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Electron spin resonance measurement of radiation-induced defects
and reactions in vitreous silica irradiated with ion beams
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Abstract

The electron spin resonance (ESR) measurement of irradiation defects and reactions in ion beam irradiated vitreous silica was per-
formed. The spin densities of E 0 centers, non-bridging oxygen hole centers (NBOHCs), and peroxy radicals (PORs) were measured as a
function of the ion beam fluence and postirradiation isothermal annealing temperature. The spin densities of these centers were observed
to saturate above the dpa value of 10�2. In isothermal annealing experiments, sequential reactions of the E 0 centers with oxygen atoms to
form the NBOHCs and PORs were observed to occur, and the rate constants of those reactions were determined. The activation energies
were obtained to be about 0.4 eV for those reactions.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the case of vitreous silica, three fundamental centers
of E 0 center („Si�), peroxy radical (POR: „SiAOAO�)
and non-bridging oxygen hole center (NBOHC: „SiAO�)
are known to form the basis of the present understanding
of defects in this material [1]. Those are all paramagnetic
and have been well characterized by electron spin reso-
nance (ESR) techniques, compared with the diamagnetic
oxygen-deficiency centers (ODCs: „Si:Si„). However,
the reaction kinetics of those centers is considered to be
one of the remaining problems, and the quantitative data-
base is needed for the performance assessment of this mate-
rial in the strong radiation field in such proposed fusion
reactors.

In our previous study [2], the ESR measurement of radi-
ation-induced defects in ion beam irradiated vitreous silica
was performed to study the effects of the ion beam fluence.
The results of the ion beam irradiation were compared with
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those of neutron irradiation [3] in order to discuss the reac-
tion mechanism of the radiation-induced defects. It was
observed that the spin densities of the E 0s, NBOHCs, and
PORs increase with increasing dpa value and that, above
the dpa value of 10�2, all the spin densities become satu-
rated. Cascade overlaps by ion beam irradiation were thus
considered to be responsible for this saturation behavior.
For the reaction kinetics of those centers, an isochronal
annealing experiment was also performed, and the sequen-
tial reactions of the E 0 centers with oxygen atoms to form
the NBOHCs and PORs were observed to occur, as sug-
gested in the literature [4]. Unfortunately, however, the rate
constants of these reactions were not determined yet.

In order to obtain the reaction rate constants of radia-
tion-induced defects, the ESR measurement of radiation-
induced defects in ion beam irradiated vitreous silica was
performed in the present study. The spin densities of the
E 0s, NBOHCs and PORs were measured as a function of
the postirradiation isothermal annealing temperature, and
the reaction rate constants of those centers were deter-
mined. The saturation behavior of radiation-induced
defects was also discussed by using the determined rate
constants.
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Fig. 1. Typical X-band ESR spectrum of the 2 MeV He+ irradiated
vitreous silica (T-2030) and its components.

Table 1
g-values and peak-to-peak derivative widths determined in the present
analysis

Defects g-value Peak-to-peak derivative width

g1 g2 g3 r1 r2 r3

E 0 2.0003 2.0005 2.0017 0.05 0.05 0.05
POR 2.002 2.007 2.067 0.1 0.2 1
NBOHC 2.001 2.010 2.08 0.1 0.3 3
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2. Experimental

Specimens of vitreous silica, T-2030 (1 ppm OH) and T-
4040 (800 ppm OH), were obtained from Toshiba Ceramics
Co., which were of 10 mm in diameter and about 0.5 mm in
thickness. Specimens were irradiated at room temperature
with a He+ ion beam, accelerated to 2 MeV with a Van
de Graaff accelerator. The range and total number of dis-
placements were estimated to be about 8 lm and 160 dis-
placements/ion, respectively, by using the TRIM code
(SRIM-98) with the displacement energies of 20 eV for Si
and O. Also, by considering inhomogeneous defect produc-
tion and by taking a weighted average value for dpa, a con-
version factor of 4.1 · 1020 ions m�2 dpa�1 for oxygen was
obtained for 2 MeV He+ ions. The size of the ion beam was
about 3 mm in diameter and its intensity was monitored.
The ion beam intensity ranged from 6.0 · 10�4 to
1.3 · 10�3 A m�2, and the dose ranged from 5.0 · 1018 to
2.2 · 1020 ions m�2 (0.012–0.54 dpa). As reported previ-
ously [2], no apparent effect of the ion beam intensity was
observed on each spin density. A thermocouple was
attached to the sample surface to monitor its temperature
at a distance close to beam area. In the irradiation at room
temperature, the temperature rise by beam heating was
observed to be within a few degrees as estimated by taking
the values of thermal diffusion coefficient, density and heat
capacity of silica.

