of 20 ns, and by as much as a factor of 15 at 2 ms after a long excitation pulse of
100 ms. Our observations, supported by theoretical modeling, indicate that Eu2+ ions introduce deep
electron traps that alter the decay kinetics of the material, making it suitable for many high-speed
imaging applications. Here we report on the fabrication and characterization of CsI:Tl,Eu
microcolumnar films to determine if the remarkable afterglow properties of CsI:Tl,Eu crystals are
preserved in the CsI:Tl,Eu microcolumnar films. Preliminary results indicate that the codoped
microcolumnar films show a factor of 3.5 improvement in the afterglow compared to the standard
CsI:Tl films.
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1. Introduction
CsI:Tl is one of the highly desired scintillator materials for medical and industrial applications.
It has one of the highest conversion efficiencies of any known scintillator (62,000 photons/
MeV), a rapid initial decay (680 ns), an emission in the visible range (540 nm), and a cubic
structure that allows fabrication into microcolumnar films. It has a relatively high density (4.53
g/cm3), high atomic number (Z = 54), and is completely transparent to its own emitted light.
In view of these excellent properties, along with its low cost and easy availability [1], CsI:Tl
has been the material of choice for such applications as radiological imaging [2,3], x-ray and
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gamma ray spectroscopy, homeland security, and nuclear medicine applications such as intra-
operative surgical probes and SPECT.

Despite the obvious advantages of CsI:Tl, however, it suffers from an intrinsic shortcoming
that has hindered its use in CT and many other high-speed imaging applications: the presence
of a persistent afterglow component in its scintillation decay. Although the initial decay has a
characteristic time of 680 ns [2], its residual afterglow at 2 ms after the excitation can be as
high as 5% of the peak value, depending on the intensity and duration of the excitation pulse.
This causes pulse pileup in high count rate applications, reconstruction artifacts in CT
applications, and problems of reduced contrast and image blurring in high speed x-ray imaging
[2,3,4]. If the afterglow in CsI:Tl were significantly reduced, the material could be effectively
used in many important modalities such as medical cone-beam or spiral CT, high speed small
animal CT, fluoroscopic imaging, and time resolved X-ray diffraction imaging, enabling
improved performance with substantial reduction in the cost.

During the past few years, we have been exploring the feasibility of suppressing this afterglow
by chemical means. We have found that by codoping the CsI:Tl with Eu2+, the afterglow in
the time range of 10 μs-100 ms can be lowered by almost two orders of magnitude. We have
conducted an extensive investigation of this unusual effect [5], and have derived a detailed
mathematical model that explains the underlying kinetic processes [6]. It is the purpose of this
paper to discuss some of these results, outline recent developments in terms of fabricating
CsI:Tl,Eu microcolumnar films for X-ray imaging applications, and to present their imaging
characteristics. Implications of these developments with regard to actual imaging performance
will also be described.

2. Materials
For the purposes of the current work, we measured the kinetic behavior of the scintillation from
CsI:Tl,Eu in two distinct physical forms: single crystals and microcolumnar films. The crystals
were grown by the familiar vertical Bridgman technique, where the raw material is melted in
evacuated quartz ampoules, which are passed through a temperature gradient structured for
optimal nucleation and growth of CsI single crystals. The resultant cylindrical boules (see
Figure 1) were 10 mm in diameter and 35 mm long, from which disks were cut and polished
to optical transparency, with a finished thickness of 2.5 mm. While the concentration of the
Eu2+ codopant ranged between 0.05 and 0.5 mol percent, the bulk of the results we report here
were obtained at 0.1 mol percent, nearly the same as that of the primary Tl+ activator.

Fabrication of the microcolumnar films is an entirely different matter. This represents a
substantial challenge, since the films are deposited directly from the vapor phases of CsI, TlI,
and EuI2, and the vapor pressures of the three components differ by many orders of magnitude.
Nevertheless, through systematic variation of the relevant parameters, we were able to define
conditions for deposition of high-quality films ranging in thickness from 30 μm to 1.3 mm onto
graphite substrates. Representative SEMs are shown in Figure 2.

