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Electron spin resonance measurement of irradiation defects
in vitreous silica irradiated with neutrons and ion beams
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Abstract

The electron spin resonance (ESR) measurement of irradiation defects in ion beam irradiated vitreous silica was

performed. The spin densities of E0 centers, non-bridging oxygen hole centers (NBOHCs), and peroxy radicals (PORs)

were measured as a function of the ion beam intensity, fluence, and post-irradiation isochronal annealing temperature.

The results of the ion beam irradiation were compared with those of neutron irradiation, and both results were con-

sistently explained by considering the dpa values of irradiation. Based on the proposed mechanism and mass balance,

the concentration of the other defects such as oxygen deficiency centers (ODCs) were evaluated.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

In the case of vitreous silica, the three fundamental

centers of the E0 center (BSi�), the peroxy radical (POR:

BSiAOAO�) and the non-bridging oxygen hole center

(NBOHC: B SiAO�) are known to form the basis of the

present understanding of defects in this material [1].

These are all paramagnetic and have been well charac-

terized by the electron spin resonance (ESR) techniques,

compared with the diamagnetic oxygen-deficiency cen-

ters (ODCs:BSi:SiB). In addition, the self-trapped holes

(STHs:BSiA _OASiB) are also known to participate in

the radiolysis process in the lower temperature range,

and it has been recently suggested that the STHs play an

important role even at ambient temperature under

irradiation [2].

In our recent study [3], ESR measurements were

performed with neutron irradiated vitreous silica. Some

new states were observed in the ESR spectra together

with the usual paramagnetic states of the E0 centers,

NBOHCs and PORs. The principal-axis g-values of the
new states were obtained from the analysis, and were
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found to be typical of O�
2 ions in solids. Considering

these defects, the observed effects of the OH content,

neutron fluence, and post-irradiation isochronal anneal

behaviors were well explained. Since their production

yield saturates with the increasing neutron fluence, the

observed new states are of rather minor importance and

their production is hardly observed in the case of highly

irradiated samples. It is interesting to evaluate this

expectation with highly irradiated samples.

In the present study, for comparison, ESR measure-

ment of irradiation defects in ion beam irradiated vit-

reous silica was performed to study the effects of the ion

beam intensity, fluence, and post-irradiation isochronal

anneal to 923 K. The results of the ion beam irradiation

are compared with those of neutron irradiation to dis-

cuss some details of the reaction mechanism of the

irradiation defects.
2. Experimental

Specimens of vitreous silica (T-2030, 1ppm OH) were

obtained from Toshiba Ceramics Co., which were of

10 mm in diameter and about 0.5 mm in thickness.

Specimens were irradiated with a Heþ ion beam, accel-

erated to 2 MeV with a Van de Graaff accelerator. The

size of the ion beam was about 3 mm in diameter and its
ed.
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intensity was monitored. The ion beam intensity ranged

from 4.5· 10�4 to 4.5 · 10�3 Am�2, and the dose ranged

from 2.0· 1018 to 6.8· 1019 ionsm�2.

After the irradiation, first-derivative ESR spectra

were recorded either at room temperature (for the E0s)

or at 77 K (for others) on a JEOL JES-TE200 instru-

ment operating 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 (diphenylpicrylhydrazyl)

and MgO. Ten-minute isochronal anneals in 50 K

increments were carried out by moving the samples

contained in fused quartz sample tubes to an external

furnace. Spin concentrations were determined by reso-

lution of derivative spectra into a number of compo-

nents, double numerical integration 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 integrations 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.
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Fig. 1. Typical X-band ESR spectrum of the 2 MeV Heþ

irradiated vitreous silica (T-2030) and its components: (a) ob-

served spectrum (2.0· 1018 ionsm�2), (b) E0, (c) POR,

(d) NBOHC, (e) others.
3. Results and discussion

3.1. Resolution of ESR spectra

Fig. 1 shows a typical ESR spectrum of ion beam

irradiated 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 paramagnetic defect centers of the E0,

NBOHC and POR. Such new variants of the O�
2 -type

defect centers as observed in neutron irradiated speci-

mens were not observed. The production of these states

might be difficult to observe in the present case of rather

high dpa values as discussed below.

