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Abstract

The production behavior of irradiation defects in vitreous silica was studied by an in situ luminescence measurement
technique under ion beam irradiation of H* and He™. No apparent difference was observed in the luminescence spectra
of specimens of different OH contents. The temperature dependence of the luminescence intensity at 280 and 460 nm
was measured, and analyzed by considering the production mechanisms and kinetics of the irradiation defects of

oxygen deficiency centers.
© 2003 Elsevier Science B.V. All rights reserved.

PACS: 61.80.Jh; 78.60.Ya

1. Introduction

Irradiation behavior of ceramic materials is one of the
topics of current interest, since some of these materials
are to be used in the strong radiation field of proposed
fusion reactors. However, the dynamic production be-
havior of irradiation defects under irradiation has not
been fully clarified in spite of the considerable progress
in understanding many aspects of irradiation defects
in these ceramic materials. It is thus important to know
the production behavior of irradiation defects by such
an in situ luminescence measurement technique.

For fusion reactor blanket materials, we have already
studied the production behavior of irradiation defects in
some candidate lithium ceramics by an in situ lumines-
cence measurement technique under ion beam irradia-
tion [1]. In Li,O, it has been confirmed that the F*
center (an oxygen vacancy trapping an electron) and the
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F° center (an oxygen vacancy trapping two electrons),
which are commonly observed in ionic compounds, are
formed by irradiation [2,3]. Similarly, the irradiation
defects of oxygen vacancies are produced in Li,SiO; and
Li4Si0,4 [4,5]. These defects are considered to play an
important role in the tritium behavior [1].

Following the measurement of lithium ceramics, the
present study deals with vitreous silica which is
often used as optical fibers in the radiation field. The
luminescence spectra were measured under ion beam
irradiation, and the temperature dependence of the
luminescence intensity was analyzed by considering the
production mechanism and Kkinetics of the irradiation
defects.

2. Experimental

Specimens of vitreous silica (T-1030, T-2030, T-4040)
of 10 mm in diameter and about 1 mm in thickness were
obtained from Toshiba Ceramics Co., and irradiated
with H" and He™ ion beam, accelerated to 2 MeV with a
Van de Graaff accelerator. The size of the ion beam was
about 3 mm in diameter and its current was monitored.
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Table 1
Experimental conditions

Specimen OH (ppm) Irradiation condition
Projectile Beam current (nA) Temperature (K)
T-1030 200 2 MeV He* 15-50 301-759
T-2030 1 2 MeV He* 15-50 301-771
T-4040 0.8 2 MeV H 20-50 298-919
2 MeV He* 15-60 305-851
The luminescence from the target sample was led to 800 . . .
monochromaters, Ritsu MC-20N, and counted with o (a) T-1030 + 2MeV He* (25nA, 306K)
photo-multipliers, Hamamatsu R585. The temperature 2 600 - |
of the sample holder was controlled with an electric g
heater and a thermocouple while another thermocouple £ 200
. . @ - —
was attached to the sample surface to monitor its tem- g
perature. The OH contents of each specimen and the 2
irradiation conditions are summarized in Table 1. E 200 -
-
T | /"/j{-x‘\”‘ﬂ,\:‘;><

3. Results and discussion
3.1. Luminescence bands

Fig. 1 shows typical luminescence spectra of T-1030,
T-2030 and T-4040 under He™ ion beam irradiation. For
comparison, the ordinate represents luminescence in-
tensity normalized to the beam current of 1 nA; the peak
heights have been observed to be proportional to the
beam current and then all of the spectra in the present
study are corrected with the beam current. Similar
spectra were also observed for T-4040 under H™ irra-
diation. As shown in Fig. 1, the observed luminescence
spectra are decomposed into a number of luminescence
bands, namely 280, 460 and 490 nm for each vitreous
silica. For the decomposition, following the manner in
the previous study [5], energy-based Gaussian functions
were taken for all the luminescence bands and the peak
heights and positions were determined. For a proper
convergence, the peak width has been assumed to be
given by an empirical correlation that y = cx=2 where y
denotes the peak width in eV, x the peak position in eV
and ¢ a constant.