After the irradiation, first-derivative ESR spectra were
recorded either at room temperature (for the E 0s) or at
77 K (for others) on a JEOL JES-TE200 instrument oper-
ating at X-band frequencies (m � 9.26 GHz) with 100-kHz
magnetic field modulation. Measurements of the g-values
were accomplished by using conventional standard samples
of DPPH (diphenylpicrylhyrazyl) and MgO. Isothermal
annealing experiments at 373 K, 423 K, 473 K and 523 K
were carried out by moving the samples contained in fused
quartz sample tubes to an external furnace. Spin concentra-
tions were determined by resolution of derivative spectra
into a number of components, double numerical integra-
tion of every component spectra and comparison of the
obtained areas with that of a DPPH sample of
1.53 · 1021 spins g�1. The accuracy of the numerical inte-
grations was typically of the order of ±5% for the stronger
signals in the irradiated samples. In the case of the weaker
signals, these errors were over ±10% due to low signal-to-
noise ratios.

3. Results and discussion

3.1. Resolution of ESR spectra

Fig. 1 shows a typical ESR spectrum of ion beam irradi-
ated vitreous silica of T-2030. As shown in this figure, the
resolution of the observed spectra was well completed by
only considering the participation of the well-known para-
magnetic defect centers of the E 0, NBOHC and POR. In
the resolution of each spectrum, the initial g-values and
peak-to-peak derivative widths of Lorentzian line shapes
for the E 0, NBOHC and POR were taken from our previ-
ous study [2,3]. A line shape simulation was performed sim-
ilar to the case in the literatures [5–7], and a least squares
fitting method was applied to the simulation in order to
determine the g-values and peak-to-peak derivative widths
of the component defects. The results are summarized in
Table 1.

3.2. Effect of ion beam fluence

Fig. 2 shows the effects of ion beam fluence on the spin
densities of the E 0s, NBOHCs, and PORs. It is seen that the
spin densities of the E 0s, NBOHCs, and PORs increase
with increasing dpa value. Above the dpa value of 10�2,
however, all the spin densities become saturated. As
already reported [2], cascade overlaps are considered to
be responsible for this saturation behavior, and defect clus-
ters may be produced in this region. The observed satura-
tion behaviors of the E 0s, NBOHCs, and PORs are
discussed later by taking into account the reaction rate con-
stants which are determined below.

3.3. Isothermal annealing behaviors

Fig. 3 shows the results obtained from the isothermal
annealing experiments with T-2030 irradiated by 2 MeV
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Fig. 2. Dpa dependence of spin densities in the 2 MeV He+ irradiated
vitreous silica (T-2030). Ion beam intensity: around 6.0 · 10�4 to
1.3 · 10�3 A m�2. Open circles: E 0, full circles: POR, squares: NBOHC,
triangles. Curves represent the calculated results. See text for details.
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Fig. 3. Isothermal annealing behavior of radiation-induced defects in vitreous s
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He+ ions. As seen in this figure, the spin densities of the E 0s
and NBOHCs decrease and those of the PORs increase
with the annealing time. Similar results were also obtained
for T-4040. It is important to note that the total spin den-
sities of the E 0s, NBOHCs and PORs are not changed but
almost constant during each annealing experiment. This
fact strongly suggests that the E 0s and NBOHCs are con-
verted to the PORs by annealing as [2–4]:

E0 þO! NBOHC ð1Þ
NBOHCþO! POR ð2Þ

It is known that the PORs are also produced from the E 0s
and O2 molecules [8]. Because of rather high activation en-
ergy (1.17 to 1.35 eV [9]) for the O2 diffusion, however,
Griscom and Mizuguchi [4] pointed out that the reaction
of the E 0s with the O2 hardly occurs at lower temperatures
but that reactions (1) and (2) occur. The present results are
well consistent with their expectation.