In the resolution of each spectrum, the initial g-val-
ues and peak-to-peak derivative widths of Lorentzian

line shapes for the E0, NBOHC and POR were taken

from our previous study [3]. A line shape simulation was

performed similar to the case in the literatures [4–6], and

a least squares fitting method was applied to the simu-

lation in order to determine the g-values and peak-to-
Table 1

g-Values and peak-to-peak derivative widths determined in the prese

Defects g-Value

g1 g2 g3

E0 2.0003 2.0005 2.0017

POR 2.002 2.007 2.067

NBOHC 2.001 2.010 2.08
peak derivative widths of the component defects. The

results are summarized in Table 1.

Contrary to the present study using 2 MeV Heþ ions,

Miyamaru et al. [7] have observed the ESR signal of

g ¼ 2:0025 is much higher than that of the E0 in their

study using 20 keV Dþ and Heþ ions. By considering

different incident energies, it may be postulated that they

have observed the defect species produced near surface.

According to Stesmans and Scheerlinck [8], in fact, the
nt analysis

Peak-to-peak derivative width

r1 r2 r3

0.05 0.05 0.05

0.1 0.2 1

0.1 0.3 3



15

16

17

18

19

20

21

-6 -5 -4 -3 -2 -1 0

Lo
ga

ris
m

 o
f s

pi
n 

de
ns

ity
 (s

pi
n 

 g
-1

)

Logarism of dpa

T2030 (1ppm OH)

1ppm(OH)

Displaced oxygen

Ion beam 
[present study]

Neutron[3]

Fig. 3. Dpa dependence of spin densities in the 2 MeV Heþ

irradiated and neutron irradiated vitreous silica (T-2030). Re-

sults of neutron irradiation are from the literature [3].�: E0,�:

POR, �: NBOHC, M and }: variants of the O�
2 -type defect

centers. Curves are drawn for aid of the eyes.
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so called EX centers with g ¼ 2:0025 are produced

around surface.

3.2. Effect of ion beam intensity and fluence

Fig. 2 shows the ion beam intensity dependence of the

spin densities of the E0s, NBOHCs, and PORs. Although

the intensity ranges from 4.5 · 10�4 to 4.5· 10�3 A/m2, no

apparent effect is observed on each spin density. As

shown below, a cascade overlap effect is inferred from the

ion beam fluence dependence, but there is almost no ef-

fect of the ion beam intensity in the studied range.

Fig. 3 shows the effects of ion beam fluence on the

spin densities of the E0s, NBOHCs, and PORs. For

comparison, the results of neutron irradiation are also

shown in the figure as a function of the dpa value. A

conversion factor of 1 dpa ¼ 1.8 · 1024 n/m2 for oxygen

is obtained for fast neutrons following the manner in the

literature [9,10], while the dpa values of ion beam irra-

diation are evaluated by using the TRIM code (SRIM-

98). In the latter case, by considering inhomogeneous

defect production and by taking a weighted average

value for dpa, a conversion factor of 4.4 · 1020 ions/m2

for oxygen is obtained for 2 MeV Heþ ions. In Fig. 3, it

is seen that the dpa values of the present ion beam

irradiation are much higher than those of neutron irra-

diation [3]. In such a case, the contribution of the

impurity (OH) related defect centers may be negligible.

This is the reason why such variants of the O�
2 -type

defect centers as observed in neutron irradiated speci-

mens are not observed in the present case.

As shown in Fig. 3, the spin densities of the E0s,

NBOHCs, and PORs increase with the increasing dpa
0
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Fig. 2. Ion beam intensity dependence of spin densities in the

2 MeV Heþ irradiated vitreous silica (T-2030). Dose: 1.5 · 1019
ionsm�2.
value. Above the dpa value of 10�2, however, all the spin

densities become saturated. Cascade overlaps are con-

sidered to be responsible for this saturation behavior,

and defect clusters are produced in this region. As for

the production efficiency of the defect centers, it is noted

that the spin densities of the E0s are rather close to the

evaluated concentration of the displaced oxygen atoms,

especially in the case of ion beam irradiation. This

means the production efficiency of the E0s is consider-

ably high. Not only the nuclear stopping but also the

electronic stopping power may be considered to take

part in such a high production efficiency in this case.

Among the other defects, it may be remembered that

diamagnetic oxygen-deficiency centers such as ODCs are

also produced in vitreous silica. In fact, the production

of the ODCs has been observed by an in situ lumines-

cence measurement of vitreous silica in our previous

study [11]. It is thus interesting to compare the pro-

duction efficiencies of all these defects, and a comparison

will be given below.

3.3. Production and reaction mechanism

In our previous study on neutron irradiated vitreous

silica [3], a production and reaction mechanism has been

used to explain the obtained results. The same mecha-

nism is applied here to the present results.

