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bstract

Growth of LaCl3:Ce3+ crystal by the vertical Bridgman process in non-vacuum atmosphere has been studied. Based on the dehydration procedure
f LaCl3·7H2O and CeCl3·7H2O investigated by DTA/TG, anhydrous LaCl3 and CeCl3 were prepared by heating LaCl3·7H2O and CeCl3·7H2O at
00–230 ◦C for 6–7 h in dried HCl atmosphere. Using the feed materials prepared from the anhydrous lanthanon chlorides, a 4 mol% Ce3+ doped

aCl3 crystal with a size of Ø 28 mm × 70 mm was successfully grown. The crystal was grown under the optimum conditions such as a growth

ate of 0.5–0.8 mm/h and a temperature gradient of around 30 ◦C/cm across solid–liquid interface at a furnace temperature of 940–960 ◦C. The
ridgman process is confirmed to be promising for growing large size LaCl3:Ce3+ crystals with high quality.
2006 Elsevier B.V. All rights reserved.
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. Introduction

LaCl3:Ce3+ crystal is a novel cerium activated halide scintil-
ator discovered in recent years [1,2]. The crystal has attractive
cintillation properties such as high light output and fast decay
ime constant. The unique properties make the crystal a very
romising scintillator for medical imaging [3–6]. However, it
s difficult to grow large crystals with high quality owing to
ts hygroscopic nature. Shah et al. reported a small LaCl3:Ce3+

rystal with dimension of 2.5 cm3 grown by Bridgman method
nder vacuum atmosphere [6]. The main difficulties for the crys-
al growth are: (1) the preparation of high purity raw material
ithout crystallized water and absorbed moisture and (2) the oxi-
ation and volatilization of melt during the growth. Recently,
modified vertical Bridgman method was applied to grow

aCl3:Ce3+ crystals successfully under non-vacuum atmosphere
n our laboratory. In our process, the oxidation and volatilization

f melt was avoided by sealing the feed material in the platinum
rucibles. The process is confirmed to be a favorable technique
o overcome the difficulties in the crystal growth. The recent
esults about the Bridgman growth of LaCl3:Ce3+ crystal are
eported in this paper.

∗ Corresponding author. Tel.: +86 57487600745; fax: +86 57487600747.
E-mail address: chenhongbing@nbu.edu.cn (H. Chen).
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. Experimental

Fig. 1 shows the apparatus used in the dehydration process. The 400–500 g
aCl3·7H2O or CeCl3·7H2O was charged in a vessel-shaped crucible, which
as put into a silica glass tube in a resistance furnace. With the dried HCl
iped into the system continuously, the hydrous chlorides were sintered at
00–230 ◦C for 6–7 h simultaneously. In the dehydration process, the crys-
allized water was removed with the flowing HCl gas and the tail gas was
bsorbed by NaOH solution. As the dehydration process was finished, the HCl
ow was ceased and the furnace was cooled. After the residual HCl was driven
way by nitrogen gas, the anhydrous LaCl3 and CeCl3 were taken from the
rucible.

The feed material for crystal growth was prepared with the anhydrous LaCl3
nd CeCl3. The mixture containing LaCl3 (96 mol%) and CeCl3 (4 mol%) was
round in a nylon ball mill for 1 h. In order to eliminate the moisture absorbed
n the process thoroughly, the feed material was sintered again at 200–230 ◦C
or 2–3 h in HCl atmosphere. The platinum crucible used in crystal growth
as 28 mm in diameter and 200–240 mm in length with a seed well of 10 mm in
iameter at the conical bottom. After the dehydration treatment had finished, the
eed material was filled in the crucible. To avoid the oxidation and volatilization
f the melt, the assembled crucible was sealed immediately. A small amount
f active carbon powder with 100 ppm or so was added to the crucible so as
o exhaust the air sealed in the crucible in the crystal growth. A little carbon
esidual would not pollute the grown crystal but deposit on its top due to its low
ensity.
Fig. 2 shows the resistively heated vertical Bridgman furnace used in the
rystal growth. The furnace temperature was adjusted by a WJK-100A fine
emperature controller with an accuracy of ±0.5 ◦C during the experiments.
ccording to the axial temperature distribution, the furnace chamber consists
f three zones, i.e. the high-temperature zone, the gradient zone and the
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Fig. 1. Scheme of dehydration process.

ow-temperature zone. During the crystal growth, the melt was homogenized
n the crucibles in the high-temperature zone, while the grown crystal could be
nnealed in the low-temperature zone. The solid–liquid interface was located
n the gradient zone. The high-temperature zone was controlled at 940–960 ◦C,
hich was about 80–100 ◦C higher than the melting point of crystal. The
orizontal temperature distribution was kept as uniform as possible.

In order to obtain the seed crystal, the initial tries of the growth were done
y spontaneous nucleation from the seed wells. Transparent single crystals with
ize of Ø (9–10) mm × (35–45) mm were chosen as the seeds. The crucible
as installed in a refractory tube filled with Al2O3 powder to isolate it from

xternal temperature fluctuations. In order to detect the axial temperature along
he crucible, it was fitted with two Pt–Pt/Rh 10% thermocouples, an upper one
nd a lower one. The lower thermocouple was located at the same height as the
op of crystal. The refractory tube together with the crucible was put into the
urnace chamber.

