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Pickoff and spin conversion of orthopositronium in oxygen
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The quenching processes of the thermalized orthopositronium (o-Ps) on an oxygen molecule have been
studied by the positron annihilation age-momentum correlation technique. The Doppler-broadening spectrum
of the 511-kevg rays from the 2g annihilation ofo-Ps in O2 has been measured as a function of theo-Ps age.
The rate of the quenching, consisting of the pickoff and the spin conversion, is estimated from the positron
lifetime spectrum. The ratio of the pickoff quenching rate to the spin-conversion rate is deduced from the
Doppler broadening of the 511-kevg rays from the annihilation of theo-Ps. The pickoff parameter1Zeff , the
effective number of the electrons per molecule that contribute to the pickoff quenching, for O2 is determined
to be 0.660.4. The cross section for the elastic spin-conversion quenching is determined to be (1.1660.01)
310219 cm2.
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I. INTRODUCTION

Recently the annihilation of the low-energy positrons
collision with various gas molecules has been studied s
tematically by Surko and his collaborators@1,2#. They have
measured the annihilation ratel1 of the thermalized posi-
tron and estimated the positron annihilation parameterZeff ,
defined as

l15pr 0
2cnZeff , ~1.1!

where r 0 is the classical electron radius,c is the speed of
light, andn is the number density of the molecules. TheZeff
has been revealed to be very sensitive to small changes i
molecular structure and increasing parametrically from 1
107 @2#.

A parameter similar toZeff is defined for the case of th
positronium ~Ps! annihilation in gases. It is related to th
pickoff quenching of the orthopositronium (o-Ps) and called
1Zeff . This parameter represents the effective number of
electrons per molecule in a spin singlet state with respec
the positron in theo-Ps@3–5#. The pickoff quenching rate is
expressed as

lpickoff54pr 0
2cn1Zeff . ~1.2!
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The values of1Zeff for various gases reported so far a
collected in Ref.@5#. They lie, except for O2, between 0.1
and 1.3, very small in contrast toZeff .

In a paramagnetic gas such as O2, o-Ps can be also
quenched by spin conversion, i.e., the conversion ofo-Ps
into parapositronium (p-Ps) followed by its prompt self-
annihilation @6–8#. There exists two kinds of Ps spin
conversion processes in O2. One excites the O2 molecule to
the excited statea 1Dg ~or b 1Sg

1), and thus may be called
inelastic conversion. This process is active when the ene
of the Ps is larger than 0.977 eV~or 1.62 eV!. The other
leaves the O2 molecule in the ground stateX3Sg

2 and may be
called elastic conversion. The latter process has no thres
and thus is active for the thermalizedo-Ps. These two spin-
conversions have quite different cross sections@7,8#; the
cross section for the former is on the order of 10216 cm2,
and that for the latter is on the order of 10219 cm2 @8#.

In Ref. @5# the quenching rate ofo-Ps in O2, including the
effect of the spin conversion, is expressed in terms of1Zeff as
4463. The proper1Zeff defined by Eq.~1.2! is not known. In
order to measure this, the pickoff quenching has to be se
rated from the spin conversion.

In the present work, we obtain the1Zeff and the spin-
conversion cross section for O2 by the positron annihilation
age-momentum correlation technique~AMOC!. The AMOC
consists of a correlated measurement of the positron lifet
and the energy of the annihilationg rays. The Doppler-
broadening spectrum of the 511-keVg rays from the 2g
annihilation of theo-Ps in O2 has been measured as a fun
tion of the time that theo-Ps atoms have spent from the
formation to annihilation. The 2g annihilation in the time
range in which onlyo-Ps exists results either from the pick
off quenching or from the self-annihilation of thep-Ps cre-
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ated through the spin conversion. The1Zeff and the spin-
conversion cross section are determined by separating
pickoff quenching from the spin conversion.

Preliminary results with a different setup were reported
Ref. @9#.

II. EXPERIMENT

The experimental setup is shown schematically in Fig
A 0.5-mCi 22Na positron source was sandwiched betwe
two sheets of 100-mm-thick plastic scintillator. The source
scintillator assembly was placed between two pieces
1-cm-thick SiO2 aerogel, which was used as a Ps format
medium @10#. The macroscopic density and the averag
grain diameter of the SiO2 aerogel are 0.1 g/cm3 and about 5
nm, respectively.

