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AhstraU. Annihilation characteristics of positrons in vitreous silica (vSiOi) were studied in  
the temperature range between 20 K and mom temperature (m). In the measured temperature 
mnge, almost all positrons are trapped by open spaces and mihilate mainly fmm positronium 
(Ps) states. Lifetimes of 0d1o-P~ increase with increasing temperature, where the distribution 
of the lifetimes at 20 K is shallower than that at RT. This fact was attributed to the thermal 
expansion of the open spaces and the broadening of their size distribution. In the temperature 
range between 170 K and 200 K. a certain structural transition of the open spaces was found. 
The transition temperature is decreased by electmn irradiation or by the p m n c e  of hydmxyl 
groups. These muhs  were attributed IO the fau that an activation energy of the Uansition was 
lowered by the introduction of defects. 

1. Introduction 

Vitreous silica (v-SiOz) is well recognized as the most promising fibre material for 
optical communication systems. v-SiOl is also used as an optical lens in excher  
laser systems for the lithography of large-scale integrated devices. For v-SiOz, a high 
resistance against ionizing, particle radiation and high-energy lasers is required because 
such irradiation induces optical absorptions [l]. The positron annihilation technique has 
become an established tool in the study of defects in materials [2]. With this technique, 
the concentration of point defects for a detectable response is about 0.1 ppm, and there 
are no restrictions regarding specimen conductivity or specimen temperature. Dannefaer 
er al [3] demonstrated that positrons can be used as a nondestructive and sensitive probe 
for defects in crystalline quartz and v-SiOz. They also reported that positrons implanted in 
v-Si0~ annihilate from positronium (Ps) states, that is, a hydrogen-like bound state between 
a positron and an electron. By using this technique, Uedono et al [4] studied point defects 
introduced by electron irradiation in v-SiOz. It was found that the formation probability 
of Ps was decreased by the irradiation. The observed inhibition of the Ps formation was 
attributed to the trapping of positrons by point defects introduced andor activated by the 
irradiation. Since positrons annihilate from Ps states with high probability [3, 41, studies 
of behaviours of Ps in v-SiOz are important. Recently, Watauchi et a1 [SI reported the 
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detailed annihilation characteristics of Ps in v-Si02 by using age-momentum correlation 
measuremcnts. In the present paper, we report the study of annihilation characteristics of 
positrons in v-SiOz by measurements of lifetime spectra of positrons in the temperature 
range between -20 K and room temperature. 

2. Experiment 

Synthesized v-SiOz specimens used in the present experiment were supplied from Sumikin 
Quartz Products, Inc. These specimens were grown by the vapour phase axial deposition 
technique. The specimens with different OH concentrations (4 ppm and <ZOO ppm) were 
prepared. Major impurities in these specimens were Al (~0.04 ppm) and Ca (~0.04 ppm). 
The concentration of Na was under the detection limit. In order to introduce defects, the 
specimens were irradiated with 3 MeV electrons up to a dose of 1 x lo'* e cm-2. The 
temperature of the specimens was kept at -70 "C during the irradiation. 

Positron lifetime spectra were measured by a conventional fast-fast system at 21 K and 
room temperature (RT). The full width at half maximum (m) of the time resolution ofthe 
system was -200 ps. Each lifetime spectrum contains 8 x lo6 counts. By using the same 
set-up, lifetime specba were measured as a function of temperature. At each temperature, 
the observed lifetime spechum contained about 1 x lo6 counts. The lifetime spectrum of 
positrons, I ( t ) ,  is represented by 

n 

Z(r) = xcu,h;exp(-hif) 
i=l 

where cui is the fraction of positrons annihilating with the ith lifetime, ri (= l/&) and n is 
the number of annihilation modes. In the present experiment, Z ( t )  was analysed by using 
computer codes developed by Kukegaard et al [6]. Equation (1) can be expressed in a 
continuous decay form: 

Z ( t )  = oc(h)lexp(-Af)dh. (2) 

In (2). I @ )  is a Laplace transform of the decay probability density function, u(h)A. 
A numerical Laplace inversion technique for the deconvolution of lifetime spectra was 
developed by Gregory [7]. This method used to analyse the lifetime spectra contains high 
total counts (8 x lo6), where the lifetime spectrum of a well annealed Ni specimen was 
used for the reference spectrum. 

