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Abstract

The scintillation properties of cerium-doped oxyhalides following the general formula REOX (RE=Y,
La, Gd, and Lu; X=F, Cl, Br, and I) are reported. These materials were synthesized under dry
conditions as microcrystalline powders from conventional solid state reactions. The room temperature
X-ray excited emission and scintillation decay curves were measured and analyzed for each material.
Additionally, the hygroscopic nature of the oxychlorides and oxybromides was compared to that of
their corresponding rare earth halides. The yttrium, lanthanum, and gadolinium oxychlorides, and all
of the oxybromides and oxyiodides are found to be activated by Ce®". GdOBr doped with 0.5% Ce’”"
has the highest light output with a relative luminosity of about one-half that of LaBrs: Ce’". It displays
a single exponential decay of 30 ns.

Research Highlights

» Room temperature scintillation properties of cerium doped rare earth oxyhalides. »Oxybromides
and oxyiodides most efficient scintillators. > Cerium activation may be linked to structure.
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1. Introduction

Cerium-doped rare earth halides display desirable [1] high scintillation light yields with fast decay
components [2], [3], [4], [5], [6], [7], [8], [9], [10] and [11] (e.g., LaBry: Ce’" has been reported to have
luminosities in the range of 61,000—74,000 phs/MeV and decay times <40 ns , [6] and [10]), and hence they
have garnered much attention. Though these halides are attractive scintillators, their hygroscopic nature make
them difficult to handle. Traditionally, metal oxide scintillators are more air stable.

In this work, we investigated inorganic hosts containing both oxide and halide ions in an attempt to
discover new host materials that are more stable than the rare earth halides and have comparable
scintillation properties when doped with cerium. Yttrium, lanthanum, gadolinium, and lutetium
oxychlorides and oxybromides doped with trivalent cerium have been previously studied for use in



cathodoluminescent and X-ray intensifying screens [12], [13], [14] and [15]. Here we report the
scintillation properties (emission spectra, decay curves, and decay times) of these materials and added
those of the oxyfluorides and oxyiodides, following the general formula REOX (RE=Y, La, Gd, and
Lu; X=F, CI, Br, and I). Relative luminosities are obtained by normalization to the known scintillator
LaBrs: 5% Ce’". A semi-quantitative study is included of the chemical stability of the oxychlorides
and oxybromides.

2. Experimental
2.1. Synthesis

The oxyfluoride and oxyiodide materials were produced from the solid state reaction

RE:0;s(5)+ REX (s) = IREOX(5)

(1){RE =%,La,Gd, and LuyX =Fand I}

Finely ground mixtures of the rare earth oxides and fluorides were reacted in capped alumina tubes
under 3% Hy/argon flow at 1000 °C for 10 h. The oxyiodides were synthesized at the same
temperature and duration in sealed evacuated quartz tubes. The rare earth iodides and the oxyiodide
products are sensitive to light and moisture; therefore, all manipulations of these materials were
performed in the dark in an argon-filled glove box.

The rare earth oxychlorides and oxybromides were synthesized in accordance with

RE;O;(s) + INH Xis)— ZREOX(s) + 2MNH3(g) + Hy O g)
)1 RE=7%,La,Gd, and Lu;X =Cl and Brj

where mixtures of the corresponding rare earth oxide and ammonium chloride or bromide (1:2
molar ratio) were reacted under 3% Hy/argon flow following a modified synthesis procedure of [16]
and [17]. Each mixture was initially heated at 450 °C for 1 h, allowing the release of ammonia and
water gases. Subsequently, the temperature was raised to 800 °C and was held there for 1h to
crystallize the phases.

Each REOX material was prepared in its undoped and doped forms. Concentrations of 0.5, 1, 2, 5,
and 10 mole% of the rare earth precursors were replaced by cerous oxide (Ce,0Os) and/or cerium
halide (CeX3). With the exception of the oxyiodides, all oxyhalides are colorless hygroscopic
powders. The oxyiodides are hygroscopic and tan.

2.2. Characterization
Proper synthesis of each material was confirmed by powder X-ray diffraction. The diffractometer is
an in-house diffraction setup utilizing a Bruker Nonius FR591 rotating anode X-ray generator

operated at 50 kV and 60 mA. A more detailed description of this setup is supplied in [17].

