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Modified Floating-Zone Crystal Growth of Mg4Ta2O9 and Its 
Scintillation Performance
Dongsheng Yuan,a Federico Moretti,a Didier Perrodin,a Gregory Bizarri,a Tetiana Shalapska,a 
Christophe Dujardin b and Edith Bourret *a

Aiming to explore scintillator candidates for high-energy radiography, the environmentally friendly compound Mg4Ta2O9 was 
selected. Bulk crystals of good optical quality are needed to evaluate its scintillation performance against other commercial 
scintillators currently used such as CdWO4 and CsI:Tl. In this work, bulk single crystal rods of 3.5 mm in diameter with length 
up to 50 mm were obtained through optimization of the growth process. Particularly, the thermal gradients that impact the 
cooling of the crystal in the floating-zone furnace were modified. The scintillation properties of the produced Mg4Ta2O9 
crystals, are reported.  The scintillation decay and afterglow not reported previously have been measured.  The afterglow 
results are compared to those of CdWO4, CsI:Tl and Y3Al5O12:Ce. We confirmed a luminosity similar to that of CdWO4. 

Introduction
Scintillators work as a spectral and energy transformer 

converting high-energy particles or X- or γ-ray photons into 
ultraviolet-visible light [1,2]. Their use in X-ray and nuclear 
medicine imaging devices is well documented (see for example 
[3]). For these applications the energy of the detected ranges 
from a few tens of keV for soft X-ray imaging up to 511keV for 
PET scanners. Here we are searching for scintillators to be used 
in imaging devices that uses high energy sources in the MeV 
range for radiography of large and dense loads such as the loads 
in cargo container. For high-energy X-ray radiography, inorganic 
materials with high stopping power (high density), good light 
yield (>10,000photons/MeV), low afterglow, short decay time 
are needed [4-6]. In addition, these imaging applications require 
large amounts of scintillators that should be produced at a 
reasonable cost. Newly developed crystals should be able to be 
produced for large arrays of pixels of about 1x1x2cm each. 
Intrinsic materials avoid the cost of using rare-earth activators 
and avoid scintillation response inhomogeneities related to 
dopant segregation. Some of the materials that have attractive 
properties for this application, such as (Y, Gd)2O3:(Eu, Pr, Tb) 
and Gd2O2S:(Pr, Ce, F), can only be fabricated as ceramics [7-9]. 
The lack in transparency of these materials limits their use to 
rather thin layers, thus diminishing their ability to absorb fully 
the incoming X-rays. Single crystal materials commonly 
employed in high-energy radiography applications are cadmium 
tungstate (CdWO4) and thallium activated cesium iodide 

(CsI:Tl). CdWO4 has a good stopping power and almost no 
afterglow but suffers from a relatively low luminosity [10], and 
the toxic element Cd poses concerns for its disposal. CsI:Tl 
(without additional dopants) has a good light yield and stopping 
power but its large afterglow degrades its performance [11]. It 
contains Tl which can present a toxicity issue.

This paper follows a previous study reviewing a wide 
tantalate series from which we selected Mg4Ta2O9 for further 
development [12]. However, that study as well as reports from 
others [13] showed that all crystals suffered from issues of 
bubbles formation and cracking, prompting an effort to 
optimize the growth process.  In this work we used the float-
zone technique. While very frequently used for growth of oxides 
with high melting point, the growth process in itself is quite 
complex and well described in a number of review articles [14-
16]. One of the drawback of the technique is the presence of 
sharp temperature gradients between the molten zone and the 
growing crystal that can induce thermal stresses on the cooling 
crystal. The issue has been addressed in a publication for the 
growth of SiGe alloys by adding an additional heater around the 
float-zone [17]. In this study, the growth process was improved 
by modification of a traditional floating-zone furnace using an 
insulating block below the float-zone to decrease the 
temperature gradient around the emerging crystal. The 
cracking and bubbles issues were then resolved and transparent 
crystal rods, 3.5 mm in diameter and 50 mm long, were 
obtained and we present their complete scintillation 
performance.

