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Pickoff and spin conversion of orthopositronium in oxygen

N. Shinohara
Institute of Physics, College of Arts and Sciences, University of Tokyo, 3-8-1 Komaba, Meguro, Tokyo 153-8902, Japan

N. Suzuki
The Institute of Physical and Chemical Research (RIKEN), Hirosawa 2-1, Wako, Saitama 351-0198, Japan

T. Chang
Institute of High Energy Physics, Academia Sinica, P.O. Box 2732, Beijing 100080, People's Republic of China

T. Hyodo
Institute of Physics, College of Arts and Sciences, University of Tokyo, 3-8-1 Komaba, Meguro, Tokyo 153-8902, Japan
(Received 22 November 2000; published 10 September)2001

The quenching processes of the thermalized orthopositrona#Psj on an oxygen molecule have been
studied by the positron annihilation age-momentum correlation technique. The Doppler-broadening spectrum
of the 511-kevy rays from the 2 annihilation ofo-Ps in G has been measured as a function ofdHes 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-kevrays from the annihilation of the-Ps. The pickoff parametéiZ.¢, the
effective number of the electrons per molecule that contribute to the pickoff quenching, ferd®termined
to be 0.6-0.4. The cross section for the elastic spin-conversion quenching is determined to be D1p

X101 cn?.
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[. INTRODUCTION The values of!Z.; for various gases reported so far are

collected in Ref[5]. They lie, except for @ between 0.1
Recently the annihilation of the low-energy positrons onand 1.3, very small in contrast #y.
collision with various gas molecules has been studied sys- In a paramagnetic gas such ag,0 o-Ps can be also
tematically by Surko and his collaboratdis 2]. They have quenched by spin conversion, i.e., the conversioro-#fs
measured the annihilation rale, of the thermalized posi- into _parapositronium [§-Ps) followed by its prompt self-

tron and estimated the positron annihilation paramgtg; ~ annihilation [6—8|. There exists two kinds of Ps spin-
defined as conversion processes in,One excites the Pmolecule to

the excited stat@ *A4 (or b'2 ), and thus may be called
inelastic conversion. This process is active when the energy
)\+=7Tr(2)0nZeﬁ, (1.7 of the Ps is larger than 0.977 elér 1.62 eV). The other
leaves the @molecule in the ground stabé”i& and may be
called elastic conversion. The latter process has no threshold
wherer, is the classical electron radius,is the speed of and thus is active for the thermalizedPs. These two spin-
light, andn is the number density of the molecules. Thg  conversions have quite different cross secti¢piis]; the
has been revealed to be very sensitive to small changes in tlieoss section for the former is on the order of 0 cn?,
molecular structure and increasing parametrically from 1 taand that for the latter is on the order of 78 cn? [8].
107 [2]. In Ref.[5] the quenching rate a-Ps in Q, including the
A parameter similar t&q is defined for the case of the effect of the spin conversion, is expressed in term&zy; as
positronium (P9 annihilation in gases. It is related to the 44+ 3. The properZ. defined by Eq(1.2) is not known. In
pickoff quenching of the orthopositroniuno{Ps) and called order to measure this, the pickoff quenching has to be sepa-
17.. This parameter represents the effective number of theated from the spin conversion.
electrons per molecule in a spin singlet state with respect to In the present work, we obtain th&.; and the spin-
the positron in the-Ps[3-5]. The pickoff quenching rate is conversion cross section for,@y the positron annihilation
expressed as age-momentum correlation technig®OC). The AMOC
consists of a correlated measurement of the positron lifetime
2 and the energy of the annihilatiop rays. The Doppler-
Npickoff= 47 oCN" Zggj (1.2 proadening spectrum of the 511-key/ rays from the 2
annihilation of theo-Ps in G has been measured as a func-
tion of the time that theo-Ps atoms have spent from their
*Present address: Faculty of Health Sciences, School of Medicindprmation to annihilation. The  annihilation in the time
Yamaguchi University, 1-1-1 Minami-kogushi, Ube, Yamaguchi range in which onlyo-Ps exists results either from the pick-
755-8554, Japan. Email address: nshino@yamaguchi-u.ac.jp off quenching or from the self-annihilation of thePs cre-
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FIG. 2. The time spectrum for the energy range from 500 to 516
Ge keV. The chance coincidence background has not been subtracted.
2204 The closed circles show the time interval distribution between a

positron emission and the eventual annihilation. The closed tri-
angles show the fittedl as a function of the start point of the fit.

