
Vol . 99 (1901) ACT A PHY SIC A POLO NIC A A No . 3{ 4

P roceed in gs of t h e 32n d Po li sh Sem in ar on Po sit ron An n i hi la t io n, Ja rn o¤t §wek 200 0

POSI T RONS A ND POSITR ON IUM

I N GRA INY A ND POR OU S SOLI D S

Z s. K aj c sos a , L. L isz k ay a , G. D upl â t r eb , L. Var ga a , K. L Çaz Çar c ,
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Systematic in vestigations have been perf ormed using positron annihi -
lation techni ques on micrograins of crystalli ne p ow ders (e.g., MgO , A l 2 O 3 ,
SiO 2 ) and on various zeolites (e.g., silical i te 1, N a-X , N a-Y , ZSM- 5, mor-
denite) aiming at a better understandin g of the formation and decay of
the long- lived or t ho -positronium states. T he techniques w ere lif etime spec-
troscopy , Doppler- e˜ect measurements and the recording of the full energy
distributi on of the annihil ati on radiatio n. T he in Ûuences of heat treatment,
sample evacuation and presence of gases w ere investigated. Lif etimes over
130 ns and o -Ps fractions of about 30% were found. A strong correlation of
p ositron annihil ati on technique data w ith a water content of the samples w as
evidenced. Possible pictures of the formation and decay of o r t ho - positronium
in porous media are discussed.

PACS numb ers: 78.70.Bj , 36.10.Dr, 61.43.Gt

1. I n t rod uct io n

D ue to t hei r comparati ve sim pl ici t y and cheapness, positro n anni hi lati on
techni ques (PAT) are popul ar to ols for non-destructi ve investigati on of sol ids.
Ho wever, the interpreta ti on of PAT data may pose di £ cul ti es in com plex and/ or
inhom ogeneous systems, l ike Ùnegra ined micro crysta l l ine m ateri als,where positro -
ni um (Ps) form ati on m ay ta ke pl ace to a consi derabl e extent, resul ti ng in the
app earance of a large vari ety of anni hi lati on channels. The very long li feti m es ob-
served, up to about 100{ 130 ns, indi cate tha t or tho-positro nium (o-Ps) su˜ers onl y
very weak intera cti ons. Such l i feti m e values draw attenti on to the im porta nce of
recordi ng the 3 Û -emission events by whi ch o -Ps decays in vacuum .
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Appl icati ons of Ps as a pro be in sol id state and surface research have been
ini ti ated soon after the long- l iving tri pl et positro ni um (o-Ps) was discovered in
m icrocrysta l l ine powders [1]. The Ps states are sensiti ve to the presence of addi ti ves
(e.g., surface-bound ions, gases), whi ch can reduce both the o -Ps li feti m e and
intensi ty , and lead to the appearance of shorter- lived states anni hi lati ng mostl y
thro ugh 2 Û -anni hi lati on. In thi s context, zeol i tes, whi ch are of hi gh technological
im porta nce, appeared as suita bl e materi als for tho rough studi es [2{ 4]. Correl ati ons
between PAT parameters and, e.g., cage sizes, the presence of meta l ions, the water
content, etc. , have been sought [5{ 10], but data in PAT l i tera ture exhi bi t a rather
bi g scatter. Possibl e reasons to thi s could ari se from incompl ete opti m isati on for
recordi ng the 3 Û-anni hi lati on events [11, 12] and di ˜erences in sampl e synthesi s
and trea tm ents.

Our goal was theref ore to inv estigate the condi ti ons tha t lead to high Ps
yi elds and the intera cti ons tha t m odi f y the o -Ps li feti m e and intensi ty in m icro -
crysta l l ine sol ids (e.g., Mg O, Al 2 O3 , SiO 2 ) and in zeol ites. The hi gh speciÙc surface
of the micro crysta l l ine powders relates to the outer surf ace of the gra ins, whereas
for zeol i tes i t is pro vi ded almost com pletel y by the interna l surf ace of channels
and voids in the latti ce fram ework. Com mon features and di ˜erences in the anni -
hi lati on characteri stics of the two cl assesof sam ples were also looked for. To gain
inf orm ati on, the zeol i tes were studi ed both in vacuum and in gas atm osphere. The
e˜ect of water rem oval has also been exam ined.