Som 

3. Results and discussion 

3.1. Annihilafion characteristics of positrons in v-SiO2 at room temperature 

In this section, annihilation characteristics of positrons in the unirradiated specimen with 
OH concentration of c5 ppm are mainly discussed. The observed lifetime spectra of 8 x IO6 
counts can be decomposed into three components. In this analysis, the values of tl were 
obtained as 0.134.14 ns for the unirradiated and the irradiated specimens. These first 
lifetimes were longer than the intrinsic lifetime of para-Ps (p-Ps, t = 0.125 ns) 121. This 
means that the first component derived by the three-component analysis was a superposition 
of the annihilation of p-Ps and the annihilation of positrons with a short lifetime. Thus, the 
lifetime spectra containing 8 x lo6 counts were decomposed into four components, where 
the value of 51 was fixed at 0.125 ns. The same analysis was performed in the previous 
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Figure 1. The lifetimes for Ihe V-SiOl specimens Figure 2. The intensities for the v-SiOt specimens 
with OH concenIraIion of c5 ppm before and after with OH concentration of c5 ppm before and after the 
the irradiation. The measurement was performed at irradiation. 
room temperature and 21 K. The lifetime specha were 
decomposed into fow components, where the first 
l i f e h e  was fixed as the Lifetime of p P s  (0.125 ns). 

experiments [4, 91. Figures 1 and 2 show the lifetimes and the corresponding intensities 
respectively, for the v-SiOz specimens with OH concentration of -5 ppm at 21 K and KT. 
In these figures, the first component can be attributed to the annihilation of p-Ps. For the 
unirradiated specimen, a ratio of Z, + 14 to Z, was calculated as 3.0 at 21 K and 2.8 at 
RT. Since these values are close to the ratio of the formation probability of ortho& (0-Ps) 
to that of p-Ps (3) [2 ] ,  both the thud and the forth components can be attributed to the 
annihilation of 0-Ps. Uedono et a1 [4, IO] reported that almost all Ps is trapped by open 
spaces in v-SiOz. Since the lifetime of 0-Ps decreases with decreasing the size of the open 
spaces [Il l .  the difference between the value of +3 and that of y is considered to be due to 
a difference in the size of such spaces. The second component might be attributed to the 
annihilation of positrons trapped by point defects. Since the statistical error of the second 
lifetime was large, a detail of this annihilation mode is not discussed. As shown in figure 
2, the intensity of this component was increased by the irradiation. The species of defects 
detected by the second component is discussed in section 3.3. 

3.2. Annihilation characteristics of positrons in v-Si02 at low temperature 

Figure 3 shows the positron lifetime distribution function for the uninadiated v-SiO2 
specimen with OH concentration of <5 ppm obtained by the Laplace transform technique. 
The mean lifetimes of the components at 0.5 ns < t < 1 ns and 1 ns < t < 2.5 agreed with 
the value of 53 and that of 54 derived by the four-component analysis. In figure 3, therefore, 
the component at 0.2 ns < t < 0.3 ns can be attributed to the superposition of the first and 
the second component obtained in the four-component analysis. At 21 K, the mean lifetime 
of 0-Ps at 1 ns < t < 3 was shorter and the lifetime distributions were narrower than those 
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u n i d i a t e d  v-SiO, ([OH] z 5 ppm) 

time (ns) 
F i i e  3. The positron lifetime distribution function for the unimdiated v-SiO2 specimen with 
OH concentration of <5 ppm. 

at RT. The decrease in the value of was also observed in the four-component analysis 
(figure 1). The observed decrease of the lifetime and the narrow lifetime dishibution can 
be attributed to the decrease in the size of the open spaces and the narrowing in the size 
distribution of such spaces at low temperature. 

