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For the Ùrst t ime positro ni um is investi gate d in Ùne powders of Mg O
and A l2 O 3 using age- momentum correlation techni que based on a relativisti c

p ositron b eam. The applica tion of this technique for investigating the inter-
action of positroni um w ith the grain surf aces is discussed and compared
w ith other techniques. T he previousl y rep orted interaction of the positron-

ium w ith paramagnetic centres is further studied. A qualita tive interpreta-
tion of the spectra is given. I n the A l2 O 3 samples w e found some unexp ected
b ehaviou r of the conversion quenching of o r t ho -p ositronium at irradiatio n
induced paramagnetic surf ace defect.
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1. I n t rod uct io n

The intera cti on of positro ns wi th matter has been studi ed extensi vel y for the
last 5 decades. Mo st of the m ateri als studi ed were m etals and one can say tha t
the intera cti on of the positro n wi th metals is wel l understo od ri ght now. In simpl e
system s, both l i feti m e and D oppl er bro adening param eters can be predi cted by
theo ry wi th reasonable accuracy. In contra ry positro n anni hi lati on in insul ato rs
is less understo od. However, duri ng the last 10 years there has been an increased
interest in the use of positro n annihi lati on techni ques for the study of insulato rs,
m ore speciÙc polym ers. Interpreta ti on of data is not uni que and is a subject to a
lot of discussions.

The low electro n density regions in these insulato rs al low the form ati on
of positro nium (Ps). Thi s is a hydro gen-l ike bound state of an electro n and i ts
anti parti cle, a positro n. The ground state consi sts of a tri plet of spin-1 states,
o r t ho -positro nium (o -Ps) and a sing let spin-0 state, p ar a -positro ni um (p -Ps). In
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vacuum they wi l l decay into 3 and 2 gamm a quanta , respecti vel y, and wi th a mean
l i feti m e of 142 ns and 125 ps, respecti vel y. Positro ni um form ati on and decay have
been inv estigated for a wi de range of solids, l iquids, and gases. Neverthel ess, the
behavi our of thi s neutra l \ ato m " is not com pletely understo od in most m ateri als.
The positro ni um f orm ati on, tra ppi ng, and therm al isati on are sti ll key issues whi ch
stro ngly inÛuence interpreta ti on of positro n data .

Fi ne powders of m etal oxi des like Mg O, Al 2 O 3 , and SiO 2 are kno wn for
thei r high positro nium form ati on probabi l i ti es. Because of thei r low density the
or tho -positro nium l ives m uch longer tha n the unb ound positro ns in the gra ins.
Thi s long l i feti m e makes it possible to discriminate between positro n and positro -
ni um anni hi lati on and makes these powders interesti ng materi als to study the
positro nium physi cs.

W hen an energeti c positro n is injected into a Ùne powdered m ateri al , i t wi l l
lose thi s energy very fast when i t passes thro ugh the grains unti l i t i s stopped at
near therm al energy. In thi s pro cess positro ni um may be form ed inside a grain
and di ˜use to the gra in surface. If Ps work functi on is negati ve, i t wi ll be emi tted
from the surf ace into free space between the gra ins. Thi s m echanism is believed
to be responsible for the emission of Ps from SiO2 . Al terna ti vely, i f Ps is not
form ed inside the gra in, the positro n i tsel f m ay di ˜use to the surf ace and escape
in the f orm of Ps by pi cking up an electron from the surface. Thi s pro cessm ust be
responsibl e for the emission of Ps from m etal surfaceswhere Ps cannot exist in the
bul k. There are som e indi cati ons tha t thi s is also the case for the emission f rom
Al 2 O 3 and Mg O surfaces. Exp eriments have shown tha t the or tho -positro nium is
emi tted from the surface of the gra ins wi th a few eV of ki neti c energy and wi l l
lose thi s energy by num erous intera cti ons wi th the wa lls of the gra ins. Mea nwhi le
the o -Ps wi l l anni hi late thro ugh self-anni hi lati on as wel l as col l isional quenchi ng
of the positro n wi th electrons of the gra in surf ace, cal led pick-o˜ quenchi ng.

