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Quenching of positronium by surface paramagnetic centers in ultraviolet- and positron-
irradiated fine oxide grains
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Institute of Physics, Graduate School of Arts and Sciences, University of Tokyo, 3-8-1, Komaba, Meguro-ku, Tokyo, 153-8902,
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Interactions between positronium atoms and paramagnetic centers on oxide grain surfaces induced by ultra-
violet irradiation~254 nm! or positron irradiation from22Na have been studied with positron annihilation and
electron spin resonance~ESR! methods. Oxides studied are silica aerogel heat treated at 200 °C, then heat
treated at 800 °C, silica powder~Cab-O-Sil EH-5! and alumina powder~Degussa Alumina C!. The positron
irradiation from a22Na of ;10 mCi at low temperatures induced remarkable changes in the angular correlation
of the positron annihilation radiation spectra for all the samples studied, showing the spin-exchange reaction of
positronium atoms with irradiation-induced paramagnetic centers on the grain surfaces. Remarkable changes in
the positron lifetime spectra were also induced by the ultraviolet irradiation on silica aerogel heat treated at
200 °C and Degussa Alumina C, while no change by the ultraviolet irradiation was observed in silica aerogel
heat treated at 800 °C and the Cab-O-Sil EH-5. ESR measurements show formation of -OCH2 radicals on the
surfaces of silica aerogel heat treated at 200 °C. The spin-exchange cross section for the collisions between the
Ps atoms and the -OCH2 radicals is estimated to be of the order of 10221 m2. @S0163-1829~99!05339-4#
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INTRODUCTION

Many studies on the interactions between Ps atoms
surfaces1–11 have been done using aggregates of fine ox
grains that are suitable media to study the Ps-surface in
actions. Recently, it has been shown by Dauweet al.9,10 and
by the present authors11 that Ps atoms formed in the fre
space between oxide grains12 react sensitively with
irradiation-induced paramagnetic centers on the grain
faces at low temperatures. These studies indicate usefu
of the positron annihilation techniques for the selective
servation of the surface paramagnetic centers, since
known that Ps atoms between the grains cannot pene
back into the bulk region of the grains but interact with t
surfaces only.1–8

In previous works,9–11 the positrons fromb1 sources
were used both to form positronium, and to irradiate
sample. It was, therefore, difficult to control the irradiatio
The present authors showed in Ref. 11 that silica aerog
not damaged by22Na positron source of;10 mCi even at
low temperatures. This shows that the positron lifetime m
surements with other irradiation sources are possible in s
material, such as silica aerogel.
PRB 600163-1829/99/60~15!/11070~8!/$15.00
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In the present paper, we study the effect of the UV ir
diation (l5254 nm! on heat-treated silica-aerogel, silic
powder, and alumina powder by using positron lifetim
Doppler broadening of the 511-keV annihilation line, a
electron spin resonance~ESR! methods. The ESR is a pow
erful method for the study of paramagnetic centers. We a
measured angular correlation of positron annihilation rad
tion ~ACAR! in these samples. The ACAR was applied on
to silica aerogel before.

II. EXPERIMENTAL PROCEDURE

A. Samples

Samples were silica aerogel13 ~Airglass, Sweden!, Cab-O-
Sil ~Cabot Inc. USA!, and Degussa Alumina C~Degussa,
Germany! as listed in Table I. Silica aerogel has a thre
dimensional network of ultrafine particles of amorpho
silica; Cab-O-Sil, and Degussa Alumina C are fumed po
ders. All the silica-aerogel samples were cut from the sa
monolith whose density was;0.1 g/cm3. All the powder
samples of the same material were from the same lot.

The silica aerogel is made from Si~OCH3!4 through the
following reactions:
m

TABLE I. Properties of the samples used in this study.