In order to know the temperature dependence of the lifetimes and the intensities, lifetime 
specm were measured in the temperature range between 21 K and RT. Figures 4 and 5 show 
the lifetimes and the intensities for the uniradiated v-Si@ specimen with OH concentration 
of <5 ppm. In this experiment, since the total counts of each spectrum were not high enough 
for the four-component analysis, the spectra were decomposed into three components. In 
figure 4, the temperature dependence of r2 and that of r3 were found to be linear and q was 
almost constant in measured temperature range. The temperature dependences of rz and r3 
can be attributed to the thermal expansion of the open spaces. The temperature dependences 
of the lifetimes were fitted by assuming a linear relationship. The results are shown in figure 
4. For the unirradiated specimen, the obtained temperature coefficient for the second lifetime 
was 1.8(5) x lov4 ns K-' and that for the thud lifetime was 2.7(2) x lo4 ns K-'. This 
result means that the thermal expansion rate of the larger open spaces was larger than that 
for the smaller open spaces. 

In figure 5, the third intensity was almost constant in the temperature range between 
21 K and 170 K. At 17C200 K, it increased and kept a constant value above 200 K. The 
temperature dependence of the second intensity corresponded to that of the third intensity, 
where the first intensity was almost constant in the measured temperature range. Thus, the 
observed changes in the value of 12 and can be attributed to the change in the trapping 
rate of positrons or Ps into two different open spaces. The trapping rate of positrons into 
defects, K ,  can be expressed by [8] 

K = U+U+c (3) 
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Figure 4. The lifetimes for the v-SiOz specimen with OH concenvation of c5 ppm before and 
after the irradiation as a function of temperahlre. In this measurement, the lifetime spema were 
decomposed into three mmponents. 
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Figure 5. The intensities for the unirradiated v-SQ specimen with OH concentration of 4 ppm 
as a function of temperam. 
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where ut (= &T/m+) is the thermal velocity of positrons, U+ is the trapping cross- 
section of the defects and C is the concentration of the defects. U+ is unlikely to cause 
the stepwise changes observed in the Z3-T relationship. In v-SiOz, it is expected that ut 
for neutral defects does not depend on temperature [3]. U+ for negative charge defects 
might be explained by a capture process involving an emission of a phonon cascade [ 121. 
Within a semiclassical approach to the cascade process, the capture cross-section varies with 
temperature as T-". Thus, it can be concluded that the temperature dependences of U+ and 
U+ are unlikely to represent the stepwise changes observed at 170-200 K. 

In the present experiment, the diffusion length of positrons, L d ,  was measured by 
using a monoenergetic positron beam. L d  is given by Ld = -, where Dt is the 
diffusion coefficient of positrons and ~ , g  is the effective escape rate of positrons from 
the diffusion process. The details of this technique were described elsewhere 1131. The 
Doppler broadening profiles were measured as a function of incident positron energy for the 
unirradiated v-SiOz specimen with OH concentration of c5 ppm at 21 K and RT. By using the 
one-dimensional diffusion model of positrons, the value of L d  was derived from the observed 
relationship between the S parameter and the incident positron energy [9]. The obtained 
values of L d  at 21 K and RT were 20.910.4 MI and 19.7f0.5 nm, respectively. This means 
that the trapping process of positrons did not change significantly in this temperature range. 
At low temperature. positrons might be trapped by defects with shallow trapping potential. 
Since the size of the open spaces detected by the second component is large enough to 
form Ps. these defects are not shallow traps. Thus, the observed temperature dependences 
of Iz  and I3 can be attributed to the change in the value of C for two different open spaces. 
For v-SiOa, since open spaces are considered not to be isolated from nearby open spaces, a 
change in the smcture of open spaces might affect that of nearby open spaces. The thermal 
expansion of the open spaces detected by the third component was larger than that detected 
by the second component. With increasing temperature, the expansion of the open spaces 
detected by the third component is considered to decrease with the value of C for the open 
spaces detected by the second component. The different temperature coefficient may cause 
the struchlral transition of the open spaces. The transition temperature was found to be 
affected by the introduction of point defects or by the presence of hydroxyl groups. These 
phenomena are discussed in sections 3.4 and 3.5, respectively. 