Experimental
Single Crystal Growth and Structure Determination

Growth method. Single crystals of Mg4Ta2O9 were grown in 
air using an optical floating-zone furnace (Cyberstar) [18,19] as 

a.Materials Sciences Division and Life Sciences Division, Lawrence Berkeley National 
Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA. Email: edbourret@lbl.gov 
(E.B.)

b.Université de Lyon, Université Claude Bernard Lyon 1, CNRS, Institut Lumière 
Matière UMR 5306, F-69622 Villeurbanne, France.

Page 1 of 8 CrystEngComm



ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

described in [12]. Two 2000 W Halogen lamps were focused in 
the center of the quartz chamber by two elliptic mirrors. During 
crystal growth, feed and seed shafts were counter-rotated at 10 
and 30 rpm, respectively, in order to homogenize the molten 
zone. Both the feed rod and the pull rod have a precision of 
0.01mm/hr per manufacturer specifications. The equipment 
enables pressurization of up to 10 atm. To prevent loss of MgO 
during growth the air pressure was maintained at 2 atm. A CCD 
camera was used to record and monitor the crystal growth. The 
technique is shown schematically in figure 1. Modification to 
the thermal gradients for this work is explained in next section. 

Figure 1: Schematic of the modified floating-zone technique. 
1-feeding ceramic rod, 2-molten zone, 3-grown crystal, 4-
feeding shaft, 5-growth shaft, 6-thermal insulating tube (Al2O3 
ceramic), 7-quartz chamber, 8-gas valve and outlet, 9-gas valve 
and inlet, 10-metal mirrors, 11-halogen lamps, v1-feeding rate, 
v2- growth rate.

Sintering of the Ceramic Rods and Phase Identification. The 
ceramics used as feed rods for crystal growth were prepared by 
high-temperature solid-state reactions. Both MgO (Alfa Aesar, 
99.99%) and Ta2O5 (ALDRICH, 99.99 %) were dried at 120 °C for 
at least 24 h in air before use. Stoichiometric ratio of MgO and 
Ta2O5 were weighed with an excess of 1% MgO added to control 
the composition since MgO was found to volatilize during 
synthesis and crystal growth [20]. The mixture was thoroughly 
ground using an 8000M mixer mill (SPEX SamplePrep) over 3 h 
and then isostatically pressed into solid rods at 345 MPa. The 
rods were sintered in air at 1500 °C for 48 h, then cooled down 
to room temperature at a rate of 50 °C/h. 

The phase purity of the obtained rods was checked with 
powder x-ray diffraction (PXRD). The diffraction patterns were 
obtained using a Nonius FR591 water-cooled rotating copper-
anode X-ray generator (50 kV, 60 mA) (Bruker AXS Inc., 
Madison, WI) and a Mar detector plate (Mar USA, Inc., 
Evanston, IL). The collected 2D images were transformed into a 
standard 1D diffraction pattern with Fit2D software [21], and 
then Match package [22] was used to analyze the diffraction 
pattern.

Single-Crystal Structure. The grown crystals were subjected 
to single-crystal X-ray diffraction to verify their structure. The 
data were collected at UC Santa Barbara using a Bruker Kappa 
APEX II diffractometer using Mo-Kα radiation. The APEX SMART 
program [23] was used to determine the unit cell parameters 
and perform data collection (5 s/frame, 0.3 degree/frame for a 
sphere of diffraction data). Data reduction and integration were 
processed using the SAINT program [20], followed by empirical 
absorption correction based on multi-scans. The structure was 
solved by direct methods and refined with full matrix least-
squares methods on F2 [24,25], and calculations were 
conducted using the SHELXTL crystallographic software package 
[26]. 

Laue back-reflection of X-ray images were acquired to 
identify the crystalline quality and growth orientation of the 
obtained crystals [27]. The diffraction images were taken using 
a Multiwire Laboratories real-time back-reflection Laue camera 
with a tungsten source operating at 20 kV and 25 mA. Typical 
distance between the X-ray tube tip and samples is 100 mm. 