FIG. 1. Schematic diagram of the experimental setup. The energy spectra of the 511-keVrays in the time windowsa),
(b), and(c) are shown in Fig. 4.

ated through the spin conversion. ThZe and the spin-  the room temperature was controlled to be 25085 °C. For
conversion cross section are determined by separating the sake of data analysis, a measurement without a gas was

pickoff quenching from the spin conversion. also made for 16 h.
Preliminary results with a different setup were reported in
Ref.[9]. lll. RESULTS AND DISCUSSION

The closed circles in Fig. 2 show the positron lifetime
Il. EXPERIMENT spectrum for the energy range from 500 to 516 keV. The

The experimental setup is shown schematically in Fig. 1Prompt peak is followed by a slow decay curve and subse-
A 0.5-4Ci ?Na positron source was sandwiched betweerﬂue”“_y a flat k_)ackground. The ﬂa_t ba_ckgrouno_l, _Whlch is not
two sheets of 10Qsm-thick plastic scintillator. The source- clear in the time range shown in Fig. 2, originates from
scintillator assembly was placed between two pieces ofhance coincidences. The prompt peak arises from the posi-
1-cm-thick SiQ aerogel, which was used as a Ps formation”on_ a@nnyhﬂa’uons without Ps formation as we_II_as the self-
medium [10]. The macroscopic density and the a\,er(—ﬂgeoann|h|Iat|ons.o.fp-_Ps. The slow decay part originates from
grain diameter of the Sigaerogel are 0.1 g/chand about5 the 0-Ps annihilations. _
nm, respectively. _The total annihilation rate of the_—Ps, No-ps: IS ODb-

Most of the positrons from the source pass through thdained from the slow decay part. It is the sum of the self-
scintillators and produce photons. These photons pa@mhllatlo_n_rate}\gy and t_he annihilation rates for three dif-
through the transparent Sj@erogel and are directed to a ferent collisional quenching modes,
photomultiplier tubgPMT) by a light guide. Ay ray emitted _
when a positron annihilates was detected by a high purity Ge Nops= A3yt hsio,* Mot Aspiny @
detector. The output of the Ge detector was fed to a timing- o ; ; ;
filter amplifier (TFA). The time interval between the anode wheresio, 1S the rate of the pickoff quenchmg_on the grain
signal of the PMT and the output of the TFA was convertedSUlfaceAox is that on the @ molecule, andky, is the rate
into a peak amplitude of an output pulse by a time-to-Of the spin conversion on the,Gnolecule. _
amplitude convertefTAC) and used for the lifetime spec- The latter two coI_I|S|onaI quenching rates are proportional
troscopy. The other output of the Ge detector was processdd the number density of the anoleculesn,
by a shaping amplifier and the peak height was recorded for \.-=no.w (3.2)

. . . . q q Ps» .

the energy information. The observed energy region was lim-
ited in the neighborhood of the 511-keV peak by a biasedvhereo is the quenching cross section angl is the speed
amplifier. of the Ps. The speed of ttePs relative to the target mol-

A 2-mm-thick Pb sheet was placed in front of the Geecule has been replaced by, neglecting the relatively
detector to prevent low-energy scattergdays from simul-  small velocity of the molecules.
taneously hitting the Ge detector and deforming the shape of The initial kinetic energy of the Ps depends on whether it
the higher energy side of the 511-ke)ray spectrum. is formed inside a Si@©grain or on a grain surfadd.1]. The