After the furnace had been heated to the controlled temperature, the seeding
rocess was performed by adjusting the crucible to such a position that only the
op of the seed was melted. The feed material and the top of the seed were kept
t the melting state for 7–8 h so that the melt could be homogenized well and
stable solid–liquid interface could be established. The temperature gradient

cross solid–liquid interface was around 30 ◦C/cm. Growth process was driven
y lowering the crucible at a rate of 0.5–0.8 mm/h. The furnace was cooled to

oom temperature at the rate of 20–50 ◦C/h after the growth had finished. The
rucible was stripped after taking out from the refractory tube and as-grown
rystal was obtained.

Fig. 2. Scheme of vertical Bridgman furnace.
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. Results and discussions

The anhydrous LaCl3 and CeCl3 with high purity are very
mportant for growing LaCl3:Ce3+ crystal. The existence of
rystalline or absorbed hydrates in the lanthanum and cerium
hlorides is very harmful for the crystal growth. If the feed mate-
ials containing the hydrates were used in the crystal growth,
he grown crystal would be somewhat opaque due to the forma-
ion of chlorioxides or oxides brought about with the hydrolysis
eactions. However, the anhydrous rare earth chlorides with high
urity are very difficult to be obtained commercially since the
eagents are prone to crystallize as the hydrous chlorides and
bsorb the moisture in air. In this work, using LaCl3·7H2O (4N)
nd CeCl3·7H2O (4N) as the starting materials, the anhydrous
aCl3 and CeCl3 were prepared successfully by the dehydration
rocess in HCl atmosphere.

In order to prepare the anhydrous LaCl3 and CeCl3 with
igh purity by the above process, the most important technical
equirement is to prevent the hydrolysis reaction, which would
ring about LaOCl and CeOCl. To explore an effective way
o avoid the hydrolysis reaction, the dehydration procedures of
aCl3·7H2O and CeCl3·7H2O were investigated by DTA/TG
nalysis. LaCl3·7H2O and CeCl3·7H2O were analyzed with a
eiko EXSTAR 6300 thermal analyzer calibrated by Al2O3.
amples (7–8 mg) were tested at the heating and cooling rates
f 10 ◦C/min. Fig. 3(a and b) present the DTA/TG curves of
aCl3·7H2O and CeCl3·7H2O, respectively. The results con-
rm that LaCl3 and CeCl3 can be obtained by three or four-step
ehydration below 200 ◦C. The anhydrous LaCl3 and CeCl3 are
erified to be stable relatively within the intermediate temper-
ture ranges. However, the hydrolysis reactions began to take
lace as the temperature reaches 365 and 335 ◦C for LaCl3·7H2O
nd CeCl3·7H2O, respectively. The hydrolysis reactions can be
resented as follows:

aCl3 + H2O → LaOCl + 2HCl

eCl3 + H2O → CeOCl + 2HCl

In the above dehydration procedures, two measurements were
aken to avoid the hydrolysis reactions in this work. First, the
eating temperature was controlled below 230 ◦C, at which evi-
ent hydrolysis reactions would not occur. Secondly, the dried
Cl atmosphere was provided to suppress the possible hydrol-
sis reactions further in the dehydration process. By the above
ptimum conditions, the anhydrous LaCl3 and CeCl3 with high
urity had been prepared successfully. As LaOCl and CeOCl are
paringly soluble in diluted HCl solution, the dissolubility test
an be used as a simple method to check the purity of the chlo-
ides. The anhydrous LaCl3 and CeCl3 obtained were verified to
ot containing LaOCl and CeOCl by the fact that the chlorides
ould dissolve in diluted HCl solution completely without any
recipitate.
By means of the growth process described above, 4 mol%
e3+ doped LaCl3 single crystal has been grown successfully. A
olorless and transparent crystal as large as Ø 28 mm × 70 mm,
s shown in Fig. 4, has been obtained. Examining the crystal
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Fig. 5. X-ray diffraction pattern of LaCl3:Ce3+ crystal.
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Fig. 3. DTA/TG curves: (a) LaCl3·7H2O. (b) CeCl3·7H2O.

y a He–Ne laser, the lower part of the crystal was free from
cattering centers, while the optical quality of the upper part
as deteriorating toward the growth direction. X-ray diffraction

nalysis of grown crystal was performed with a Rigaku D/max
550 V diffractometer, using monochromatic Cu K� radiation
ith a working voltage of 40 kV and current of 100 mA. Fig. 5
resents the X-ray diffraction pattern of the crystal, which is
n line with the data in JCPDS 12-0605. A sample with 2 mm
n thickness was fabricated from the lower part of the crystal.

he transmission spectrum of the sample was measured with a
V-2501PC spectrometer in the range of 300–800 nm at room

emperature. The transmission spectrum in Fig. 6 shows that the

Fig. 4. LaCl3:Ce3+ crystal grown by vertical Bridgman method.
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Fig. 6. Transmission spectrum of LaCl3:Ce3+ crystal.

ransmittance above 320 nm reaches as high as 80% without any
bsorption band.

. Conclusions

LaCl3:Ce3+ crystal is a very promising scintillator with
ttractive properties. Trying to facilitate the practical applica-
ion, researchers have been making their much effort to master
he growth technique. Compared to other groups’ work in recent
ears, this work provides a useful method to prepare the anhy-
rous rare earth chlorides and a modified process to grow the
rystal in a non-vacuum atmosphere. The vertical Bridgman pro-
ess in this work is confirmed to be a promising technique to
row the crystal. Now we are continuing to improve the process
urther to grow even larger size crystals with high quality. The
cintillation properties of the crystal are under investigation.
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