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The positron- irrad iation e˜ect on polycarb onate during a positron-
annihi lati on lif etime spectroscopy exp eriment w as investigated using di˜er-
ent intensities of 22 N a p ositron sources and Û -irradiated samples . T he de-
crease in I 3 was larger for a larger intensity of positron sources. In the case
of a w eak source ( ¤ 140 kBq), I 3 did not change w ith the elapsed time
for non- irradia ted samples. H owever, for 1 M Gy irradiated samples, I 3 mea-
sured w ith the weak source increased w ith the elapsed time. T his can b e
attributed to a decrease in the radicals induced in the irradiated samples by
Û -irradiati on. In order to explai n the change in I 3 measured at ro om and
liqui d-ni trogen temp eratures, several e˜ects, such as radicals, cross- linki ng,
structure change, and charging, need to be considered. A lso, it is di £cult to
explain the change in I 3 using only one of these e˜ects.

PACS numb ers: 78.70.Bj

1. I n t rod uct io n

T he posi t ron- i rradi ati on ẽ e ct has been discussed and increases and de-
creases in the positro nium (Ps) form ati on have been reported at low tempera-
ture [1{ 4] and room tem perature [5{ 7], respecti vely. Before observi ng Ps quench-
ing by i rra diati ng polym er sam ples wi th vi sible l ight [8{ 10], the increase at low
tem perature was expl ained by the relaxati on behavi or of polym er structure s. A
quenchi ng exp eriment has dem onstra ted tha t Ps form ati on is accelerated by an
increase in the tra pped electrons, whi ch are induced by the ionizati on of injected
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positro ns, whi ch are tra pped in a shal low potenti al being form ed am ong poly-
m er structure s at low tem perature [8{ 10]. Thi s is a phenom enon simi lar to the
wel l -known \ anti - inhi bi tio n or anti - recombi natio n e˜ect " [11].

The decrease in I 3 at room tem perature has been expl ained by m any ideas,
such as cross-l inks [12], structure change[13], and radicals [14]. A structure change
and the cross-l inks were intro duced to expl ain the decrease in I 3 at low Û- i rradi ati on
dosesof around 10 kGy, since, at a low i rra diati on dose, i t seems to be di £ cul t to
exp ect radicals whi ch a˜ect the change of I 3 .

In thi s studi es, the reducti on of Ps form ati on has been expl ained using sev-
era l e˜ects, menti oned above, and the e˜ect of positi ve charges, whi ch consta ntl y
accum ul ate by injecti ng positro ns in polym ers f rom positro n sources duri ng PAL S
m easurements.

2. Ex p er im ent

The PALS exp eriments were conducted using a conv enti onal fast- fast coinci-
dence system havi ng a ti me resoluti on of 270{ 300 ps at f ul l wi dth at hal f maxi mum
(F W HM). The deta i ls of the apparatus have been presented elsewhere [7].

The polycarbonate (P C) sampl e used in the exp eriment was comm ercial ly
avai lable from Sigm a-Al dri ch Japan K. K. ; the sam ple wa s suppl ied in pellet f orm
and wa s m elted at 320£ C to f orm a pl ate of 1{ 2 m m thi ckness. The pl ate was then
cut into pieces of 10 m m È 210 m m f or PALS experim ents.

Positro n sources were prepa red by depositi ng and dryi ng aqueous 2 2 NaCl on
a 7 ñ m thi ck kapto n Ùlm havi ng an area of 10 m m È 10 m m, whi ch was then
covered wi th the sam e size of Ùlm . In order to inv estigate the dependence on the
positro n source, three ki nds of sources wi th intensi ti es of 3.7 (100), 0.96 (26), and
0.18 (5) MBq (ñ Ci ) were empl oyed.

In order to study the e˜ect of Û -ray i rra dia ti on, the PC sampl eswere sealed in
glass tub es under a vacuum and i rra diated at room temperature at the 6 0 Co Û- ray
i rra diati on faci l it y, Japan Ato m ic Energ y Research Insti tute (JAER I). Af ter keep-
ing the sam ples at room tem perature for m ore tha n one week, they were used for
PALS exp eriments, and the free radi cals induced by the i rra dia ti on were measured
by ESR (JE OL JES-R E3X). Hence, thi s work was concerned wi th long-l i feti me free
radi cals.

The PALS spectra were auto mati cally saved every one or two hours, re-
sul ti ng in 1 to 2 m i l lion events in each spectrum . Al l spectra were resolved into
three components using the PATFIT program [15]; the longest l i feti me com ponent
(i ntensi ty I 3 , l i feti me §3 ) was related to o r t ho -Ps (o -Ps).

