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Direct Measurement of the Parapositronium Lifetime in a-SiO,
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The mean lifetime of delocalized parapositronium in @-SiO, has been determined directly for the
first time using a newly developed positron lifetime spectrometer based on BaF, scintillators and a fast
digital oscilloscope. The lifetime is found to be 156 = 4 ps, which is much longer than its intrinsic
lifetime of 125 ps. This indicates clearly that the primary many-body effect on positronium in a-SiO,
is the screening of the Coulomb interaction between the constituent particles by electrons of the
medium and that the average distance between the electron and positron in positronium becomes larger

than its vacuum value.
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Positronium (Ps) in «@-SiO, has been of continued
interest for more than three decades [1-13] ever since
Brandt et al. identified the delocalized Ps state in the
angular correlation of the annihilation radiation (ACAR)
spectrum [2]. Ps can exist in either a spin singlet (para)
state or a spin triplet (ortho) state. In vacuum, these states
have mean lifetimes of 0.125 and 142 ns, respectively
[14,15]. The Ps lifetimes in solids differ from their vac-
uum values due to many-body interactions. One of the
many-body effects on Ps in solids is the screening of the
Coulomb interaction of the constituent particles by elec-
trons of the medium. This causes the average distance of
the electron and positron in Ps to be larger and the contact
density of these particles to be smaller. Consequently, an
increase is expected in the lifetime of para Ps, which self-
annihilates into 2. For this reason, Ps in solids provides
an opportunity for studying the properties of many-body
Coulomb interacting systems. Moreover, it also provides
complementary information for understanding the phys-
ics of excitons and impurities in semiconductors [16] and
insulators [17]. The mean lifetime of the Ps in a-SiO,,
however, has never been measured directly.

Positron lifetime (PAL) spectra for @-SiO, have been
measured by several authors [4,5,8,9]. However, it has
been impossible to resolve the para-Ps decay component
from those due to ortho Ps, positrons which do not form
Ps (free positrons), and positrons trapped in lattice de-
fects. The main reason for this has been the instrumental
limitations of the PAL spectrometers used in these works.

Recently, we have developed a new PAL spectrometer
[18] using a digital signal processing technique which has
a high resolution in addition to high stability and a good
signal-to-noise ratio. In the present work, we perform
high-statistics measurements of the PAL spectra for
a-Si0, with this spectrometer, and determine the mean
lifetime of para Ps in a-SiO, directly for the first time.

PAL spectra were measured at room temperature with
the newly developed positron lifetime spectrometer [18]
consisting of BaF, scintillators and a fast digital oscillo-
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scope. Samples for these measurements were of size 7 X
8 X 2 mm?, cut from an a-SiO, ingot supplied by Tokyo
Denpa Kogyo (Japan). A ?>Na positron source of 3.7 X
103 Bq (10 uCi) was deposited directly onto one of the
samples and covered with another identical piece. The
1.275 MeV nuclear vy ray, emitted immediately following
the positron emission from ??Na [19], was used to deter-
mine the time of the positron injection into the sample,
and the 0.511 MeV annihilation y rays were used to
determine the time of the positron annihilation. A sche-
matic diagram of the spectrometer is shown in Fig. 1(a). It
differs in a few respects from the setup in Ref. [18]. The
present arrangement has four y-ray detectors, each one
consisting of a HAMAMATSU H3378 photomultiplier
tube (PMT) and a truncated cone BaF, scintillator of
size 22-32 mm in diameter and 22 mm in height
Detectors 1 and 2 are “start detectors” that are used to
detect the 1.275 MeV 1y rays, while detectors A and B are
“stop detectors,” used to detect the 0.511 MeV positron
annihilation y rays. The scintillators are shielded by
conical lead collimators, as shown in Fig. 1(b), to sup-
press the Compton scattered y rays which deteriorate the
lifetime spectrum [20]. A Monte Carlo simulation with
EGS4 codes [21,22] has shown that the number of events
in which a y ray of 1.275 MeV is Compton scattered in the
“start detector”” and enters the “‘stop detector” is reduced
by these collimators from ~1% to less than 0.025%.
Waveforms obtained from the four detectors were
stored in a personal computer and, in the off-line analy-
sis, the amplitude, the integrated peak area, and rise time
for each waveform were used for the event selection in
which abnormal waveforms were automatically rejected.
After this step, six independent positron lifetime spectra
were obtained simultaneously as follows. When three
detectors (1-A-B or 2-A-B) were hit by vy rays in one
coincidence event, the event was used for the data of
the “double stop” spectra [18]. When only two detectors
(1-A, 1-B, 2-A, or 2-B) were hit in coincidence, the event
was used for the data of the “single stop” spectra [18].
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FIG. 1.

The momentum distribution of the Ps was measured
with a one-dimensional ACAR apparatus [23] in order to
obtain the intensity of the self-annihilating para-Ps com-
ponent. The momentum resolution was set to 0.453 X
1073 mc (0.062 a.u.), and no magnetic field was applied.
The sample for the ACAR measurement was cut from the
same ingot as that used for the PAL study and all mea-
surements were performed at room temperature.