Once the structure of each material was confirmed, a quantitative test was taken of the hygroscopic
nature of the undoped oxychlorides and oxybromides. The weight gain for ~.100 mg of each sample



was recorded at room temperature in open air (75% humidity) over 95 h. Identical measurements were
conducted on the corresponding rare earth halides for comparison.

Room temperature X-ray excited luminescence spectra and pulsed X-ray decay curves were
measured for each REOX and LaBrs: 5% Ce’" microcrystalline powder in sealed quartz cuvettes.
Details of these procedures can be found in [18] and [19]. Multiple high-statistics pulsed X-ray data
sets were used to determine the standard deviations in the decay times. For each material a minimum
of four replicate data sets were acquired, and each contained typically 4 million events. A sum of
exponential decay components was fit to each data set. In all cases the same components were
identified with exponential decay times that differed somewhat due to the statistical fluctuations in the
data.

The total luminosities were determined from pulsed X-ray measurements by summing all detected
photons.  Relative  luminosities of each sample, RLgympe, Wwere calculated by

where PLgympie and PLg;,q are the luminosities obtained for the sample and standard, LaBrs;: 5%
Ce’", powders, respectively.

3. Results
3.1. Physical properties
3.1.1. Densities and Z. s

The densities and Z,; of the REOX (RE=Y, La, Gd, and Lu; X=F, CI, Br, and I) compounds are
listed in Table 1. These physical parameters are important determinates of the stopping power of a
scintillator [1]. The higher the density and Z.; of a host, the better the material will absorb ionizing
radiation. The compounds studied have densities and Z,; comparable to LaBr; (p=5.1 g/cm3; Zo=47).

Table 1. Physical and scintillation properties of cerium-doped REOX (RE=Y, La, Gd, and Lu; X=F, CI, Br, and
I) at their optimized cerium concentrations.

Luminosity

Crystal system Ce™ Emission relative to Major decay
Compound M y Density | Z.,;" | doping wavelength ) times (>10% of
[19] ~ LaBr;: 5% .
(mole%) | (nm) Ce' light)
YOF E%‘]’mb"hedml 523 |36 05 330, 400 <0.01 1906+9 (77%)
LaOF Ehl‘]’mb"hedml 6.03 |47 2 490 <0.01 2058+30 (36%)
GJOF Rhombohedral 769 49 05 - <0.01 14054+417 ns

[22] (16%)



Compound

LuOF

YOCI

LaOCl

GdOCl

LuOCl

YOBr

LaOBr

GdOBr

LuOBr

YOI

LaOlIl

GdOI

Crystal system
[19]

Monoclinic
[23]

Tetragonal
[24]

Tetragonal
[25]

Tetragonal
[24]

Rhombohedral
[26]

Tetragonal
[19]

Tetragonal
[25]

Tetragonal
[27]

Tetragonal[19]

Tetragonal
[19]

Tetragonal
[25]

Tetragonal
[28]

Density | Z.;"

4.64

5.45

6.66

5.06

6.17

6.82

7.58

542

591

6.85

51

35

45

48

51

36

47

49

52

48

54

56

Ce3+
doping
(mole%)

0.5

0.5

0.5

0.5

Emission
wavelength
(nm)

380

420

400

380

400, 445

425

405, 445

405, 445

430, 480

470

440, 470

Luminosity
relative to
LaBrs3: 5%
Ce3+b

<0.01

0.05

<0.01

0.25

0.08

0.15

0.04

0.49

0.10

0.07

0.11

0.10

Major decay
times (=10% of
light)

806 (16%);
335£16 (16%);
1882491 (23%)

20+0 ns (83%)

17£1 ns (15%);
106=+5 ns
(16%);

83618 ns
(15%);

Rise time:

6=+1 ns; 25+1 ns
(63%);

7613 ns (27%)

377+24 ns
(16%);
1512+10 ns
(77%)

2540 ns (76%);
5942 ns (17%)

1+0 ns (11%);
4+0 ns (26%);
1340 ns (35%)

Rise time:
10£1 ns;
30+1 ns (100%)

2540 ns (56%);
73%1 ns (10%)

23+0 ns (85%)

24+0 ns (86%)

230 ns (67%)



Compound

LuOIl

Crystal system
[19]

Tetragonal
[29]

Ce3+
Density | Z,;" = doping

(mole%)
7.71 59 1

Emission
wavelength
(nm)

430, 480

Luminosity
relative to
LaBrs3: 5%
Ce3+b

0.01

Major decay
times (=10% of
light)

23+0 ns (82%);
731 ns (10%)

® Z,iis calculated by (4), Lt = (WAZL+WeZy +WeZ2)  (Hwhere W,, Wy, We, Zy, Zp, and Z are the weight ratios
and atomic numbers of elements A, B, and C, respectively [30].
® Relative luminosities calculated utilizing (3).