Manufacturer Form Heat treatment Surface groups
Mean

diameter

Silica aerogel~1! Airglass aerogel 200 °C for 2 h -OCH3 4 nm
Silica aerogel~2! Airglass aerogel 800 °C for 2 h Si-O-Si 4 nm
Silica aerogel~3! Airglass aerogel none -OCH3 4 nm
Cab-O-Sil EH-5 Cabot-Corp fumed powder 200 °C for 2 h -OH 7 nm
Degussa Alumina C Degussa fumed powder 200 °C for 2 h -OH 13 n
11 070 ©1999 The American Physical Society
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Si~OCH3!414H2O→Si~OH!414CH3OH ~1!
NH3

nSi~OH!4→@SiO2#n12nH2O. ~2!

The water remaining after the reaction~2! is replaced by
methanol before the network grows in the solution. T
methanol is then removed in an autoclave. Methoxyl gro
(-OCH3! remain on the surfaces because of this process.
known that the methoxyl groups can be removed by hea
the aerogel above 500 °C in the air. In the present paper
used three samples: as-prepared, heat treated at 200 °C
heat treated at 800 °C. Water on the surfaces are remove
the sample heat treated at 200 °C but -OCH3 groups remain
on the surfaces. The samples heat treated at 800 °C do
have the surface -OCH3 groups.

Cab-O-Sil EH-5 and Degussa Alumina C are ma
through the aerosil method in a hot flame.

Cab-O-Sil:

SiCl412H21O2→SiO214HCl. ~3!

Alumina C:

4AlCl316H213O2→2Al2O3112HCl ~4!

The surfaces of the samples made by this method are cov
with hydroxyl groups~-OH!.

B. Angular correlation of positron annihilation radiation
measurements„ACAR …

We used 1D-ACAR apparatus having three pairs of sc
tillation detectors.14 The momentum resolution was adjust
to 0.4531023 mc. The 22Na positron sources of intensitie
of ;10 mCi and;30 mCi were used. The distance betwe
the sample and the source placed outside the Be windo
the sample chamber was;10 mm. The sample, enclosed
a semiclosed inner chamber made of copper11 with an alu-
minum window of 10mm in thickness, was cooled with
closed-cycle helium gas refrigerator down to 30 K.

C. Positron lifetime and Doppler broadening measurements
under UV irradiation

To study the effect of UV irradiation on the oxide su
faces, we used positron lifetime and Doppler broaden
methods. The ACAR cannot be used for this purpose
cause the effect of the positron irradiation is too large.

Positron lifetimes were measured with an ordinary fa
fast lifetime spectrometer using modules of EG&G ORTE
Relatively large (50 mmF330 mm) BaF2 scintillators
coupled to Philips XP2020Q photomultipliers were used
order to realize a high counting rate. The time resolution
the apparatus was;280 ps in full width at half maximum.
Doppler broadening spectra were measured with a Canb
GL-1520 HPGe detector.

Figure 1 is a schematic diagram of the sample-source
sembly. 22Na positron source of an activity;5 m Ci was
deposited on a quartz-glass plate that was transparent t
UV light. The distance between the source and the sam
e
s
is
g
e

and
in

not

e

red

-

of

g
e-

-
.

f

rra

s-

the
le

was ;2 mm. The sample chamber was evacuated
1027 Torr by an oil-diffusion pump with a liquid-N2 trap or a
turbo molecular pump. The samples were cooled to 30
with a closed-cycle helium-gas refrigerator. The UV lig
irradiations~254 nm! were made from the same side as t
positron injection. The UV source was a 3-W low-pressu
mercury lamp~SP-3-2L, ozoneless type, SEN Lights Corp
ration, Japan!. The luminous intensity on the sample wa
adjusted to;1 mW/cm2 by setting the lamp 2 cm away from
the sample.

Positron-lifetime measurements with a lower luminous
tensity were also performed for silica aerogel heat treate
200 °C. The distance between the sample and the UV la
was set to be 7 cm and the luminous intensity was;0.25
mW/cm2, which was the same as that in the ESR measu
ment. The UV irradiations and measurements were mad
several temperatures between 30 and 100 K.