In the case of SiO,, there have been reported two
types of irradiation defects [6]. One is the oxygen-defi-
ciency-related defects of the so-called E' centers (=Si')
and some variants of oxygen deficiency centers (ODCs,
=Si:Si=), and the other the oxygen-excess-related de-
fects such as the non-bridging oxygen hole centers
(=Si-0Or) and the peroxy radicals (=Si-O-0r). As for the
luminescence of irradiation defects, it is known that the
luminescence of ODCs is observed at the UV region
around 2.7 eV (460 nm) and 4.4 ¢V (280 nm) while that
of the others like the non-bridging oxygen hole centers is
observed at rather low photon energy region. Thus the
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Fig. 1. Typical luminescence spectra of T-1030, T-2030 and T-
4040 under 2 MeV He™ ion beam irradiation. The ordinate
represents luminescence intensity normalized to the beam cur-
rent of 1 nA. The dashed curves represent the results of de-
composition as described in Section 3.1.

presently observed luminescence from SiO, which is
centered at 280 and 460 nm can be attributed to ODCs.
As already suggested in our previous study [5], the lu-
minescence intensity is linearly dependent not only on
electronic excitation rate [7] but also on displacement
rate [8], and it is reasonable to assume that the lumi-
nescence comes from the relaxation process of newly
formed ODCs trapping electrons.
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As shown in Fig. 1, no apparent difference was ob-
served in the luminescence spectra of the specimens of
different OH contents. This means that the OH does not
play so important role in the present luminescence be-
havior.

3.2. Temperature dependence of luminescence intensity

Figs. 2-4 show the Arrhenius plots of the lumines-
cence intensity at fixed bands for T-1030, T-2030 and
T-4040, respectively. As shown in these figures, the in-
tensity decreases rather monotonically with tempera-
ture. This is a little different result from that of the
previous study [5], in which some non-monotonic tem-
perature dependence has been observed for the lumi-
nescence at 460 nm from T-1030. According to the
previous study [5], however, such a non-monotonic
temperature dependence is due to the contribution of
irradiation defects which are easily saturated, and then
this difference is explained by considering different beam
currents between two cases. In fact, the beam current of
20-50 nA in the present study is much higher than that
of 3 nA in the previous study. The irradiation defects
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Fig. 2. Arrhenius plots of luminscence intensity of T-1030
under 2 MeV He" irradiation. The ordinate represents lumi-
nescence intensity normalized to the beam current of InA. The
marks are experimental and the curves represent the least-
squares fits of the data to Egs. (7) and (8) as described in
Section 3.4.
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Fig. 3. Arrhenius plots of luminscence intensity of T-2030
under 2 MeV He™ irradiation. See also Fig. 2 caption.
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Fig. 4. Arrhenius plots of luminscence intensity of T-4040
under (a) H" and (b) He" irradiation. See also Fig. 2 caption.

might be so saturated that their contribution could not
been observed in the present study. The present result of
the temperature dependence is thus consistent with the
previous one.

For confirmation, the result of the previous study [5]
was re-examined here in some details. In that study, the
luminescence intensity was measured by increasing
temperature up to 830 K and then by decreasing tem-
perature to ambient one, and an interesting temperature
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Fig. 5. Arrhenius plots of luminscence intensity of T-1030 un-
der 2 MeV He™ irradiation with a low beam current of 3 nA [5].

dependence of the luminescence intensity was found in
the temperature region above 450 K as shown in Fig. 5.
It can be seen that the luminescence intensity with de-
creasing temperature is a little higher than that with
increasing temperature in this region. This hysteresis
effect can be explained by considering the irradiation
history. According to the previous study [5], a consid-
erable part of the luminescence in this region is attrib-
uted to the formation of ODCs accompanied with
peroxy linkages, which are likely to be saturated by ir-
radiation. Thus it can be considered that the lumines-
cence intensity with increasing temperature is reduced by
the effect of saturation while the luminescence with de-
creasing temperature is increased by the recovery of
peroxy linkages at the higher temperature.

