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Pro cessesof the summation of cascade Û-quanta usually neglected, when
registering the annihi l atio n energy spectrum for the determinatio n of the
three- photon annihil ati on probabil i ty P 3 Û of positroni um in samples, are
studied. T he deviation s of the actual P 3 Û value from that determined without
allow ance made for the summation pro cesses are 56% and 25% for N aI (T l)
and Ge detectors placed at the distance of 3 cm from a positron source,
resp ectively .

PACS numb ers: 71.60.+ z, 78.70.Bj

1. I n t rod uct io n

A s i t is known (see, for exam ple [1, 2]) t here are two ground states of positro -
ni um (Ps) depending on the to tal m oment of the electro n and positro n form ing
the ato m . The y are the singlet sta te p a r a -Ps (p -Ps) and the tri pl et sta te or t ho -Ps
(o -Ps). The stati stical weight of the tri plet Ps state is three ti m es as large as
tha t of the sing let sta te, yi elding a three ti m es higher form ati on probabi l i t y of
o -Ps compared wi th p -Ps. o-Ps anni hi lates into three photo ns wi th the conti nuous
energy spectrum ranging from 0 to 0.511 MeV whi le p -Ps anni hi la tes into two
photo ns each Ûying in the opposite di recti on wi th the Ùxed energies of 0.511 MeV.
The l i feti me of p -Ps in vacuum is § 0

s = 1 :2 5 1 0 1 0 s whereas tha t of o -Ps is
§ 0

t = 1 : 4 1 0 7 s.
As a rul e, quenchi ng pro cesses (pi ck-o˜- anni hi la ti on, or tho -par a -conversi on,

and chemical intera cti ons) lead to an essential decrease (by one order of magni tude
and more [3{ 6]) of §t , the o -Ps l i feti me in m atter, com pared wi th § 0

t .

(315)
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The probabi l i ty of the three- photo n decay of Ps, P 3 Û , is one of the most
im porta nt param eters characteri zi ng Ps in m atter [7{ 11]. Theref ore, i ts preci se
exp erimenta l m easurement is ul ti m ately im porta nt to kno w the structure of m atter
under investigati on.

2. M et h ods of P 3 Û det er m inat io n

The pro babi l i t y of the Ps form ati on in matter, P , is concerned wi th the
pro babi l ity P 3 Û of i ts 3 Û -anni hi lati on thro ugh the kno wn expression [1, 12]:

P 3 Û
¿= 0 : 7 5 P

§t

§ 0
t

+
(1 À P )

3 7 2
: (1)

The basic metho ds of P 3 Û determ inati on are described in [13]. They are
the l i feti m e [14{ 18] and m agneti c quenchi ng [19] metho ds, the angular-correl ati on
m etho d [20], and the three- photo n yi eld m etho d. The latter one is based on using a
tri ple-coinci dence apparatus, or up on the m easurements of the anni hi lati on radia-
ti on energy spectrum whi ch conta ins the 511 keV l ine corresp ondi ng to two -photo n
anni hi lati on and the conti nuous spectrum of Û- rays produced in three- photo n an-
ni hi lati on events [21, 22].

P 3 Û can be obta ined by means of the com parison of experim ental energy
spectra m easured in a sampl e under investi gatio n and in a sam ple in whi ch Ps is
certa inly not form ed (f or exam ple, pure (99.999%) Al ) so tha t the probabi l i ty of
the three- photo n decay does not exceed 1/ 372, the 3 Û-anni hi lati on probabi l i ty of
a free positro n. Thi s is the basis of the one m ore m etho d of the P 3 Û exp erimenta l
determ inati on sim i lar to tha t described in [21, 22]. Thi s metho d was cal led the
\ peak{ peak" metho d and di scussedin deta i l in [23].

The essence of the m etho d is as fol lows. The majori ty of inv estigati ons of
sol ids by positro ns are done wi th 2 2Na positro n sources. The emission of a positro n
by the decayi ng nucl ei 2 2Na is accom pani ed by the emission of the 1.275 MeV nu-
cl ear Û -quantum (100% gam ma-rays per positro n). Let " 1 be the e£ ci ency of the
0.511 MeV anni hi lati on quantum into the to ta l absorpti on peak, i .e. the product
of the physi cal e£ ci ency by the sol id angle from the \ positro n source + sampl e"
system to the detecto r, " 2 be the e£ ciency of the nucl ear quantum into the cor-
respondi ng to ta l absorpti on peak. Then, in vi ew of the fact tha t the three- photo n
anni hi lati on of a free positro n is negl igibly smal l (1 / 372), one has for the standard
Al sam ple