3. Decay Kinetics
For a number of years we have been conducting a comprehensive program [7] to characterize
the mechanisms that govern the generation of afterglow in CsI:Tl and to suppress those
mechanisms by means of selective incorporation of codopant ions. While most of the effects
were modest [8], we have found that one particular ion, Eu2+, exerts an afterglow-suppressive
effect at least an order of magnitude greater than any of the others. The effect was most
prominent under short-pulse (20 ns) excitation, as seen in Figure 3. Indeed, at 2 ms after the
excitation pulse, the presence of Eu2+ reduces the afterglow by a factor as high as 40, depending
on its concentration. In extensive studies of this phenomenon [9,10,11], we were able to fully
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characterize the effect and were able to define the material composition that would provide
optimal scintillation behavior. These studies [5] also found that the afterglow, expressed as a
fraction of the intensity observed before excitation cut-off, was a strong function of the duration
of the excitation pulse. Taking the same 2 ms elapsed time after excitation cut-off as a reference
point, we have observed that the afterglow following a 100 ms excitation pulse is some two
orders of magnitude higher than in the previous (short-pulse) case. Nevertheless, as Figure 3
shows, the suppressive effect is still substantial, a factor of more than 20.

We also performed such kinetic measurements on microcolumnar films, finding (Figure 4) that
Eu2+ provides similar afterglow-suppressive effects here as well. This was by no means
preordained, in view of the many fundamental differences between the two types of materials
especially with regard to fabrication processing and crystallinity. Given that the vapor
deposition is governed far more by kinetics than thermodynamics, it was by no means certain
that the codopant would be incorporated into the CsI lattice at all, but just codeposited as an
independent second phase. Thus we have laid this ghost to rest, finding an afterglow-
suppressive effect in films that is quite comparable to that in single crystals. And while the
magnitude of the effect (factors of 10 and 3.5 respectively for short-and long-pulse excitation)
is not quite as great as in the crystal, this may merely reflect a shortfall in the Eu2+ content,
which is not yet under adequate control. Even so, there is clearly enough to make substantial
impact on the high-speed imaging performance, as we shall see shortly.

4. Imaging Quality
To demonstrate the radiographic resolution capabilities of the new microcolumnar films, we
used them to acquire images of a line-pair phantom used for evaluating mammographic
imaging performance. The high spatial resolution and contrast are shown in Figure 5.

Even more striking are the images acquired from an actual biological phantom, a small fish
measuring ~4 cm in length and ~1 cm in width. To achieve good contrast in imaging soft tissue
and fine bones, we used 19 keV Mo X-rays from a GE Senograph mammography machine.
These results are shown in Figure 6, where we can clearly see bone structure as thin as ~50
μm, and can readily distinguish closely spaced bones in the background of soft tissue and the
air sacs. Such performance is consistent with the measured spatial resolution of the film and
is comparable to the best of the conventional (uncodoped) microcolumnar films.

5. High-Speed Imaging
But the primary motivation for afterglow reduction is to enable more rapid acquisition of
sequential radiographic images. Consequently, to demonstrate the extent to which the afterglow
suppression can improve imaging performance under high-speed conditions, we integrated a
200 μm thick CsI:Tl,Eu film into a special electron-multiplying CCD (EMCCD) camera
available at RMD, and acquired X-ray images of a test phantom. For comparison we also
evaluated a standard microcolumnar CsI:Tl screen produced by RMD, whose thickness was
≈200 μm. The camera consisted of a back-thinned EMCCD containing a 512 × 512 array of
16 μm pixels, bonded to a 3:1 fiberoptic, giving an effective system resolution of ≈50 μm. The
camera has demonstrated very high sensitivity to 540 nm CsI:Tl emission and very low noise
(<1/e) even when operated at high frame rates of 30 fps or above. Set for maximum contrast,
this camera provides a dynamic imaging range well beyond that of commercial CCD systems,
making it ideally suited for analyzing persistence in scintillator screens. The apparatus is
illustrated in Figure 7.