Since the total spin densities are almost constant,
reactions other than (1) and (2) are considered to be less
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important in the present experiments. The present observa-
tions are then analyzed by taking reactions (1) and (2). In
this case, the variations of the spin densities of the E 0s,
NBOHCs and PORs with annealing time are calculated
by solving the following equations:

d½E0�=dt ¼ �k1½E0�½O� ð3Þ
d½NBOHC�=dt ¼ k1½E0�½O�–k2½NBOHC�½O� ð4Þ
d½POR�=dt ¼ k2½NBOHC�½O� ð5Þ

where k1 and k2 are the rate constants of reactions (1) and
(2), respectively. The values of the rate constants are given
in atomic fraction in the present study. Eqs. (3)–(5) are
solved by the Runge-Kutta method to obtain the densities
of the E 0s, NBOHCs and PORs, and the rate constants k1

and k2 are determined together with the initial density of
the Os which is treated as another free parameter. In some
trials in the present analysis, possible reactions of the Os
such as OþO! O2 are taken into account together with
reactions (1) and (2), but no improvement is obtained in
the fitting results. It is confirmed that reactions (1) and
(2) are enough to explain the observations.

As shown in Fig. 3, in which the calculated isothermal
annealing behaviors are compared with the observations,
good agreements are obtained in all the cases. The initial
density of the Os is obtained to be 5 · 10�4, 1 · 10�3 and
9 · 10�4 in atomic fraction in the specimens of Fig. 3 (a)–
(c), respectively. The values are acceptable considering
the possible scatters due to different specimens, similarly
to the case of the E 0s, PORs and NBOHCs in Fig. 2. For
the formation of the Os, it may be remembered that the
Os are likely formed with the ODCs by ion beam irradia-
tion [9].

Fig. 4 (a) and (b) show the Arrhenius plots of the rate
constants (k1 and k2) obtained for T-2030 and T-4040,
respectively. As summarized in Table 2, the Arrhenius
equations of the rate constants are obtained by the least-
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Fig. 4. Arrhenius plots of reaction rate constant k1 and k2 for (a) T-2030 and
fits of the data to the Arrhenius equations.
squares fitting, and the activation energies are obtained
to be about 0.40 eV for every reaction of the Os in both
specimen. Also, only slight differences are found for the
pre-exponential term which is possibly due to different
specimens. From the present results, it may be concluded
that the activation energy for reactions of the Os in vitre-
ous silica is about 0.40 eV and that no apparent difference
is found due to the OH content in the specimen.

According to the literature [10], oxygen is generally con-
sidered to diffuse as the molecular O2, and activation ener-
gies are given in the range of 1.17 to 1.35 eV by gas
transport experiments, which are much higher than the
present value for the O. In his calculation study [11],
Hamann found the peroxy linkage as the lowest energy
configuration of an atomic O in a-SiO2, and proposed its
diffusion with the peroxy exchange barrier of 1.3 eV. This
value, which is not for vitreous SiO2 but for crystalline
SiO2, is still high similarly to the O2. For oxygen ions of
O� and O2�, on the other hand, Jin and Chang suggested
that a double Si-O-Si bridge structure is the lowest energy
configuration of those ions, and reported extremely low
energy barriers of 0.11–0.27 eV in this case [12]. Also,
Roma et al. considered such interactions as those of hydro-
gen impurities with the Os, although no conclusion was
obtained for the consequences on oxygen diffusion [13].
In view of these various possibilities, further confirmation
and consideration may be needed for details of the oxygen
diffusion mechanism itself.