Scintillation Measurements

X-ray excited luminescence spectrum (XRL), X-ray excited 
luminescence decay, gamma response (pulse height spectrum, 
PHM), afterglow and thermally stimulated luminescence (TSL) 
were all performed using cross-section of the crystal rod about 
1.5 mm thick with both sides polished.

X-ray generated from the same setup previously described 
for PXRD measurement was used to excite the crystal samples, 
and the luminescence spectra were recorded by a SpectraPro-
2150i spectrometer (Acton Research Corp., Acton, MA) coupled 
to a PIXIS:100B charge-coupled detector (Princeton 
Instruments, Inc.). The obtained spectra have been corrected 
for the instrumental response.

TSL measurements were conducted using the above setup 
with the crystal specimen mounted on the cold finger of a 
cryogenic refrigerator with a temperature range from 15 K to 
300 K. Mg4Ta2O9 sample was irradiated under X-ray for 30 min. 
The heating rate was set to 5 K/min. 

X-ray excited luminescence decay times were measured on 
a pulsed X-ray system consisting of an ultrafast laser (200 fs 
pulses at 165 kHz), a Hamamatsu N5084 light excited X-ray tube 
(tungsten anode), a Hamamatsu R3809U-50 microchannel PMT 
and an Ortec 9307 pico-timing discriminator [28]. 

Pulse height spectra were acquired on a Hamamtsu R6321-
100 photomultiplier tube (PMT) to determine luminosity and 
energy resolution under the excitation of 662 keV 137Cs γ-ray. 
The PMT was connected to a Canberra 2005 preamplifier, a 
Canberra 2022 shaping amplifier and an Ortec EASY-MCA-8K 
multichannel analyzer. The crystal samples were coupled to the 
PMT window with Viscasil 600000 (GE) optical grease and 
covered with layers of PTFE reflecting tape. The light output was 
estimated by comparison of the photopeak position with that 
of Bi4Ge3O12 (3×3.5×1.5 mm3), CdWO4 (5×5×5 mm3) and CaWO4 
(2×2×1.5 mm3) reference crystals (similar sizes to the Mg4Ta2O9 
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samples under study), which were measured under the 
identical condition and taking into account the PMT quantum 
efficiency for each crystal. The energy resolution (at 662 keV) 
was calculated based on the full width at half maximum 
(FWHM) of the photopeak. 

The afterglow was measured by exciting the samples with X-
rays from a Hamamatsu N5084 light-excited X-ray tube driven 
by a 405 nm pulsed photodiode (pulse width 30 μs at 50 Hz). A 
PMA series PMT from PicoQuant with a long-pass edge filter at 
450 nm and a fast multichannel analyzer (FAST ComTec) were 
used to collect the afterglow. In addition to Mg4Ta2O9 crystal 
samples, reference crystals of CdWO4, CsI: Tl and Y3Al5O12: Ce 
were also measured.

Results and Discussion
Crystal Growth

Ceramic rods of the pure targeted phase are essential to use 
as feed rods and their composition was confirmed by PXRD. 
Figure 2 shows the PXRD pattern of a sintered feed rod 
compared to the standard diffraction profile of corundum 
Mg4Ta2O9 (ICDD 00-38-1428). All the X-ray Bragg peaks of the 
reference are present in the pattern of the sintered rod. Series 
of sintered feed rods were tested and the procedure was 
determined reproducible.

Figure 2. Powder X-ray diffraction pattern of the Mg4Ta2O9 
ceramic feed rod for crystal growth.

Our previous growth trials indicated that Mg4Ta2O9 has a 
melting point of over 1800 ˚C and that the best crystal was 
obtained at a growth rate of 2 mm/h with an overpressure of 
argon (200 kPa) [13]. This new study confirms the findings. To 
prepare seed crystals by using ceramic rods (both the feed rod 
and seed), we translated the molten zone at a speed of 1 mm/h 
in air. For grain selection, the necking technique was used. The 
diameter of the rod was decreased to 1.5 mm promoting 
elimination of some grains at each "neck" before increase the 
diameter back to 3 mm. After several growth rounds, a single 
crystal with a length of 12 mm and a diameter of about 3 mm 
was successfully obtained to be used as a seed. The full-size 
crystals were then grown seeded. Different growth rates from 
0.6 to 3 mm/h were used and the 2 mm/h was confirmed to 