3.1.2. Hygroscopic nature

The increase in weight of the rare earth halides and oxyhalides while sitting in an open container
exposed to open air is attributed to their absorption of moisture. After 95 h, the percentage of weight
gained by the rare earth oxyhalides was less than a third of the weight gained by the rare earth halides
(Fig. 1(a) and (b)). The hygroscopic nature of each rare earth oxyhalide is inversely related to the
ionic size of their rare earth. The ionic radii of these trivalent cations (CN=8) follow the trend: Lu®"
(0.98 A)<Y>" (1.02 A)=Gd** (1.05 A)<La’" (1.22 A) [31]. Likewise, their hygroscopic natures follow
a similar trend in which the smaller the rare earth, the more hygroscopic the material. The
oxyfluorides and oxyiodides were excluded from these experiments; the fluorides tend to be stable
and the iodides are light sensitive, making them less viable as useful scintillators.
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Fig. 1. (a and b) Hygroscopic nature (moisture absorption) of REX; and REOX, where RE=Y, La, Gd, and Lu,
and (a) X=Cl and (b) X=Br.

3.2. Luminescence properties



X-ray excited emission spectra and pulsed X-ray decay curves were obtained for each undoped and
cerium-doped REOX sample. A repeatable luminosity value for each material was achieved within
10%. Attention was given to changes in luminosities, emission peak maxima, and decay curve
structures with variation of cerium concentration. Table 1 lists the emission peak maxima and major
decay times found for each cerium-doped REOX material at the concentration that produced the
highest light yield. The averages and standard deviations of the fitted decay times are listed. The
standard deviations of the fitted fractions of the exponential components were typically 0.01 and less
than 0.02 in all cases. Select X-ray excited emission spectra and decay curves are presented in Fig.
2(a—h).
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Fig. 2. (a—d) Room temperature X-ray excited emission spectra and (e—h) room temperature X-ray excited
decay curves of select cerium-activated REOX scintillators.

Cerium-activated materials are expected to exhibit doublet emission peaks and exponential decays
that correspond to transitions from the 5d configuration to the two terminating levels of the 4f
configuration of ce’': 2F7/2 and 2F5/2. Of the sixteen REOX materials, ten exhibit such signature
cerium luminescence upon doping. Details are discussed below.

3.2.1. Oxyfluorides-REOF: ce’*

The REOF: Ce’" materials do not exhibit cerium characteristic scintillation properties. Their
scintillation light yields are low, and their emission peak intensities are either negligible or lack
discernible cerium doublets. Moreover, the decay curves obtained from pulsed X-ray measurements
are non-exponential with decay times >80 ns.

3.2.2. Oxychlorides-REOCI: Ce’*

The yttrium and gadolinium oxychlorides show typical cerium emission and decay curves under
X-ray excitation. Fig. 2(a) and (e) contain the emission spectrum and decay curve, respectively, of
YOCI: 1% Ce’", the concentration exhibiting the highest light yield of the cerium-doped yttrium
oxychloride samples. This material emits as a broad unresolved doublet covering 330490 nm with
maximum at 380 nm. It displays an exponential decay of 20 ns for 83% of its scintillation light. The
remainder of the decay has lifetimes >1 ps.

Fig. 2(c) and (g) contains the emission spectrum and decay curve, respectively, of GAOCI: 0.5%
Ce’", the concentration displaying the highest light yield of the cerium-doped gadolinium oxychloride
samples. It emits as a broad unresolved doublet from 340 to 500 nm with maximum at 400 nm. Its
decay curve reveals two major decay components: one at 25 ns for 63% of its scintillation light, and
the other at 76 ns for 27% of its light. A slow rise time of 6 ns is evident in this material (see inset in

Fig. 2(g)).