2. E x per i m en t a l

In addi ti on to conventio nal measurements of positro n li feti me spectro scopy
(LT) and D oppl er broadeni ng (D B) of the anni hi lati on l ine, the ful l energy distri -
buti on (FED ) of the anni hi lati on radiati on was also recorded wi th the aim of estab-
l ishing characteri sti c param eters for the quanti Ùcati on of the 3 Û-decay. Compari ng
LT wi th D B and FED resul ts m ay help in determ ining the true intensi ti es of the
long-l ivi ng o-Ps com ponents, who sedeterm inati on is system ati cal ly a˜ected by the
energy (and sol id angle) dependent e£ ciency of recordi ng 2 Û - and 3 Û-events. The
LT m easurem ents were carri ed out both in Buda pest and in Stra sbourg , empl oyi ng
hi gh qual i ty spectrom eters set for hi gh e£ ciency recordi ng of 3 Û -events (250 and
350 ps FW HM, respectively). LT spectra wi th integ ra l counts of 5 È 1 0 6

À 4 È 1 0 7

were recorded wi th a ti me span of ¤ 1 À 1 :5 ñ s.
The FED spectra were recorded wi th a Mi crofast 16k PC analyser in the

40{ 1350 keV range by using a Ca nberra HP Ge detecto r (25% e£ ciency and 1.1 keV
resoluti on at 0.5 MeV). The 1.28 MeV photo peak was used to moni to r the count
of positro ns.

Mi cro crysta l l ine Mg O, Al 2 O 3 , SiO 2 (wi th a gra in size of 15{ 50 nm ) and
wel l -characteri sed zeol ites (si lical ite- 1, X- , Y- typ e, etc. ) were selected. Si l ical ite- 1
(MFI structure, pure sil icium di oxide wi th 96 SiO 2 per uni t cell ) conta ins free
spacesin the f orm of stra ight and zi gzag channels (an average diam eter of 0.55 nm ).
Zeol ites m ay conta in a substanti al amount of water (up to 25{ 30%) when kept in
ai r. Water rem oval was studi ed in the Y- zeol i tes and m ordeni te whi le silical ite- 1
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wa s used for the study of gas capi l lary condensati on. The Y-zeol i te sampl es were
prepa red from \ Grace" Na -Y (wi th a gra in size of 1{ 5 ñ m).

Al l sam ples were pressed into pellets. The micro crysta l l ites were heated to
and kept at 450 K under consta nt evacuati on f or 24 h, then pressed (0.3 GPa)
into 1{ 1 : 5 mm thi ck disks of 8{ 13 m m di ameter. The zeol i te powders were pressed
into pellets before heati ng. A sandwi ch arra ngement of the sam ples was used wi th
a 2 2Na positro n source of about 20 MBq acti vi ty wi thi n two thi n Ni f oils, givi ng
a sing le-component source correcti on of several percent. For the sil ical i te-1, thi s
assembly was kept at 353 K for 24 h under consta nt evacuati on in a 6{ 10 cm3

glass vi al , then sealed in vacuum or after Ùll ing wi th spectro scopical ly pure N2

(ca. 0.085 MPa at 294 K). The water rem oval was studi ed by LT , D B, and FED
m easurements, employi ng a conti nuousl y evacuated sampl e-holder cryo stat.

LT data for the gas-Ùlled sampl es were recorded between 90 K and 400 K
in a cryostat- oven wi th ampl e ti m e al lowed at each tem perature to reach therm al
equi l ibri um . The repro duci bi l i ty of the LT results was checked by recordi ng spectra
again after several m onths.

The l i feti m esand relati ve intensi ti eswere Ùtted by usi ng a MIN UIT package
based pro gram ta i lored special ly for evaluati ng l i feti me com ponents ranging over
three orders of m agnitude.

For the evaluati on of D B and FED data, parameters tha t denote the 2 Û-
or 3 Û-anni hi lati on events have to be deÙned. The S and W parameters, whi ch
describe the 511 keV anni hi lati on peak (AP) separatel y or com bined [13] are com -
m only used to characteri se the 2 Û-anni hi lati on, whereas the L = R values (l eft/ ri ght
pl ateau regions of AP) m ay be used for typi fyi ng the 3 Û -emission in the FED
data [14]. The f racti on f 3 Û of long-l ived o -Ps, decayi ng by 3 Û -emission, can be
estim ated and scaled by com bining LT and FED data [14]. It has to be underl ined
tha t the overa l l di ˜erence in the recordi ng e£ ciency for 2 Û - and 3 Û-annihi lati on
events, respecti vely, m ay result in an incorrect evaluati on of the relati ve intensi ti es.
Ho wever, the circum venting of thi s obstacl e poses som e di£ culti es whi ch requi re
m ore preci se considerati ons of the changes encountered.