3.3. Znhibition of the Ps formation by electron irradiation 

Uedono et al 14, 141 and Watauchi et al [5] reported effects of the electron irradiation on 
annihilation characteristics of positrons. According to their results, positrons were trapped 
by point defects introduced by the irradiation. Since the formation of Ps needs larger open 
spaces or a lower electron density than the volume of or electron density around point 
defects, the trapping of positrons by such defects suppresses the formation of Ps. As shown 
in figure 2, the value of 12 was increased by the irradiation; in turn, the values of I ,  and Z4 
were decreased. These facts mean that the inhibition of the Ps formation due to the trapping 
of positrons by point defects introduced by the irradiation. The species of the point defects 
is not clear at this stage. It was suggested that Si vacancies, oxygen divacancies and relaxed 
oxygen vacancies are candidates for the point defects introduced and/or activated by the 
irradiation [4]. 

For the irradiated specimens, the values of ( I 3  + Z d ) / Z ,  were calculated as 3.7, Since the 
value of 13 was increased by the elecmn irradiation, the third component for the irradiated 
specimen can be attributed to the superposition of the annihilation of 0-Ps and that of 
positrons. The lifetime of such positrons is considered to be close to the value of ~ 3 .  Thus, 
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3 MeV electron irradiated ( I~lO'~e-/cm*) 
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Figure 6. The intensities for the irradiated v-SiOl specimen with OH concentradon of <5 ppm 
as a function of temperature. 

the inhibition of the Ps formation is attributed not only to the trapping of positrons by point 
defects but also to that by vacancy clusters. 

3.4. Positron annihilation in irradiated v-SiO2 ar low temperature 

Figures 4 and 6 show the lifetimes and the intensities for the irradiated v-Si02 specimen 
with OH concentration of 4 ppm. In figure 4, the temperature dependences of q and r3 
agreed with those for the unirradiated specimen; however, the temperature coefficient of 
t 2  was found to be negative. As shown in figure 2, for the irradiated specimen. the value 
of 12 decreased and that of 13 increased at low temperature. Figure 7 shows the value of 
( 1 2  + Z3)/Zl as a function of temperature for the unirradiated and the irradiated V S O Z  with 
OH concentration of 4 ppm. For the irradiated specimen, the value of (12 + Zy)/Zl was 
almost constant in the measured temperature range. These facts mean that the positrons 
detrapped from the point defects do not form Ps. Such positrons are considered to be 
trapped by the vacancy clusters and annihilate without forming Ps. Therefore, the negative 
temperature dependence of r2 can be attributed to the detrapping of positrons from the point 
defects and the increased annihilation probability of positrons in vacancy clusters at low 
temperature. 

For the unirradiated specimen, the value of (Z, + Z3)/ZI increased with decreasing 
temperature, and it just coincided with the ratio of the formation probability of 0-Ps to 
that of p-Ps below -50 K. This fact is also attributed to the detrapping of positrons from 
native point defects at low temperature. In this case, the positrons detrapped from the 
native point defects annihilate from Ps states. In figure 6. the values of 13 were smaller 
than that those for the unirradiated specimen (figure 5). This is due to the inhibition of 
the Ps formation by the irradiation. The temperature dependences of the intensities for the 
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irradiated specimen were found to be similar to those for the unirradiated one. In figure 6, 
the value of r3 was almost constant in the temperature range between 21 K and 1.50 K. At 
150-160 K, it increased and kept a constant value above 160 K. The corresponding decrease 
in the value of I2 was also observed. As discussed in section 3.2, the observed steps in 
the 12-T and the 1,-T relationships were attributed to the smctural transition of the open 
spaces. For the irradiated specimen, the transition temperature (-150 K) was lower than 
that for the unirradiated specimen (-180 K). It is we11 established that electron irradiation 
introduces broken bonds such as E' centres [15]. The E' centre is point defects observed by 
measurements of electron spin resonance (ESR), and it was assigned to an electron trapped 
by a tribonding Si atom which is similar to the structure of an asymmetrically relaxed 
oxygen vacancy, From the observed decrease of the transition temperature, an activation 
energy required for the transition is considered to be lowered by the introduction of such 
broken bonds. 