The LaOCl: Ce*" materials exhibit atypical cerium scintillation under X-ray excitation. They emit
as broad unresolved peaks in the range of 350-750 nm with maxima of 420 nm (Fig. 2(b)). Although
the photoluminescence excitation spectra of each LaOCI: Ce’" material shows cerium incorporation,
their scintillation decay curves are non-exponential and slow; see Fig. 2(f). The LaOCl: 2% Ce’"
material, which has the highest light yield, displays a 17 ns decay component indicative of cerium;
however, the majority of the decay has lifetimes >100 ns.

Broad asymmetric peaks with maxima of 380 nm are observed in the undoped and cerium-doped
LuOCI materials (Fig. 2(d)). The intensity of this emission decreases as the concentration of cerium
increases. Likewise, both the undoped and cerium-doped LuOCI materials exhibit non-exponential
scintillation decay curves and have decays >300 ns. These characteristics are inconsistent with typical
cerium activation.

3.2.3. Oxybromides-REOBr: C i



All four oxybromides exhibit cerium doublet emission and exponential decay curves upon doping.
For the optimal cerium concentrations, their emission peaks range from 400 to 445 nm, and their
major decay components have lifetimes ranging from 1 to 30 ns for >56% of their scintillation light.

The YOBr: 1% Ce’" material exhibits the highest light yield found for the YOBr: Ce®" samples and
for all the yttrium oxyhalides. Fig. 2(a) presents the emission spectrum for this material. It emits as a
doublet in the range of 380-520 nm with maxima at 400 and 445 nm. At all cerium concentrations
studied, the intensity of the higher energy peak (i.e., the 400 nm peak) is reduced. An exponential
decay of 25 ns dominates the decay curve accounting for 76% of the light (Fig. 2(¢e)). A second decay
component of 59 ns is observed for 17% of the light.

The LaOBr: Ce’" materials exhibit broad unresolved emission occurring at 370-600 nm with
maxima that shifts from 420 to 430 nm as the concentration of cerium increases to 10 mol%.
Abnormally fast decay components at 1, 4, and 13 ns are observed at all concentrations. LaOBr: 1%
Ce®" produces the greatest light yield of all the lanthanum oxybromides and has a peak maximum at
425 nm (Fig. 2(b)).

The 0.5% Ce*"-doped GAOBr material displays the highest light yield of all the REOX materials
with a relative luminosity, RL, of 48% of LaBr3;: 5% Ce*". It emits as a doublet between 380 and
520 nm with maxima at 405 and 445 nm. Each GdOBr: Ce®" material displays exponential decays of
26-30 ns for >60% of their scintillation light. An additional decay component in the range of 60—
95 ns is observed as well for samples with cerium concentrations >0.5%. The inset in Fig. 2(g)
displays the observed slow rise time of 10 ns for GdOBr: 0.5% Ce™".

The LuOBr: 0.5% Ce’" material exhibits the greatest light yield of all the lutetium oxyhalides. Its
cerium doublet emission occurs from 375 to 520 nm with peak maxima at 405 and 445 nm. Like
YOBr: Ce*, the intensity of the high energy peak is reduced in each LuOBr: Ce’" material. Two
major decay components are observed in this material: one at 25 ns for 56% of the light and the other
at 73 ns for 10%. The remainder of the decay has lifetimes >200 ns.

3.2.4. Oxyiodides-REOI: Ce’*

All four cerium-doped rare earth oxyiodides exhibit characteristic cerium emission and exponential
decay components. They display emission peaks between 430 and 480 nm and have decay
components with lifetimes of 20 and 24 ns for >67% of their light yields.

The yttrium and lutetium oxyiodides have optimal light yields at 1% doping. The X-ray excited
emission spectra of these two materials are shown in Fig. 2(a) and (d). Both display doublet emission
at 400-560 nm with maxima at 430 and 480 nm. The decay curves of YOI: Ce’” and LuOI: Ce®" are
concentration dependent. At concentrations <2%, they exhibit exponential decays of 20-26 ns for
>80% of their light. At 5% and 10% doping, components with lifetimes ranging from 4 to 17 ns make
larger contributions to the overall decay curve. These faster decays are accompanied by lower light
yields. The scintillation decay curves of YOI: 1% Ce’” and LuOI: 1% Ce’" are included in Fig. 2(e)
and (h).



