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The mono energetic p ositron beamlin e \SP O NSO R" at Rossendorf has
b een used to investigate the positron behavio ur in a naturally gro w n Brasil-
ian quartz, tw o synthetic quartz crystals of di˜erent origin , and synthetic sil-
ica glass. The measurements allow us to obtain the positron di˜usion length
of free positrons and Blo ch para-positronium, if formed, in these materials.
I n addition , hydrothermal treatment of a synthetic quartz has been used to

intro duce hydrogen into the crystal up to a certain depth. The presence of
hydrogen is found to inÛuence the formation of para-p ositronium. T he depth
distributi on of hydrogen has been measured indep endently by nuclear reac-
tion analysis, and w ill b e discussed in comparison w ith the results deduced
from the positron studies.

PACS numb ers: 78.70.Bj

1. I n t rod uct io n

SiO2 in sol id form (am orphous or crysta l l ine) represents an interesti ng m a-
teri al to study the properti es of positro ni um (Ps) [1]. Positro ns are a very good
to ol to study di ˜erent states of order , or bond changes, in am orphous sil ica glass
and SiO 2 [2{ 4]. Esp ecial ly, the estimati on of the crysta ll ini ty and of fundam ental
physi cal param eters, as the di ˜usi on lengths of positro ns and Ps, is possibl e using
the positro n beam techni que.

2. E x per i m en t a l

Fi ve sampl es have been inv estigated whi ch can be shortl y characteri zed as
fol lows:

| Bra sil ian quartz: very cl ean untrea ted, natura l ly grown, density: 2.65 g cm À 3 ,
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| syntheti c sil ica glass: produced by sprayi ng of desti l led sil icontetra chl oride
into a deto nati ng gas Ùre, density: 2.21 g cm À 3 ,

(b oth the sampl es have been studi ed by positro n l i feti me spectro scopy earl ier [2])

| syntheti c alpha-quartz A (Ki nseki Co ./ Japan), density: 2:51 g cm À 3 ;

Pt < 0:2, Na: 0.2, Li : 0.5 , Al : 1.6 mg/ kg ,

| two syntheti c alpha-quartz B sampl es (Crysta l Co. Berl in/ Germ any),
Al < 30 ppm ; Fe< 5 ppm ; Na < 10 ppm ; Li < 3 ppm ; H = 20 ppm (deter-
m ined at Frankf urt/ M wi th nucl ear reacti on analysis (N R A)), one sampl e
untrea ted, one sam ple hydro therm all y trea ted in a closed steel vessel for
5 days at 2 0 0 £ C and 1.5 Mpa , density: 2.65 g cm À 3 .

The slow positro n im planta tio n spectro scopy (SP IS) was carri ed out at the slow
positro n beam \ SPONSOR " at R ossendorf [5 ]. The positro ns are magneti cal ly
gui ded to the sam ple and can be accelerated in the energy range from 30 eV to
35 keV in steps of 100 eV. The energy resoluti on of the Ge detecto r at 511 keV
is (1 : 0 9 Ï 0 : 0 1 ) keV. 7 È 1 0 5 events per spectrum at each incident positro n en-
ergy have been accum ulated. H was proÙled wi th the resonant nucl ear reacti on
1H( 1 5N, ˜ Û ) 1 2C. The local hydro gen concentra ti on is pro porti onal to the num ber of
4.43 MeV Û- rays pro duced by the reacti on. The depth resoluti on in quartz is 7 nm
at the sam ple surface. The measurements were perform ed wi th the 7 MV Van
de Graaf accelerato r of the Insti tut f �ur Kernphysi k (Frankf urt am Ma in) usi ng a
set-up for a high-sensiti vi ty analysis of hydro gen [6].

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

3.1. C ompar ison between Bra zi lian and synthetic alpha-quar tz A
and synt hetic si lica glass

The S versus E pl ots of Brazi lian and syntheti c alpha -quartz A and syntheti c
sil ica glass are shown in Fi g. 1. D i ˜erences in the shape of the plots are m ainly
caused by the form atio n of Ps in the sam ples. Brazi l ian quartz can be considered
ful ly crysta l l ine. Furtherm ore i t is concl uded from positro n l i feti me m easurem ents
in [2] tha t no Ps form ati on ta kes pl aces in thi s quartz. The syntheti c sil ica glass
shows an am orpho us structure. A pick-o˜ anni hi lati on of o-Ps of 40.9% was ob-
served in thi s m ateri al [2 ]. Tha t m eans, the thi rd part of thi s amount is detecte d
as p -Ps in the S ( E ) pl ot. Assum ing the di ˜erence in S bul k between sil ica glass and
Bra zil ian quartz is m ainly caused by the Ps form ati on and other inÛuences can
be neglected, it is possibl e to calcul ate the S param eter for the p -Ps anni hi lati on
S p À P s as fo llows:

S sili c a
bulk = (1 À Ù) S B ra z :

bulk + ÙS p À Ps (1)

wi th Ù | p -Ps fracti on, S silic a
bulk | S bulk of syntheti c sil ica glass, S Bra z :

bulk | S bulk of
Bra zil ian quartz. W i th the kno wn S silic a

bulk , S Bra z :
bulk and Ù = 0 : 1 3 6 , the S param eter,

S p À Ps , for the p -Ps anni hi lati on could be calcul ated to be 0.9824. Using form ula (1)
again for the syntheti c quartz A wi th the kno wn S p À Ps i t i s possible to calcul ate
the p -Ps fracti on in thi s sampl e to be 3.4%.
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Fig. 1. S parameter versus incident positron energy of three di˜erent materials.

