
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

INVESTI GATI ON OF T HE ABSORPTI ON

OF A NNIHILA TI ON QUA NTA

IN SOLI D A ND LI QU ID Ga A ND BiSn A LLO Y

A . K l u za a ; Ê , W. Ru dzi ¥ska b and M. Szusz k iew icz b

a I nst it ut e of Experi ment al Physi cs, Wro c¤aw U niversity
Pl . M. Borna 9, 50-204 W roc¤aw, Polan d

b Institute of Physics, O pole U niversity , O leska 48, 45-052 Opole, Poland

A bsorption of p ositron annihil ati on quanta in Ga and Bi 4 0 Sn60 alloy
in the solid and the liqui d phase w as investi gated. I t w as found that the
mechanism of absorption of annihil ati on quanta changes on passing from
the solid to the liqui d state. Results of measurements for Ga and Bi 40 Sn60

alloy show that for metals changing their density at the melting p oint the
photop eak pro Ùles are mo diÙed: their centers of gra vity in liquid phase are
displace d w ith resp ect to those in the solid phase and the numb er of counts
under the photop eak changes, to o.

PACS numb ers: 64.70.Dv

1. I n t rod uct io n

For many years t he positro n anni hi lati on spectro scopy has been successful ly
used for studyi ng the structure and pro perti es of m etal l ic m ateri a ls. Am ong oth -
ers, resul ts of num erous investigati ons of the tem perature dependence of vari ous
anni hi lati on parameters: F ( T ) in angul ar correl ati on (A C), S ( T ) in the D oppl er
bro adening (D B) and the mean positro n l if eti me § ( T ) in positro n l i feti m e spec-
tra (PLS) metho d in a wi de tem perature range incl udi ng the m elti ng point were
reported. An inspection of these results shows tha t, as a rul e, the anni hi lati on pa-
ram eters mentio ned above, increase on passing from the sol id to the l iqui d state.
For exam ple, Tri ftsh �auser [1] reported a 2% increa se in the value of the F ( T )

parameter at the m elti ng point for In. Al so Rudzi¥ska et al . [2] made som e inv es-
ti gati ons for In and observed about a 1% increase in the F ( T ) param eter at T m .
The speciÙc volume of In increases on mel ti ng by about 2.7% and thi s is why the
autho rs of the papers [1, 2] interpreted an increase in the F parameter at Tm as a
resul t of the speciÙc volum e increase and/ or as an e˜ect of a change in the con-
centra ti on and a typ e of positro n tra ppi ng centers. Thi s is an im porta nt pro blem
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because of the lack of a sati sfactory theoreti cal m odel of positro n anni hi lati on in
the l iqui d state | one does not kno w either the anni hi lati on m echanism or the
typ e of the positro n tra ppi ng centers.

Exp erim ental resul ts for Ga indi cate tha t the increase in the anni hi lati on
parameters at T m i s not only an e˜ect of the speciÙc volum e change. The speciÙc
vo lume of Ga decreases at the mel ti ng point by about 3.4% [3], so one should
exp ect a decrease in the values of the annihi lati on param eters on passing from the
sol id to the liqui d state, but i t was found tha t the m ean positro n l i feti m e f or Ga
increases from 160 ps in the sol id state to 260 ps in the l iquid state [4], and the
resul ts of AC m easurements on Ga [5] show a 16% increase in the F parameter at
T m . Sim i lar changes of the anni hi lati on param eters values (but somewhat smal ler)
were observed f or Sn [2, 6].

Basing on these results, Cha bik et al . [7] interpreted the observed changes
in the anni hi lati on param eters as an e˜ect of the change in the absorpti on of the
anni hi lati on quanta . These autho rs perform ed the m easurements of the tempera-
ture dependence of the peak counti ng rate (AC) and observed an increase in the
F ( T ) param eter value on mel ti ng am ounti ng 0.6% for Sn and 1% for In. They also
m ade m easurements of the ampli tude spectra for In, Sn, and Bi in the sol id and
l iqui d state and found tha t: (1) after m elti ng of In and Sn the area of 0.511 MeV
and 1.28 MeV photo peaks signiÙcantl y decreased, (2) the proÙles of photo peaks
in the spectrum measured for In and Sn were m odiÙed | thei r centers of gra vi ty
were shi fted to wards higher energies by about 3 eV. Exa ctl y opp osite e˜ects were
observed for Bi , the speciÙc volume of whi ch, in contra st to In and Sn, decreased
on m elti ng.