For these tests the x-ray source was set to 300 kVp for a pulse of 20 ns. The EMCCD camera
was used to acquire images 30 ms in duration, separated by a dead time of 1 ms. The test object,
a tungsten coded aperture mask, was exposed to x-rays in a short pulse during the first
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integration period only, with the subsequent frames acquiring their images with only the
residual light provided by the afterglow. The resulting data for a conventional CsI:Tl screen
and the new CsI:Tl,Eu film are shown in Figure 8.

As can be seen from these pictures, with conventional CsI:Tl a residual image is visible even
after 8 frames (which is normally beyond the limited sensitivity of commercial CCD systems),
whereas CsI:Tl codoped with Eu2+ shows virtually no residual image past the third frame.
These data show that the afterglow suppression directly translates into dramatically improved
dynamic radiography.

6. Conclusions
We have found the afterglow exhibited by CsI:Tl crystals to be substantially reduced by the
addition of Eu2+ as a codopant. We have successfully vapor deposited microcolumnar films
of CsI:Tl,Eu and have found that they also exhibit afterglow-suppressive effect. Films as thick
as 1.3 mm have been fabricated, which show excellent columnar structure, high spatial
resolution, and light emission efficiency similar to its uncodoped counterpart, CsI:Tl. In such
films we have found that the frame-to-frame persistence of ghost images is reduced by an order
of magnitude, paving the way for the use of CsI in fast imaging applications such as small
animal high-speed microCT and radionuclide imaging. We are confident that further
development will make the advantages of codoped CsI available for many other dynamic
imaging applications from which it had previously been excluded.
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Fig. 1.
A photograph of typical CsI:Tl and CsI:Tl,Eu single crystal boules grown at RMD, illuminated
by their own UV-excited fluorescence. Note enhanced blue color, from emission added by
Eu2+.
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Fig. 2.
SEMs of a 200 μm thick microcolumnar CsI:Tl,Eu film developed at RMD. Left, well-
separated columns of the film; right, the corresponding top view
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Fig. 3.
Semilog plots of the scintillation decay of CsI:Tl crystals with and without the decay-modifying
additive Eu2+. Left, after short-pulse (20 ns) and right, after long-pulse (100 ms) excitation.
Note that while the long pulse generates a higher level of afterglow, the Eu2+ additive provides
a comparable suppressive effect under both excitation conditions.
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Fig. 4.
Semilog plots of the scintillation decay of microcolumnar CsI:Tl films with and without the
decay-modifying additive Eu2+. Left, after short-pulse (20 ns) and right, after long-pulse (100
ms) excitation. Although here the afterglow-suppressive effect provided by the Eu2+ additive
is somewhat less than in single crystals, this may merely indicate a lower concentration.
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Fig. 5.
Radiographic imaging of a mammography line pair phantom using a 200 μm microcolumnar
CsI:Tl,Eu film coupled to a CCD with Nyquist limiting resolution of 11 lp/mm. Left is an
acquired image of the phantom; right shows an intensity trace along its length.
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Fig. 6.
Radiograph of a small fish taken using a 200-μm thick microcolumnar CsI:Tl,Eu film. Note
well-resolved fine bone structure (<100 μm) and excellent contrast between the background
tissue and the air sacs.
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Fig. 7.
EMCCD camera used for dynamic imaging: Detector is 512×512 array of 16μm×16μm pixels.
Camera was operated at 30 fps
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Fig. 8.
Dynamic imaging of a tungsten coded aperture mask after 20 ns excitation using
microcolumnar CsI:Tl films without and with Eu2+ to suppress afterglow. Each frame lasts 30
ms and is separated from the next by 1 ms. The X-ray pulse occurs during the first frame only,
but the image in CsI:Tl persists even after 8 frames. The corresponding data for CsI:Tl,Eu
shows virtually no residual image after 3 frames, demonstrating the practical utility of this new
material.
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