Because the positro nium m ass is very low, therm al isati on by col l isions wi th
the gra ins is very slow. W hen we consider classical elastic scatteri ng, the energy
loss for one col l ision is

Â E P s = À 4
m Ps

M
( E Ps À E t h )

wi th m Ps | the positro nium m ass, M | the e˜ecti ve m assof the recoil ing ato ms
and E th | the m ean therm al energy. The Ps ki neti c energy, as i t asym pto ti cal ly
appro aches therm al energy E th , is given by

E ( t )= E th = coth 2 (Ù + Ê t ) ;

where Ù relates to the ini ti al energy, E 0 = E th coth 2( Ù ) and Ê | the therm al isati on
rate. Thi s therm alisati on relates the m ean free path £ of the positro nium as

Ê = 4
p th

£M

wi th p th | the positro nium m omentum at therm al energy. Thi s therm al isati on
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m odel wa s Ùrst deduced by Sauder [1] for the therm al isati on in noble gasses and
later also appl ied to Ps in powders by others [2{ 5].

The experim ent of Chang et al . [2] showed tha t therm al isati on of o -Ps in
a low- density sil ica aerogel ta kes longer tha n 60 ns and f ollows thi s elasti c ther-
m al isatio n law. Onl y a signi Ùcant devi ati on was found for the Ùrst data point
representi ng the Ùrst 3 ns, indi cati ng inelasti c therm al isati on for energies above
0.25 eV. Later, a m ore accurate exp eriment [6] gave no sign of inelastic col l isions
up to the zero age energy of 0.6 eV. The model wa s also used successful ly by several
autho rs for expl aining data in low-densi ty gasses [4, 5].

If paramagneti c centres are avai lable, the o -Ps wi l l be quenched by o-Ps to
p -Ps conversion. Spin exchange intera cti on wi th thi s paramagneti c centre conv erts
the long l ivi ng o -Ps into the short l ivi ng p -Ps. W hen powders are cooled to low
tem perature (b elow 150 K) wi th an e+ source nearby , the gra in surf ace accumu-
lates such defects. These positro n-i rra dia ti on- induced defects were Ùrst observed in
Al 2 O 3 powder [7]. There was a cl ear change of the tree- quantum yi eld in functi on
of the radi ati on ti m e. Later a m ore system ati c study wi th tree- quantum yi eld and
positro n l i feti me experim ents revealed tha t thi s e˜ect was due to o { p conversion
on defects [8]. A sim i lar positro n-i rra dia ti on ti m e dependence of the o -Ps l i feti m e
wa s observed in Mg O [9] and later by Sai to et al . [10] at 1000 ti m es hi gher doses
in SiO 2 . Mo re recentl y i t has been shown tha t param agneti c defects in Al 2 O 3 and
SiO2 at low tem peratures coul d also be created by irra di ati on wi th UV light [11].

2 . E x per i m ent a l t ech niqu e

Therm al isati on of positro nium has been measured both indi rectl y as di -
rectl y. Indi rectl y thi s therm al isati on is observed as non-exponenti al decay of the
o -Ps [4, 9]. The col l isional quenchi ng rate wi l l change as a functi on of the vel ocity
of the positro nium . Perf orm ing these exp eriments is relati vel y sim pl e but data in-
terpreta ti on is compl icated because a spectrum also conta ins a stro ng contri buti on
of the anni hi lati on of free positro n not form ing positro nium . Thi s com ponent wi th
a m ean l i feti me of typi cal 300 ps masks the stro ngest therm al isati on e˜ects of the
o -Ps com ponents.

Mo re di rectl y, the ti m e dependence of the ki neti c energy can be measured
wi th Age-MOm entum Correl ati on (AMOC) techni que. Thi s techni que m easures
the positro n l i feti me simul ta neously wi th the mom entum , either by D oppl er bro ad-
ening or angular correl ati on m easurement. Because both anni hi lati on photo ns need
to be detected, data acqui siti on is slower and theref ore stro nger positro n sources
or intense positro n beam s are needed.

D espite the high mom entum resoluti on of the ti m e resolved angular correl a-
ti on exp eriments, they have unpra cti cal low count rates because the momentum
inf orm ati on is deri ved f rom the smal l angular devi ati on of the col lineari ty of the
two gam ma decay quanta . T akada et al . [6] reports a count rate of 0.027 c/ s and
a data col lecti on ti m e of 2000 h wi th a source based set-up.
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The D oppl er broadeni ng techni que using a high resoluti on Ge-detecto r has a
lower m omentum resoluti on in f avour of hi gher count rates. Several groups report
a successful use of thi s techni que f or studyi ng positro ni um therm al isati on. Cha ng
et al . [2] reported the Ùrst m easurements in sil icon oxi de powder wi th a source base
set-up. Gidl ey et al . [5] used thi s techni que to study positro ni um therm al isati on
in gases.

