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ABSTRACT: Lead tungstate (PbWO,, PWO) single crystal has been chosen as a new generation scintillation material. The specific
heat and thermal diffusivity of PWO single crystal grown by the vertical Bridgman technique is investigated for the first time by
differential scanning calorimetry (DSC) and a laser flash technique at (300 to 673) K, respectively. The thermal conductivity is
calculated, and it exhibits anisotropy with the values along the [100] axis (K,,) higher than that along the [001] axis (K), which is
240 W-m 'K 'and 2.00 W-m 'K ' at room temperature, respectively. Because of the heavier elements of the Pb atom, the
PWO crystal has a higher degree of anharmonicity of lattice vibrations and thus has a smaller thermal conductivity than another

scintillation material bismuth germanate (BGO).

B INTRODUCTION

In recent years, lead tungstate (PbWO,, PWO) crystal has
been chosen as a scintillation detector material for building the
largest collider in CERN" (the European Organization for
Nuclear Research) and has been used extensively in high energy
physics and nuclear medicine imaging due to their outstanding
properties such as high density, high radiation hardness, fast
decay time, and rather low cost.’ The PWO crystal has a
tetragonal structure and is anticipated to have evident anisotropy
of physical properties. The mechanical properties, thermal
expansion, and refractive index had been investigated and proved
to be clearly different in different orientations.”* Scintillation
detectors may operate at temperatures higher than normal room
temperature. Therefore, it is important to know their thermo-
physical properties. So far, the thermal diffusivity and thermal
conductivity of PWO crystals are not found in literature. The aim
of this work is to investigate possible specific features of the
temperature dependence of thermophysical properties of PWO
single crystal. In this paper, the specific heat Cp and thermal
diffusivity o along [100] (a,) and [001] (0.,) at (300 to 673) K
of the PWO crystal grown by the vertical Bridgman technique are
investigated by differential scanning calorimetry (DSC) and a
laser flash technique for the first time. The thermal conductivity
K is calculated, and the anisotropy of thermal conductivity of
PWO crystal along different major crystallographic axes is
discussed.

B EXPERIMENTAL METHODS

The PWO single crystal with dimensions of 2.3 X 2.6 X
2.6 cm® was grown” by the vertical Bridgman method at Shanghai
Institute of Ceramics, Chinese Academy of Sciences. Glow-
discharge mass spectrometry (GDMS) of the crystal was per-
formed to obtain the impurities, and the results were shown in
Table 1. Two round sample plates with the diameter of 10 mm
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and the thickness of 1.5 mm were cut from the large PWO crystal
along the [100] and [001] directions normal to the planes of the
plates to perform the thermal diffusivity measurement by a laser
flash technique. Samples with mass of about 80 mg were used for
the specific heat measurement.

The laser flash experimental setup has been described
elsewhere.”® The thermal diffusivity o is obtained by:

w-1.37-L*

= (1)

T . tl /2
where L is thickness of sample, t; /, is the time needed for the rear
face temperature to reach one-half of the maximum rise, and w is
the Cowan’ correction factor for heat loss.

The sample temperatures were controlled to 0.5 K by auto-
matic adjustment of the current in a graphite heater. When the
sample reaches the test temperature, thermal equilibrium of the
sample is held for half an hour before a laser pulse is shot. The
samgle holder assembly is enclosed in a chamber evacuated to
10" © Pa. The front surface of the sample is coated with 1 um
thick Ag film and 5 um graphite coatings to absorb laser pulse
with 1.06 ym wavelength and 1 ms pulse width from neodymium
glass laser source. To achieve one-dimensional heat flow along
the normal of the sample plate, a laser pulse with diameter of 12
mm is used. Its diameter is large enough to cover the specimen.
The specimen is located at the center of the laser pulse to ensure
the specimen is radiated evenly. A point contact between the
sample holder and the sample is established to minimize axial
heat loss. The pulse energy is adjusted to give a temperature rise
of about 3 K. Thermal radiation emitted from the rear surface is
focused by lens and led to PV type HgCdTe detector (Infrared
Associates, Inc.) in (300 to S00) K and to PC type PbS detector

Received: November 17, 2010
Accepted:  February 15, 2011
Published: March 14, 2011

2202 dx.doi.org/10.1021/je101227g | J. Chem. Eng. Data 2011, 56, 2202-2204



Journal of Chemical & Engineering Data

Table 1. GDMS Analytic Results of PWO Single Crystal

element concentration (ppm wt) element concentration (ppm wt) element concentration (ppm wt)
Li <0.01 Sc <0.05 Se <0.01
Be <0.005 Ti <0.01 Br <0.01
B <0.005 A% <0.00S Ru <0.01
F <0.02 Cr 0.02 Sr 0.005
Na 0.1 Mn <0.01 Bi <05
Mg <0.01 Fe 0.02 Mo 0.35
Al 0.01 Co < 0.005 Ag 0.15
Si <0.01 Ni <0.02 Ba 0.03
P 0.02 Cu 0.2 Gd <0.005
N 0.03 Zn <0.01 Eu <0.05
Cl <0.01 Ga <0.05 Yb <0.005
K 0.13 Ge 0.1 Ce 0.03
Ca 0.03 As 0.46 Ta <1
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Figure 1. Temperature dependence of specific heat of PWO crystal (@,
values from ref 9; A, this work).
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Figure 2. Temperature dependence of thermal diffusivity of PWO
crystal (@, values along [100] axis; A,values along [001] axis).

