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1. Introduction

The elemental composition and luminescent properties of
sodium-containing oxide materials are extremely susceptible
to electron beam irradiation. The effect of thermal diffusion
of sodium from a microvolume of a sample irradiated
by an electron beam is well known in X-ray spectral
microanalysis [1,2]. The effect of sodium clustering in glass
is known [3]. This phenomenon is explained by the field
migration of mobile positive sodium ions into the region of
the glass negatively charged by the electron beam.

The effect of a decrease in cathodoluminescence (CL)
intensity in luminescent glasses containing sodium is also
known. This CL drop in CL is associated with the
formation in the sample of the defects (nonradiative re-
combination centers) associated with the sodium diffusion
from the glass network [4,5]. The purpose of this
paper is a phenomenological description of the phenomena
occurring during electron beam irradiation of sodium-
containing glasses R7/T7 intended for immobilization of
nuclear waste [6,7]. The glasses were studied using
the following methods: local cathodoluminescence, X-ray
spectral microanalysis.

2. Sample

The test sample was oxide glass used for immobilization
of nuclear waste ,,R7/T7“ with the following composition:
mol%: (45.2S5i0,-17.3B,03-3.9A1,03%—27.7Na, 0-6CaO
~0.6Eu,03), where ions Eu®* are used as luminescent
centers.

Eu?*, has intense luminescence in red optical band.
Also Eu*" can be used as a luminescent probe, which
spectra is rather sensitive to structural changes of the alloyed
material [8-10).

The sample was synthesized by charge melting in alumina
crucible. The charge was heated to 1480°C and held for

about 60min. in air atmosphere.
process is described in detail in [11].

The sample synthesis

3. Research methods

To study the elemental composition of the samples,
the X-ray spectral microanalysis (EPMA) method was
used. Luminescent properties were studied using local
cathodoluminescence (CL) methods.

To study the samples by CL and EPMA methods, we
used CAMEBAX electron probe microanalyzer (Cameca,
France 1984) combined with cathodoluminescent station of
an original design [12]. As CL and EPMA studies are
carried out on the same device, there is possible to analyze
the composition and to record CL spectra in the same region
of the sample.

To ensure charge drain a carbon film was deposited
onto the samples using a JEE-4C vacuum universal station
(JEOL, Japan).

3.1. EPMA, X-ray spectra and sample irradiation
conditions in microanalyzer

The problem was set to determine the change in the
glass composition in the area of irradiation with electron
probe, due to the movement of sodium atoms. We
determine not absolute concentrations of elements in glass,
but their changes under the influence of the electron probe.
Therefore, we can limit ourselves by measurements of
the intensity of analytical X-ray lines of elements, which
are proportional to the mass concentrations of elements
with an accuracy of ,microanalyzer corrections” [13,14].
We are interested in the movement of sodium atoms
and, accordingly, in the change in its concentration in
the bulk under study. But a change in the concentration
of one element correspondingly leads to a change in the
concentrations of all other elements. Therefore, it is possible
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Figure 1. CL spectra obtained from sample regions with different irradiation densities: a) spectra of the original glass, b) spectra from
the region irradiated at J = 10nA/um?, ¢) spectra from the region irradiated at J = 100nA/um?, d) spectra from the region where surface

electrostatic discharges were observed.

to make conclusion about the sodium movement and the
composition change under the influence of the probe by
measuring the intensity of the analytical lines of other
elements. In addition to measuring changes in the intensity
of the Na line directly (Ka), we measured along Si line
(Ka), since there is more silicon in glass than other elements
and the measurement accuracy along this line is maximum.
1. Irradiation of sample with current density J=10nA/um?.
Irradiation of the samples at an accelerating electron
voltage of 15keV with current density J = 10nA/um? was
carried out for 1 min. The electron beam radius was 5um.
The change in sample composition upon irradiation with the
electron beam was studied during in situ irradiation.
2. Irradiation of sample with current density J=100 nA/um?.
Samples were irradiated with current density
J=100nA/um? for 1 min. Change in sample composition
in place of irradiation by electron beam was studied after
irradiation at current density J = 10nA/um? also for 1 min.
Acceleration voltage of electrons was 15keV. The electron
beam radius was 5 um.

3.2. CL and CL-microscopy

The CL properties of the original glass and regions
subjected to irradiation were studied with much lower

electron beam currents (J = 0.1nA/um?), at which no
significant changes in the composition and luminescent
properties of the sample occur. All CL spectra and CL
images were obtained at an electron accelerating voltage
of 15keV with current density of J = 0.1 nA/um?. When
obtaining CL sectors, the radius of the electron beam
was 5 um.

It is worth noting that the depth of penetration of the
electron beam into the R7/T7 glass sample at electron
accelerating voltage of 15keV is ~ 2um, and the depth
under the glass surface of the region of maximum energy
losses of electrons is ~ 0.5 um.

4. Results and discussion

4.1. CL and CL-microscopy

CL spectra were obtained from different regions of
the irradiated glass in Figure 1 (left). The results of
glass irradiation are shown in Figure 1 (right) using
the CL microscopy method. Figure 1,a shows the CL
spectrum of the original glass, before irradiation with high
electron current densities. The spectrum shows transitions
Eu’*characteristic of borosilicate glasses [14,15].
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Figure 2. EPMA-study. X-ray intensity of Na(Ka) (left) and Si(Ka) (right) at continuous irradiation by the electron beam. a — for
region irradiated with J = 10nA/um?, b — for region irradiated with J = 100nA/um?. The inserts show X-ray spectra of Na(Ka) and

Si(Ka).

