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Phase-Separated CsI-NaCl Scintillator With Optical
Guiding Function

Toru Den, Tatsuya Saito, Ryoko Horie, Yoshihiro Ohashi, and Nobuhiro Yasui

Abstract—We demonstrate a new scintillator material that has a
one-dimensional eutectic structure and optical light-guiding prop-
erties. Our light propagation calculations predicted that a struc-
ture where high refractive index luminescence cylinders are em-
bedded in a matrix should show effective light-guiding properties.
An inverse structure where a high refractive index luminescence
matrix contains low refractive index cylinders was also predicted
to possess light-guiding properties. A CsI—NaCl:Tl eutectic phase,
which contained NaCl cylinders in a CsI matrix, was grown by a
one-dimensional solidification method. This material showed high
spatial resolution because of the difference in the refractive indices
of NaCl and CsI.

Index Terms—Crystal microstructure, halides, scintillator, spa-
tial resolution.

I. INTRODUCTION

I N current X-ray flat panel detectors, a (GOS)
powder sheet or a CsI:Tl film is used as a scintillator [1], [2].

GOS has a high light yield and is relatively inexpensive. The CsI
film is composed of needle-like CsI crystals which are oriented
normal to the panel plane, and the light-guiding properties of
the film arise from this characteristic structure. This structure
means that the CsI film has high spatial resolution, even though
the film is thicker than the GOS sheet. For future applications,
such as next-generation mammography and X-ray phase con-
trast imaging, a higher resolution scintillator with high detective
quantum efficiency (DQE) is required.
In this article, we propose a one-dimensional phase-separated

scintillator (PSS) as an efficient light-guiding material candi-
date. One dimensional eutectic systems have been discovered
for various materials [3]–[11]. Fig. 1 shows a schematic of its
structure, which is composed of cylinders in a matrix. In the
phase-separated system, the MgO cylinders,
which have high refractive index, can effectively guide the
light flux from the back to the front surface in total reflection
mode, because of the optically smooth side boundaries [3]. A
characteristic length of phase separations is in the range
when eutectic phases are made through a melt-solidification
process and it becomes in the nm range when they are made
through a vapor-phase growth process [10], [11]. Although
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Fig. 1. Schematic of the PSS. The luminescent light is confined by the critical
incident angle and propagates downward to a photodetector plane at the bottom
in total reflection mode.

numerous studies have been published in this eutectic material
field, most of them have been related to solder materials and
high-strength ceramics. The goals of this study are to show the
dependence of light-guiding efficiency on refractive indices
by calculations and also show an alkali halide phase-separated
material system with scintillation functions and demonstrate its
X-ray imaging capability.

II. CALCULATIONS OF LIGHT PROPAGATION

The flux collection efficiencies of the emitted light for var-
ious refractive indices of the cylinders and matrix were calcu-
lated using LightTools (Optical Research Associates). The cal-
culation area was a 500 cube; the X-ray exposed area was
a 50 square on the top surface, and the bottom surface was
set as the photodetector layer. The emitted light for each calcu-
lation was 60,000 photons. In this calculation, the noise caused
by cascades like Swank noise was left out of consideration to
focus on the light propagation effect. The cylinders were ar-
ranged in a honeycomb geometry normal to the surface and
were surrounded by the matrix in the cubic calculation area (see
Fig. 1). The refractive index of the cylinders was and that
of the matrix was , and the ratio was varied from
0.575 to 2.0 (the ratio of the refractive indices of CsI and NaCl
is about 1.15, more details about real parameters are provided
later). The diameters of the cylinders were 4.6, 5.4, and 5.9 ,
and the distance between centers of the cylinders was 6.0
for all cases. The absorption coefficient was the same as that for
36 keV X-rays in CsI. The top surface was a mirror and the lat-
eral sides were nonreflecting walls.
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Fig. 2. The light receiving efficiencies depend on the ratio of the refractive
index of the matrix to the refractive index of the cylinder . The rela-
tionship is shown for the cylindrical phase emission (Fig. 2(a)), and the matrix
emission (Fig. 2(b)). In both graphs, the dependence on cylinder diameter is
shown; 4.6 of diameter (closed circles), 5.4 (closed squares), and 5.9

(closed triangles). “Color figure online”

Fig. 2(a) and 2(b) show how the light-receiving efficiencies
depend on the refractive index ratio , where the light-re-
ceiving efficiency is the ratio of the number of photons detected
on the bottom surface just below the X-ray exposed area to the
total number of emitted photons. Fig. 2(a) shows the emission
of the cylinder phase, and demonstrates that the efficiency is
superior when the ratio of become small. This is anal-
ogous to an optical fiber or the needle-like CsI crystal films.
The efficiency increases with the cylinder diameter as can be
seen from the data of 4.6 of diameter (closed circles), 5.4

(closed squares), and 5.9 (closed triangles). Fig. 2(b)
shows the inverse scenario; when the matrix emits light, the ef-
ficiency increases with the ratio . Even when the matrix
emits light, the efficiency can be increased when the ratio
and/or the cylinder volume fraction are large. When decreasing
the ratio from 1, the efficiency increases somewhat and
then decreases with smaller ratios. This effect is because the
emitted light from the matrix can enter waveguide mode when
becomes large relative to , but as becomes still larger,

the emitted light tends to refract to the direction parallel to the

Fig. 3. The average period between the centers of the cylinders is con-
trolled by the solidification speed , while satisfying the condition

. The inset picture shows the cross-sectional TEM image.

bottom surface, and the amount of light that escapes to the side-
walls increases. As a result, the efficiency decreases again (the
left side in Fig. 2(b)).
From these calculations, we can understand that the phase to

be operated as the scintillator should have a higher refractive
index relative to that of the other phase, and the ratio of the
refractive index of scintillator phase to the refractive index of
the other phase should be large to achieve better optical guiding
properties. We have found out many phase separated scintillator
materials [12] with eutectic compositions; among them we se-
lected a CsI-NaCl phase system because the scintillator phase of
CsI has a higher refractive index, and a cylinder phase of NaCl
has rather large volume fraction. In this CsI-NaCl system, the
CsI becomes the matrix phase and NaCl is the cylinder phase,
so the volume fraction of a cylinder phase should be large to in-
crease the light-receiving efficiency (see the closed-triangle-line
in Fig. 2(b)).

