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Europium-doped barium halide scintillators for x-ray and -ray detections
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Single crystals of undoped or europium-doped barium chloride, bromide, and iodide were
investigated under x-ray and y-ray excitations. The Eu**-related x-ray excited luminescence found
in the Eu-doped barium halides occurs at 402, 404, and 425 nm for the chloride, bromide, and
iodide, respectively. BaCl,: Eu®* shows the best scintillation properties of the systems investigated.
The light yield is about 20 000+2000 photons per MeV of absorbed 7y-ray energy, the energy
resolution for the 662 keV photopeak is 8.8% =0.9%, and the scintillation decay time is

390+40 ns. © 2007 American Institute of Physics. [DOI: 10.1063/1.2432306]

I. INTRODUCTION

Research of scintillators has become very important dur-
ing the last 20 years because of their use in x-ray radiogra-
phy for medical diagnosis, nondestructive testing, and many
fields of physics and chemistry. For all applications the de-
tection of the x rays can be achieved by an x-ray scintillator.
Common scintillators are based on inorganic materials.

Fluorozirconate-based glass ceramics activated with eu-
ropium represent a promising class of x-ray scintillators."* In
contrast to common single-crystal scintillators, glass ceram-
ics can be manufactured easily in any size and shape. The
scintillation in these glass ceramics is mainly caused by the
5d-4f transition of europium(Il) incorporated in barium chlo-
ride nanocrystals that are formed in the glass matrix upon
appropriate thermal processing. To better understand the
scintillation properties in europium-activated barium halide
nanocrystals in general, an investigation of the processes in
the corresponding bulk material is essential.

Typical performance characteristics for scintillators are
energy resolution, light yield, and scintillation decay time.
The energy resolution indicates the relation of the light out-
put to the energy of the penetrating gamma quantum. The
light yield is the fast part of the generated light after the
absorption of an energetic photon (x-ray or gamma quantum)
obtained from pulse height spectra; integrated x-ray excited
luminescence spectra provide information on the integral
scintillation efficiency. A fast scintillation decay time is nec-
essary for fast-timing or high-count-rate applications.

Il. EXPERIMENTAL TECHNIQUES
A. Sample preparation and crystal structure

Undoped and Eu-doped single crystals of orthorhombic
BaX, (X=Cl, Br, and I) were grown in the University of
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Paderborn crystal growth laboratory using the Bridgman
method. To prepare the Eu-doped samples, BaX, powder was
added to 1000 molar ppm of EuX, in a quartz glass ampoule
with a SiX, atmosphere. Prior to crystal growth the BaX,
powder was dried in vacuum with subsequent melting in the
SiX, atmosphere to reduce oxygen contamination. However,
the silicon treatment did not work for the Bal, powder. The
usual technique was completed by slow cooling through the
cubic-orthorhombic phase transition near 920 °C for BaCl,
(Ref. 3) and 800 °C for BaBr,.*

The stable phase of BaX, crystals at room temperature
(RT) has the orthorhombic PbCl, structure characterized by
the space group D2h16 (Pnma).’ The lattice parameters, den-
sity, and effective Z are summarized in Table 1. The rare-
earth dopant Eu®* is substituted at Ba®* sites having nine
halide ions as close neighbors at slightly varying distances.

B. Experimental setup

The x-ray excited luminescence (XL) and afterglow
spectra were recorded at the University of Paderborn using a
0.22 m double monochromator (Spex) in combination with a
cooled photomultiplier (Hamamatsu R943-02) working in
single-photon counting mode (HP 5370B universal time in-
terval counter). All spectra were recorded at RT and not cor-
rected for spectral sensitivity of the experimental setup. The
x-ray irradiation was carried out with a mobile x-ray tube
(Phillips MGC 01) using a tungsten anode at 60 kV and
15 mA.