Figure 2 shows a typical PAL spectrum, obtained from
one of the y-ray detector pairs (1 and A). The small and
large dots represent the data before and after background
subtraction, respectively. The solid lines showing expo-
nential decay with mean lifetime of 293.5 and 650 ps are
guides for the eye. Existence of a short lifetime compo-
nent is clearly visible in the time range between the peak
and channel 150. A long lifetime component of about
650 ps is also visible between channels 350 and 500.

The data are fitted by a sum of three exponentially
decaying components. The fitting function, f, is ex-
pressed as
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FIG. 2. PAL spectrum measured with one of the y-ray de-
tector pairs (1 and A). The small and large dots represent the
data before and after background subtraction, respectively.
The inset shows the data and fitting function after subtracting
the background and the second and third components of Eq. (1).
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(a) Schematic diagram of the positron lifetime spectrometer. (b) Magnified view around the positron source and sample.
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where R, = exp[— 41n2(—)2] Ry = O(1)O (1. — 1),
R; = exp(—ln2)®( 1), t is time, £, is the time of the
positron 1nJect10n I; (i = 1-3) is the intensity of the ith
component, and 7; is the mean lifetime of the ith compo-
nent. Here the sum of three exponentially decaying com-
ponents is convoluted (as expressed by the symbol ®) with
resolution functions R;, R,, and R;. R, is a Gaussian
having a full width at half maximum (FWHM) of 7
to account for the time resolution of the spectrometer. R,
accounts for the effect of the bin width of the spectrum,
Tipe» and R3 accounts for the half-life of the y decay of
#2Na/**Ne, 71/, (= 3.7 ps) [19]. ©(?) is the Heaviside step
function.

As described above, we obtained six independent PAL
spectra at the same time. These spectra were fitted to
Eq. (1) simultaneously with independent 7., and #, values
and with the constraint that the 7; values (i = 1-3) were
identical for all the spectra. The results are shown in
Table I(a). The first component, having the shortest life-
time, results from the decay of the para Ps in a-SiO,. The
second component is the mixture of the decays of ortho Ps
and free positrons [4]; the third component is due to the
decay of positrons in defects. The value of the reduced 2,
1.04, is close to unity. Considering the very high statistics
of the data, this is remarkably good and indicates the
reasonableness of the fitted function as well as the stabil-
ity of the data. The values of the time resolution range
from 115 to 160 ps depending on the settings and the
characteristics of the PMTs used. The first component is
plotted in the inset of Fig. 2. The residues of the fit are
plotted in Fig. 3, which indicate very good fitting for all
the spectra.

In order to check the reliability of the data, we also
performed least squares fits independently to the six
spectra. In this analysis, only 753 was fixed (to be 650 ps)
while the other parameters were free. The results are
shown in Table I(b). It can be seen that the fitting pa-
rameters in Table I(b) are statistically consistent with
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TABLE L. (a) The results of a simultaneous least-squares fit to all data. The values of the time resolution ranges from 115 to 160 ps
FWHM. (b) The results of least-square fits for each spectrum. All parameters are free except 73 which is fixed to 650 ps.
Time
Spectrum Count resolution T I T I, 73 I3
No. Detectors  number (ps) (ps) (%) (ps) (%) (ps) (%) Reduced- X2
(a)
All 6.6 X 107 115161 1555+29 163=0.7 293517 803*12 650*15 3.4+04 1.04
(b)
1 1, A 1.86 X 107 133.0 157.0x3.1 16506 293.8 £ 1.1 80.1 = 1.1 650 (fixed) 3.4=*0.1 1.04
2 1,B 1.79 X 107 150.7  156.8 £3.4 16.1 0.7 293.2* 1.1 80.4 * 1.2 650 (fixed) 3.5*0.1 0.93
3 2, A 1.14 X 107 1440 161.5*4.1 181*09 2958 =*1.5 785=* 1.6 650 (fixed) 3.4=*0.1 .11
4 2,B 1.09 X 107 160.8 155.8 245 16409 2939=*15 80.2* 1.5 650 (fixed) 3.4=*0.1 1.01
5 1,A,B 47X10° 115.1 151.0 £5.7 164 * 1.1 2943 *=22 80.5*21 650 (fixed) 3.1 0.1 1.07
6 2,A,B 29Xx10° 128.0 1445*8.0 146*14 2922 *28 823 *25 650 (fixed) 3.2x0.2 1.01
Average 1564 £ 1.7 16.5*0.3 293.9*+0.6 80.1 £0.6 3.41 = 0.03

each other. The averaged values agree well with the results
of the simultaneous fit.