The local m axi mum of the S parameter of the syntheti c alpha-quartz A at
1.53 keV is caused by the form ati on of p -Ps and i ts di ˜usi on to the surface of
the sampl e. Ps tha t has left the sam ple does not contri bute to the S param eter.
For thi s reason, a decrease in the S param eter at lower inci dent positro n energies
is observed. Thi s gives the opportuni ty to estimate the di ˜usi on length of Ps in
thi s materi al . Assum ing, tha t onl y the inÛuence of the Ps form atio n causes the
di ˜erences between Ps-free Bra zil ian quartz and syntheti c a lpha-quartz A and
syntheti c sil ica glass, the Ps di ˜usi on length could be calcul ated.

The pro cedure for the estimati on of the Ps di ˜usi on length can be described
as fol lows: At low inci dent positro n energies E the Ps gets the chance to leave
the sam ple in the case when its di ˜usi on length is longer tha n i ts im planta ti on
depth. For E = 1 : 0 3 keV the di ˜erence £ S of the S param eters between the Ps
free Bra zil ian quartz and the syntheti c alpha-quartz A wa s calcul ated. Fi gure 2
shows the di ˜erence £ S versus the incident positro n energy E for both syntheti c
alpha-quartz A and syntheti c sil ica glass. From the measured surf ace S param eters

Fig. 2. Di˜erences of the S parameters betw een Brazilia n quartz and synthetic

alpha- qua rtz A and synthetic silica glass.
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S s of both sam ples i t is seen tha t the surface fracti on has onl y a small inÛuence
on the di ˜erence £ S and can be ignored. The contri buti on of epitherm al positro ns
to the S param eter is assumed to be equal for both sam ples and di sappears in £ S .
Thi s resul ts in the fol lowing form ula:

£ S = m p S p + m b S b À n b S b ; (2)

where S p and S b are the S param eters of the Ps and the Ps free bul k, m p and
m b are the fracti ons of Ps and bul k in the sam ple wi th Ps form ati on, n b i s the
fracti on of the Ps free bul k. Furtherm ore, one can set m p

¿= n b À m b . Thi s leads
to the fol lowing equati on:

m p ¿= £ S =( S p À S b ) : (3)

The calculated fracti on of Ps tha t contri butes to the S parameter at E = 1 : 0 3 keV
could be estim ated using Eq. (3) to be m p = 0:905. Tha t m eans, 9.95% of the
Ps in the syntheti c alpha-quartz A leaves the sam ple at thi s inci dent positro n
energy. Using the Ma kho vi an proÙle P ( E = 1 : 0 3 keV, d ) and calcul ati ng the
Ps fracti on tha t is leavi ng the sam ple wi th the m odel of a spheri cal segment
(Fi g. 3), the di ˜usi on length of Ps in syntheti c alpha-quartz A coul d be obta ined
as L + Ps = 1 8 nm accordi ng to

m V =
X

i

( P ( E ; d i )( L + Ps À d i ) 2 ( L + Ps + d i ) =4 L + Ps ) ; (4)

where m V | Ps fracti on leavi ng the sampl e. The sam e procedure wa s done for the
syntheti c sil ica glass at an energy of E = 1 : 5 3 keV resul ti ng in a Ps di ˜usi on length
of L + Ps = 3 7 nm . The reason for the higher Ps di ˜usi on length in the am orpho us
sil ica glass is obvi ously the hi gher amount of free vo lume in thi s sampl e resulti ng
in a hi gher mobi l it y of Ps.

Fig. 3. Makho vian pro Ùle P (1 keV , d ) and the \di˜us ion sphere" for the calculati on of

the Ps di˜usi on length.

The above-m enti oned procedure for calcul ati ng the Ps di ˜usi on length in the
bul k cannot be used for very low incident positro n energies. Near the surf ace the
Ps becomes more m obi le and i ts di ˜usi on seems to be di rected pref erably to wards
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the surface as the calcul ati ons have shown. Furtherm ore, the calcul ati ons have
shown tha t near the surface of the alpha-quartz A m ore Ps are form ed as in the
bul k.

The crysta l l ini ty of the syntheti c alpha-quartz A can be calcul ated using the
fol lowi ng form ula from Ref. [2]:

S Ê = (1 À ˜ ) S a + ˜ S c ; (5)

wi th ˜ = V c =( V a + V c ) , S a= c means the S param eter of am orpho us and crys-
ta l l ine materi al , S Ê i s the S param eter of parti al am orpho us materi al , V a= c | the
am orpho us and crysta l l ine volum e fracti on, ˜ i s the relati ve f racti on of crysta l l ine
vo lume. For the syntheti c quartz A we found ˜ = 0 : 7 5 . Tha t means 25% of the
who le volum e is am orpho us.