Pulse height spectra were obtained at the Delft Univer-
sity of Technology with a Hamamatsu R1791 photomulti-
plier tube (PMT) with a box-type dynode structure connected
to a preamplifier and an Ortec 672 spectroscopy amplifier
inside an M-Braun Unilab dry box. The crystals were
mounted directly to the window of the PMT and covered
with several Teflon layers to optimize the light collection.
The photoelectron yield (LY, in photoelectrons per MeV)
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TABLE 1. Lattice parameters (Ref. 3), density (Ref. 5), and effective Z (for
energies between 100 keV and 1 MeV) (Ref. 6) of BaX,.
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TABLE II. Light yields and XL-to-afterglow ratios of undoped and Eu-
doped barium halides. The light yield was derived by comparing the inte-
grated area under the XL curve of the corresponding barium halide to that of

a b c Density a CdWO, [28 000 photons/MeV (Ref. 11)] reference sample. The XL-to-
Crystal A) (A) A) (g/cm?) Effective Z afterglow ratio was detected at the wavelengths indicated.
BaCl, 7.865 4.731 9.421 3.888 49.8 Integral scintillation efficiency
BaBr, 8.276 4.956 9.919 4.781 47.8 with respect to CAWO, XL-to-afterglow ratio
Bal, 8.922 5.304 10.695 5.15 54.1 Crystal (photons/MeV) (after 3 s)
BaCl, 4500500 20% at 420 nm
. . . . 25% at 475 nm
is obtained by comparing the peak position of the photopeak  pyp;, 87004870 1% at 425 nm
with that of the single-electron spectrum.7 The absolute light 2% at 475 nm
yield, LY, in photons per MeV (photons/MeV), is derived ~ Bal, 1700=170 <0.1%
from Lthe as fol]ows:8 BaCl,:Eu 19 000+ 1900 0.2% at 402 nm
BaBr,:Eu 32 000+3200 10% at 404 nm
LY = (1 = Rer)/(0.98 - QEegr) - LY ppe. (1) Bal,:Eu 2000200 <0.1%

The effective quantum efficiency QE of the PMT was ob-
tained from the manufacturer, and the PMT effective reflec-
tivity R s was measured. Both are averaged over the spectral
profile of the y-ray excited scintillation spectrum. The posi-
tion as well as the energy resolution of the photopeak (full
width at half maximum) was determined by fitting the pho-
topeak with a Gaussian curve.

The scintillation decay time was measured at Delft Uni-
versity of Technology. The spectra were recorded by two
methods. The first is the single-photon counting technique
described by Bollinger and Thomas.” For this method, scin-
tillation decay time spectra can be recorded up to a maxi-
mum time range of 200 us with XP2020Q PMTs, Ortec 934
constant fraction discriminators, Ortec 567 time-to-
amplitude converter (TAC), and AD513A CAMAC analog-
to-digital converter (ADC). The time ranges used for mea-
surements presented in this work vary from 10 to 20 us.

For recording decay time spectra at longer times than
200 wus, the multihit method'® was used. The TAC and ADC
in the single-photon counting technique were replaced by a
Lecroy 4208 time-to-digital converter (TDC) having a chan-
nel width of 1 ns. By this method, the short decay compo-
nent and its contribution to the total light yield are less ac-
curately obtained than those by the single-photon counting
technique.

lll. EXPERIMENTAL RESULTS

A. X-ray excited luminescence and integral
scintillation efficiency

Figure 1 shows the normalized XL spectra of undoped
and Eu-doped BaCl,, BaBr,, and Bal,. The XL of undoped
BaCl, shows a broad band at about 300 nm and a double-
peak structured band between 380 and 600 nm with maxima
at 420 and 475 nm. The ultraviolet XL band at about 300 nm
can only be seen in undoped BaCl, but not in any of the
other samples. The XL of undoped BaBr, shows a similar
double-peak structured band as found in undoped BaCl, with
peak positions at 425 and 475 nm. However, the intensity
ratio of the 425 to the 475 nm band has changed in favor of
the longer wavelength. In undoped Bal, a broad XL band at
about 530 nm with a small shoulder at about 430 nm can be
found.