When irradiated by the electron beam with current
density J = 10nA/um? a decrease in the intensity of the
CL spectrum Eu®" in the irradiated region was recorded
(Figure 1,b). A similar decrease in CL intensity (already
described earlier in the introduction) is associated with the
sodium diffusion from the irradiated region of the glass [4,5].

When irradiated by the electron beam with current
density J = 100 nA/um? the decrease in the intensity of the
CL spectrum Eu*' in the irradiated region (Figure 1,c),
surface electrostatic discharges [16] and the corresponding
tracks (Figure 1,d) were registered. Such electrostatic dis-
charges were not observed by the authors when irradiating
glasses that did not contain alkaline components. This may
indirectly indicate that Na is involved in the formation of
tracks of electrostatic discharges.

At the same time, both in the irradiated region and in
the region of surface electrostatic discharges a significant
change in the CL color was observed in the microscope;
in this region the appearance of a broad blue band in
the CL spectra with a maximum in the region of 450 nm
was recorded. This band has lifetimes less than 100ns
and is probably associated with change in the valence of
Eu3* — Eu?* upon irradiation with the electron beam [17].
However, this assumption requires additional studies.
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4.2. EPMA and X-ray spectra

The observed phenomena may be associated with
changes in the glass composition when exposed to the
electron beam. For this the dynamics of changes in the Na
and Si content under continuous irradiation with the electron
beam was determined. At that, the measurement of Na
and Si content in the irradiated region with current density
J = 10nA/um? occurred simultaneously with irradiation.
The measurement of the dynamics of Na and Si content in
the irradiated region with current density J = 100 nA/um?
occurred after irradiation at current density J = 10 nA/um?.

The results are presented in Figure 2,a for the irradiated
area with J = 10nA/um? and in Figure 2,b for the
irradiated area with J = 100nA/um?. At that Figure 2
(left) presents the dynamics of the intensity of the X-ray
line Na(Ka) (and, accordingly, the change in Na content
in the irradiated region of the sample), and Figure 2 (right)
presents the intensity of X-ray line Si(Ka) (and, accordingly,
the change in the Si content in the irradiated region of the
sample). The sharp fluctuations in intensity are explained
by the statistical nature of X-ray radiation. The inserts in
Figure 2 show the actual X-ray spectra of the lines Na(Ka)
and Si(Ka) of the sample under study.
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Figure 3. EPMA-study. Smoothed and normalized X-ray-

intensities of Na(Ka) and Si(Ke) under continuous irradia-
tion with the electron beam. On top: for region irradiated
with J = 10nA/um®. In bottom: for region irradiated with
J = 100 nA/um>.

For the region irradiated with J = 10nA/um? the de-
crease in Na content is observed. This effect is explained by
the thermal diffusion of sodium from the irradiated region
of the glass [1,2].

For the region irradiated with J = 100nA/um? the in-
crease in Na content is observed. This effect can be
explained by the formation of a sodium-depleted region of
the glass (irradiated region) due to sodium clustering [3,18].
The depletion of sodium in the irradiated area occurs due
to the sodium migration from the network structure of glass
into clusters, which creates a concentration gradient between
the irradiated and non-irradiated regions of the glass. This
results in the observed sodium movement into the irradiated
region due to the concentration gradient.

If we assume that irradiation with the electron beam leads
to changes in the sodium content, then the change in Si
content in glass with change in the mass content of Na has
the form

—ASi = ANa - Mg;/ Z M AlL-Na»

where ASi — change in the mass concentration of Si in
the material, A Na — change in the mass concentration of
Na in the material, Ms; — mass concentration of silicon in
the material and ) Maj_Na — sum of mass concentrations
of all elements in the material, without (minus) Na. In
this case, the value Mg;/ >~ MajNa is constant when the Na
content changes.

Thus, changes in the Si content should, with accuracy to
a constant, symmetrically repeat changes in the Na content
in the material: —ASi ~ ANa.

Figure 3 demonstrates normalized and smoothed (pro-
cessed) curves of the intensity change of the X-ray lines
Na(Ka) and Si(Ka) under continuous irradiation with an
electron beam.

Taking into account errors the changes in the concentra-
tions of Si and Na in the material are symmetrical relative
to each other —ASi ~ ANa. Thus, it can be stated that the
observed change in the Si concentration in the irradiated
material occurs due to either Na thermal diffusion or Na
clustering in the irradiated region of the material.

This indirectly confirms the fact that changes in composi-
tion occur in glass only due to Na; if there were changes in
the content of other elements, then the curves in Figure 3
would not be symmetrical.

5. Conclusion

When irradiated with the electron beam the decrease
in the intensity of CL spectrum Eu?* in the irradiated
region, surface electrostatic discharges and their corre-
sponding tracks were registered. The significant change
in composition was observed in the region exposed to
prolonged electron beam irradiation. Processes associated
with both the sodium thermal diffusion from the irradiated
area and processes associated with the sodium clustering
in glass were recorded. At that, in the region irradiated
with electron current density J = 10nA/um? processes of
Na thermal diffusion prevail, and in the region irradiated
with electron current density J = 100 nA/um? Na clustering
processes prevail. Thus, it was shown that the composition
of glasses of R7/T7 series is not stable when exposed to the
electron beam. This is reason of doubts about the feasibility
of this glass use for radioactive materials processing.
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