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

The l if eti me m easurem ents have revealed the presence of long l i feti me com -
ponents of 50{ 80 ns for the Al 2 03 , SiO 2 , and Mg O sam ples. It was found tha t the
setti ng of the energy wi ndow on the stop detecto r l ine stro ngly inÛuences the e˜ec-
ti ve relati ve intensi ty of these components, denoti ng the presenceof 3 Û-anni hi lati on.
It may be noted tha t these components exhi bi t about a hal f of the vacuum l i feti m e
(142 ns), showi ng so onl y about one hal f of the \ bi rth intensi ty" of the vacuum -l ik e
o -Ps com ponent. Mo st usual ly, the ori gin of such com ponents is ascribed to o -Ps
ato m s form ed at the surf ace of the gra ins and underg oing intera cti ons up on col l i -
sions wi th surf ace im puri ti es and radi cals. Consequentl y, thei r intensi ty and l i fe-
ti m eshould depend both on the gra in size and on the size of the average interg ra in
free space. E˜ecti vel y, i t app ears tha t the smal ler the gra in size, the higher the
relati ve surface and the hi gher the intensi ty of the long-l ived com ponent, whereas
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i ts actua l l i feti m e depends on the inertness of the surface and on the qual i ty of
the vacuum.

The Ùrst measurements on zeol i tes perform ed in our laborato ri esdi d not give
such long-l ived com ponents, and l i feti m esof 10{ 20 ns onl y were recorded. It is onl y
after pro longed heati ng in vacuum , in som e cases up to 620 K, tha t signi Ùcantl y
longer l i feti mes could be observed. W i th such trea tm ents thus, l i feti m es as long as
90{ 130 ns were found in al l sampl es, in contra st to earl ier l i tera ture data , reporti ng
onl y 20{ 40 ns components for ZSM5 , X- , Y- zeol i tes, and m ordeni tes.

Ev aluati on of the LT spectra was carri ed out on the basis of four indep endent
l i feti m e components, yi elding in m ost cases sati sfactory Ùts. The vari ous com po-
nents m ay be categori zed as f ollows: § 1 wi th 0.2{ 0.5 ns combi ning the p -Ps and
e + anni hi lati ons, §2 wi th 1{ 4 ns for o-Ps pro babl y tra pped in smal l voids of the
latti ce, § 3 wi th 10{ 90 ns for o -Ps decayi ng in interna l channel s of the zeoli tes and
§ 4 wi th 100{ 135 ns for o -Ps a pr ior i decayi ng outsi de of the crysta ll i tes, in the
interg ra in space. Som e typi cal data are shown in the T able.

T ABLE

Positron lif etime parameters for some zeolite samples at 294 K
in vacuum and in N 2 gas (lif etimes § i are given in ns, intensities
I i in %, relative errors are about 2%).

Sampl e §2 §3 §4 I 2 I 3 I 4

Na-Y 2.2 15.2 110 23.2 11.4 21.2

m ordeni te 0.7 2.7 105 40.0 13.2 9.5

sil ical i te-1 2.28 22.3 133.2 24.4 2.6 28.7

sil ical i te-1 + (N 2 ) 4.23 20.5 113.7 10.7 10.3 19.0

D ue to the hi gh ti m e/ channel setti ng used, whi ch is absolutel y necessary to
span over at least 1 ñ s range for the incl usion of the long-l ived com ponents, the
absolute values of the shortest l i feti mes, especial ly §1 , are less rel iable tha n the
longer ones and wi l l not be di scussed here further. Note tha t due to the di ˜erence
in the detecti ng e£ ci encies for the 2 Û - and 3 Û -events, the intensi ti es I 4 and I 3 are
sensiti ve to changes in the counti ng geom etry .