Of the lanthanum oxyhalides, LaOI: 2% Ce’" exhibits the greatest light output. This trend was
predicted by Chaudhry et al. [32]. It exhibits broad unresolved emission from 400 to 650 nm with
peak maximum at 470 nm. Pulsed X-ray measurements of this material reveal an exponential decay
component of 23 ns for 86% of its scintillation light.

The GdOI: 2% Ce’" material displays the highest light yield of the cerium-doped gadolinium
oxyiodides. It exhibits doublet emission at 400-560 nm with maxima at 440 and 470 nm and an
exponential decay component of 23 ns for 67% of its scintillation light.

4. Discussion
4.1. Cerium-activated scintillation
4.1.1. (Y)(Gd)OCl: Ce**, REOBr: Ce’*, and REOI: Ce**

The yttrium and gadolinium oxychlorides, and all the oxybromides and oxyiodides, exhibit
characteristic cerium scintillation. As shown in Fig. 2(a—d), the emission peaks increase in wavelength
going from Cl to I in each rare earth family. The oxychlorides emit as broad unresolved doublets with
maxima at 380 and 400 nm for YOCI: Ce”" and GdOCI: Ce’", respectively. The oxybromides emit as
doublets with peaks in the 400—445 nm range. The oxyiodides emit as doublets with peaks in the 430—
480 nm range. The positions of the emission peaks are independent of cerium concentration except
those of LaOBr: Ce”". As the concentration of cerium increases from 0.5% to 10%, the peak maxima
of LaOBr: Ce’" shifts from 420 to 430 nm. Buchanan et al. [13] observed a broad emission peak with
maximum of ~.450 nm under electron beam irradiation for LaOBr: 1% Ce’", and Blasse et al. [12]
observed a maximum of 438 nm under UV and cathode ray excitation for LaOBr: 1-2% Ce’".

The decay curves of the cerium-activated scintillators are presented in Fig. 2(e—h). Each material
exhibits characteristic cerium decays of 20-30 ns. Several of the certum-doped REOX materials also
display major decay components (>10% of the curve) in the range of 45-95ns. Using room
temperature pulsed X-ray measurements, we attempt to explain the origins of these decays.

The GdOCI: Ce®” and GdOBr: Ce®" materials display slow rise times and decay components at each
concentration of cerium. These features are common in cerium-doped gadolinium materials and
originate from the transfer of Gd*" luminescence to Ce*" centers [33] and [34]. The YOBr: Ce®" and
LuOBr: Ce®" materials display reduced intensities in their high energy peaks and slower decay
components. These features suggest reabsorption processes similar to those reported in CeBr; and
BaF,: Ce®" [35] and [36]. For all samples shown in Fig. 2, there are additional slow components
(lifetimes>95 ns) in the decay curves that could be the result of delayed energy transfer to cerium.

Abnormally fast, exponential decays (lifetimes<20 ns) are observed in cerium-doped LaOBr, YOI,
and LuOl. The LaOBr: Ce*" materials exhibit decays of 1, 4, and 13 ns for all cerium concentrations
studied. These decays could be the result of thermally induced quenching mechanisms at room
temperature. Such quenching has been observed in Lals: Ce [2] and has been attributed to cerium 5d
levels close to the conduction band of the host. The fast decay times observed at high concentrations
in cerium-doped YOI, and LuOI are accompanied by decreased light yields. This indicates quenching
of the luminescence due to increased Ce*'—Ce’" interactions [37], i.e., concentration quenching.



4.1.2. LaOCl: Ce**

Room temperature photoluminescence spectra of the LaOCl: Ce®" materials show two cerium 5d
excitation peaks at 280 and 315 nm and a 415 nm emission peak; on the other hand, under X-rays, a
420 nm broad emission peak with underlying emission up to 750 nm is observed. The excitation and
emission spectra indicate that LaOCI is activated by cerium, and a decay component of 17 ns is
observed in the scintillation decay. However, the overall decay curve is non-exponential and has
major decay components >100 ns for each LaOCl: Ce®" material. Likewise, under electron beam
irradiation, Buchanan et al. [13] observed a decay time of 100 ns for LaOCl: 1% Ce®". The slow
scintillation observed by us and Buchanan could be linked to the underlying emission at 500—750 nm
noted in our X-ray excited emission spectra. An emission peak maximum of 360 nm was observed for
LaOCl: Ce*" by Blasse and Bril [12] under UV and cathode ray excitation. However, we suggest this
emission matches that of LaCls: Ce®", an easily made by-product.