3.3. Production mechanism of irradiation defects

As is known [6], the luminescence at 2.7 eV (460 nm)
and 4.4 eV (280 nm) is attributed to the triplet (T, to Sy)
and the singlet (S; to Sy) emissions of ODCs. It is also
known that the singlet-triplet conversion (S; to T,)
occurs with the activation energy of 0.13 eV [6], and that
the luminescence at 460 nm is due to the formation of
ODCs accompanied with the formation of peroxy link-
ages (—-O-) and/or oxygen interstitials (O;) [5]. By con-
sidering these known facts, the following production

mechanism of irradiation defects in SiO, can be sug-
gested:

SiO, — SiO; — ODC(S;), ODC(T;) (0)
ODC(S;) — ODC(Sp) + hvaso (1)
ODC(S;) — ODC(T,) — ODC(T) (2)
ODC(T;) — ODC(Sy) + O; + hvago (3)
ODC(T;) — ODC(Sy) + (-=O-) + hvaeo (4)
ODC(T;) — recombination with O; (5)
ODC(T,;) — recombination with (-O-) (6)

As shown in Fig. 6, reaction (0) represents the produc-
tion of an excited SiO, (SiO%) by ion beam irradiation,
which is de-excited to ODC(S;) and ODC(T}). Reaction
(1) represents the de-excitation of the ODC(S;) accom-
panied with the luminescence at 280 nm, and reaction (2)
the singlet—triplet conversion [6]. Because of rather
monotonic temperature dependence of the 280 nm lu-
minescence, no other reaction is considered for the
ODC(S;). According to the previous study [5], on the
other hand, a number of competitive reactions are
considered for the 460 nm luminescence, namely reac-
tions (3)-(6). Reactions (3) and (4) represent the de-
excitation of the ODC(T;) accompanied with the
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Fig. 6. Flat-band diagram of vitreous silica summarizing the
relative energy positions of ODCs.
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formation of an oxygen interstitial (O;) and a peroxy
linkage (—O-), respectively, and reactions (5) and (6) the
recombination with the oxygen interstitial and peroxy
linkage, respectively.

Reaction (4) requires some thermal activation and
will take place at high temperatures since the moved
oxygen atom is incorporated into a peroxy linkage. This
is the reason why the luminescence at 460 nm has been
observed at high temperatures in our previous study [5].
In the present case, however, the contribution of these
reactions is considered to be much smaller as mentioned
above.

3.4. Determination of kinetic parameters

It is interesting and important to obtain the rate
constants of reactions involved in the production of
irradiation defects. Based on the suggested reaction
scheme, the observed temperature dependence of the
luminescence intensity is analyzed here.

Following the reaction scheme, the observed lumi-
nescence intensities gy and Iy at 280 nm and 460 nm
are expressed as:

d[ODC(S))]/df = g, — k[ODC(S,)] — k[ODC(S,)] = 0,
)

d[ODC(T))]/dt = gy, +k,[ODC(S))]
— Is[ODC(T})] — k4 [ODC(T))]
— ks[ODC(T})] — ks[ODC(T})] = 0,
(10)

where gg and gr, are the apparent generation rate of
ODC(S,) and ODC(T),) by reaction (0). For simplicity,
reactions (5) and (6) are assumed to be the first-order
reactions in the present study. In order to calculate the
luminescence intensities, the steady-state concentrations
of ODC(S;) and ODC(T,) are obtained from Egs. (9)
and (10), respectively, and substituted into Egs. (7) and
(8), respectively.