( S 5 1 1 )A l = 2 " 1 Q ; (2)

( S 1 2 7 5 ) A l = " 2 Q ; (3)

where ( S 5 1 1 ) A l and ( S 1 2 7 5 ) A l being the count rates of the anni hi lati on and nucl ear
quanta , respectivel y, Q i s the acti vi ty of a positro n source. The sam e quanti ti es
for a sampl e under inv estigati on are

( S 5 1 1 )P s = 2 " 1 (1 À P 3 Û) Q : (4)
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The 1.275 MeV- l ine intensi ty does remain uncha nged since it does not depend
on the structure of a sampl e being investigated, i .e.

( S 1 2 7 5 ) Ps = " 2 Q : (5)

T o experim ental ly determ ine the v alue of P 3 Û i t is necessary to compare the
two energy spectra (the spectrum in the standard Al sampl e and tha t in a sampl e
being inv estigated) under the natura l assumpti on of the equal i ty of positro ns emi t-
ted in both cases. Thus, the energy spectra must conta in the nucl ear Û -radia ti on
to ta l absorpti on peaks of the sam e area under the assumpti on of due regard for
the background count rate, i .e.

( S 1 2 7 5 ) A l = ( S 1 2 7 5 ) Ps : (6)

Based on thi s fact the spectra are norm al ized so tha t the areas under the
nucl ear radiati on to ta l absorpti on peaks are the sam e. Then the quanti ty experi -
m enta l ly observed is

Â = ( S 5 1 1 ) A l À ( S 5 1 1 ) Ps = 2 " 1 P 3 Û Q ; (7)

whence

P 3 Û =
Â

2 " 1 Q
: (8)

3. Su m m at ion pr ocesses of t h e cascad e Û-r ad iat i on i n P 3 Û

d et er m in at io n

Inco rrect background as wel l as random coinci dencesof quanta from di˜erent
decays are out of the scope of the present paper and, theref ore, wi l l not be con-
sidered. Below, physi cal e˜ects occurri ng when registering the cascade Û -radia ti on
wi l l be discussed for the decays described above.

Let " c
1 and " c

2 be the e£ ciency of the 0.511 MeV anni hi lati on photo n and
1.275 MeV nucl ear photo n scattered by m eans of the Co mpto n scatteri ng, respec-
ti vel y, " t

3 be the tota l e£ ci ency of the photo n originated from the o -Ps decay
(a verage pro babi l i ty tha t a Û-photo n from o -Ps decay wi l l be counted in the ful l
energy spectrum ). Then, for the standard Al sampl e, in vi ew of the f act tha t
the positro n and 1.275 MeV pho ton are emi tted wi thi n the same cascade, addi -
ti onal pro cessesoccur in the detecto r whi ch are resulted from the summati on of
the quanta (ori ginated f rom the same nucl ear decay) com ing into the detecto r
sim ulta neously:

(1) registra ti on of the anni hi lati on quantum and coincident nucl ear quantum
scattered vi a Com pto n scatteri ng each, the count rate of the pro cess is
2" " Q ;

(2) registra ti on of the Com pto n scattered anni hi lati on quanta along wi th the
nucl ear quanta of the tota l absorpti on peak | 2" " 2 Q ;

(3) registra ti on of the anni hi lati on quantum of the to ta l absorpti on peak along
wi th the Com pto n scattered nucl ear quantum | 2 " 1 " Q ;
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(4) registra ti on of the anni hi lati on quantum of the to ta l absorpti on peak and
coincident nucl ear quantum of the to ta l absorpti on peak | 2 " 1 " 2 Q .

Pro cesses (3) and (4) lead to the vari ati on of the intensi ty of the 0.511 MeV
to ta l absorpti on peak, whi le processes(2) and (4) lead to the varia ti on of the inten-
sity of the 1.275 MeV to ta l absorpti on peak. Theref ore, one has for 0.511 Mev- l ine
and 1.275 MeV- l ine

( S 5 1 1 ) Ê

A l = 2 " 1 Q (1 À " t
2 ) ; (9)

( S 1 2 7 5 ) Ê

A l = " 2 Q ( 1 À 2" t
1 ) ; (10)

where " t
2 = " 2 + " c

2 and " = " + " are the tota l e£ ciencies of the 1.275 MeV
nucl ear quantum and 0.511 MeV anni hi lati on quantum , respectivel y.