D. ESR measurements

ESR spectra were measured with JOEL JES-RE2X sp
trometer. A Heritran cryostat system~APD Cryogenics Inc.,
USA! allows cooling the sample down to 4.2 K. The samp
was irradiated by the UV lamp at low temperatures. All t
glass tubes and plates surrounding the sample are UV tr
parent. The distance between the sample and the UV la
was 7 cm and the luminous intensity at the sample w
;0.25 mW/cm2. The irradiation and the measurements we
made at several temperatures between 15 and 100 K.

III. RESULTS

A. Results of ACAR measurements

ACAR curves for silica aerogel heat treated at 800 °
Cab-O-Sil, and Degussa Alumina C are shown in Fig. 2.
the ACAR spectra were measured without magnetic field
the UV irradiation. The counts have been normalized to
number of incident positrons. The ACAR spectra for sili
aerogel before heat-treatment13 is also shown for compari-
son. The open circles~s! show the spectra at room temper
ture, and the closed circles~d! show those at low tempera
tures. All the ACAR spectra show remarkable changes
cooling. These changes were reversible; the spectra rec
to their initial shapes by heating the samples to room te
perature.

FIG. 1. Schematic diagram of the sample chamber for posit
lifetime and Doppler broadening measurements under UV irra
tion.
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FIG. 2. ACAR spectra for silica aerogel hea
treated at 800 °C, Cab-O-Sil, Degussa Alumi
C, and silica aerogel as prepared.
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B. Results of positron lifetime and Doppler broadening
measurements under UV irradiation

Figure 3 shows lifetime spectra for the four samples
fore ~d! and after ~1! the UV irradiation at 30 K. The
samples were kept at 30 K throughout the measureme
Remarkable changes in the long lifetime component
clearly observed in silica aerogel heat treated at 200 °C@Fig.
3~a!# and Degussa Alumina C@Fig. 3~b!#. In contrast, silica
aerogel heat treated at 800 °C@Fig. 3~c!# and Cab-O-Sil@Fig.
3~d!# show no change even after the UV irradiation for mo
than 10 h. No lifetime spectra before the UV irradiatio
even that for alumina powder, changes with time. This in
cates that the effect of the irradiation by the positrons fr
the weak22Na source for the lifetime measurements~5 mCi!
is negligible. Thus, the observed changes in the lifeti
spectra are almost solely due to the UV irradiation. Dau
and Mbungu-Tsumgu9 reported an effect of the irradiation b
a positron source of;10 mCi on an alumina powder. The
difference can be attributed to the fact that the posit
source was not in contact with the sample in our setup. I
separate experiment in which the sample and the source
in contact, we observed a decrease of the lifetime of ortho
with time in alumina as reported by Dauwe an
Mbungu-Tsumgu.9

Figure 4 shows Doppler broadening spectra for sil
aerogel heat treated at 200 °C. The closed circles~d! show
the data before irradiation and the open circles~s! show
those after the UV irradiation for 30 min at 30 K. Effect o
-
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the UV irradiation is clear. The Doppler broadening spec
for alumina before and after the UV irradiation, howeve
were almost identical.

C. Results of ESR measurements

ESR spectra in silica aerogel heat treated at 200 °C
shown in Fig. 5. They were measured at 100 and 15 K a
the sample was irradiated by the UV lamp at 30 K. The E
signal from the H atom with a hyperfine interval of 50.8 m
which is often seen on silica surfaces,15 was not found in a
separate measurement with a wide range of magnetic fie

The ESR signals for silica aerogel heat treated at 800
Cab-O-Sil EH-5, and Degussa Alumina C were not dist
guished from the background, though a weak broad sig
were seen in alumina.

Density of the unpaired electrons for silica aerogel h
treated at 200 °C was obtained by comparing the spectra
the signals of Mn1 marker, which is calibrated with solu
tions of 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxid
~HTEMPO!. We performed measurements on seve
samples at several temperatures between 30 and 100 K.
results are averaged and given in the second column of T
II. The errors are estimated from the scattering of the d
and the uncertainty of the zero-absorption line.