T o evaluate the long l i feti m es, the tra ppi ng of o -Ps in a potenti al well is
usual ly assumed [5, 6, 15, 16]. The conÙned o-Ps wave functi on is supp osed to
penetra te into the wal ls of the tra p, and, depending on the overl ap, a shorter
l i feti m e tha n in vacuum is exp ected. Thus, for l i tera ture data quoti ng l i feti m es
of about 10{ 30 ns, the above m odel g ives sizes of the local izati on sites tha t are
very close to wha t is expected on crysta l lographi c grounds. However, there is no
such agreement when deal ing wi th l i feti m es about and over 100 ns. Appl yi ng thi s
m odel (on the basis of data in the T able) for local ised o -Ps in order to calcul ate
§ 3 and §4 , i t turns out tha t ta ki ng the channel and channel crossing sizes, e.g.,
for sil ical i te- 1, l i feti m es well below the actua l ly m easured values are calcul ated.
Thi s result most pro babl y underl ines insu£ ciencies of the m odel wi th respect to
the proper descripti on of the expansi on of the Ps wave functi on outsi de the tra p
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to wards the latti ce bul k. T urni ng to the shorter l if eti me values, on the basis of
thi s conÙnement m odel , for exampl e, the actual value of §2 in sil ical i te-1 woul d
correspond to a void of about 0.31 nm radi us. As, however, there seems to be
no crysta l lographi c f ree space of tha t size in the latti ce, the related com ponent
m ay thus possibl y ori ginate from o -Ps anni hi lati ng in defected sites, whi ch are not
evi denced and expected by other m etho ds. Note tha t as concerns the quanti ta tiv e
estim ati on of such long l i feti mes, the simpl est versi ons of the conÙned o -Ps-m odel
do not represent a pro per appro ach.

The strong inÛuence of an intense vacuum heat trea tm ent of the sampl es
obvi ously indi cates tha t the absorb ed wa ter (or gas) has a strong e˜ect on the f or-
m ati on and/ or survi val of o -Ps in zeol ites. Vari ous sampl eshave been investigated
in thi s respect, the LT spectra have been recorded at vari ous stages of the heati ng
pro cedure and the o -Ps proporti ons have been determ ined vi a in situ FED mea-
surements duri ng the heati ng-cool ing cycl es (Fi g. 1). Di ˜erent sam ples behave
surpri sing ly di ˜erentl y: a substa nti al increase in the intensi ty of the long-l ived
components has been found just as wel l as a decrease or pra cti cal ly no change in
other cases. Therm ogravi metri c m easurements were also carri ed out, and a cor-
relati on between the water loss and the o -Ps f racti on [17] is indicated. Ho wever,
as these m easurements were perform ed in dry ni tro gen, i t is onl y the trends but
not the absolute values whi ch might be tra nsposed to the case of heat trea tm ent
in vacuum . W ater rem ov al was also inv estigated by in sit u 5 7Fe M �ossbauer e˜ect

Fig. 1. T he e˜ect of w ater remo val by vacuum heating of mordenite and N a-Y - zeolites.

I ncrease in the f 3 Û ratio indicates not only the high o -Ps formation but also an increasin g

\surviv al chance ".
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(ME) m easurem ents in MFI zeol ites [18, 19] and i t was concluded tha t the positro n
m etho ds are sensiti ve to changes of the adsorb ed water in the range of 280{ 330 K,
wherea s in ME only the rem oval of crysta l l ine wa ter is seen, above 450 K.

T o gain inf orm ati on on the o-Ps form ati on and decay in the highl y porous
zeol i te structure, the inÛuence of gas has been studi ed. At room tem perature,
there is l i ttl e inÛuence of N 2 (about 1 atm osphere pressure) but upon cool ing,
whi ch resul ts in capi llary condensati on of the gas into the zeol i te, the long-l ived
components of 40{ 130 ns di sappear [20] and only l i feti m es of several ns subsist.
In other words, thi s means, tha t the intensi ty of the longest-l ivi ng components
di mini shes whereas the short- l ived com ponents becom e dominant (Fi g. 2). Thi s
stro ngly indi cates tha t i t is not the basic form ati on of o -Ps whi ch is hi ndered
but rather tha t the o -Ps l i feti m e appears to be shorter due to the new ki nd of
intera cti ons arising from the new surro undi ngs brought about by the presence of
the capi l lary condensated gas.

Fig. 2. T he intensity of the short- livin g o -Ps comp onent vs. temp erature measured for

a silica li te- 1 sample in nitrogen (0. 085 MPa at room temp erature).