In the present analysis, the obtained data for the
temperature dependence of the luminescence intensity
are fitted to Egs. (7) and (8) by least-squares method.
The rate constants are assumed to be of the Arrhenius
type and hence the pre-exponential term 4; and activa-
tion energy term E; are determined. For a proper con-
vergence, however, the number of free parameters is

Iy = ki [ODC(S,)], (7 reduced as much as possible. Fortunately, the activation
energies for reactions (4)—(6) have been determined in
Iigo = k3[ODC(T))] + k4[ODC(T))], (8) the previous study [6], and are assumed to be the same

where £; is the rate constant of reaction (7). The lifetimes
of ODC(S;) and ODC(T),) are assumed to be very short
and a steady-state approximation is applied to these
ODCs, that is:

for all specimens in the present study by considering the
similarities in the temperature dependence of the lumi-
nescence as shown in Figs. 2-4. Then, the pre-expo-
nential terms and the generation rates are treated as
fitting parameters in the present study. As shown in

Table 2
Optimum parameter values obtained from the analysis of in situ luminescence measurement data
Specimen  Projectile £y /k gs, ™
= A_’Z/A] exp[—(E2 — E[)/RT]
Ag/A] (7) E, —E (kJ/mol)
T-1030 He* 8.4 x 10" 168 5.8 x 10!
T-2030 He* 3.8x 102 19.5 1.2 x 10
T-4040 H* 3.6 x 10> 16.5 5.5 x 10?
He* 7.5x 100 16.5* 7.5 x 10!
ka/ks ks /s ke/ks & (7Y
:A4/A1€Xp[7(E47E3)/RT] :A5/A3 exp[f(E57E3)/RT} :A(,/Az exp[f(E4fE3)/RT]
A4/A3 (—) E,—E (kJ/mOl) As/A3 (—) Es — Es (kJ/mol) A(,/A} (—) E¢ — E; (kJ/mOl)
T-1030 H* 9.8 x 10° 72.0 34x10° 324 1.1 x 10" 104.1 9.6 x 102
[3]
T-1030 He* 32x10°  72.0° 23x 103 32.4° 2.4 x 10° 104.1° 5.1 x 10?
T-2030 He* 5.5 % 10 72.0° 5.7x 100 32.4° 1.6 x 10° 104.1° 1.0 x 103
T-4040 H* 4.1 x 10*  72.0° 7.1 x 103 32.4° 2.0 x 10° 104.1° 3.4 x 10
He* - 72.0° 2.6 x10° 32.4° 2.7 x 108 104.1° 6.6 x 102

# Assumed to be the same for both H" and He" ion irradiations of each specimen.
®Taken from the previous study [5] and assumed to be the same for all specimens.

“Negligible.
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Figs. 2-4, the observed temperature dependence of the
luminescence intensity is well fitted to Egs. (7) and (8),
and the values of kinetic parameters of the involved
reactions are obtained as given in Table 2.

The activation energy value of reaction (2) is ob-
tained to be 16.8 kJ/mol (0.17 eV), 19.5 kJ/mol (0.20 eV),
16.5 kJ/mol (0.17 eV) for T-1030, T-2030, T-4040, re-
spectively. These values are found to be consistent with
the reported value of 0.13 eV for the singlet-triplet
conversion [9], supporting the present interpretation of
observations. Although no other reaction is considered
for the 280 nm luminescence in the present study, this
is also consistent with a very short lifetime (z = 4.2 ns
[10,11]) of the ODC(S;). In such a case, its recombina-
tion reaction is considered to hardly occur since it needs
a longer time for the diffusion of oxygen interstitials and
peroxy linkages. In the case of the 460 nm luminescence,
on the other hand, the lifetime of the ODC(T)) is much
longer (r = 10.2 ms [12,13]) and then its recombination
reactions will occur as observed in the present study.

4. Conclusions

In order to know the production behavior of irradi-
ation defects in vitreous silica, the temperature depen-
dence of the luminescence intensity was studied by an
in situ luminescence technique. The temperature de-
pendence of the 280 nm luminescence was well explained
by considering the radiative transition of ODC(S;) to
ODC(Sy) competing only with the singlet-triplet con-
version of ODC(S;). In the case of the 460 nm lumi-
nescence, on the other hand, its temperature dependence
was interpreted by considering a number of competing
reactions including its recombination with oxygen in-

terstitials and peroxy linkages. The different temperature
dependence is due to different lifetimes of the two states,
and the lifetime of the ODC(S;) seems to be too short to
recombine with oxygen interstitials and peroxy linkages.
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