Most of the positrons from the source pass through
scintillators and produce photons. These photons p
through the transparent SiO2 aerogel and are directed to
photomultiplier tube~PMT! by a light guide. Ag ray emitted
when a positron annihilates was detected by a high purity
detector. The output of the Ge detector was fed to a timi
filter amplifier ~TFA!. The time interval between the anod
signal of the PMT and the output of the TFA was conver
into a peak amplitude of an output pulse by a time-
amplitude converter~TAC! and used for the lifetime spec
troscopy. The other output of the Ge detector was proces
by a shaping amplifier and the peak height was recorded
the energy information. The observed energy region was
ited in the neighborhood of the 511-keV peak by a bias
amplifier.

A 2-mm-thick Pb sheet was placed in front of the G
detector to prevent low-energy scatteredg-rays from simul-
taneously hitting the Ge detector and deforming the shap
the higher energy side of the 511-keVg-ray spectrum.

The time resolution was 4.8 ns@full width at half maxi-
mum ~FWHM!#, and the energy resolution was 1.12 ke
~FWHM! at 512 keV (106Ru).

The chamber was filled with O2 of purity 99.9995% to
1.05 atm after evacuating it with a turbo molecular pum
and then isolated from the rest of the gas handling syst
The measurement lasted for 16 h. During the measurem

FIG. 1. Schematic diagram of the experimental setup.
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the room temperature was controlled to be 25.560.5 °C. For
the sake of data analysis, a measurement without a gas
also made for 16 h.

III. RESULTS AND DISCUSSION

The closed circles in Fig. 2 show the positron lifetim
spectrum for the energy range from 500 to 516 keV. T
prompt peak is followed by a slow decay curve and sub
quently a flat background. The flat background, which is
clear in the time range shown in Fig. 2, originates fro
chance coincidences. The prompt peak arises from the p
tron annihilations without Ps formation as well as the se
annihilations ofp-Ps. The slow decay part originates fro
the o-Ps annihilations.

The total annihilation rate of theo-Ps, lO-Ps, is ob-
tained from the slow decay part. It is the sum of the se
annihilation ratel3g and the annihilation rates for three di
ferent collisional quenching modes,

lo-Ps5l3g1lSiO2
1lox1lspin, ~3.1!

wherelSiO2
is the rate of the pickoff quenching on the gra

surface,lox is that on the O2 molecule, andlspin is the rate
of the spin conversion on the O2 molecule.

The latter two collisional quenching rates are proportio
to the number density of the O2 moleculesn,

lq5nsqvPs, ~3.2!

wheresq is the quenching cross section andvPs is the speed
of the Ps. The speed of theo-Ps relative to the target mol
ecule has been replaced byvPs, neglecting the relatively
small velocity of the molecules.

The initial kinetic energy of the Ps depends on whethe
is formed inside a SiO2 grain or on a grain surface@11#. The
Ps formed and thermalized inside a SiO2 grain escapes into
the free space between the grains with a kinetic energy
about 1 eV determined by the negative work function for t
Ps. On the other hand, the Ps formed on the surfaces o
grains is emitted with a kinetic energy of about 3 eV.
penetrates shallowly back into another grain and thermali
and is reemitted with 1 eV.

FIG. 2. The time spectrum for the energy range from 500 to 5
keV. The chance coincidence background has not been subtra
The closed circles show the time interval distribution betwee
positron emission and the eventual annihilation. The closed
angles show the fittedl as a function of the start point of the fit
The energy spectra of the 511-keVg rays in the time windows~a!,
~b!, and~c! are shown in Fig. 4.
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Once the Ps energy reaches 1 eV, it does not enter ano
grain any more. Then the energy loss of the Ps beco
much slower@12–14#. This leads to the time dependence
the collisional quenching rates, resulting in the time dep
dence of the total annihilation ratelo-Ps and the subtle and
complicated deviation of the shape of theo-Ps time spectrum
from a simple exponential function. The time spectrum b
comes an exponential decay only after theo-Ps thermaliza-
tion. Denoting the survival probability of theo-Ps up to time
t by D(t)5exp@2*0

t dt8lO-Ps(t8)#, the time spectrum is given
by

P~ t !5N0S 2e
d

dt
D~ t ! D1C5N0$e3gl3g1e2g@lSiO2

~ t !