In the case of the \ Ps-form ing" sampl e under investigati on, o-Ps annihi lates
into three Û-quanta wi th the energy smal ler tha n 0.511 MeV each. These quanta
come into the Com pto n part of the spectrum rather tha n into the to ta l absorpti on
peak. Theref ore, one has the fol lowi ng pro cessessimi lar to tho se described above:

(1) [2" (1 P 3 ) + 3" P 3 ] " Q ,

(2) [2" (1 P 3 ) + 3" P 3 ] " 2 Q ,

(3) 2 " 1 (1 P 3 ) " Q ,

(4) 2 " 1 (1 P 3 ) " 2 Q :

Hence, one has

( S 5 1 1 ) = 2 " 1 Q (1 2 " 2 )(1 P 3 ) ; (11)

( S 1 2 7 5 ) = " 2 Q 1 2 " 1 + P 3 (2 " 1 3 " ) : (12)

Let us now analyze consequences of the requi rem ent of the equal ity of the
areas under the nucl ear Û-quantum to ta l absorpti on peaks, whi ch is com monly used
when comparing spectra . Such a requi rem ent yi elds the fol lowing norm al izati on
coe£ cient to be multi pl ied by the spectrum in the Al standa rd sam ple:

( S 1 2 7 5 )

( S 1 2 7 5 )
=

[1 2" + P 3 (2 " 1 3" )]

( 1 2" )
: (13)

In thi s case, one gets

P 3 =
Â (1 2" )

2 Q " ( 1 " )( 1 3" )
; (14)

whence i t fol lows tha t the actua l 3 Û -anni hi lati on probabi l i ty di ˜ers by the factor of

k =
( 1 2" )

( 1 " )( 1 3" )
(15)

from tha t deÙned by Eq. (8).
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4. R esul t s

The estim ated values of the coe£ cient k are shown in the T able for detecto rs
of som e typ es com m only used. To obta in the estim ates, experim ental data were
used for the Na I(Tl ) (1 5 0 È 1 0 0 mm ) and high e£ ciency Ge detecto r GC8021 of
vo lume 200 cm 3 . For sim pl ici ty, the value of " t

3 was ta ken to be equal to the to ta l
reg istra ti on e£ ci ency of the 0.392 MeV quantum .

T ABLE

Dep endence of the coe£cient k for the N aI (T l) (1 50 È 100 mm)
and high e£ciency Ge detector GC 8021 of the volume 200 cm3 .
" 1 and " 2 are the e£ciency of the 0.511 Me V annihi lation quan-
tum and the 1.275 MeV nuclear quantum into the corresp ond-
ing total absorption p eak; " c

1 and " c
2 are the e£ciency of the

0.511 MeV photon and 1.275 MeV photon scattered by means
of the C ompton scattering, respectively; " | the total registra-
tion e£ciency of the 0.392 MeV quantum; R | distance from
the source and sample to the surf ace of the detector.

NaI(Tl ) 1 5 1 0 cm

R [cm] " 1 " " 2 " " k

3 0.11 0.046 0.07 0.083 0.16 1.56

10 0.037 0.015 0.023 0.028 0.052 1.12

20 0.013 0.005 0.008 0.0095 0.017 1.035

Ge 2 0 0 cm 3

3 0.036 0.072 0.019 0.069 0.103 1.25

10 0.009 0.017 0.005 0.015 0.026 1.05

20 0.0025 0.0065 0.0016 0.006 0.010 1.02

The results of exp erimenta l investi gatio n of the P 3 values in SiO 2 -sampl es
wi th 1 5 0 1 0 0 m m Na I(Tl ) detecto r using the metho d described in [23] are in
agreem ent wi th the data in the Tabl e.

5. Su m m ar y

As i t is seen in the T able, the neglect of the summ ati on processes described
leads to the increase in the actual P 3 i f the distance from the source to the detec-
to r does not exceed 10 cm. It m ust be emphasized tha t the summ ati on pro cesses
are importa nt regardl essof the value of the lower energy thresho ld set when regis-
teri ng spectra (evi dentl y, the m axi mal value of the energy thresho ld canno t exceed
0.5 MeV).

No te tha t the correcti on of experim ental spectra to ta ke the summati on
pro cesses into account is unnecessary i f the sol id angle f rom the sampl e onto the
detecto r does not exceed 2% of 4 ¤ steradian, or the positro n beam is used wi tho ut
the concomi ta nt Û -radiati on.
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