The time resolution was 4.8 ffull width at half maxi-  Ps formed and thermalized inside a Si@¥ain escapes into
mum (FWHM)], and the energy resolution was 1.12 keV the free space between the grains with a kinetic energy of
(FWHM) at 512 keV ¢°°Ru). about 1 eV determined by the negative work function for the

The chamber was filled with Oof purity 99.9995% to Ps. On the other hand, the Ps formed on the surfaces of the
1.05 atm after evacuating it with a turbo molecular pump,grains is emitted with a kinetic energy of about 3 eV. It
and then isolated from the rest of the gas handling systenpenetrates shallowly back into another grain and thermalizes,
The measurement lasted for 16 h. During the measuremenrdnd is reemitted with 1 eV.
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Once the Ps energy reaches 1 eV, it does not enter another 10?

- 70ns - 150ns
grain any more. Then the energy loss of the Ps becomes s
much slowel{12—14. This leads to the time dependence of " 10 ’/\
the collisional quenching rates, resulting in the time depen- E 102 s -
dence of the total annihilation rate, o and the subtle and 3 i .
complicated deviation of the shape of s time spectrum 10" ""."_V ‘.'.:,'- .
from a simple exponential function. The time spectrum be- 0 i w%%% M
comes an exponential decay only after th®s thermaliza- 10 508 509 510 511 512 513 514
tion. Denoting the survival probability of the-Ps up to time energy(keV)

t by D(t)=exd —[dt'A\g.pdt")], the time spectrum is given
by FIG. 3. The energy spectrum of the annihilatiprrays (closed
circles for 1 atm of G with the time range from 70 ns to 150 ns.
The background has been subtracted. The open circles show the
0-Ps self-annihilation component.

d
P(t)= No( - faD(t) +C=Noles, A3, T €2, Nsio (1)

+ A oy(t) + Agpin() ]} D (1) + C, 3.3
oD+ A TD (1) 33 the grain surfaces. But the modification does not influence

wherees, ande,, are the absolute detection efficiencies forthe velocity distribution of the thermalizeatPs because it

the y rays from the 3 annihilations and the £ annihila-  depends only on the temperature of the grains.

tions, respectively, antl, andC are constants. Figure 3 shows an example of the time-selected energy
In order to determine the total annihilation ratg_ps for Spectrum for 1 atm of Qmeasured by the AMOC. The in-

the themalize®-Ps, we fit the lifetime spectruiiirig. 2 toa  tensity and the shape of the background spectrum have been

function A exp(-At)+B, whereA andB are constants, with estimated from the energy spectrum in the time range from
the start time of the fit stepped out. The results are plotted byog ns to 700 ns and subtracted.

triangles as a function of the start time of the fit in Fig. 2.
The fitted\ gradually decreases, indicating thePs slowing
down process, and then becomes flat, indicating thabtRe

is thermalized. Once the-Ps is thermalized, the fittedl
represents the total annihilation rate of thePs averaged

over the Maxwell-Boltzmann velocity distribution at the lized h i th K
measuring temperature. The_ps for the thermalizea-Ps is normalized to the Cour_lts n the energy range from 485 keV
oo obs to 500 keV, as shown in Fig. 3.

determined from the value in the region where the fitted val- N , : :
o ! . The spectra in Fig. 4 are fitted to two Gaussian functions
ues are statistically consistent. We choose the thermalization__,.
solid curve$. The dashed curves show the broad compo-

. i :
time t* =70 ns to yield nent. The width of this component was fixed to that of the

Figure 4 shows the Doppler-broadening spectra in the
time ranges indicated. The spectra have been corrected for
the 3y annihilation component, which is estimated using the-
oretical 3y spectrum convoluted with the energy resolution
curve, i.e., the shape of the 512-keV peak fréffiRu and