Fig. 4. Brasilia n quartz, V EPFI T results.

The positro n di ˜ussi on length in the crysta l l ine Brazi lian quartz is considered
as an importa nt param eter. Fi gure 4 shows the S ( E ) m easured for the Bra zil ian
quartz and the curve resul ti ng f rom VEPFIT [7]. The positro n di ˜usi on length
could be calculated as L + bulk = (1 8 Ï 1 ) nm and S bulk = 0:4191.

It should be m entio ned tha t accordi ng to the l i feti me results [2] the Bra zil ian
quartz sti ll conta ins defects whi ch tra p positro ns. Thi s m eans tha t L + for defect
free materi al m ight be sti l l larger tha n 18 nm as estimated here.

Because of the stro ng inÛuence of Ps, especial ly near the surface, i t was
im possibl e to separate the Ps fracti on from the part of the positro ns and for thi s
reason no positro n di ˜usi on lengths coul d be Ùtted for quartz wi th Ps form ati on.

3. 2. Synthetic alpha-quar t z B (C r ystal Co., Ber l in) and the e˜e ct
of a hydrot hermal t reatment

Co ncerni ng the S ( E ) there are only smal l di ˜erences between syntheti c
alpha-quartz A and the syntheti c alpha-quartz B tha t has been used as a vi r-
gin m ateri al for the hydro therm al trea tm ent as seen in Fi g. 5. The S bulk of both
sam ples do not di ˜er to o much from each other. For thi s reason, the crysta l l ini ty
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Fig. 5. S ( E ) of synthetic alpha- quartz B (C rystal C o. Berlin) compared to Brazilia n

and synthetic alpha- quartz A .

i s nearl y the sam e: ˜ = 0 : 7 7 . Ho wever, at low inci dent positro n energies a con-
siderable higher S parameter wa s m easured. Thi s is an evidence of a shorter Ps
di ˜usi on length in thi s sampl e. The calcul ated di ˜usi on length of L + Ps = 8 nm
supp orts thi s fact.

The inÛuence of the hydro therm al trea tm ent on the Ps behavi our is shown
in Fi g 6. D ue to the hydro therm al trea tm ent a H ri ch layer below the surface
had been created. The H concentra ti on proÙle has roughly the shape of the error
functi on compl ement, decreasing f rom the surface wi th depth. The concentra ti on
at the surf ace is 0.9 at. % and 0.45 at. % at 50 nm depth. It is unkno wn whether the
bi ndi ng state of H in the quartz is as H 2 O or OH. Probably, both conÙgura ti ons
are present. H+ i s unl ikely [8].

It is seen from the S ( E ) curves in Fi g. 6 tha t the hydro gen does not have
an e˜ect on the Ps in the bul k as expected. Im m ediatel y below the surface the
di ˜erences becom e vi sible. The calcul ati on of the Ps di ˜usi on length led to the

Fig. 6. The inÛuence of H+ incorp oration on the Ps b ehaviou r in synthetic quartz.
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Fig. 7. Makho vi an implantation proÙles compared with the H rich layer in hydrother-
mally treated synthetic alpha- quartz B.

sam e value as in the case of the H f ree sam ple: L + Ps = 8 nm . Ho wever, the
lower S parameter in the range from 1.0 keV to 3.5 keV al lows for the concl usion
tha t the hydro gen suppresses parti al ly the form atio n of Ps by occupyi ng open
vo lume. Thi s leads to a decrease in the S param eter in thi s range. An impression
about the depth depending Ps form ati on is given in Fi g. 7, where the Ma kho vi an
im plantatio n proÙles of thi s energy range are presented. From Fi g. 6 i t f ollows tha t
at positro n im planta ti on energies above 3 keV the di ˜erence between the H trea ted
and untrea ted quartz disappears. Tha t m eans, the positro n beam m easurem ents
lead to a thi ckness of a H ri ch layer of about 70 nm . Thi s Ùnding is in excellent
agreem ent wi th the NR A data given above.

4. Co n cl usion s

It could be demonstra ted tha t it is possible to extra ct the positro ni um di f-
fusi on length from the SPIS investi gatio ns in connecti on wi th l i feti m e m easure-
m ents. The di ˜usi on length of 18 nm of the crysta l l ine Bra silian quartz has been
calculated. The Ps di ˜usi on length in amorpho us silica glass is signi Ùcantl y higher
L + Ps = 3 7 nm . These results show tha t the m obi l it y of the Ps becom es hi gher, i ts
di ˜usi on length increases, if the crysta l l ini ty of the quartz decreases.

The presence of H in syntheti c alpha-quartz suppresses parti al ly the form a-
ti on of Ps. Thi s phenomenon can be expl a ined due to the fact tha t H occupi es free
vo lume in the quartz tha t is not avai labl e for the Ps f orm atio n any more.
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