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RELATIONSHIP BETWEEN MICROSTRUCTURE AND EFFICIENCY OF LITHIUM 
SILICATE SCINTILLATING GLASSES: THE EFFECT OF ALKALINE EARTHS 

M. BLISS, R. A. CRAIG, D. S. SUNBERG, And M. J. WEBER 
Pacific Northwest Laboratory, Box 999, Richland, WA 99352 

ABSTRACT 

Lithium silicate glasses containing Ce3+ are known to be scintillators. Glasses in this family in 
which the Li is enriched (6Li) are used as neutron detectors. The addition of Mg to this glass is 
known to increase the scintillation efficiency. We have found that substituting other alkaline 
earths results in a monotonic decrease of the scintillation efficiency with increasing atomic 
number. The total variation in scintillation efficiency from Mg to Ba is nearly a factor of 3. Prior 
experiments with this glass family show small differences in Raman and fluorescence spectra; 
evidence from therinoluminescence experiments indicates that the scintillation efficiency is most 
strongly correlated with structural effects in the neighborhood of the Ce3+ activator ion. The 
results of low-temperature studies of fluorescence and thermoluminescence of these glasses will be 
reported. 

INTRODUCTION 

Cerium-activated, lithium-silicate glasses constitute an important and interesting system of 
scintillators.1 Small changes in composition can have dramatic changes in scintillation efficiency. 
For example, adding Mg to these glasses increases scintillation efficiency. Bliss et al.2 (hereinafter 
[I]) have shown that substituting a different alkaline earth for the Mg results in a monotonic 
decrease in scintillation efficiency with atomic number. Changing the network modifier from one 
alkaline earth to another would not be expected to cause a major change in the glass structure since 
there is no change in valence and only a small change in ionic radii. Yet, the substitution does 
have a dramatic effect on scintillation efficiency. 

The accepted model for scintillation3 involves three consecutive processes: ionization, energy 
.transfer, and luminescence. Ionization, the generation of electrons and holes in the matrix, is the 
result of interactions between the incident radiation and the matrix. The subsequent motion of 
these electrons and hoIes through the matrix to an activator (Ce3+ in this case) constitutes the 
energy-transfer process. At the activator, the excitations recombine to produce luminescence. 

The efficiency of this process can be affected in several ways. The creation of ionization is largely 
governed by the matrix, and, within the accepted models, small compositional variations can be 
expected to have little effect on the efficiency of this process. During the energy-transfer stage, the 
excitations can be trapped at charged defects in the matrix. This trapping will act to prevent or 
delay the excitation of, and eventual recombination at, the activator. Finally, the luminescence can 
be quenched by interaction between matrix energy states and those of the activator (non-radiative 
decay). 

By examining Iight-generating mechanisms in a simple compositional series, it may be possibIe 
to discern if scintillation in cerium-activated glasses is dominated by any one of the three processes 
described above. Changes in charge transport or electron and hole mobility through the matrix to 
the activator will be indicated by changes in time or energy-dependent phenomena, such as 
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scintillation lifetime. Direct excitation of fluorescence from the Ce3+ in the glass will indicate 
changes in the activator and its immediate environment and the relationship of activator energy 
states to those of the matrix. 

EXPERIMENTAL 

Glasses of the composition [20Li20]*[15AO]*f64.4Si02]*[0.6Ce203] (where A is Mg, Cay Sr, or 
Ba) were prepared. In [Il, results of studies on these glasses via scintillation efficiency at room 
temperature, scintillation lifetime, front-face fluorescence, thermoluminescence, Raman 
spectroscopy, and atomic-force microscopy were reported. Here, we report the' results of 
scintillation-efficiency measurements at reduced temperatures, improved thermoluminescence 
studies, and scanning electron microscopy (SEM). The scintillation lifetime provides information 
on the mechanisms by which energy is transferred to the activator (Ce3+). Raman spectroscopy 
provides information on the overall glass structure, giving the most information on the degee of 
disorder of the silica network4. Front-face fluorescence measurements provide indirect evidence as 
to the relative energies of the Ce3+ states and the relationship of these electronic states to other 
energy levels of the glass matrix (i. e.,the ultraviolet [W] band edge and Ce4+ states); direct 
experimental verification of the relationships between these energy states is difficult to obtain 
because the Ce absorption is so large that it masks all the other parts. Microstructural analyses are 
niicessary to ensure that the data from other measurements are not misleading due to the presence of 
multiple phases. 