It is rem ark able tha t the inÛuence of the water upta ke and tha t of the gas
capi l lary condensati on on the f 3 Û o-Ps fracti on show great sim i lari ti es. It is also
very remark abl e tha t in both cases the upta ke of only a smal l fracti on (about
10 percent) of the to ta l possibl e capacity of ei ther water or gas absorpti on of the
sam ples results in the com plete disapp earance of f 3 Û :

These results sti ll do not give an unequi vocal inform atio n on the ori gin of
§ 3 and § 4 , but it is hoped tha t appl yi ng v arious gases of di ˜erent pressures and
Ùll ing l iqui ds wi th di ˜erent m olecular sizes m ay help to clari fy these questions.

4. Co n cl usion s

D ue to i ts i l l -deÙned energy discrim inati on features and also to the inÛuence
of the di ˜erence in sensiti vi ty for 2 Û - or 3 Û -anni hi lati on, LT spectro scopy alone
can provi de misleadi ng data as regards the relati ve intensi ty values of the very
long-l ived com ponents, l iable to 3 Û -decay.



Posi t rons and Posi troni um in Grai ny and Porous Solids 405

A com pari son of PAT results for m icro crysta l l i tes and zeoli tes reveals tha t
wherea s in the case of \ sol id" gra ins the longest- livi ng com ponent m ust be form ed
at the surf ace and m ost probably decays in the interg ra in space, in the \ sponge-l ike"
zeol i tes sim i lar sta tes shoul d be f orm ed m ostly insi de, along the inner surf aces
of the channels, al tho ugh possibl y also decayi ng outsi de in the interg ra in space.
Ho wever, in neither case the simpl est m odels for o -Ps conÙned in a potenti al wel l,
albeit com monly appl ied for a large vari ety of m atri ces, can pro vi de sati sfacto ry
quanti ta ti ve estim ati ons of the li feti mes.

A model of \ tra ppi ng" and \ detra ppi ng" of o -Ps between channels, voids,
and interg ra in vo lumes should be wo rk ed out in deta i ls. However, the rich vari ety
of possibi li ti es compl icates thi s task substa nti al ly.

A distri buti on of l i feti me values, in contra st to the \ di screte l i feti m e com -
ponents" appro ach, m ight also be consi dered. It should also be inv estigated, wi th
respect to the medium - and short- l ived com ponents, whether irra di ati on e˜ects
caused by the source duri ng the rather long m easuri ng ti mes could cause slight
changes just at the level of signiÙcance. Insensi ti vi ty to wards irra di ati on app ears
as a prerequi site for frui tf ul appl icati ons in radioacti ve waste m anagement.

For zeol i tes, 3 Û -decayi ng o -Ps seems to be a parti cularly sensiti ve probe for
the study of the e˜ect of addi ti ves and physi co-chemical sti mul i (l ocal isati on and
chemical sta te of di lute addi ti ves, l ike heavy ions, m agneti c impuri ti es, capi l lary
condensati on, dehydra ti on, acidi ty , tem perature trea tm ent, etc). However, special
care has to be ta ken, as the sampl e trea tm ent may change the PAT f eatures of
zeol i tes, m asking the changes we aim to investigate. T o establ ish som e basic cor-
relati ons m ore pro foundl y, there are also further basic processesto investi gate in
m ore deta i ls. Such are, e.g., determ inati on of p -Ps and o -Ps contri buti ons, tha t
of the \ therm al isati on state" of Ps, correcti ons of PAT spectra due to the change
in the occurrence of 3 Û { 2 Û anni hi lati on for vari ous long- or shorter- l ived o -Ps
states, etc.

W hen changes in the intensi ti es of the o -Ps states are observed, it is essential
to identi fy tra nsiti ons between the vari ous anni hi lati on channels. Thi s m ay request
speciÙc ti me setti ngs to study the very short and very long l i feti mes sim ul taneo usly,
and a combined appl icati on of various positro n anni hi lati on m etho ds. Thi s seems
to be a necessary and advanta geous f urther step in the PAT studi es of m eso- and
nanoporous media.

A broader use of l iquids and gases, to gether wi th the concomi ta nt m easure-
m ent of the gas upta ke, should be frui tf ul . The sim i lari ti es between the water
loss pro cess and gas desorpti on starti ng from capi l lary condensati on should be
inv estigated in deta i ls.

It would be also of interest to assesshow the present resul ts on the dom i-
nantl y SiO 2 -based zeol i tes m ight be expl oi ted for the SiO 2 insul ator wi dely used
in semiconducto r technology.
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