A Uedono et a1 
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Figure 7. The value of U z  t 13)/11 as a function of tcmperamre for thr v-SiOl specimcn with 
OH concenvarion of c5 ppm before and after the electron irradiation. 

3.5. Annihilation characteristics of positrons in v-SiO2 with high OH concentration at low 
temperatuft? 

Figures 8-10 show the lifetimes and the intensities for the v-SiO? specimen with OH 
concentration of 400 ppm before and after the irradiation as a function of measuring 
temperature. As shown in figures 9 and 10, the effect of the electron irradiation on the 
value of 13 was smaller than that for the specimen with low OH concentration (figures 5 
and 6) .  A similar suppression of the inhibition of the Ps formation in the specimen with 
high OH concentration was reported by Uedono et a1 [4]. Galeener and co-workers [16, 
171 reported the suppression effect of hydroxyl groups on the introduction of E' centres by 
x-ray irradiation. They suggested that the introduction of E' centres can be attributed to an 
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activation of preexisting defects by the irradiation, where the activation involves the transfer 
of electrons or holes to or from previously existing broken bonds. These preexisting broken 
bonds are considered to be suppressed by hydroxyl groups. In the present experiment, E' 
centres were probed by measurements of ESR. ESR spectra were measured at -9.43 GHz and 
0.04 mW microwave power. The resonance of E' centres with g = 2.001 was observed, 
where the g value was determined using the known number of MnZ+ spins in MgO. The 
integrated intensity of a signal corresponding to E' centres for the specimen with high 
OH concentration was 25% lower than that for the specimen with low OH concentration. 
Therefore, for the specimen with high OH concentration, the observed small difference 
between the value of 13 for the unirradiated specimen and that for the irradiated one can be 
attributed to the suppression effect of hydroxyl groups on the introduction of point defects. 

v S i Q  ([OH] c 200 ppm) 

1.5 
unirradiated e- inadlafed 

o.oo * 50 100 150 200 250 300 

Temperature (K) 

Figure 8. ?he lifetimes for the v-SiO, specimens with OH concenmtion of cZ00 ppm before 
and after the irradiation 3s a hction of temperarure. 

In figure 8, the temperature dependence of the lifetimes was found to be close to that 
for the specimen with low OH concentration. In figure 9, the increase in the value of Z3 was 
observed at 130-150 K. This transition temperature was lower than that for the unirradiated 
specimen with low OH concentration. In the v-SiOl specimen with high OH concentration, 
hydroxyl groups terminate S i 4  bonds as a formation of Si-OH. Thus, an activation energy 
of the transition is considered to be lowered by the termination of S i 4  bonds. For the 
irradiated specimen (figure lo), the transition was observed in the temperature range between 
130 K and 200 K. The lower transition temperature was close to that for the unirradiated 
specimen with high OH concentration and the upper transition temperame was close to that 
for the unirradiated specimen with low OH concentration. A recoil of hydrogen atoms or 
hydroxyl groups by the irradiation could generate Si-0 bonds. Thus, the broadening of the 
transition temperature is considered to be attributed to the broadened species of the open 
spaces under circumstances such as the termination of S i 4  bonds and the regeneration of 
such bonds. 
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KT. Two different annihilation modes of 0-Ps were observed. These were attributed to 
the pick-off annihilation of 0-Ps trapped by the open spaces. For the 3 MeV electron 
irradiated specimens, the inhibition of the Ps formation due to the trapping of positrons 
by the defects was observed. The lifetimes of 0-Ps increased with increasing temperature, 
where the distribution of the lifetimes at RT was broader than that at 21 K. These facts 
correspond to the thermal expansion of the open spaces and the increase in size distribution 
of such spaces. The coefficient of the thermal expansion of the larger open spaces was 
larger than that for the smaller ones. In the temperature range between 170 K and 200 K, 
the shuctural transition of the open spaces was observed. The transition temperature was 
found to be decreased by the irradiation or by the presence of hydroxyl groups. This was 
attributed to the fact that the activation energy for the structural transition was lowered by 
the introduction of broken bonds. The present investigation shows that positrons provide a 
nondestructive probe for the microscopic structure of amorphous SO?. 
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