IV. DISCUSSION

As can be seen in Fig. 2, the low-momentum regions
ACAR spectra for all the samples investigated are enhan
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FIG. 3. Positron-lifetime spectra before and after UV irradiation for~a! silica aerogel heat treated at 200 °C,~b! Degussa Alumina C,~c!
silica aerogel heat treated at 800 °C, and~d! Cab-O-Sil.
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FIG. 4. Doppler broadening spectra before and after UV irrad

tion for silica aerogel heat treated at 200 °C.
at low temperatures. This is due to the spin-exchange re
tion of positronium in the free space between the grain11

Para-Ps~spin-singlet! and ortho-Ps~spin-triplet! are formed
in the ratio of 1:3 and para-Ps atoms normally annihilate i
two g rays in vacuum, while ortho-Ps atoms annihilate in
three g rays. The self-annihilation rate of para-Ps (
3109 ns21! is much higher than that of ortho-Ps (
3106 ns21!. In the ACAR measurements, the samples
irradiated by an intense positron source~a few tens of mCi!.
Paramagnetic centers are formed at low temperatures by
positron irradiation and the Ps atoms in the free space
tween the grains exchange their spins with the centers on
surfaces. This reaction increases the intensity of the par
component in the low-momentum region in the ACAR spe
tra, because ortho-Ps, which normally annihilate into threg
rays, converts to para-Ps and annihilates into twog rays.

Temperature dependencies of the ACAR spectra are
to the change in the rate of annealing of the paramagn
centers. The spin exchange of the Ps atoms is not observ
room temperature because the annealing rate of the para
netic centers at room temperature is so high that the equ
rium concentration of the paramagnetic centers are neg
bly low.
-
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Unpaired electrons sometimes induce chemical quenc
of Ps atoms16 through oxidation or formation of Ps com
pounds. This diminishes the narrow para-Ps self-annihila
component in the ACAR spectrum and enhances the br
component. The intensity of the broader components in
ACAR spectra in Fig. 2 are almost unchanged. This sho
clearly that the Ps atoms does not undergo the chem
quenching in any of the samples investigated but undergo
spin-exchange reaction. This discrimination is not poss
by the positron lifetime or 3g annihilation fraction measure
ments because both spin-exchange reaction and chem
quenching cause shortening of the lifetime of ortho-Ps
decrease of the 3g annihilation fraction.

The UV irradiation effect is most prominent for silic
aerogel heat treated at 200 °C as manifested in the pos
lifetime spectra shown in Fig. 3~a!. The mean lifetime of
ortho-Ps at 30 K is plotted against the UV irradiation time
shown in Fig. 6. When the temperature is raised, the m
lifetime of the ortho-Ps begins to increase at around 150
and approaches its initial value before the UV irradiation
is seen in Fig. 7. Doppler broadening spectra in silica aero
heat treated at 200 °C~Fig. 4! shows modest enhancement
the central part after the UV irradiation at 30 K.

FIG. 5. ESR spectra for silica aerogel heat treated at 200
The sample was irradiated by UV at 30 K and measured at
temperatures indicated.
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These results are interpreted in a similar way as that
the case of positron irradiation. Paramagnetic centers
formed on the grain surfaces by the UV irradiation and
Ps atoms undergo spin-exchange collisions with the cen
The recovery of the lifetime of ortho-Ps above 150 K can
attributed to the annealing of the irradiation-induced cente

The ortho-Ps lifetime in Cab-O-Sil and silica aerogel he
treated at 800 °C were unchanged during the UV irradiat
for more than 10 h as seen in Figs. 3~c! and 3~d! and 6,
indicating that surface paramagnetic centers are not cre
by the UV irradiation. This is in clear contrast to the resu
of the ACAR measurements which show the formation of
paramagnetic centers in these materials. This is becaus
energy of the positrons from22Na ~maximum 0.54 MeV! is
many orders of magnitude higher than that of the UV lig
used~4.9 eV! and thus the former can make various kinds
paramagnetic centers.