The production of the E0s under irradiation may be

expressed as
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ð� SiAOASi �Þ� !� Si�Si � þO� ð1Þ

where (BSiAOASiB)� denotes an excited state produced

by irradiation. Also, the PORs are produced from the

E0s and O2 molecules by [12]

� Si�Si � þO2 !� SiAOAO�Si � ð2Þ

Because of rather high activation energy (E ¼ 1:17 eV

[13]) for the O2 diffusion, however, Griscom and Miz-

uguchi [2] pointed out that reaction (2) hardly occurs at

lower temperatures. By considering possible break up of

the O2 molecules by neutron irradiation [14], they sug-

gested the following reactions for the production of the

NBOHCs and PORs at lower temperatures.

� Si�Si � þO0 !� SiAO�Si � ð3Þ

0
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Fig. 4. Ten-minute isochronal anneal experiment of the

2 MeV Heþ irradiated vitreous silica (T-2030). Dose: 1.5· 1019
ionsm�2.
� SiAO�Si � þO0 !� SiAOAO�Si � ð4Þ

The O0s are also produced by irradiation together with

the diamagnetic ODCs [11] as

ð� SiAOASi �Þ� !� Si : Si � þO0: ð5Þ

Although some variants of the O�
2 -type defect centers

(X1s and X2s [11]) are also involved in the mechanisms

at lower dpa values, the observed dpa dependence of the

spin densities of the E0s, NBOHCs, and PORs in Fig. 3

are well explained by considering these reactions.
3.4. Isochronal anneal behavior of spin densities

Fig. 4 shows the results of the isochronal anneal of

vitreous silica (T-2030) irradiated by 2 MeV Heþ ions to

a dose of 1.5· 1019 ions/m2. The observed annealing

behavior is well explained by considering the above

reactions. For example, the spin densities of the E0s

rapidly decrease with the increasing temperature up to

473 K (200 �C) possibly due to their recombination with

the O�s which are adjacent to the E0s. The recombina-

tion is not completed below 473 K, but the remaining E0s

may recombine with the O�s which are apart from the

E0s, at high temperatures at which such O�s are expected

to be mobile.

As for the others, it may be noted that the NBOHCs

decreases and the PORs to increase with the increasing

temperature in a rather lower temperature region. As

pointed out by Griscom and Mizuguchi [2], reactions (3)

and (4) are considered to be responsible for this behav-

ior, since reaction (2) hardly occurs at lower tempera-

tures. No apparent increase of the PORs is observed at

higher temperatures above 573 K (300 �C), and almost

no contribution of reaction (2) is inferred from the

present results.

As mentioned above, it is interesting to evaluate the

densities of such diamagnetic ODCs from the present
results. For the O0s which are produced together with

the ODCs by reaction (5), it may be assumed that its

density will be relatively small because of its high

mobility. By considering the above reaction scheme and

mass balance, the densities of the ODCs and O�s are

thus given by

NODC ¼ NNBOHC þ 2NPOR; ð6Þ
NO� ¼ NE0 þ NNBOHC þ NPOR; ð7Þ

where N denotes the density. Together with the ODCs,

the O0s are produced by reaction (5) and are used to

produce the NBOHCs and the PORs by reactions (3)

and (4). Then Eq. (6) is obtained by considering that one

NBOHC corresponds to one O0 and one POR to two

O0s. Eq. (7) is also obtained similarly by considering

reactions (1), (3) and (4).

The densities of the ODCs and O�s are evaluated

from the present results by using Eqs. (6) and (7), as

shown in Fig. 4. It is natural that the density of the O�s

is almost the same as those of the E0s. As for the ODCs,

it is recognized that the density of the ODCs is much

lower than that of the E0s. The production efficiency of

the ODCs is not so high as that of the E0s in vitreous

silica.
4. Conclusions

In order to know the production behavior of irradi-

ation defects in vitreous silica, ESR measurements were

performed in the present study. The spin densities of the
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E0s, NBOHCs, and PORs were measured in the ion

beam irradiated specimens and compared with the re-

sults of neutron irradiation. Both results were well ex-

plained by considering the dpa values of irradiation. It

was found that the production efficiency of the E0s is

considerably high.

Based on the proposed production and reaction

mechanism, the densities of such diamagnetic ODCs

were also evaluated from the present results. It was

found that the production efficiency of the ODCs is not

so high as that of the E0s.
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