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Quantitative descriptio n of the e˜ect of Û-irradiation of PE and PMMA
on positroniu m formation on the trapp ed electrons at low temp eratures is
suggested. T he considerati on show s that, at least in these substances, the
numb er of the trapping centers is probably enough to locali ze all or t ho -
-p ositroniu m, and theref ore the intensity of the long- li ved positroni um com-
p onent is dependent mostly on the probabil i ty of Ps formation but not on
the numb er of the trapping centers.

PACS numb ers: 78.70.Bj

1. I n t rod uct io n

T hus f ar, th ere is a probl em : has the long-l ived Ps com ponent I 3 som ethi ng
to do wi th the numb er of o -Ps tra ppi ng sites or is thi s numb er so hi gh tha t I 3 i s
dependent only on the fracti on of positro ns Q whi ch form Ps in a system [1{ 5]? The
last al terna ti ve [4, 5] wa s pro posed recentl y and it suggests tha t the o -Ps tra ppi ng
rate ¡ T i s m uch higher tha n the anni hi lati on rate of free o -Ps Ñ f ; ¡ T ƒ Ñ f . It
is l ikely tha t a quanti ta ti ve descripti on of the results [5] on Ps f orm ati on on the
tra pped electrons (thei r concentra ti on was measured using ESR) in Û- i rradi ated
PE and PMM A gives the Ùrst chance to obta in stra ight argum ent in favo r of the
second al terna ti ve. Som e of our data on therm osti mul ated lum inescence (TS L)
glow supp ort the suggested m echanism of Ps form atio n on the tra pp ed electro ns.

(497)



498 V. P. Shantarovich et al.

2 . E x per i m en t a l

W e describe analyti cal ly the exp erim ental results [5] consisting in observa-
ti ons of addi ti onal o-Ps f orm ati on Â I 3 (rel ati ve to I 3 = 3 Q =4 for a non- i rra diated
sam ple) in PMMA and hi gh density PE due to low- tem perature Û- irra di ati on by
the 6 0 Co source (Fi gs. 1, 2). Fi gure 3 demonstra tes TSL glow curves for high den-
sity PE (curve A) and PMMA (curve B) measured in thi s work. Fi gure 4 shows
our TSL results for the two copolym ers of the same chemical com positi on but
wi th di ˜erent therm al hi story . One of them wa s ori ginal copolym er poly (m ethyl
m etha cryl ate- co -m ethacryl ic aci d) wi th m olar f eed com positi on of monomer 70/ 30
(curve 1). The second one was annealed at 140£ C for 0.5 hour (curve 2).

3 . D iscu ssio n

The increase Â I 3 of Ps form ati on in some polym ers because of Û-i rra dia ti on
(ei ther by 2 2 Na source duri ng the experim ent or after the exp osure to Û- rays f rom
6 0 Co source) at low tem peratures was observed recentl y by m any investi gators.
The autho rs of [5] suggested a quali ta ti ve expl anati on, supposing addi ti onal Ps
form ati on on weakl y bound electro ns (tra pped electrons) created by Û- i rradi ati on.
Essenti al progress in thi s study wa s obta ined due to compl ementa ry ESR m easure-
m ents of the tra pped electrons concentra ti on N e. W e propose here a quanti ta tiv e
descripti on of the m odel [5]. The vari ati on Â I 3 i s found from the fol lowing equa-
ti ons describing Ps f orm ati on (rate ¡ for m ) and subsequent Ps tra ppi ng (rate ¡ T )
by the tra ppi ng centers (co ncentra ti on N 3 ) in the free volum e space:

dP +
f =dt = À ( Ñ +

f + ¡ fo rm ) P +
f ; P +

f ( 0 ) = 1 À Q ;

dP P s
f =d t = (3 =4 )¡ fo rm P +

f À ( Ñ Ps
f + ¡ T ) P Ps

f ; P Ps
f ( 0) = 0; (1)

dP Ps
T =d t = ¡ T P Ps

f À Û3 P Ps
T ; P Ps

T ( 0) = 0:

Q is the f racti on of positro ns whi ch form Ps wi tho ut Û -i rra diati on; the rest of the
positro ns (1 À Q ) escape from the spur and can try to form Ps on the tra pp ed
electrons. W e shal l use P +

f as the pro babi li ty to Ùnd free e+ ; Ñ +
f as the free e+

anni hi lati on rate, and Ñ Ps
f as the anni hi lati on rate of free (£pre- localizedê) Ps; we

supp ose tha t Ñ +
f

¿= Ñ Ps
f ² Ñf . Fi na l ly, P Ps

f and P Ps
T are the probabi l i ti es to Ùnd

free and tra pped o -Ps, corresp ondi ngly. Ob vi ousl y, o-Ps l i feti m e in the tra ppi ng
center is shortened com pared to i ts intri nsic l i feti me and equal to §3 = 1 =Û3 . The
intensi ty of thi s com ponent is denoted as I 3 . The soluti on of Eqs. (1) gives an
increase in I 3 ; Â I 3 , because of addi ti onal Ps form ati on on the tra pp ed electro ns