No-ps=Nay+t NG, T Aot Npin=32.5£0.2 us™™, (3.9
where the quenching rates for the thermalipeBs are rep- 1.0 | Ons -7.5ns @
resented with an asterisk. The thermalization titfieesti- £
mated from the instantaneous annihilation i8] §
n 0.5
P(t)—-C ~
No-pdt) = —2 (3.5
ft [P(t")—C]dt’ 0.0 7.5ns - 15ns (b)
g I
is also around 70 ns. 3
The value fork 3, + xgioz is determined similarly from the i
measurement without a gas to be 0.0
Nops=AaytNo,=7.41:0.04 us'. (3.6 20 170ns - 150ns ©
£
By using\3,=7.040+0.003 us™* [16], the values fon g, g 1ol
and A g+ N5, are determined to be K=
giozz 0.37+=0.04 Msil, (gn 0.0 -
508 509 510 511 512 513 514
Nt )\:pin: 25.1+0.2 us L. (3.8 energy(keV)

The characteristics of the Sj@rain surfaces, e.g., the work FIG. 4. Examples of the time-selected energy spectra of the
function, may be modified by the adsorbed @olecules on  511-keVy rays for 1 atm of Q.
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of the 2y quenching component in the time-selected energy
spectruml, (whereq represents Si©) ox, and spin) for the
time range from* to 150 ns is given by

4
10" 70ns - 150ns

g
§ 150 ns . 150 ns
Iq: J;* Nofzy)\q(t)D(t)dt:)\q ﬁ* NofzyD(t)dt.
(3.10
508 509 510 511 512 513 514 Hence we have the relation
energy(keV)
: P | I'sio, * 1 ox gi0+)\3x
FIG. 5. Doppler-broadening spectrum of the annihilatjorays broad _ % _ 2 (3.12)

from the thermalizedb-Ps. The chance coincidence and thg 3 | narrow Ispin :pm
backgrounds have been subtracted. The solid curve shows the two-

component Gaussian fit to the data. The dashed curve shows the Combining the result$3.7)—(3.9) and (3.11), the pickoff
fitted pickoff quenching component and the rest is the spin-quenching rate for Qis obtained

conversion Component.

A} =0.4+03 us?! (3.12
pickoff component for the SiQaerogel only, because the
change in the width due to the presence gffiblecules was
not appreciabl¢8]. * _ -1

The spectra in Figs.(d) and 4b) include the components Nspin=24.7=0.2 ps . (313
that contribute to the prompt peak, i.e., those from the annigrgm the relation(1.2), we conclude that
hilations of the non-Ps positrons apdPs. Hence they are
not appropriate to the analysis. The spectrum in Fig) 4 17.4=0.6+0.4.
represents the £ annihilations of the thermalizea-Ps. The ] ) )
pickoff quenching gives the extremely low intensity broad This value is of the same order of magnitude as those for
component representing the momentum distribution of th@ther gase$s]. _ _ _
electrons bound in ©Pmolecules and those on the Si€ur- The spin-conversion cross sectiogyy is
t;aocn?/i’a.rs?;;e narrow component results from the spin- O opin= (1.16+ 0.0)x 1072 cn.

quenching and represents the center-of-mass mo-

mentum distribution of thep-Ps at the moment of the This cross section is for the elastic conversion pro¢8ss

and the spin-conversion rate is

annihilation after the conversion from-Ps. A logarithmic In conclusion, we have studied they 2nnihilation of the
scale is used for the vertical axis in Fig. 5 to enlarge thehermalizedo-Ps in oxygen by AMOC. The'Z. and the
pickoff quenching component. elastic spin-conversion cross section for the thermaliz&t
The ratio of the intensity of the broad component to thatare estimated by separating the pickoff quenching from the

of the narrow component is spin conversion. ThéZ. for O, is revealed to be of the

| same order of magnitude as those for other gases.

broad _ (3.3+1.3)x 1072 3.9
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