The XL spectra of the Eu-doped BaCl, and BaBr, do not
show any of the features described above but single bands at
402 and 404 nm, respectively. This band is due to the typical
5d-4f transition of Eu>*. The 404 nm band in BaBr, shows a
small shoulder at about 480 nm. The Eu?* emission is further
shifted to longer wavelengths in Eu-doped Bal,, where it is
seen as a small peak at about 425 nm. The XL of Eu-doped
Bal, is dominated by the broadband at 530 nm, which also
appeared in undoped Bal,. The most intense XL peak oc-
curred for the Eu?* 5d-4f transition in BaBr, followed by
BaCl,. The Eu?* emission in Bal, is very weak.

For a rating of the scintillation properties with regard to
light yield, single crystals of the undoped and Eu-doped
barium halides were compared to the common scintillator
CdWO,. The measurements were made using the same pa-
rameters for all crystals. The area under the XL curve was
calculated and compared to that of CdWO4.11 The results are
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FIG. 1. Normalized x-ray excited luminescence spectra of undoped (dashed
curves) and Eu-doped (solid curves) barium halides. Parts of the spectra of
the Eu-doped samples (dotted curves) are blown up ten times as indicated.
All spectra were recorded at RT.
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FIG. 2. Normalized afterglow spectra of undoped (dashed curves) and Eu-
doped (solid curves) barium halides. All spectra were recorded at RT.

given in Table II. The integral scintillation efficiencies of the
Eu-doped samples are reported in Ref. 12. The value for
Bal,: Eu** presented in Table I is slightly larger than in Ref.
12.

B. Afterglow

Figure 2 shows the normalized afterglow spectra of un-
doped and Eu-doped BaCl, and BaBr,. The afterglow of un-
doped and Eu-doped Bal, was too weak to allow the record-
ing of the spectral behavior. The afterglow spectra of the
Eu-doped samples (Fig. 2, solid curves) are almost identical
to the corresponding XL spectra. The spectra are dominated
by the Eu?* emissions at 402 and 404 nm for BaCl, and
BaBr,, respectively. The afterglow spectrum of the undoped
BaCl, does not show the broad 300 nm luminescence band
found in XL but the double-structured band with peaks at
420 and 475 nm. However, the intensity ratio of the 420 to
the 475 nm band has changed in favor of the longer wave-
length. For undoped BaBr, the situation is similar: The af-
terglow spectrum shows the same double-structured band as
already observed in XL, with an intensity ratio in favor of
the longer wavelength. In both cases, the change in the in-
tensity ratio is caused by the slightly higher afterglow inten-
sity of the longer wavelength band. This finding was con-
firmed by measurements on the temporal behavior of the
XL/afterglow intensity.

Figure 3 shows the temporal behavior of the XL/
afterglow intensity of undoped and Eu-doped barium halides
after switching on (for 5 min) and off the x-ray excitation at
RT; the resolution of these measurements was 3 s, i.e., every
3 s a data point was recorded. Undoped BaCl, shows an
afterglow in the range from 20% (420 nm) to 25% (475 nm).
The Eu?* emission in BaCl, has an afterglow of about 0.2%.
In contrast to BaCl,, the afterglow of undoped BaBr, is less
than that of the Eu-doped sample: The Eu?* emission has an
afterglow of 10%, while the afterglow in undoped BaBr,
ranges from 1% (425 nm) to 1.5% (475 nm). Undoped and
Eu-doped Bal, show an afterglow below 0.1%. The XL-to-
afterglow ratios detected at the wavelengths indicated are
listed in Table II.
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FIG. 3. Temporal behavior of the XL/afterglow intensity of undoped and
Eu-doped barium halides after switching on and off the x-ray excitation at
RT; the XL/afterglow intensity was detected at the wavelength indicated.