High-purity raw materialsa were dry mixed, melted in Pt crucibles at 1370 to 1380°C in a reducing 
atmosphere for 2 h, and cooled by sandwiching between water-cooled, platinum-coated nickel 
plates. 

Scintillation efficiencv. For the room-temperature measurements, annealed samples were mounted 
in an integrating hemisphere at the end of a photomultiplier tube (PMT)5. Each sample was 
surrounded by immersion oil to reduce the effects of internal reflection and sample-to-sample 
geometry effects. A 137Cs gamma-ray source was used to excite the sample. A Compton- 
backscattering coincidence method was used to ensure that only those scintillation events that 
deposit a given amount of energy were counted. For the low-temperature measurements, the 
sample was placed on a cold finger with an integral heater; temperature was controlled by a 
Lakeshore 93C controller. A fused-silica rod served as a light pipe to carry the luminescence 
through the vacuum envelope and to the PMT. Scintillation-efficiency measurements at room 
temperature were used to calibrate the results at low temperature. 

Thermoluminescence. The sample was placed on a cold finger with an integral heater and a 
platinum-resistance thermometer in a vacuum chamber. The sample was preannealed by heating to 
250°C. It was then cooled to the exposure temperature. At the exposure temperature, the sample 
was illuminated with 324-nm ultraviolet light carried into the sample chamber via an optical fiber. 
For the experiments conducted here, the W exposure was 5 min. The sample was heated at a 
linear rate to the final temperature. A photon-counting photomultiplier tube deliverd the signal to 
recording apparatus. 

Microscopv. Samples were etched using a 2% nitric acid, 2% hydrofluoric acid solution for 
25 sec. After etching, the sample was washed with deionized water, dried with pressurized 
fluorocarbon, and gold-coated for SEM analysis. 

X-rav diffraction. X-ray powder diffraction measurements were performed from 5" to 75' 26 in 

a Magnesium oxalate - Johnson Mathey Puratronic; Barium carbonate - Electronic Space 
Products International; Calcium carbonate - EM [FO-Optipure]; Strontium carbonate - Johnson Mathey 
Puratronic; Silicon dioxide - EM [FO-Optipure]; Cerium acetate -Johnson Mathey REacton; Lithium 
carbonate - Noah Technologies 



0.04' steps with an integration time of 2 sec using a Cu K, x-ray tube. 

RESULTS 

Scintillation eficiencv. The gamma-ray-induced scintillation efficiency at 2 5 K, 190 K, and 84 
K are shown in Figure 1 as a percentage of that for NaI together with the rat; of the scintillation 
efficiencies at the two temperatures. It is seen that the amount of light produced varies by more 

Figure 1. Scintillation efficiency of alkaline-earth 
glass series at 296 K, 190 K, and at 84 K as a 
percentage of that of NaI (left). The ratio of the 
efficiency to that at 296 K is shown at the top of 
the column. 
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than a factor of 2.5 at- each 
temperature. This is a large effect. 
A change this large should be 
reflected in changes in other, energy- 
transfer-related phenomena in the 
glasses. At each temperature, the 
ratio of the efficiency to that at room 
temperature is approximately con- 
stant. 

ScintilIation lifetime. The scintilla- 
tion lifetime data are shown in 
Figure 2. 