It is interesting and important to note that the present
reaction scheme and obtained rate constants are consistent
with the observed saturation behaviors of the E 0s,
NBOHCs and PORs, as shown in Fig. 2. In this case, the
saturation behavior of the E 0s, NBOHCs and PORs are
calculated by taking the following equations:
d½E0�=dt ¼ g0Eð/=cÞ þ k1½E0�½O� þ k0Eð/=cÞ½E0� ð6Þ
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(b) T-4040. Marks are experimental and curves represent the least-squares



Table 2
Reaction rate constants obtained from the analysis of isothermal
annealing data

Specimen Rate constants ki = Ai exp[�Ei/kT]

Ai (atomic fraction�1 s�1) Ei (eV)

T-2030 k1 105.0±0.7 0.40 ± 0.06
k2 105.6±0.3 0.39 ± 0.02

T-4040 k1 104.8±0.2 0.40 ± 0.02
k2 105.0±0.3 0.38 ± 0.02

Table 3
Parameter values for defect production and reactions by cascade overlaps

Defect g (atomic fraction dpa�1) k 0 (dpa�1)

E 0 0.12 102.4

POR 0.05 101.9

NBOHC 0.02 101.8
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d½NBOHC�=dt ¼ gNBOHCð/=cÞ þ k1½E0�
� ½O�–k2½NBOHC�½O�–k0NBOHCð/=cÞ
� ½NBOHC� ð7Þ

d½POR�=dt ¼ gPORð/=cÞ þ k2½NBOHC�½O�
� k0PORð/=cÞ½POR� ð8Þ

d½O�=dt ¼ gOð/=cÞ � k1½E0�½O� � k2½NBOHC�
� ½O�–k0Oð/=cÞ½O� ð9Þ

where gE
,, gNBOHC, gPOR and gO represent the production

rates (atomic fractionÆdpa�1) of the E 0s, NBOHCs, PORs
and Os by ion beam irradiation, respectively, u the ion beam
intensity (ions m�2 s�1), c the conversion factor (4.1 ·
1020 ions m�2 dpa�1), and k 0 the reaction rate constant
(dpa�1) of each defect by cascade overlaps. The k1 and k2 val-
ues are obtained from the present results in Fig. 3. For the fits
of the data to Eqs. (9), the gE 0, gNBOHC, gPOR and gO values
are obtained to be 0.12, 0.02, 0.05, and 0.12, respectively,
and the k 0 is obtained, as summarized in Table 3.

The calculated saturation behaviors agree well with the
observed ones, as shown in Fig. 2. No apparent contribu-
tion of reactions (1) and (2) is found in the observed results
because of the smaller k1 and k2 values at the irradiation
temperature of 298 K. It is thus recognized that the satura-
tion behaviors are mainly due to the reactions of each
defect by cascade overlaps above the dpa value of 10�2.
The reactions with the rate constant k 0 may include not
only the recombination of each defect with the newly
formed ones but also the transformation to the higher
order defects such as oxygen molecules and multivacancies,
and there may be various types of defects in this dpa
region. Considering that the contribution of reactions (1)
and (2) will increase with increasing temperature, it is sug-
gested to measure the saturation behaviors at the higher
temperatures and the formation of the higher order defects
in further studies.
4. Conclusions

In order to know the production and saturation behav-
iors of radiation-induced defects in vitreous silica, ESR
measurements were performed in the present study. The
spin densities of the E 0s, NBOHCs, and PORs were
observed to saturate above the dpa value of 10�2. In iso-
thermal annealing experiments, the sequential reactions
of the E 0 centers with oxygen atoms to form the NBOHCs
and PORs were observed to occur, and the rate constants
of those reactions were determined. The activation energies
were obtained to be about 0.4 eV for those reactions. The
proposed reaction scheme and obtained rate constants
were shown to be consistent with the observed saturation
behaviors of radiation-induced defects in vitreous silica.
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