C. Light yield and energy resolution

Light yields and energy resolution for the undoped and
Eu-doped barium chlorides and bromides were derived from
pulse height spectra under 662 keV y-ray excitation of a
37Cs source; the spectra are shown in Fig. 4. To determine
the position of the photopeak and the energy resolution, the
photopeaks were fitted by Gaussian curves. Besides the pho-
topeak at 662 keV, the spectra show the Compton continuum
from the Compton edge at about 450 keV down to zero en-
ergy. The backscatter peak, which arises from scattering of
the y rays from the photomultiplier and materials outside the
system back into the scintillation crystals, is at 200 keV. The
leftmost peak at 32 kV corresponds to the Ka x rays of
barium, which are also emitted in a 137¢s decay. The unusual

32 keV Ba

BaBr,:Eu?*

Counts (arb. units)

32 keV Ba

BaCly:Eu?*

Counts (arb. units)

0 200 400 600 800 1000
Energy {keV)

FIG. 4. Pulse height spectra of undoped and Eu-doped barium bromides and
chlorides under a 662 keV 7y-ray excitation of a '*’Cs source. The spectra
are measured with a shaping time of 10 us at RT.
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TABLE III. Light yield, energy resolution, and scintillation decay of un-
doped and Eu-doped barium halides. The light yield and energy resolution
values for BaCl,:Eu?** and BaBr,:Eu** were derived from pulse height
spectra (shaping time of 10 us) under a 662 keV 7 ray excitation of a '¥'Cs
source; the values for Bal,:Eu’* were obtained from pulse height spectra
under 59.9 keV 7y rays of a **'Am source. The scintillation decay measure-
ments for the BaCl, and BaBr, crystals were carried out with the single-
photon counting method, those for the Bal, crystals with the multihit
method. For the fitting of the Bal, decay curves, the second component was
kept constant.

Light yield

(photons/MeV)
Energy Scintillation
Crystal 0.5 us 10 us resolution (%) decay time (ns)
BaCl, 1500150 1700+150 17.4+£1.7 980+100 (100%)

BaCl,:Eu 14 400+1450 194001950 8.8+0.9
BaBr, 5100+500  19300+1950 5.4+0.5
BaBr,:Eu 10800+1100 157001550 11.0£1.1

390+40 (100%)
2200+220 (100%)
585+60 (100%)

Bal, 1100£100 2 600+250 610+50 (65%),
5000 (const)
Bal,:Eu 2300+250 3 800+400 510+50 (80%)

5000 (const)

broadening of the photopeak in BaBr,:Eu®* is probably
caused by inhomogeneities in the crystal. The values for the
undoped and Eu-doped barium iodides were obtained from
pulse height spectra under 59.9 keV vy rays of a 21 Am
source (the spectra are not shown); the barium iodides did
not show any photopeak under a 662 keV y-ray excitation.
Light yields and the energy resolution of undoped and Eu-
doped barium halides are compiled in Table III.

Of all the barium halides studied, undoped BaBr, and
BaCl,:Eu®* show the highest light yield with 19 300+1950
and 19 400+1950 photons/MeV, respectively. The values
were obtained with a shaping time of 10 us. Increasing the
shaping time from 0.5 to 10 us leads to an increase in the
light yield of more than 70% for undoped BaBr,. This
change indicates a slow scintillation component in the micro-
second range. The increases in the light yield in Eu-doped
BaCl, and BaBr, are 25% and 30%, respectively. For un-
doped BaCl,, which shows the lowest yield light of all
samples, only a weak increase—meaning a fast scintillation
component—is found upon increasing the shaping time from
0.5 to 10 us. The undoped and Eu-doped barium iodides
show an increase of almost 200%.

D. Scintillation decay

In Fig. 5 the scintillation decay curves of undoped and
Eu-doped barium halides are presented. All samples were
measured with TDC and TAC. The results of the two meth-
ods correspond with each other within an error of 10%. The
curves for BaCl, and BaBr, were measured with the single-
photon counting method, whereas those for the Bal, samples
were measured with the multihit method. The scintillation
decay components are collected in the last column of Table
III. The decay components for Eu-doped BaCl, and BaBr,
are much faster than those observed for the corresponding
undoped sample, whereas both undoped and Eu-doped Bal,
show about the same temporal behavior. The emission in
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FIG. 5. Normalized scintillation decay curves of undoped and Eu-doped
barium halides under a 662 keV y-ray excitation of a '*’Cs source. The
measurements for the BaCl, and the BaBr, crystals were carried out with the
single-photon counting method, those for the Bal, crystals with the multihit
method. All decay curves were recorded at RT.