produce clear crystals. Figure 3(a) shows a crystal rod grown at 
the rate of 0.6 mm/h. With a pulling rate, smaller than 1 mm/h, 
the crystals appeared opaque on their surface. Further 
observation using optical microscopy indicated that opaque 
particles were not just on the surface, but also embedded into 
the crystal rods. For a pulling rate of 3 mm/h, even larger white 
particles were present inside the crystals shown in Figure 3(b). 
At a growth rate of 2 mm/h, the grown crystals show 
crystallographic facets with very good transparency. This 
growth speed was then used in the optimization of the thermal 
insulation modifications reported below.

Figure 3. Crystal rods grown using pulling rate of (a) 0.6 mm/h 
and (b) 3 mm/h, respectively (scale is mm).

While the increased pressure of 200 kPa air and a growth 
rate of 2 mm/h resulted in transparent faceted crystals, with 
increasing length, above about 2 cm, the crystals tend to crack 
longitudinally upon cooling suggesting that a decrease of the 
thermal stress upon cooling was needed.  

The core modification done to the furnace itself to decrease 
the thermal gradient upon cooling is the addition of an 
insulating tube inserted in the lower part of the growth 
chamber (Part#6 in Figure 1). This tube shown in figure 4a 
below, insulates the crystal and slows down its cooling 
significantly reducing the thermal stress on the crystal. The 
shallower and more uniform axial temperature gradient also 
impacts the solid-liquid interface that becomes less concave.   
Figure 4(b, c) are images recorded during crystal growth, 
showing the ceramic-melt-crystal interface and the insulating 
tube. The growth was ended by increasing the pulling rate and 
keeping the feeding rate constant to taper the crystal. 

Figure 4. (a) Photograph of the modified setup -insulating tube- 
inside the quartz growth chamber of our floating-zone furnace. 
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Real-time ceramic-melt-crystal image recorded at the (b) 
cylinder and (c) tailing growth stage, respectively. The red bars 
show 1.5 mm as scale. 

More stable crystal growth was then achieved and crack-
free crystals more than 50 mm long could be grown (Figure 5 
(a)). The crystallinity was checked by the Laue XRD method 
using back-reflection mode with the X-ray incident direction 
perpendicular to one of the small facets of the rods. Patterns 

shown in Figure 5 (b to g) were collected along the length of the 
crystal (from top to bottom) with an interval distance of about 
8 mm. All diffraction patterns match the simulated pattern in 
the c-orientation (Figure 5 (d)) confirming that the grown rod is 
indeed a single crystal. The above reported single crystal 
diffraction data, clearly imply that the growth direction is 
perpendicular to the c-direction. 

Figure 5. As-grown Mg4Ta2O9 crystal rod (a) grown at 2 mm/h after modification of the furnace.  Experimental X-ray Laue patterns 
taken perpendicular to the rod axis at different positions (b to g). Simulated X-ray Laue diffraction pattern along c-axis (h). Note: 
part of the pattern g was masked by the sample holder.

A common crack formation is shown in Figure 6. Mg4Ta2O9 
crystallizes in the trigonal group P c1 (165), with unit cell 𝟑
parameters a=5.1626(10) Å, c=14.035(4) Å (see supplement 
data Table S1). All tantalum atoms adopt octahedral 
coordination with two types of Ta-O bonding that have bond 
length of 1.899(3) Å and 2.118(3) Å, respectively. Each couple of 
TaO6 octahedron connect internally via sharing edge, 
composing isolated layers in ab-plane. The magnesium atoms 
are coordinated by six oxygen atoms with Mg-O bond length of 
2.023(2)-2.205(2) Å. A potential cleavage plane appears in the 
Mg-O-O-Mg-Mg-O plane along the growth direction.

Figure 6. (a) Typical cracking appearance of Mg4Ta2O9 rod 
grown by the floating-zone growth. (b) Atomic arrangement 
projected on the bc plane of Mg4Ta2O9 crystal structure.