4.2. Non-cerium scintillation

4.2.1. REOF: Cc&**

The X-ray excited emission and decay curves of the oxyfluorides are not consistent with cerium
signature emission. This can be explained by the large band gaps expected for these materials. First-
principle calculations reveal large Ce®" 4f-valence band gaps for YOF: Ce’ and LaOF: Ce®". These
gaps reduce the probability of cerium to trap holes, thereby decreasing the probability of cerium
scintillation [32]. As a result, the luminescence observed under X-rays could be attributed to intrinsic
luminescence from the host instead of cerium. This may also explain the non-cerium scintillation of
GdOF: Ce*" and LuOF: Ce’".

4.2.2. LuOClI: Cce**

The LuOCl: Ce®" materials do not demonstrate cerium characteristic emission under X-rays. It is
unclear from room temperature optical excitation and emission measurements whether LuOCI is
activated by cerium. LuOCl: Ce® emission under UV and X-ray excitation has low yield and is
similar to emission observed from undoped LuOCI. This emission could be attributed to intrinsic
processes from the host that were not further explored in this study.

4.3. Structural influences

These REOX compounds crystallize into one of three structure types. The oxychlorides,
oxybromides, and oxyiodides of yttrium, lanthanum, and gadolinium, as well as lutetium oxybromide
and oxyiodide, have two-dimensional layered tetragonal structures (space group P4/nmm, PbFCl
type) [20] and [9]. The yttrium, lanthanum, and gadolinium oxyfluorides and the lutetium oxychloride
crystallizes in the same three-dimensional rhombohedral structure (space group R-3m) [21], [22], [23]
and [27]. Lastly, the lutetium oxyfluoride crystallizes three-dimensionally in the monoclinic space
group P2,/c [24].

Previous studies of the structural influences on luminescence suggest that the delocalization of the
excited electrons in three-dimensionally coupled d-orbitals accounts for the quenching of



photoluminescence in many phosphors [38] and [39]. The more isolated the excited state structure, the
less likely the excited electron will find quenching centers; therefore, luminescence has a better
chance of occurring in compounds with less dimensionality.

In our study of the REOX compounds, we found that the oxyhalides that crystallize in the two-
dimensional tetragonal structure are activated by trivalent cerium and show fast scintillation. One
exception is LaOCl: Ce®", whose overall scintillation is abnormally slow, possibly due to competing
emission. The oxyfluoride and LuOCI materials have three-dimensional structures, which could
contribute to their lack of fast, exponential decays, and efficient cerium luminescence upon doping. In
particular, Rabatin [14] also observed “different” emission in LuOCI: Ce*" relative to LuOBr: Ce*"
and attributed it to structural dissimilarities.

5. Conclusions

The room temperature scintillation properties were obtained of cerium-doped rare earth oxyhalides
following the formula REOX (RE=Y, La, Gd, and Lu; X=F, CI, Br, and I). Of these materials, YOCI:
Ce’*, GdOCl: Ce’', and all the oxybromides and oxyiodides show typical cerium-activated
characteristics in their scintillation light. Of these materials, three stand out as displaying attractive
combinations of densities (5-7 g/cm’), Ze;(36-54), and moderate light yields: YOBr: 1% Ce’", LaOl:
2% Ce*", and GdOBr: 0.5% Ce’". They also display cerium exponential decays of 27, 24, and 30 ns,
respectively. Unfortunately, these materials may be difficult to grow as large crystals since they have
layered structures.

In addition, the rare earth oxychlorides and oxybromides were found to be less hygroscopic than
their rare earth halide counterparts. This indicates that not only can oxyhalides be efficient cerium-
activated hosts, they may also be more stable than their corresponding halides. Furthermore, we
observed that the cerium activation of these rare earth oxyhalides may be linked to the structural
dimensionality of the host.
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