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

Polycarbonate has arom ati c ri ngs in the structure , whi ch can absorb the en-
ergy of radi ati on, and the G v alue of scissions is kno wn to be 10 to 50 ti m es smal ler
tha n tho se of polyeth yl ene [16, 17]. Hence, ionized electrons m ay be pro duced less
e£ cientl y tha n polyethylene by radiati on. General ly, a PALS experim ent is con-
ducted by sandwi ching the positro n source between two polym er sam ples, whi ch
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are conti nuously i rradi ated by the probe positro ns, whose energy is distri buted
from 0 to 540 keV and the average energy is about 220 keV. From the i rradi ati on,
the maximum energy deposit wa s estim ated to be about 400 Gy/ h for a 3.7 MBq
source in a small part located wi thi n 20 ñ m from the surface [18]; the accum ulated
dose wi thi n 1 h was su£ ci ent to produce 1 0 1 6

À 1 0 1 7 radicals/ (g Âh). Al so, duri ng
the PALS experim ents, positro n pro bes were constantl y addi ng positi ve charges to
polym er sampl es, resulti ng in the accum ulati on of charge. Thus, radicals and pos-
i ti ve charges were accum ulating wi th the elapsed ti m e of the PALS measurement.

Fi gure 1 shows the norm al ized I 3 versus the elapsed ti m e duri ng PALS ex-
perim ents using three ki nds of intensi ti es of 2 2 Na sources for the non- i rra diated

Fig. 1. N ormalized I 3 versus the elapsed time for the non- irradiate d PC samples dur-

ing PA LS experiments using three kinds of intensities of 22 N a sources: open triangle

0. 18 MBq (5 ñ Ci) ; solid circle 0.96 MBq ( 26 ñ C i); open square 3.7 MBq (100 ñ C i).

Fig. 2. N ormalized I 3 and radicals (solid square) versus the elapsed time for 1 MGy

irradiated PC samples; symb ols are the same as listed in the caption of Fig. 1.
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sam ples. In thi s experim ent the positro n sources were always sandwi ched by two
polym er sampl es, and the ti m e of the x -axi s shows both the elapsed ti me of the
m easurement and the i rra diati on ti m e. It indi cates tha t the decreasing rate of I 3

depends on the intensi ty of the source, and tha t no decrease is observed for the
0.18 MBq source (Fi g. 1 shows up to 100 h). The same m easurements were con-
ducted using 1 MG y irra di ated sam ples at the 6 0 Co Û-ray f acil i ty (JAER I); the
decreasing rate also depends on the intensi ty of the source (Fi g. 2). However, in
the case of a weak source (0.18 MBq), I 3 seems to increase after 150 h of elapsed
ti m e. Fi gure 2 shows the relati ve radi cal intensi ti es versus the elapsed ti m e. Since,
after 150 h, the radi cal intensi ty decreased to 20% of the ini ti al value, the increase
in I 3 af ter 150 h is considered to be attri buted to a decrease in the radi cal density .

Fi gures 3 and 4 show I 3 versus the elapsed ti m e m easured using stro ng
(3.7 MBq) and weak sources (0.18 MBq), respecti vely. I 3 of the non- i rra diated
sampl e was larger tha n tha t of 1 MG y irradi ated sampl es by 3{ 4%. Thi s may

Fig. 3. (a) Lif etimes and intensities versus the elapsed time for the irradia ted and
non- irradi ated PC samples using the strong source of 3.7 MBq during PA LS experiments.

(b) N ormalized intensities and radical s for the data show n in part (a).



Posi tron Ir radi ation E˜e cts on Posi troni um Format i on . . . 519

Fig. 4. Lif etimes and intensities versus the elapsed time for the irradiated and

non- irradi ated PC samples using the weak source of 0. 18 MBq during PA LS experi-

ments.

be attri buted to the radi cals, since, in the 1 MG y irra diated sampl e, radi cals of
3 È 1 0 1 8 / g were observed even after more tha n one week. Al so, §3 of the i rra diated
sam ples was smal ler tha n tha t of the non- i rra diated sampl es.Thi s indi cates tha t a
structure change due to cro ss-l inki ng occurred, and tha t the interm olecular spaces
shrunk. Thus, the decrease in both I 3 and§3 can be attri buted to radicals and
cro ss-linki ng, whi ch are general ly exp ected to be induced in i rra diated sampl es.