1lox~ t !1lspin~ t !#%D~ t !1C, ~3.3!

wheree3g ande2g are the absolute detection efficiencies f
the g rays from the 3g annihilations and the 2g annihila-
tions, respectively, andN0 andC are constants.

In order to determine the total annihilation ratelo-Ps for
the themalizedo-Ps, we fit the lifetime spectrum~Fig. 2! to a
function A exp(2lt)1B, whereA andB are constants, with
the start time of the fit stepped out. The results are plotted
triangles as a function of the start time of the fit in Fig.
The fittedl gradually decreases, indicating theo-Ps slowing
down process, and then becomes flat, indicating that theo-Ps
is thermalized. Once theo-Ps is thermalized, the fittedl
represents the total annihilation rate of theo-Ps averaged
over the Maxwell-Boltzmann velocity distribution at th
measuring temperature. Thelo-Ps for the thermalizedo-Ps is
determined from the value in the region where the fitted v
ues are statistically consistent. We choose the thermaliza
time t* 570 ns to yield

lo-Ps5l3g1lSiO2
* 1lox* 1lspin* 532.560.2 ms21, ~3.4!

where the quenching rates for the thermalizedo-Ps are rep-
resented with an asterisk. The thermalization timet* esti-
mated from the instantaneous annihilation rate@15#

lO-Ps~ t !5
P~ t !2C

E
t

`

@P~ t8!2C#dt8

~3.5!

is also around 70 ns.
The value forl3g1lSiO2

* is determined similarly from the

measurement without a gas to be

lo-Ps5l3g1lSiO2
* 57.4160.04 ms21. ~3.6!

By usingl3g57.04060.003 ms21 @16#, the values forlSiO2
*

andlox* 1lspin* are determined to be

lSiO2
* 50.3760.04 ms21, ~3.7!

lox* 1lspin* 525.160.2 ms21. ~3.8!

The characteristics of the SiO2 grain surfaces, e.g., the wor
function, may be modified by the adsorbed O2 molecules on
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the grain surfaces. But the modification does not influen
the velocity distribution of the thermalizedo-Ps because it
depends only on the temperature of the grains.

Figure 3 shows an example of the time-selected ene
spectrum for 1 atm of O2 measured by the AMOC. The in
tensity and the shape of the background spectrum have
estimated from the energy spectrum in the time range fr
400 ns to 700 ns and subtracted.

Figure 4 shows the Doppler-broadening spectra in
time ranges indicated. The spectra have been corrected
the 3g annihilation component, which is estimated using th
oretical 3g spectrum convoluted with the energy resoluti
curve, i.e., the shape of the 512-keV peak from106Ru and
normalized to the counts in the energy range from 485 k
to 500 keV, as shown in Fig. 3.

The spectra in Fig. 4 are fitted to two Gaussian functio
~solid curves!. The dashed curves show the broad comp
nent. The width of this component was fixed to that of t

FIG. 3. The energy spectrum of the annihilationg rays ~closed
circles! for 1 atm of O2 with the time range from 70 ns to 150 ns
The background has been subtracted. The open circles show
o-Ps self-annihilation component.

FIG. 4. Examples of the time-selected energy spectra of
511-keVg rays for 1 atm of O2.
2-3
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pickoff component for the SiO2 aerogel only, because th
change in the width due to the presence of O2 molecules was
not appreciable@8#.

The spectra in Figs. 4~a! and 4~b! include the component
that contribute to the prompt peak, i.e., those from the an
hilations of the non-Ps positrons andp-Ps. Hence they are
not appropriate to the analysis. The spectrum in Fig. 4~c!
represents the 2g annihilations of the thermalizedo-Ps. The
pickoff quenching gives the extremely low intensity bro
component representing the momentum distribution of
electrons bound in O2 molecules and those on the SiO2 sur-
faces. The narrow component results from the sp
conversion quenching and represents the center-of-mass
mentum distribution of thep-Ps at the moment of the
annihilation after the conversion fromo-Ps. A logarithmic
scale is used for the vertical axis in Fig. 5 to enlarge
pickoff quenching component.