Scintillation Properties
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X-ray luminescence and decay. The XRL spectrum of Mg4Ta2O9 
crystal measured at room temperature is shown in Figure 7(a), 
and presents a broad band with a maximum at about 3.4 eV. 
The emission can be fitted using two Gaussian components with 
centers at 3.45 eV and 3.05 eV, and a FWHM of 0.68 eV and 0.77 
eV, respectively. The mechanism responsible for the intrinsic 
luminescence (3.45 eV, 359 nm) in Mg4Ta2O9 was reported as a 

metal-to-ligand charge transition, where the excited state is the 
5d0 state of tantalum and the ground state is the 2p6 state 
associated with the oxygen ligand [26]. Similar luminescence 
processes have been determined in other self-activated 
transition metal oxides, for example molybdates and tungstate 
[29,30]. The lower energy emission is likely related to oxygen 
vacancies [31].

Figure 7. Room temperature (a) radio-luminescence spectrum and (b) scintillation decay curve of Mg4Ta2O9 crystal. (c) Pulse height 
spectra of Mg4Ta2O9 compared with CdWO4, CaWO4, and Bi4Ge3O12. The dash lines are fit in terms of Gaussian components of the 
photopeak of Mg4Ta2O9. (d) X-ray induced afterglow curves of Mg4Ta2O9 crystal and CdWO4, CsI:Tl, and Y3Al5O12:Ce reference 
samples. The inset reports the same data normalized to their maxima and on a bi-log plot. (e) TSL glow curve of Mg4Ta2O9 crystal.

Figure 7(b) reports the room temperature X-ray excited 
luminescence decay of Mg4Ta2O9 single crystals and the inset is 

an enlargement of the decay profile within the first 40 ns. To 
analyze the decay profile, the curve is fitted with a multi-
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exponential function, and the fit result is shown in the figure as 
well. The decay curve is well reconstructed by three exponential 
decay components with lifetimes of 0.4 ns, 303.7 ns, and 4501.8 
ns, the last one accounting for 80 % of the total decay with a 
few per cent accuracy. Although the primary decay of Mg4Ta2O9 

is relatively long with respect to those of other tantalate 
compounds [12], it is still much faster than those of molybdates 
and tungstates (e.g., 16 μs for CaMoO4 single crystals and 14 μs 
for CdWO4 [32,33]).

Light yield and energy resolution. Light yields were estimated 
based on the gamma-ray excited photopeak of as-grown 
Mg4Ta2O9 crystals and three references, CdWO4, CaWO4, and 
Bi4Ge3O12. The Mg4Ta2O9 samples were polished manually on both 
sides, with Al2O3 powders of different sizes until an optical finish was 
obtained. Several polished crystal plate samples (1.5 mm thick) are 
shown in figure 8.

Figure 8. Photograph of Mg4Ta2O9 crystal slices (polished on 
both sides) used for the light yield and energy resolution 
measurements. The black lines are separated by 1 mm.

The pulse height spectra can be found in Figure 7(c).  The 
obvious double peak of Mg4Ta2O9, is due to the escape of Ta Kα 
characteristic x-rays related to the sample small dimensions. At 
662 keV, the light yield of Mg4Ta2O9 is 13,000 ± 2,000 ph/MeV, 
with an energy resolution of 6%. The result is very similar to that 
reported previously in [12] for samples of similar sizes (disks cut 
perpendicular to the growth direction) indicating that the 
improved growth parameters do not strongly influence the light 
yield of these small samples. Samples from the first study were 
chosen free of cracks. Still the improved growth parameters 
enabled the growth of longer rods that appears free of 
macroscopic structural defects (bubbles/voids, cracks and 
inclusions) upon both visual inspection and optical microscopy 
of polished slices. This is crucial for imaging performances since 
macroscopic defects affect the diffusion and thus the spatial 
resolution.