In the alumina powder the mean lifetime of ortho-P
showed a remarkable shortening induced by the UV irrad
tion as seen in Figs. 3~b! and 6, indicating that Ps atom
undergo spin-exchange reaction or chemical quenching
the surfaces. The fact that the ACAR measurements show
chemical quenching induced by the positron irradiation s
gests that Ps atoms undergo only spin-exchange reaction
in alumina powder under the UV irradiation; if centers th
induce chemical quenching were created by the low-ene
UV irradiation ~4.9 eV!, it would be created by positron ir
radiation with much higher energy. The Doppler broaden

.
e

FIG. 6. Lifetime of ortho-Ps versus irradiation time. The lum
nous intensity of the UV light at the sample was about 1 mW/cm2.
heat
TABLE II. Unpaired electron density after the UV irradiation at low temperatures in silica aerogel
treated 200 °C, orthopara conversion rate, and orthopara conversion cross section.

Irradiation time
Unpaired electron density

(1017 spins/g)
Ortho-para conversion

rate ~ns21!
Ortho-para conversion

cross section (10221 m2)

10 min 1.660.8 1.560.5 422
16

30 min 6.363.7 3.360.7 221
14

Averaged 322
16
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spectra are insensitive in this case. This is probably beca
large part of positrons annihilate in the region where the
irradiation is unreachable.

The ESR spectra for the silica aerogel heat treated
200 °C~Fig. 5! show formation of -OCH2 radicals. The trip-
let splitting in the spectrum at 100 K indicates that two p
tons exist close to the unpaired electron. Theg value and
hyperfine splitting observed are 2.002 and 20 G, resp
tively. These values are close to those reported
•CH2OH in the literature, which are 2.001~Ref. 17! for g
value and 176217 19,18 or 17.2 G~Ref. 19! for the hyperfine
splitting. The spectrum at 15 K in Fig. 7 resembles E
spectra for•CH2OD observed at 77 K in a frozen matrix b
Sullivan and Koski.20 The change in the shape of the ES
spectrum on cooling to 15 K is interpreted as due to freez
of the rotation of -CH2.

The simplest reactions that create the -OCH2 radicals are

-OCH31hn→-OCH2•1H• ~5!

or

-OCH2
21hn→-OCH2•1e2. ~6!

Reaction~5!, however, is unlikely because~i! it is known
that CH3OH, which is the simplest molecule containin
-OCH3 does not absorb the 254-nm light, and~ii ! ESR lines
from H atoms were not observed in our measurements.
reaction from a precursor as described by Eq.~6! is more
likely.

The third column of Table II shows ortho-para conversi
rate obtained in the same irradiation condition as the E
measurements. The conversion rate was obtained from
component fit to the lifetime spectra in the time region fro
20 ns after the prompt. Since the temperature dependen
not larger than the scattering of the data, the averaged va
in the temperature range between 30 and 100 K are liste

Using the conversion rate from the positron-lifetime me
surements and the unpaired electron density obtained f
ESR in Table II, we estimate the ortho-para conversion cr

FIG. 7. Lifetime of ortho-Ps with elevating temperature af
UV irradiation at 30 K.
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section for positronium collisions with -OCH2 radicals. We
assume that silica grains are spheres of radiusr, that all the
paramagnetic centers exist on the surfaces of the grains,
that the conversion cross section is independent of the a
between the positronium velocity (Vps) and the surface of
the grains. When a Ps atom collides with a grain, the surf
paramagnetic centers on the backside are not effective fo
spin-exchange collision. Therefore, the effective number
paramagnetic centers per grain isns34pr 2/2, wherens is
the surface density of the paramagnetic centers. The or
para conversion ratec is thus given by

c5
s•ns•4pr 2/2

pr 2 •

VPs

l
~7!

and hence, the conversion cross sections is

s5
c• l

2•VPs•ns
, ~8!

wherel is the mean distance between the grains.
Vps was estimated from the lifetime spectra in the pre

ence of paramagnetic centers at various temperatures.
spectra show that lifetime of the ortho-Ps was unchan
between 30 and 100 K. This indicates that Ps atoms are
thermalized below 100 K in the silica aerogel whose dens
was ;0.1 g/cm3. Here, we assumed thatVps is the thermal
velocity at 100 K for the Ps between 30 and 100 K. T
cross sections obtained are listed in Table II. The avera
value is 322