Bal, is dominated by the 530 nm band, and its decay can be
fitted by assuming two different components.

IV. DISCUSSION

The x-ray excited Eu?* emission in Eu-doped barium
halides (solid curves in Fig. 1) shifts from chloride to iodide
to longer wavelengths. For Eu-doped BaCl, and BaBr, the
Eu?* emission dominates the XL spectrum; the double-
structured XL band at about 450 nm observed in the undoped
samples cannot be seen in Eu-doped BaCl,, but it is found as
a small shoulder in the case of Eu-doped BaBr, (Fig. 1,
dotted curves). The XL band at 530 nm in undoped Bal, is
also present in the XL spectrum of Eu-doped Bal, and is
even more intense than the FEu-correlated emission at
425 nm. The 450 nm XL found in undoped BaBr, has pre-
viously been ascribed to F-Vj center recombination.'® The
450 nm band in undoped BaCl, and the 530 nm band in Bal,
might be caused by the same process. We assume that there
is an energy transfer mechanism between the F-Vj pair and
Eu?*. This transfer is very efficient in the case of BaCl,,
efficient in the case of BaBr,, but almost completely sup-
pressed in the case of Bal,. The reason for this is still un-
clear. At this point, we cannot say much about the scintilla-
tion mechanism in the barium halides investigated because
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dedicated experiments, such as decay time and light yield
measurements (as a function of temperature and concentra-
tion), were not performed.

The aim of this paper was to explore whether the mate-
rials studied can be interesting scintillator candidates. The
best scintillator of the barium halides investigated—with re-
spect to light yield, scintillation decay time, and
afterglow—is Eu-doped BaCl,. The light vyield is
19 400 photons/MeV (see Table III), the scintillation decay
consists of a fast component on the submicrosecond scale
(about 400 ns, see Table III), and the afterglow is less than
0.2% (see Table II). Moreover, the energy resolution under
the 662 keV 7y-ray excitation of a '*’Cs source is 8.8%.

Although undoped BaBr, is also a good scintillator in
terms of the light yield (19 300 photons/MeV, see Table III),
its scintillation decay component is on the multiple micro-
second scale (2200 ns, see Table III), which makes this sys-
tem less attractive for scintillation applications. The XL-to-
afterglow ratio of undoped BaBr, is 1%-2%; the energy
resolution is 5.4% and thus slightly better than that of Eu-
doped BaCl,.

At first glance, a comparison between the light yield
values obtained from the pulse height spectra (see Table III)
and those from the XL spectra (see Table II), which were
compared to CdWO, [28 000 photons/MeV (Ref. 11)],
shows that some of the data do not agree with each other. An
explanation for this discrepancy lies in the recording method
of the data. The light yield values derived from the pulse
height spectra were recorded with a maximal shaping time of
10 us, whereas each data point of the XL spectra was ob-
tained after 1-2 s of integration and was thus additionally
increased by afterglow effects. The light yield values in
Table III agree with those in Table II in the case of low
afterglow samples, e.g., Eu-doped BaCl,. Samples having an
intense afterglow such as undoped BaCl, and Eu-doped
BaBr, show in the XL spectra a much higher light yield,
leading to a higher value in Table II. The XL light yield
values for the undoped and Eu-doped Bal, are smaller than
those of the pulse height spectra values. Bal, is very hygro-
scopic and becomes opaque while performing the XL mea-
surements; the light yield thus decreases. For the pulse

J. Appl. Phys. 101, 034901 (2007)

height spectra, the measurements were performed inside an
M-Braun Unilab dry box with a moisture content less than 1
ppm. Finally, one may not exclude a nonproportional re-
sponse of the scintillators with energy of excitation. Usually,
scintillators are less efficient at x-ray energies (10—50 keV)
than at gamma-ray energy (662 keV), and this may also con-
tribute to differences between the x-ray light yield in Table II
and the y-ray light yield in Table III.
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