Â I 3 = (3 =4 )(1 À Q ) ¡ fo rm ( Ñf + ¡ fo rm À Û3) ¡ T ( Ñ f + ¡ T À Û3 )

= (3 =4 )(1 À Q ) A B ; (2)

where B = ÛT ( Ñ f + ¡ T À Û3 ) À 1 ; ¡ fo rm = 4 ¤ D +
f R N e = k fo rm N e and

¡ T = 4 ¤ D Ps
f R 3 N 3 : D +

f and D Ps
f are di ˜usi on coe£ cients of f ree e + and Ps, cor-

respondi ngly; R is an e˜ecti ve radius for intera cti on of e + and tra pped electron,
and R 3 describes an e˜ecti ve size of a tra ppi ng center.
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It becom es obvi ous tha t Ùtti ng of Eq. (2) to experim enta l points for PE is
possible onl y wi th k fo rm ( PE ) = ¡ fo rm =N e = 10À 7 cm 3/ s and ¡ T ƒ Ñ f , i .e. B = 1

(Fi g. 1). A descripti on of the PMMA resul ts for the hi ghest N e = 2 È 1017 cm À 3 [5]
is possible by suggesting the two fol lowing al terna ti ves:

(a) ¡ T ƒ Ñ f ; B = 1 , and k fo rm (PMMA ) = ( 1=50) k fo rm ( PE ) = 0:24È 10À 8 cm 3/ s.
The last ra ti o probably m eans tha t D +

f ( PMMA ) = ( 1=50) D +
f (PE ) . The di f-

fusi on coe£ cient for PE is known to beabout 0.1 cm 2 / s, however D +
f ( PMMA )

i s unkno wn.

(b) ¡ T andÑ f are com parable. Fi tti ng to the highest value of Â I 3 gives the prob-
abi l it y of Ps tra ppi ng B = 0 :2 , i f the rate constant of Ps form atio n on the
tra pped electro ns in PE and PMMA are roughly the same: k fo rm ( PMMA ) =

k fo rm ( PE ) = 10À 7 cm 3/ s.

A com pari son of calculated dependences for the two cases m entio ned above is
given in Fi g. 2.

W e have to co nc l u d e tha t f or PMMA, just as for PE, the al terna ti ve (a)
gives a m uch better descripti on of the who le set of points [5] tha n the al terna -
ti ve (b). And thi s is the Ùrst di rect argum ent in f avor of the point of vi ew tha t
in such polym ers as PE and PMMA al l o r t ho -Ps ato m s are probably tra pped be-
fore anni hi la ti on (B = 1 ). It m eans tha t in such cases I 3 i s dependent mostl y on
the pro babi l it y of Ps form ati on in a substa nce Q but not on the numb er of the
tra ppi ng sites N 3 , since the num ber of Ps tra ps is to o high ( ¡ T ƒ Ñ f ). Further
exp eriments of thi s typ e coul d be useful . In the scope of the further study of the
m echani sm of Ps form ati on on the tra pped electro ns we suggest a com pari son of
the observed e˜ect wi th results on TSL glow for the sam esam ples at low tempera-

Fig. 1. A dditional intensity Â I 3 of the longest lif etime comp onent in PE as a function

of the trapp ed electron density [5] . T he dep endence is describ ed (solid line ) by E q. ( 2)

w ith k PE 1 : 2 10 cm =s and B . The dashed line here and in Fig. 2

represents the linear dep endence for comparison.
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Fig. 2. Additional long- lived comp onent intensity in PMMA as a function of the

trapp ed electron density [5] . Solid curves corresp ond to di˜erent sets of parameters in

Eq. (2): k fo r m ( PMMA ) = k form ( PE ) = 1 :2 È 10À 7 cm 3
=s, B = 0: or k PMMA

1= 50 PE 0: 24 10 cm = s, B .

Fig. 3. T SL glow curves for PE (A ) and PMMA (B). A ll curves in this Ùgure and in
Fig. 4 are represented in the same relative units.

ture (Fi gs. 3, 4). Tho ugh irra di ati on dozesnorm al ly used in TSL glow exp eriments
are slightl y higher (5{ 10 kGy) tha n tho se in PAL study [5], i t seems obvi ous tha t
the m echanism s of the two pro cesseshave much in comm on. Actua lly, the elec-
tro ns tra pp ed at low tem perature are responsible for the both e˜ects. Both e˜ects
can be essential ly reduced by bleachi ng. It is obvi ous from Fi g. 3 tha t TSL glow
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Fig. 4. T SL glow curves for origin al (curve 1) and annealed (curve 2) MMA -MA C

(70 /30) copolymers.

of PE is much m ore intensi ve tha n tha t of PMMA for Û- i rradi ati on wi th the same
dozes (j ust as the e˜ect of Ps form atio n on the tra pped electrons). A compari son
of TSL glow (Fi g. 4) for the sampl es havi ng the sam e chemical com positi on but
di ˜erent therm al hi story (see Sec. 2) and Ps yi eld at given temperature and dozes
wo uld be of special interest.
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