III. EXPERIMENTAL RESULTS

Some eutectic phases have an ordered structure, consisting
of a cylindrical phase in a matrix, when they are grown by
a one-dimensional solidification method [3], [4]. However,
they do not scintillate. There are many low-melting-point
alkali halides, which are practical scintillators; therefore we
examined alkali halide systems. Some systems (CsI-NaCl,
CsI-RbF, RbI-NaCl, CsBr-NaCl, CsBr-NaF, and RbCl-NaCl)
formed a one-dimensional phase-separated structure which
displayed scintillation properties [12]. The CsI—NaCl system
had a well-aligned phase-separated structure, composed of
NaCl cylinders and a CsI matrix. In this system, the eutectic
point occurred where and ,
and the eutectic temperature was 485 . The inset of Fig. 3
shows the transmission electron microscopy (TEM) image
of the top view of the CsI—NaCl:Tl sample, indicating that
the NaCl cylinders had a diameter of 0.8 and a period of
1.8 . The diameter and period can be partly controlled by
varying the solidification speed. Fig. 3 shows the dependence
of the mean cylinder period on the solidification speed .
The period varied from 1 to 4 when the solidification speed
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Fig. 4. The upper pictures (a)–(d) show the X-ray chart images for the 5 lp/mm pattern, and the bottom pictures (e)–(h) show images for the 8 lp/mm pattern. The
images were taken with (a), (e) a 200- -thick PSS; (b), (f) a 420- -thick PSS; (c), (g) a 770- -thick PSS; and (d), (h) a 1.4-mm-thick PSS.

was changed from 230 mm/h to 10 mm/h, while satisfying the
condition [13], where the constant depends on
the material system.
The CsI matrix guided the light in total reflection mode, be-

cause the CsI refractive index is larger than that of
NaCl . The matrix was bright when the sample was
illuminated from the back using an optical microscope. Only
the luminescence from the CsI matrix was observed around 540
nm, under X-ray and UV irradiation.
Fig. 4 shows images taken using a Pb test chart (Pb thick-

ness is 50 ) with several line pair (lp) pattern widths, where
the X-ray tube voltage was 60 and the current was 1 mA
and the filter was Al plate of 3 mm thickness. Images were
taken by the CCD via a lens optical-system (Nyquist limiting
frequency is 10 lp/mm), and exposure time was about 6 sec-
onds. The scintillators were set under the test chart, and the scin-
tillator—the X-ray source distance was about 220 mm. In this
figure, all PPS samples had cylinders with 1.6 diameter and
a period of about 3.7 . The bulk PSS samples were grown
by the one-dimensional solidification method described above.
Thick samples were grown to varying thickness of a few cm,
and cut perpendicular to the growth direction. After polishing
the samples, the Al layer was deposited on the top surface as a
reflecting coating. The upper figures are images of the 5 lp/mm
pattern and the bottom figures are images of the 8 lp/mm pattern
for a 200- -thick CsI—NaCl:Tl (a and e), a 420- -thick
CsI—NaCl:Tl (b and f), a 770- -thick CsI—NaCl:Tl (c and
g), and a 1.4-mm-thick CsI—NaCl:Tl (d and h). Some defects
were visible in the images taken with the PSS scintillators, al-
though the fine patterns can be clearly recognized with the PPSs.
Fig. 4(g) indicates that the 8 lp/mm chart was recognizable even
with the 770- -thick PPS. The contrast ratio obtained from
the X-ray imaging data, which was calculated by the formula

, was 4–6% for all of the PSS
scintillators. The monotonic decrease of the contrast with the
increase of the thickness was not confirmed because of the de-
fects of the PPS samples. The average brightness of the PPS in-
creases with the increase of the scintillator thickness from 200

to 1.4 mm.
The thickness of the PPS is easily increased by cutting from

bulk samples, so the thickness can be designed so as to absorb
X-ray adequately depending on X-ray energy.

IV. CONCLUSION

In summary, we have carried out light propagation calcula-
tions and showed dependences of the light-guiding efficiency
of phase-separated structures on refractive indices of the phases,
indicating that both the cylindrical and the matrix light-guiding
structures can behave as scintillators with light-guiding prop-
erties. We also have demonstrated that the CsI—NaCl eutectic
phase possesses light-guiding effects by imaging an X-ray test
chart. The eutectic phase has a one-dimensional structure, where
NaCl cylinders are arranged in a honeycomb geometry in a CsI
matrix. PSSs will be grown in a similar manner to a crystal;
therefore they can be grown as thick scintillator plates with the
thickness adjustable to the X-ray energy. A long list of eutectic
phases have been studied for various applications, so we believe
that there are other eutectic scintillator materials to be found and
PSSs will be a candidate for practical X-ray imaging scintilla-
tors.
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