No t only pure m etals but also thei r a lloys are often investi gated by the
positro n anni hi latio n metho ds. Chabi k et al . [8] perf orm ed measurements of the
peak coinci dence counti ng rate (F param eter) for Bi 4 0 Sn6 0 al loy in the functi on of
tem perature in the temperature interv al ranging from room tem perature to 4 0 0 £ C
in three consecuti ve heati ng and cool ing runs. They concluded tha t: (1) in the
sol id state the positro ns are tra pped mainl y at the gra in bounda ries and above
the sol idus tem perature the most acti ve tra ppi ng centers are located in the volume
of gra ins, (2) rapi d changes of the F param eter at T m are correl ated wi th changes
of the vo lum eand structure of Bi and Sn gra ins, (3) on heati ng the liqui d a decay
of positro n tra ppi ng defects is observed, whi ch is i rrepro duci ble in the cool ing
pro cess, (4) the therm al history of the sam ples strongly a˜ects the tem perature
dependence of the peak counti ng rate.

In the present work the inv estigati ons of the absorpti on of anni hi lati on
quanta in both the l iquid and solid phases of Ga and Bi 4 0 Sn6 0 al loy were un-
derta ken in order to check i f the m elti ng a˜ects the absorpti on spectra and i f the
obta ined resul ts depend on the therm al history of the investigated sampl e.

2. Ex p er im ent

The scheme of the measuri ng system is shown in Fi g. 1. The 2 2 Na source
tha t was used emi ts Û photons of the energy of 0.511 MeV (the anni hi lati on quan-
tum ) and 1.28 MeV (the nucl ear quantum ). Af ter passing thro ugh the absorbent,
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the Û photo ns were detected by a Na I(Tl ) detecto r and registered in a m ul ti chan-
nel am pl itude analyzer. The tested sam ples were pl aced in the m easuri ng vessel,
enabl ing the measurements in both the l iqui d and sol id states of inv estigated mate-
ri als. D uri ng the m easurem ents of absorpti on spectra the tem perature of a sampl e
wa s stabi l ized and m easured wi th an accuracy of 0 : 2 £ C.

Fig. 1. Schematic diagram of the measuring system ( L. A . | linear ampliÙer, M. A .A .
| multichannel amplitude analy zer).

The powders of the investigated materi als were pl aced in the measuri ng vessel
and, after m elti ng, heated up to the tem perature slightl y exceeding the m elti ng
point (5 0 £ C for Ga and 3 2 0 £ C for Bi 4 0 Sn6 0 al loy), at whi ch the measurement of
the am pl i tude spectrum for the liqui d phase wa s carri ed out. Next, the sampl es
were cooled to the room temperature and the m easurem ent for the sol id sampl e
wa s made. In the case of Bi 4 0 Sn6 0 al loy the measurements were repeated in three
consecuti ve heati ng/ cool ing runs f or the same sampl e.

The m easured am pl itude spectra were not cal ibrated. Positi ons of the cen-
tro ides (CTR ) of the 0.511 MeV and the 1.28 MeV photo peaks were calculated by
the SWAN pro gram, accordi ng to the form ula (1)

CTR =

P
n
i = 1

Y i k iP n

i =1
k i

; (1)

where k i is the channel num ber, Y i | numb er of counts in the i -th channel , n | the
to ta l num ber of al l channel s. Co unts in al l photo peak channels were summari zed.
The ini ti al and the Ùnal channel of the photo peak were always the sam e. The
accuracy of calcul ati ons of the CTR and of the sums of counts wa s about 0.05%.

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

The experim ental ly determ ined param eters of the photo peaks registered for
the sol id and l iqui d Ga are col lected in Table I.

For a better vi sual isati on of the di ˜erenci es between the spectra measured
for the liqui d and sol id Ga, the spectrum for the sol id (2 0 £ C) was subtra cted
from the l iqui d state spectrum (5 0 £ C). The resul ti ng di ˜erences in the spectra are
shown in Fi g. 2.
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T ABLE I

Parameters of photop eaks determined for the solid and liqui d phase of Ga.

0.511 MeV photo peak 1.28 MeV pho topeak

CTR sum of counts CTR sum of counts

(cha nnel no.) [È 1 0 6 ] (channel no.) [È 1 0 6 ]

Li qui d Ga 472 7 : 4 0 0 Ï 0 :0 0 3 1229 2 : 9 2 0 Ï 0 : 0 0 2

Sol id Ga 474 7 : 5 2 0 Ï 0 :0 0 3 1233 2 : 9 3 0 Ï 0 : 0 0 2

Fig. 2. Di ˜erences in the amplitude spectra for Ga.