Thermoluminescence. The thermo- 
luminescence measurements for 
exposure temperatures of - 150'C and 
20'C are shown in Figures 3 and 4. 
The spectra were normalized to unit 
amplitude for the larger peak. 

Microscopv. The SEM measure- 
ments give information about the 
extent of phase separation in this 
series of glasses. Phase separation 
can confuse the interpretation of 

the scintillation-efficiency issue by mixing different phenomena in different phases. I t  could also 
be a primary cause of the differences in scintillation efficiency by affecting energy-transfer 
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Figure 2. Luminescence lifetimes for 
alkaline-earth series. 

mechanisms. The SEM data (Figure 5 )  show 
distinct differences in the nature of the phase 
separation in the various compositions. These 
SEM measurements are consistent with the 
AFM results reported in [I]. 

The x-ray powder diffraction results for the Mg 
sample indicated that approximately 15% was 
crystalline, tentatively identified as cristobalite 
and CeOz. The Ca, Sr, and Ba samples 
appeared to be amorphous. 

. 

DISCUSSION 

It is clear that the scintillation efficiency sign- 
ificantly changes with the atomic number of 
the alkaline earth in an otherwise identical 
compositional series. By itself, this variation 
is surprising and reflects a corresponding 
variation in the energy-transfer mechanisms 
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Figure 3. Relative low-temperatute 
thermoluminescence of the alkaline- 

- - earth series. Temperatures atwhich 
scintillation efficiency was measured 
are indicated. 
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Figure 4. Relative high-temperature 
thermoluminescence of the alkaline- 
earth series. Curves are offset for 
clarity. 

described in the introduction. No reason exists to suggest that the ionization step is being affected 
by varying the alkaline earth. The energy transfer from a fast charged particle is, to first order, 
proportional to the material density. The formula weight of these glasses only vanes by 
approximately 35%. A 35% increase in ionization density is too small to account for the 3-fold 
decrease in scintillation efficiency. Thus, it is in the transport and luminescence steps that the 
difference is arising. 

Electron transport in a glass is dominated by hopping conduction. Traps are charged structures that 
can caphre electrons or holes. Shallow traps will slow the transport to the activator and result in 
longer components to the luminescence lifetime. Deep traps may delay the excitations long 
enough for them to recombine or for them to be no longer associated with the event. 

Luminescence occurs when the electron and hole recombine on a Ce3* ion to form an excited ion, 
which subsequently decays by the emission of light. Quenching of the luminescence occurs when 
the ion loses the energy without the emission of light. This can occur via direct thermal 
quenching between the activator ground and excited electronic states or overlap between the 
activator excited state and extended energy states of the matrix. Because quenching represents an 
additional pathway to excited state decay, it will shorten the luminescence lifetime. 

Electron transport 

At each temperature, the ratio of the scintillation efficiency to that at room temperature is 
approximately constant for each sample. This variation in efficiency with temperature is 
consistent with traps dominating the scintillation efficiency if the traps are at approximately the 
same energy in all the samples and only the number of traps varies between samples. 

The low-temperature thermoluminescence data provide information about the environment 
immediately adjacent to the Ce3+ activator; the high-temperature data provide information about 
the matrix further from the activator ion. The majority of the electron and hole transport is in the 
bulk of the material, away from the immediate influence of the Ce3+ ions. For this transport, the 
traps that give rise to the high-temperature peaks will control the mobility. The differences in the 
traps near the ions as characterized by the 10-3O'C peak could explain the wide range of 



Figure 5. SEM micrographs of alkaline-earth containing glasses: (a) Mg, (b) Ca, (c) Sr, 
(d) Ba. 

scintillation efficiency for the alkaline-earth series at room temperature; it is less credible to 
believe that the relatively small differences in these traps significantly affect the efficiencies at 
84 K and 190 K. On the other hand, the fact that the scintillation efficiency at room and low 
temperatures vary in the same way across the series suggests that electron-hole mobility differences 
are controlling the efficiency. 