T o m easure the mom entum of the Ps i t should decay thro ugh 2-gamm adecay.
Because the natura l decay m ode of o-Ps is 3-gam ma decay, one shoul d present some
conversion to detect it in the AMOC spectrom eter. Thi s 2-gamma signal wi l l also
have a contri buti on of pi ck-o˜ quenchi ng whi ch carri es m ainl y the m omentum of
gra in surface electrons. The conversi on to 2-gam ma decay of o -Ps can be obta ined
in two ways. W hen a magneti c Ùeld is appl ied, the two states (o-Ps and p -Ps) m ix
up and a part of the long com ponent wi ll anni hi late into 2 gamma s. Otherwi se
conversion can be obta ined by intro duci ng param agneti c centres to convert some
of the o -Ps to p -Ps whi ch wi ll subsequentl y annihi late by 2-gam ma decay. Because
of the low energy di ˜erence between both states (0.84 m eV) thi s spin exchange
intera cti on is bel ieved to conserve the ori gina l o -Ps m omentum .

The AMOC exp eriments presented here are perform ed at the relati vi stic
positro n beam facil i ty in Stuttg art. A pelletro n is used to accelerate m oderated
positro ns to 3 MeV. In the hi gh vo lta ge term inal positro ns from a 50 mCi 2 2 Na
source are moderated by a single crysta l tung sten m oderato r (see Fi g. 1). The
m onoenergeti c low energy positro ns emi tted are accelerated by the electri c Ùeld to
form a m onoenergeti c beam of positro ns. Af ter tra nsiti on thro ugh a thi n (3 m m)
pl astic scinti llato r coupl ed to photo m ul ti pli er, the positro ns can be inj ected into
any sam ple. The signal f rom the scinti llato r del ivers the start ref erence signal for
the determ inati on of the l i feti me of the positro ns. Aro und the sam pletwo detecto rs
are pl aced opposite to each other to detect the anni hi lati on quanta . A fast BaF2

scinti llati on detecto r is used to one of the photo ns to del iver the stop reference
signal for the l i feti me m easurement. Coinci dentl y a high puri ty Ge-detecto r is used
to measure the D oppl er bro adening of the other photo n. Thi s li feti mespectrom eter
usi ng the positro n beam has a num ber of signiÙcant adv anta ges over the standard
source sandwi ch based system s. The detecti on e£ ciency of the start detecto r is
nearl y 100%. Thi s hi gh e£ ciency gives a high peak to background rati o, typi cal ly
three orders of m agnitude better tha n the standa rd l if eti me techni que where the
e£ ciency is of the order of 10%. Combined wi th the much higher count rate i t
al lows for fast acqui siti on of accurate l i feti me spectra.

In other AMOC set-ups the start signal is also derived from the tra nsi ti on
of positro ns thro ugh a thi n plasti c scinti l lato r before enteri ng the sam ple. Because
of the conti nuous energy spectrum delivered by a Ù + -emi tter, a lot of positro ns
wi l l anni hi late in the scinti l lato r and a bi g fracti on of redunda nt signals wi ll l im it
the source streng th to be used. The best resoluti on reported is typi cal ly 2{ 3 ns [2].
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Fig. 1. Schematic of the relativi stic positron b eam and the A MO C set- up.

W hen a slightl y thi cker (5 mm ) start scinti llato r is used at the beam ti me reso-
luti ons down to 200 ps FW HM can be achi eved. The mean disadvanta ges of thi s
beam is the need for relati vely bigger sam ples because more the positro ns enter
the sam ple wi th more tha n 2.5 MeV whi ch corresponds to a range of about 20 m m
in low density powders pellets (£ ¿= 0 : 7 g/ cm 3 ).

The pel letro n wa s operated at 3 MV and del ivered 400000 e+ / s. Because of
thi s high numb er of incom ing positro ns care had to be ta ken to rej ect al l cases
where two positro ns are injected in the sam ple wi thi n the correlati on ti m e wi ndow
(m ulti ple impact rej ection). W i tho ut thi s a background in the l i feti m e spectrum
wo uld appear even worse tha n wi th a conventio nal source-based l i feti me spectro m-
eter. Our data acqui siti on system al lowed for the recordi ng of both single l i feti m e
and energy spectrum at ful l count rate to gether wi th the correl ated AMOC data
wi tho ut dupl icati ng the AD C' s. In thi s way we can acqui re sim ul taneo usly sing le
spectra and m oni to r the stabi l i ty of the electronics.