In the case of the stro ng source, the decreasing rate of I 3 for the 1 MG y
irra diated sampl es wa s alm ost the sam e for the non- irra di ated sam ples. If the
cause of the decrease was due to radicals, the decreasing rate in the i rra diated
sam ples m ay not be the sam e as tha t of non- i rra diated sampl es, since the num ber
of radicals induced by the source at the beginni ng of the PALS experim ent is
smal ler tha n the numb er of radicals exi sting before the measurement. Hence, the
decrease in I 3 m ay not have been caused by radi cals, and m ay be attri buted to
the accum ulati on of charges. Af ter a 1 hour PALS m easurement, the accum ulati on
wa s estim ated to form an electri c Ùeld larger tha n 30 kV/ cm, whi ch is su£ cient
to a˜ect Ps form ati on [11]. For a weak source, because I 3 does not change for
non- i rradi ated sam ples, the e˜ects of radicals and charges, whi ch are induced by
the positro n source, may be smal l.

At low tem perature, I 3 showed di ˜erent vari ati on from tha t at ro om tem -
perature. For non- i rra diated sampl es, Fi g. 5 shows tha t I 3 began to increase as
soon as the sam ple was cooled down to liqui d ni tro gen temperature. Ho wever, for
the i rra diated sam ples, I 3 decreased at the beginni ng, and then started to increase
after 200{ 220 h. The increase in I 3 of non-i rra dia ted sam ples can be expl ained
by tra pped electrons [8{ 10], whi ch are tra pped in the potenti als created af ter the
freezing of molecular m oti on, and can overcom e the e˜ects of radi cals and charges
in order to form Ps. Since the induced radical num bers and the charging e˜ect
should be sim i lar in the i rra diated and non- i rradi ated sampl es, the decrease in I 3
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at the beginni ng of sampl e i rra diati on m ay be attri buted to a smal ler numb er of
tra pped electro ns. Thi s is due to the capture of ionized electrons by radicals being
induced in the i rra diated sampl es by Û -i rra diati on before a PALS measurement.
Hence, i f radi cals are the m ain e˜ect to Ps form ati on, I 3 cannot increase, and is
also expected to be constant. However, I 3 decreases wi th the elapsed ti m e of the
PALS m easurem ent. In order to expl ain thi s decrease, another e˜ect, such as an
electri c Ùeld created by positi ve charges, must be intro duced. Positi ve charges are
constantl y injected into sampl es from positro n sources; also, thro ugh the capture
of ioni zed electrons by radicals positi ve charges accum ulate faster tha n charg ing
from the sources.

Fig. 5. o -Ps intensities versus elapsed time at the liquid nitrogen temp erature for
non- irrradi ated, 0.5 MGy irradiated , and 2 MGy irradiated PC samples.

The charg ing e˜ect has been considered as one of e˜ects to reduce Ps f or-
m ati on [11, 19]. In our study , the e˜ect can be estimated as fol lows. A positro n
source of 3.7 MBq emits hal f of the source acti vi ti es (1.85 Me+ =s) to wards one
side of the sam ples. Hal f of these positro ns are accum ul ated wi thi n a region cov-
ered by e+ penetra ti on | source diam eter (2 m m ) È depth ( ¤ 3 0 ñ m). Then the
positro n density can be estim ated to be ¤ 3 : 5 È 1 0 1 9 e+ / (h Âm 3 ) from the 3.7 MBq
stro ng source. If these positro ns are distri buted uni form ly, the di stance between
two charges is roughly 30 nm . If injected positro ns locate 15 nm away from one
positi ve charge, an electri c Ùeld of 64 kV/ cm is exp ected from one charge. Thi s
suggests tha t, since the electri c Ùeld may becom e larger tha n 30 kV/ cm, whi ch was
m easured to a˜ect Ps form ati on in nonpolar liqui ds [11], there is a large possibi l i ty
to a˜ect Ps form ati on.

4. Co n cl u si on

In order to expl ain the change of I 3 duri ng a PALS experim ent, a charg ing
e˜ect due to positro ns injected by the positro n sources m ust be considered [11, 19]
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in addi ti on to radicals, cross-l inki ng, and a structure change. We observed tha t
the decreasing rate of I 3 wa s the sam e for i rra diated and non- i rradi ated sampl es
in the PALS measurement using a strong source; also, duri ng the beginni ng of the
PALS measurement at the l iquid tem perature, I 3 decreased (increased) for i rra di -
ated (non- i rra diated) sam pl es. It seems tha t radi cals, cross-l inki ng, and structure
changes cannot expl ain these changes of I 3 .
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