Afterglow. A scintillator that rapidly decays to the lowest 
constant residual afterglow, allows a short veto time and a large 
collection rate of its scintillation for high-speed imaging 
applications [34]. As shown in Figure 7(d), the reference CdWO4 
exhibits the smallest afterglow level while CsI:Tl shows the 
largest afterglow signal when considering their absolute 
afterglow intensity. CdWO4 is characterized by an afterglow 
lower than 0.01% / 3 ms. CsI:Tl and Y3Al5O12:Ce have similar 
fairly large afterglow  of about 0.1% at 2 ms, (see figure 7(d) 
inset). We have to note, though, that the CsI:Tl afterglow here 
reported appears to be optimistic compared to published 

afterglow data of about 2 % / 2 ms [35, 36]. The afterglow in the 
ms range of our Mg4Ta2O9 scintillator crystal is similar to those 
of Y3Al5O12:Ce and CsI:Tl. The normalized results reported in the 
figure inset in the time range 0 to 1200 µs show that Mg4Ta2O9 
has a much lower afterglow values in the 100-1,000 μs with 
respect to CsI:Tl, Y3Al5O12:Ce, while CdWO4 is limited by its long 
decay time.  The afterglow is generally related to the presence 
of defects acting as traps for charge carriers and Mg4Ta2O9 
indeed shows two rather shallow traps evidenced in the 
thermally stimulated luminescence results in Figure 7(e). The 
full analysis of the TSL glow curves and their spectra are beyond 
the scope of the paper. Further developments in the growth of 
Mg4Ta2O9, for instance by considering doping with monovalent 
or trivalent cations, will be explored in the future to control the 
intrinsic traps and reduce the afterglow of Mg4Ta2O9 [37]. 

Comparative performance.    

Table 1 lists the scintillation relevant properties of Mg4Ta2O9 

and those of three other commercial scintillators for 
comparative purpose.  Although the afterglow of Mg4Ta2O9 
(0.011% at 3 ms) does not outperform CdWO4, it is similar to 
those of Y3Al5O12:Ce and CsI:Tl..  Mg4Ta2O9 has a Zeff and density 
higher than that of CsI:Tl and its luminosity is similar to that of 
CdWO4. Mg4Ta2O9 is then seen as viable scintillator that does 
not contain any toxic material and could be developed further 
for radiography or other applications.

Table 1. Comparison of properties of Mg4Ta2O9 with other 
commercial scintillators.

Crystal Mg4Ta2O9 CdWO4 [39]
Bi4Ge3O12 

[40]
CsI:Tl 
[36,37]

Structure
Trigonal

P c1𝟑

Monoclinic

P 12/c1

Cubic

I 3d𝟒

Cubic

Pm-3m

Density 
(g/cm3)

6.2 7.9 7.1 4.5

Zeff 59.6 64.2 75.1 54

Attenuation 
length at 662 
keV (cm)

1.82 1.45 1.41 2.87

Emission 
wavelength 
(nm)

360 475 480 550

Light yield 
(ph/MeV)

11,000-
15,000 

12,000-
15,000 

8,000-
10,000 

52,000-
56,000

Energy 
resolution

6 % 8.3 % 9 % 5.7 %

Primary 
decay time 
(ns)

4,500 14,000 300 1,000

Afterglow 
(/ms)

0.011% / 
3

<0.01% / 3 0.015%/20 2% / 2
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Conclusions
The modified floating-zone method reported here 

successfully solved the growth issues of Mg4Ta2O9 bulk crystal 
that have been previously reported. Shallower thermal 
gradients during cooling prevented cracking and good quality 
crystal rods with sizes of the order of Φ3.5 mm × 50 mm could 
be obtained free of macroscopic structural defects.  Mg4Ta2O9 
melts congruently and other growth techniques such as 
Czochralski could be attempted for growth of larger crystals. 

The scintillation properties including radio-luminescence, 
decay time and afterglow were measured and compared to 
commercial scintillators CdWO4, Bi4Ge3O12, and CsI:Tl. As in the 
case of CdWO4, Mg4Ta2O9 is an intrinsic scintillator, which 
eliminates the possibility of inhomogeneity induced by dopant 
segregation in single crystals. The main advantage of Mg4Ta2O9 

over CdWO4 is its lack of toxic element in its composition.
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