The count rate in the l i feti m e spectrum wa s 17000 c/ s, 14000 c/ s in the
energy spectrum and 200 c/ s in the tri ple coincidence AMOC spectrum . The ti m e
resoluti on was 750 ps FW HM and l if eti me spectra were recorded wi th a 1000 ns
ti m e wi ndow. The energy resoluti on of the Ge-detecto r wa s 1.4 keV and was m on-
i to red by the 497 keV l ine of the 1 0 3 R u isoto pe placed near the detecto r.
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Sampl es of Ùne powders of Mg O an Al 2 O3 wi th m ean gra in diameters of
4 0 ñ m and 50 nm , respectivel y, were prepared. They were pressed into pel lets
wi th a density of 0.88 g/ cm 3 for Mg O and 0.65 g/ cm 3 for Al 2 O 3 .

One of the sam ples of each m ateri al was mixed wi th 2 0 0 ñ Ci of a short livi ng
Ù emi tter, 3 2 P under the form of KHPO 2 . Thi s source was selected to increase the
num ber of radi ati on induced surface defects at low tem peratures wi tho ut addi ng
perturbi ng gam ma radiati on duri ng the exp eriment.

The sam ples were m ounted on a cold Ùnger of a closed cycle helium ref rig-
erator in a vacuum chamber al lowing m easurem ents in a tem perature range of
20{ 450 K. The vacuum pressure wa s 5 È 1 0 À 7 m bar at room temperature and
1 È 1 0 À 8 mbar at low temperature. Before the cool ing, each sam ple was degassed
under vacuum at 450 K for about 5 h.

The non- i rradi ated Mg O sampl e was addi ti onally measured under an O2 gas
pressure of 200 mbar. Thi s gas di ˜uses into free space of the sam ple and conversion
quenches the o -Ps component. Measurem ent ti m e vari ed f rom 24 hours to 5 days.

3. R esul t s an d d iscu ssio n

Co ntra ry to what was exp ected from previ ous l i feti m e exp eriments [9], low
tem perature exp eriments on the pure Mg O sampl e at 25 K showed almost no
conversion quenchi ng. Because the long livi ng o -Ps component decayed almost ex-
cl usively by 3-gam ma decay, the AMOC spectra conta ined almost no counts for
the longer age. In the l i feti me spectrum onl y very slow quenchi ng was observed.
Al tho ugh the energy depositi on rate in the sampl eby the positro n beam is equiva-
lent to tha t of a 1 0 0 ñ Ci 2 2 Na source in a sandwi ch geom etry , thi s energy is spread
out over a m uch hi gher volum e in the case of the beam . Even in the Mg O sampl e
wi th extra Ù source, no signi Ùcant conversion quenchi ng was observed. Thi s source
gives a 10 ti mes hi gher dose tha n the beam, homogeneous over the who le sampl e.
W e attri bute thi s di ˜erence, as com pared wi th the previ ous reported results on
Mg O, to the di ˜erent ori gin of the sam ple. A di ˜erent pro ducti on, and puri Ùcati on
techni que m ight al ter the condi ti on of the gra in surfaces.

W hen the Mg O sam ple was bro ught under an oxygen atm osphere, a high
level of conversi on quenchi ng for longer age wa s observed. The S -param eter as
a functi on of positro n age is shown in Fi g. 2. A deta i led analysis of the data
wi th di ˜erent models is reported elsewhere [12]. The resul ts are in agreement wi th
the elastic therm al isati on model, however not concl usive because the hi gh oxygen
pressure m akes therm al isati on fast so i ts typi cal AMOC signal is m ixi ng wi th the
shorter positro n components.