Luminescence, 

Fluorometry measurements [I] indicated an interaction between the UV band edge and excited Ce3+ 
states for Ba. Smith and Cohen6 measured the absorption of sodium-silicate glasses melted under 
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oxidizing conditions with alkaline earths. They found an absorption band centered at 
approximately 5.8 eV (approximately 215 nm), which they noted to be increasing in intensity 
with the atomic weight of the alkaline earth. At high concentrations, this band would appear as a 
reduction of the W bandgap. The room-temperature scintillation efficiencies of our glasses are 
consistent with quenching by interaction with this band. This is consistent with the lifetime data. 
On the other hand, if phonon-mediated quenching is the dominant mechanism, an increase in 
efficiency should be observed at lower temperatures; this increase should be greatest for the glasses 
which are most quenched. This is not observed. 

In [I] the scintillation-light decay curves were fit with three lifetime components: a fast component 
of 5 to 10 ns, a moderate component of 45 to 60 ns, and a slow component of A00 ns. The 
abundance of the two slower components was found to vary with alkaline earth; the abundance of 
the fastest component is small but essentially constant. (The abundance is the total amount of 
light arising from a given lifetime component. For the long component, it is the amount of light 
that is released within 2 pec.) 

The slower components are expected to& controlled by thermal detrapping of excitations from 
charged defects in the glass matrix surrounding the Ce3+. Shallow traps would delay the 
recombination for a short time; deep traps delay the recombination for longer periods of time. The 
decrease in abundance and lifetimes of the two slower components with alkaline-earth atomic 
number is consistent with a model in which increased nonradiative decay is occurring as a result of 
quenching. (See the increased early decay rate of the luminescence in Figure 2.) The nearly 
constant abundance of the fast component is unexplained. ' 

Additionally, the Raman data discussed in [I] indicate no significant differences in the phonon 
spectra. This provides further evidence that lattice vibrations are not involved in quenching the 
luminescence. 

The front-face fluorescence spectra are shown in [I]. The spectrum maximum move to longer 
wavelengths as the alkaline-earth atomic number is increased. This effect is consistent with 
quenching or absorption by the glass matrix as the W-band edge decreases for higher-atomic- 
weight alkaline earths. On the other hand, this may be an unrelated consequence of the reduction 
of the W bandgap. 

The scintillation-light decay curves also yield information on the luminescence step. The decrease 
in abundance and lifetimes of the two slower components with alkaline-earth atomic number is 
consistent with a model in which increased nonradiative decay is a result of quenching. The nearly 
constant abundance of the fast component is unexplained but may be an artifact of the 3.4-11s time 
step used in the lifetime measurements.Structura1. The SEM micrographs indicate some phase 
separation and crystallization; the trend is that the crystallinity of the precipitates appears to 
decrease as the atomic number of the alkaline earth increases. This is consistent'with the x-ray 
diffraction results, which indicate a measurable crystallinity in the Mg-containing sample; the 
other glasses are x-ray amorphous. 

SUMMARY 

This work provides no clearcut answer for the observed variation in scintillation efficiency. The 
data are consistent with a hypothesis that luminescence is being quenched via interaction of Ce3+ 
excited states with an absorption band introduced by the alkaline earth. The data are not consistent 
with phonon-mediated or -assisted quenching. Another mechanism is required. The low- 
temperature thermoluminescent data show that the Ce3+ activator ions are surrounded by numerous 
shallow traps which are accessible at low temperature. If the absorption bands are directly 
accessible to these traps this can provide a mechanism for quenching with no or small temperature 
dependence. 



The presence of the crystal-like inclusions in the lighter alkaline earths is interesting but provides 
no link with the scintillation efficiency. Scintillation efficiency measurements at lower 
temperatures than those used here and absolute quantum efficiencies of fluorescence are required to 
further develop models of the behavior of this glass system. 
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