above 500 K. The relative uncertainty of thermal diffusivity
measurement is estimated to be 3 %, which arises largely from
the sample's coatings and noise in the infrared detector. This
uncertainty has been verified by comparing our measurement on
a standard reference material, Armco iron.®

The density of PWO crystal p is 8.28 g-cm >, which is
measured by Archimedes' principle. Its uncertainty is less than
0.5 %. The specific heat Cp of the sample was measured at a
Perkin-Elmer DSC-2C differential scanning calorimetry (DSC)
at a heating rate 10 K-min~ '. The relative uncertainty of 1.5 %

TTK

Figure 3. Temperature dependence of thermal conductivity of PWO
and BGO crystal (M, values along [100] axis; @, values along [001] axis;
A, ref 10 of BGO crystal).

has been verified by measurements on standard reference
material sapphire. The thermal conductivity K is calculated
through the relation

K= p-Cpea 2)

Thus, the relative uncertainty of the thermal conductivity
measurement is about 5 %.

B RESULTS AND DISCUSSION

The measured specific heat is plotted in Figure 1 and
combined with data from literature’ to give wide temperature
range values. As is seen from Figure 1, specific heat increases
significantly with increasing temperature at low temperature but
approaches saturation above 400 K.

The thermal conductivity K is calculated from the measured
thermal diffusivity o (Figure 2), the specific heat data (Figure 1),
and density. Measured values are listed in Table 2. The K along
different orientations is plotted as functions of temperatures in
Figure 3. The results show that K decreases substantially with
increasing temperature. The value of K of another scintillation
crystal bismuth germanate (BiyGe;0,,, BGO) measured by us'’
is plotted in Figure 3 for comparison. PWO crystal has a
tetragonal structure, which is no more or less complex than a
cubic structure that BGO crystal has. The presence in a crystal
composition of a heavy element such as Pb and Bi suggests a high
degree of anharmonicity of lattice thermal vibrations, which
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Table 2. Thermal Properties of PWO Single Crystal at
Selected Temperatures

T G a[001] o [100] K [001] K [100]

K ]-gfl-Kf1 ecm’-s ' am®s ! Wem LK! Wem L.K!

300 0.263 0.0110 0.00920 2.40 2.00
373 0.274 0.00900  0.00750 2.04 1.70
423 0.279 0.00765  0.00667 177 1.54
473 0.283 0.00630  0.00554 1.48 1.30
523 0.286 0.00525  0.00471 1.24 112
573 0.288 0.00450  0.00408 1.07 0.973
673 0.291 0.00328  0.00316 0.790 0.761

Figure 4. Crystal structure and D,; symmetry of Pb—O octahedron.

correlates with the low melting temperature of PWO?and BGO.
The vibration anharmonicity is due to high efliciency of pho-
non—phonon scattering. The element Pb is heavier than element
Bi, and PWO has a smaller thermal conductivity than BGO
crystal.

As shown in Figure 3, the K of PWO crystal exhibits
anisotropy with the values along [100] axis (K,,) higher than
that along [001] axis (K,). This phenomenon is associated with
the layer structure of PWO along [001] (z) axis. The crystals
grown in melt have been claimed as scheelite crystals, which are
characterized by symmetry group I4,/a with lattice parameters a
=b=5456A, c=12.02 A The whole crystal structure could be
imaged as a three-dimensional structure® of isolated WO,>~
tetrahedron connected by Pb*>" ions, as shown in Figure 4.
Actually, WO,>™ in the crystal turned into a flattened tetrahe-
dron along the z axis with D,; symmetry. Eight oxygen ions
nearby Pb”" have two different bond lengths with Pb”". Four
O”” with longer bond lengths form a flattened tetrahedron along
the z-axis, while the other four O*~ with shorter bond lengths
form a stretched one along the z-axis. Therefore, the velocity of
sound propagating along the [001] axis is slower than that along
the [100] axis and yields a smaller K in the [001] (z) direction
than that in the [100] (x) direction.

Il CONCLUSION

The specific heat, thermal diffusivity, and thermal conductivity
of PWO crystal at (300 to 673) K are reported for the first time.
Because of heavier elements of the Pb atom, the PWO crystal has
higher degree of anharmonicity of lattice vibrations and thus has
a smaller thermal conductivity than another scintillation material
BGO. The thermal conductivity of PWO crystal exhibits an
anisotropy with the values along [100] axis (Kx,y) higher than

that along [001] axis (K_). This phenomenon is associated with
the layer structure of PWO along [001] (2) axis.

B ASSOCIATED CONTENT

© Ssupporting Information. Calculations of specific heat
and thermal diffusivity in Table 2. This material is available free
of charge via the Internet at http://pubs.acs.org.
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