The systematic error in the value of 7, is estimated to
be =2.5 ps by changing the time span for the fitting, time
per channel of the spectrum, energy window, rise time
window. By adding the statistical and systematic errors in
quadrature, the final results obtained for 7, (= 7pp,) and
I (= I,py) were

T =156+4ps, I, =163+09% (2

The ACAR spectrum for «-SiO, is plotted in Fig. 4.
The intensity of the narrow component is obtained by
subtracting the broad component which is represented by
the sum of three Gaussians, and is found to be 6.9 = 0.1%.
This component has only contributions from the self-
annihilating para Ps, and is smaller than the value of I;
obtained in the PAL experiment. This is because positrons
in the para Ps can also annihilate with electrons in the
medium (known as pick-off annihilation), and this pro-
cess contributes to the broad component in the ACAR
spectrum.
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FIG. 3. The residues of the simultaneous least-squares fit to
the data using Eq. (1).
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The mean lifetimes of para Ps (7,p,) and ortho Ps (7,p,)
in a solid can be written as

Tops = (KAzy + Apickeorr) L,
p y pick-o 3)

— -1
ToPs — (KA3y + )‘pick-off) ’

where A,, and A3, are the intrinsic annihilation rates
for para Ps [14] and ortho Ps [15] in vacuum, respec-
tively, and Apici-ofr i the pick-off annihilation rate. « is
the electron-positron contact density in Ps relative to
that in vacuum and is defined as « = [|¢(r, r)|>dr?/
[o(r, r)|*dr?, where (re, r,) and iq(re, r,) are the
wave functions of the Ps in the solid and that of the Ps
in vacuum, respectively, with r, and r;, being the coor-
dinates of the electron and the positron in Ps. Equations
(3) are not self-evident but are justified under a specific
condition [24].

Using Egs. (3), « and 7,p, can be derived from the
results of the present work. Using Eq. (3), the ratio of
the self-annihilation of para Ps to its total annihila-
tion is Ry = KAy, /(kAy, + 7op0). This is equal to the
ratio of the para-Ps intensity in the ACAR spectrum
to that in the PAL spectrum, Iy(ACAR)/I(PAL). This
is because the narrow component in the ACAR spec-
trum results from only the self-annihilation of para Ps.
From this and Egs. (3), we obtain « = 0.34 = 0.02 and
Tops = 270 = 18 ps.

In previous work [11], analysis of the magnetic field
dependence of Zeeman mixing between ortho Ps and para
Ps in a-Si0,, implicitly assuming Eqgs. (3), yielded values
of k =0.31 £0.02 and 7,p, = 273 = 9 ps. These are in
agreement with the present result within experimental
errors.

The present result of 7,p; = 156 £ 4 ps, which is lon-
ger than the para-Ps lifetime in vacuum, shows clearly
that Ps atoms are swollen in a-SiO,. The consistency
between the present results and that of Zeeman mixing
experiments [11] shows the validity of the assumptions
implicitly made in the latter work; i.e., the perturbation
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FIG. 4. ACAR spectrum for a-SiO,. No magnetic field is
applied.

on delocalized Ps in a-SiO, is described with parameters
Kk and Apic-ofr, para Ps and ortho Ps are good eigenstates,
and the pick-off rate Apc-ofr is practically identical for
both para Ps and ortho Ps.

If we regard the Ps in @-SiO, as a hydrogenlike atom
bound by the Coulomb potential weakened by the high-
frequency dielectric constant €, the reduced effective
mass of Ps in a-Si0,, M}, can be estimated using M} =
(me/2)e/k~1/3 [1] where m, is the free electron mass.
Since € is equal to the square of refractive index for the
visible light, we put € = n? ~ 2.4 and obtain M} = 1.7 X
(m./2). The total effective mass of Ps in a-SiO,, on the
other hand, has been determined to be (1.67 = 0.15) X
(2m,) [6] or (1.54 + 0.08) X (2m,) [12] using the ACAR
method. The agreement between these factors is very
interesting.

The second component, with a lifetime 7,, in the three
component analysis (Table I) is a mixture of the decays of
ortho Ps and free positrons. In an attempt to distinguish
these two decay components with similar lifetime values,
a four component analysis was performed on the PAL
spectra. However, this was not successful. Therefore an
estimate of the mean lifetime of the free positrons, Ty,
was made in the following way. Using 7,p, = 270 ps and
assuming that the value of 7, obtained in the present work
was the weighted average of 7,p, and 7., We obtain
Tiree = a7y — 31, 7ops)/ (I, — 31;) = 330 ps. This esti-
mate is larger than 7., and is in contradiction with
observations that 7.p, is larger than 7. in many insulat-
ing materials [1]. This discrepancy should be investigated
in future works.

In conclusion, the mean lifetime of delocalized para Ps
in @-Si0, has been determined directly to be 156 £ 4 ps
using a newly developed PAL spectrometer. The lifetime
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was found to be much longer than its vacuum value. The
results are consistent with values from the previous
Zeeman mixing study of ortho and para Ps, and provide
a clear picture of Ps in a-SiO,.
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