In contra st the Al 2 O3 sampl es show a clear bui ld-up of paramagneti c defect
when cooled to 25 K. The spectra wi th and wi tho ut Ù source are sim i lar except
for the hi gher conversi on rate in the f orm er. The S -param eter versus positro n age
is shown in Fi g. 3. Thi s param eter is calcul ated as the fracti on of the counts in the
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Fig. 2. A ge depend S - parameter of MgO sample measured in a 200 mbar O 2 atmo-

sphere.

centra l rangeto the to ta l of the photo peak. The rangeis selected to have a nom inal
value of S = 0 : 5 . The structure in the Ùrst 20 ns of the spectrum can com pletel y
be attri buted to the short positro n com ponents. They carry the typi cal higher
m omentum di stri buti on of the electro ns of the gra ins where the annihi lati on ta kes
pl ace and so thi s contri buti on has a low S -param eter. The positro n components
wi th typi cal l i feti mes of 200{ 300 ps have com pletely di ed away after 20 ns. W e see
tha t then the S -param eter has a high value indi cati ng low annihi lati on m omentum ,
whi ch indi cates the or tho to par a conversi on.

Fig. 3. A ge depend S - parameter of A l2 O 3 sample at 25 K af ter 8 days of irradiatio n

by the 32 P source.

At much longer age a slow decrease in S ( t ) can be observed. Thi s is the op-
posite e˜ect of a decrease in the m ean positro nium mom entum by therm al isati on.
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T o our kno wl edge thi s e˜ect has never been observed before. Several correcti ons
were tri ed for the smal l background signal , but fai l to remove thi s feature f rom
the spectrum .

W e expect positro nium in free spaces between the gra ins to decay in three
wa ys: self -decay into 3 gamm as, col l isional pick-o˜ anni hi lati on, and col l isional
conversion fol lowed by fast p -Ps decay. The Ùrst process gives no contri buti on in
these 2 Û -AMOC spectra. The two last pro cessescontri bute to the spectrum wi th
thei r typi cal m om entum , low for conversi on and high f or pick-o˜. T o expl ain the
observed change in S , the momentum distri buti ons or the cross-section of the an-
ni hi lati on pro cessesshould change wi th age. Because the m omentum contri buti on
of the pick-o˜ pro cess is dom inated by the m omenta of the surface electrons, no
change is exp ected in the m omentum distri buti on of thi s pro cess. For momentum
di stri buti on of the conversi on pro cess where positro ni um therm al isati on coul d be
seen, only a small opposite e˜ect coul d be expected.

An age dependence of the cross-section is feasibl e when the cro ss-section
depends on the ki neti c energy of the Ps and slow therm al isati on ta kes pl ace.

An increase in the pi ck-o˜ anni hi lati on cross-secti on wi th energy is very
unl ikel y. Li feti m e experim ents have shown tha t the o -Ps quenchi ng rate is pro por-
ti onal wi th

p

T in a wi de tem perature range, indi cati ng no energy dependence.
The onl y expl anati on left is a stro ng decrease in the conversi on cro ss-section

wi th energy. Onl y for the conversion at gas m olecul es som e data are avai lable
about the energy dependence of the conversion process. Accordi ng to Cha rl to n
and Hum berston [13], conversi on quenchi ng at paramagneti c ato mic hydro gen can
occur at al l energies and no exci ta ti on of the ato m needs to ta ke places. Ha ra
and Fraser [14] calculated thi s conversi on cross-section f or ato m ic hydro gen. Thei r
resul ts show onl y a minor increase in the cross-secti on at therm al energy. The
conversion process wi th paramagneti c O 2 gas has been studi ed experim enta lly by
Ka ki m oto et al . [15, 16]. Addi ti onal ly to an elasti c conversion process they found
an inelasti c conversi on pro cess. Thi s inelasti c process has an energy thresho ld
of about 1 eV and the cross-section wa s estimated to be at least two orders of
m agni tude higher tha n the elasti c process. A sim i lar process could expl ain the
e˜ects observed in our data. It woul d indi cate a very low threshold energy because
the change in cross-section happens at longer age where the positro ni um is almost
therm alised.

4. Co n cl usion s

W e have shown tha t the use of age-m omentum correl ati on experim ents at
a relati vi stic positro n beam can give new inform atio n about the intera cti on of
positro nium wi th the gra in surf aces of meta l-oxide powders. W e conÙrmed the
creati on of param agneti c defect centres at low tem peratures by positro n and elec-
tro n i rra diati on in the Al 2 O3 sampl e. A quali ta ti ve analysis of the observed spec-
tra gives indi cati on for a stro ng energy dependence of the conv ersion quenchi ng
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cro ss-secti on. A more quanti ta ti ve analysis should be m ade to conÙrm thi s hy-
pothesi s.
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