16310221m2.
To the authors knowledge, there are no data reporte

the literature for the spin exchange of Ps atoms with -OC2
radicals. We can only compare the present results with th
reported for gas molecules21,22 and for ions in solutions.23–27

The cross sections for paramagnetic gases are (1.060.3)
310223m2 (O2, elastic!,21 5310221m2 (O2, inelastic! ~Ref.
21!, and 8.45310223m2~NO!.22 Our result is comparable to
that for the inelastic collision with O2. Very large conversion
cross section (;10217m2! for phosphorescent gases (SO2
and benzaldehyde! excited by UV light were once reporte
by Brandt et al.28,29 However, their results were not sup
ported by later works.30,31 The conversion cross sections a
also reported for ions in solutions. The values are
310221m2 for e2NH3 ~Ref. 23!, 5.9310223m2 for Ni11

~Ref. 24!, 2.4310223m2 for Cu11 ~Ref. 25!, 0.15
310223m2 for an electron in a series of lanthanide io
(Ce31;Gd31!,26 0.4310224m2 for an electron in anothe
series of lanthanide ions (Yb31;Tb31!.27 These values may
be underestimated because the velocity of the Ps ato
which are actually diffusing in the solutions, is assumed
be the thermal velocity. Theoretical calculations have be
made by several workers for Ps spin exchange with the
atom,32–38 Li atom,39,33 and an electron.33,40–42 Results of
almost all the theoretical calculations range above 10220m2,
larger than the present result. The only comparable va
with the present result is shown in Ref. 37 for the spin e
change of Ps with a H atom around the thermal energ
which is about 10221m2.

As ortho-para conversion rate of Ps is proportional to
surface density of the paramagnetic centers, the Ps spec
copy offers a detection method for them. The sensitivity



e
xis
l

te

vic
gh
e
d

ac
pe
-
a
u
it
o

n
tro

ffi-

ide
spins
on

in
oth
rma-
at
the

ka,
lp
s
in
d a

l-

11 076 PRB 60HARUO SAITO AND TOSHIO HYODO
the Ps method for the detection of the surface paramagn
centers depends on the velocity of Ps. When Ps, which e
in the vacant space between the grains, has the therma
locity at 295 K (VPs583104 m/s!, and that the lifetime of
Ps is measured with an accuracy of a few percent, the de
tion limit is estimated to be;1016 spin/cm3. This is as high
as that of a typical superconducting quantum interface de
magnetometer. Of course the ESR method has much hi
sensitivity. Relaxation of the spins, however, often broad
the ESR spectra and make them invisible. The Ps metho
free from the relaxation of the spins.

The existence of the paramagnetic centers on the surf
is often demonstrated by observing changes in the ESR s
tra on introducing gases.43 This procedure, however, some
times leaves ambiguousness about the location of the p
magnetic centers due to the diffusion of the gas molec
into the bulk. The Ps method, which has surface selectiv
affords a complementary and unique tool for the detection
paramagnetic centers.

V. CONCLUSIONS

Effects of the irradiations by positrons and UV lights o
oxide grains at low temperatures were studied using posi
e
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annihilation and ESR methods. It was shown that the su
ciently high-positron irradiation~10–30 mCi! form surface
paramagnetic centers at low temperatures in all the ox
samples investigated and that Ps atoms exchange their
with them. On the other hand, the effect of weak positr
sources~;10 mCi! was negligible. The UV irradiation of;1
mW/cm2 forms the surface paramagnetic centers only
silica aerogel heat treated at 200 °C and alumina. In b
cases spin exchange is the dominant effect on the Ps. Fo
tion of -OCH2 radical is observed in the silica aerogel he
treated at 200 °C. The spin-exchange cross section for
collisions between the Ps atoms and the -OCH2 radicals are
estimated to be of the order of 10221m2.
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