The density of Ga increases on m elti ng by 3.4% [8], so one can expect tha t
the resul ts obta ined for Ga shoul d be simi lar to the results reported for Bi [6],
increasing i ts density on mel ti ng by 3.3% [3], and thi s was observed. T able I and
Fi g. 2 show tha t the proÙles of the photo peaks change on passing from the solid
to the l iqui d state: the CTR s for l iqui d phase are located at lower energies and the
sums of counts are smal ler tha n tho se for the sol id phase. It shoul d be stressed,
however, tha t al tho ugh the CTR s are displ aced, the positi ons of the pho topeak
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m axi mum for the sol id and the l iquid state are located in the sam e channel . The
source of thi s e˜ect is probably the change in the pho to e˜ect and the Com pto n
cro ss-secti ons associated wi th the change of the speciÙc volume at T m . These re-
sul ts suggest tha t the changes in the F ; S , or § parameters observed in many
wo rks on positro n anni hi lati on and interpreted as yet, consistentl y wi th the va-
cancy model of the melti ng pro cess,as a result of increase in a numb er of v acanci es
m ay be also caused by other factors, in parti cul ar by the change of the mechanism
of the absorpti on, of the Û photo ns.

The resul ts of the m easurements perf orm ed on the Bi 4 0 Sn 6 0 al loy are pre-
sented in T able I I and Fi gs. 3{ 5.

T ABLE I I
Parameters of photop eaks registered for liquid and solid phases of BiSn alloy determined
in three consecutive heating /co ol i ng cycles.

Bi 40 Sn60 alloy 0.511 MeV photop eak 1.28 MeV photop eak

C TR sum of counts CT R sum of counts

(channel no. ) [È 1 0
6 ] (channel no. ) [È 10

6 ]

1st heating/ Liquid 646 3: 210 Ï 1739

cooling cycle Solid 644 1737

2nd heating/ Liquid 643 1736

cooling cycle Solid 642 1735

3rd heating/ Liquid 641 1734

cooling cycle Solid 641 1734

The compositi on of the inv estigated al loy was chosen intenti onally. The den-
sity of Bi increases by about 3.3% and tha t of Sn decreases by about 2.7% on
the m elti ng [8]. Theref ore, one coul d expect tha t the density of the Bi 40Sn60 al -
loy should decrease on melti ng by 0.3% if onl y the assumpti on of the addi ti vi ty
(V egard ' s rul e) holds for thi s al loy. Thi s wa y i t coul d be possible to com pare the
resul ts for the m etal l ic m ateri al (G a) showi ng a disti nct change in the speciÙc
vo lume wi th tho se for a m ateri a l showi ng alm ost no change of the speciÙc volume
on m elti ng. As i t fol lows from the data col lected in Tabl e I, the CTR s of the pho-
to peaks correspondi ng to the energies of 0.511 MeV and 1.28 MeV for the l iqui d
phase, determ ined in the Ùrst heati ng/ cool ing run, are shifted to higher energies,
wi th respect to tho se for the sol id state, and the sum of counts in case of each of
the photo peaks for the liqui d phase is hi gher tha n tha t for the sol id state.

In each next heati ng/ cool ing cycle the di ˜erences between these quanti ti es
become smal ler and smal ler, and in the last cycl e there is no di ˜erence between
the sol id and l iqui d state, whi ch was exp ected. One can also see tha t each next
spectrum shows lower num ber of registered Û photo ns. These e˜ects m ay be caused
by the heati ng trea tm ent tha t induces the hom ogenizati on of the al loy. The ob-
ta ined results are consi stent wi th the resul ts of m easurements of the tem perature
dependence of the F param eter reported in [7].
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Fig. 3. Di˜erences in the amplitude spectra for BiSn alloy determined in the 1st

heating/co oli ng cycle.

Fig. 4. Di˜erences in the amplitu de spectra for BiSn alloy determined in the 2nd

heating =cooli ng cycle.
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Fig. 5. Di˜erences in the amplitude spectra for BiSn alloy determined in the 3rd

heating/co oli ng cycle.

The resul ts of the present study f or Ga conÙrm the exi stence of a correl a-
ti on between the density and the absorpti on spectra of the m etal . The m elti ng
of the sampl e is associ ated wi th the change of the electro n- to-ato m bondi ng. The
photo e˜ect pro ceeds wi th the atom ic core electrons, wherea s the Com pto n e˜ect
sets on the slightl y bonded electrons. Theref ore we may suggest tha t the source
of the observed e˜ects is the change in Com pto n cross-section associated wi th the
change of the speciÙc volume at the m elti ng point.
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