The ratio of the intensity of the broad component to th
of the narrow component is

I broad

I narrow
5~3.361.3!31022. ~3.9!

An alternative analysis with the width of the broad comp
nent as a free parameter gives a similar result. The inten

FIG. 5. Doppler-broadening spectrum of the annihilationg rays
from the thermalizedo-Ps. The chance coincidence and the 3g
backgrounds have been subtracted. The solid curve shows the
component Gaussian fit to the data. The dashed curve show
fitted pickoff quenching component and the rest is the sp
conversion component.
.

M.
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of the 2g quenching component in the time-selected ene
spectrumI q ~whereq represents SiO2, ox, and spin) for the
time range fromt* to 150 ns is given by

I q5E
t*

150 ns

N0e2glq~ t !D~ t !dt5lq* E
t*

150 ns

N0e2gD~ t !dt.

~3.10!

Hence we have the relation

I broad

I narrow
5

I SiO2
1I ox

I spin
5

lSiO2
* 1lox*

lspin*
. ~3.11!

Combining the results~3.7!–~3.9! and ~3.11!, the pickoff
quenching rate for O2 is obtained

lox* 50.460.3 ms21 ~3.12!

and the spin-conversion rate is

lspin* 524.760.2 ms21. ~3.13!

From the relation~1.2!, we conclude that

1Zeff50.660.4.

This value is of the same order of magnitude as those
other gases@5#.

The spin-conversion cross sectionsspin is

sspin5~1.1660.01!310219 cm2.

This cross section is for the elastic conversion process@8#.
In conclusion, we have studied the 2g annihilation of the

thermalizedo-Ps in oxygen by AMOC. The1Zeff and the
elastic spin-conversion cross section for the thermalizedo-Ps
are estimated by separating the pickoff quenching from
spin conversion. The1Zeff for O2 is revealed to be of the
same order of magnitude as those for other gases.

ACKNOWLEDGMENTS

We would like to acknowledge Dr. Y. Nagashima and D
H. Saito for valuable discussions.

o-
the
-

ter.

M.

J.
@1# K. Iwata, R. G. Greaves, T. J. Murphy, M. D. Tinkle, and C. M
Surko, Phys. Rev. A51, 473 ~1995!.

@2# K. Iwata, G. F. Gribakin, R. G. Greaves, C. Kurz, and C.
Surko, Phys. Rev. A61, 022719~2000!.

@3# P. A. Fraser, Adv. At. Mol. Phys.4, 63 ~1968!.
@4# T. C. Griffith and G. R. Heyland, Phys. Rep.39, 169 ~1978!.
@5# M. Charlton, Rep. Prog. Phys.48, 737 ~1985!.
@6# R. A. Ferrell, Phys. Rev.110, 1355~1958!.
@7# M. Deutsch and S. Berko, inAlpha-, Beta- and Gamma-ray

Spectroscopy, edited by K. Siegbahn~North-Holland, Amster-
dam, 1965!, p. 1583.

@8# M. Kakimotoet al., J. Phys. B20, L107 ~1987!; M. Kakimoto,
T. Hyodo, and T. Chang,ibid. 23, 589 ~1990!.
@9# T. Chang, G. Yang, and T. Hyodo, inPositron Annihilation,
edited by Zs. Kajcsos and Cs. Szeles, special edition of Ma
Sci. Forum105-110, 1509~1992!.

@10# T. Chang, Y. Wang, C. Chang, and S. Wang, inPositron Anni-
hilation, edited by P. G. Coleman, S. C. Sharma, and L.
Diana ~North-Holland, Amsterdam, 1982!, p. 696.

@11# Y. Nagashimaet al., Phys. Rev. B58, 12 676~1998!.
@12# T. Chang, M. Xu, and X. Zeng, Phys. Lett. A126, 189~1987!.
@13# Y. Nagashimaet al., Phys. Rev. A52, 258 ~1995!.
@14# Y. Nagashima, T. Hyodo, K. Fujiwara, and A. Ichimura,

Phys. B31, 329 ~1998!.
@15# D. A. L. Paul and C. Y. Leung, Can. J. Phys.46, 2779~1968!.
@16# S. Asai, S. Orito, and N. Shinohara, Phys. Lett. B357, 475

~1995!; S. Asai, Ph.D. thesis, University of Tokyo, 1994.
2-4


