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A pulsing system for a slow -p ositron beam was applie d to study the re-
gion near the surf ace of low -density p olyethylene Ùlm using positron- anni hi-
lation lif etime measurement . T he lif etime and intensity of o r t ho - positronium
near the surf ace w ere measured as a function of the inciden t positron en-

ergy (1. 6{9. 1 keV ). T he size of intermolecular spaces in the surf ace region
( ¿ 15 00 nm) was larger than that in the bulk region. T his tendency w as
especiall y strong in the region around 200 nm below the surf ace. On the
other hand, the intensity of or t ho -positronium decreased at low er incident
p ositron energies, w hich w as attributed to a decrease in the density of the
spur electrons and/or an increase in the numb er of reemitted positrons from
the surf ace.

PACS numb ers: 78.70.Bj

1. I n t rod uct io n

I n polym ers, some of t he in jected positro ns form positro ni um (Ps) wi th an
electron. O r t h o -Ps (o -Ps) in whi ch the spi ns of the two parti cles have para l lel
di recti ons, seeks interm olecular spaces and exi sts inside them unti l i t pi cks up
electrons from the wal l of the spaces. There is a semi-empiri cal relati on between
the l if eti me of o -Ps and the size of the spaces[1]. Theref ore, a positro n-anni hi lati on
l i feti m e (PAL) m easurement is useful f or inv estigati ng the polym er characteri stics
from the perspective of interm olecular spaces.
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Positro ns emi tted from 2 2Na have a conti nuous energy distri buti on from 0
to 540 keV. In the conventi onal m easurements, they are di rectl y injected into a
specim en, and thei r mean penetra ti on depth is on the order of 0.1 m m. Thus,
onl y bul k inf orm ati on of the specim en is obta ined f rom the conven ti onal PAL
m easurement. If we want to study a polym er surface or thi n Ùlm s using a PAL
m easurement, we need slow positro ns wi th energies of ¿ keV. In order to use slow
positro ns for a PAL m easurement, a techni que for detecti ng the inj ection ti me of
slow positro ns into the sam pl e is requi red. In our group, a system for pul sing slow
positro ns, whi ch coul d be constructed on a smal l scale using a radioisoto pe (RI),
wa s developed [2].

R ecently, it has been observed tha t the l i feti me and intensi ty of o -Ps near the
surf ace of polym ers are strongly dependent on the positro n inci dent energy [3{ 8]. In
thi s paper, we report our prel iminary PAL data on the surface region of low-density
polyethylene (L D PE) Ùlm using our pul sed slow- positro n beams.

2. E x per i m en t a l

The sam ple used in thi s study was LD PE Ùlm, whi ch was ki ndl y suppl ied
by Mi tsui Chem ical Co. Ltd. The thi ckness of the sam ple was 5 0 ñ m ; it had a
crysta l l ini ty of 21.2%, whi ch was determ ined by X-ray m easurem ents; the density
wa s 0.88 g/ cm 3 . The sam ple was used wi tho ut any pretrea tm ent.

The conven ti onal PAL metho d wa s also used to com pare the bulk wi th the
surf ace state of LD PE Ùlm . In order to annihi late all positro ns wi thi n the thi ck-
ness of the Ùlms, twent y Ùlms were needed. A positro n source, sealed in Ka pto n
foi ls of 7 ñ m thi ckness, was sandwi ched between tw o sets of pi led sheets m ade of
20 LD PE Ùlm s. The deta ils of the conventi onal PAL m etho d ha ve been presented
elsewhere [9].

Fig. 1. Layout of the pulsi ng system for slow positrons.
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The appa ratus of the pul sing system is shown in Fi g. 1. Slow positro ns were
pro duced using 2 2Na (acti vi ty about 740 M Bq) and a tung sten sing le-crysta l m od-
erator (2 ñ m ), and m agneti cal ly guided to a sam ple thro ugh a vacuum tra nsport
l ine. In order to use these positro ns rando mly emi tted f rom the m oderato r for a
PAL m easurement, positro ns were injected into a sam ple periodically by adjusti ng
the ti me of Ûight between the moderato r and the sampl e. Our system com pri sed a
pre-buncher using a ti m e-varyi ng m oderato r bias m etho d [10], a beam chopper [11]
and a m ain buncher using a radi o-frequency (rf ) pul sing m etho d [12]. Since thi s
system could achieve a hi gh pul sing e£ ci ency by using an ideal pul sing bi as for the
pre-buncher, i t could be constructed on a smal l scale by using R I as the positro n
source. The pul sing period of thi s system was 40 ns, whi ch wa s su£ cientl y longer
tha n the l if eti mes of o-Ps in polym ers. The ti me resoluti on, whi ch was deÙned by
a ful l wi dth at half maxi mum (F W HM), and the pul sing e£ ciency were achi eved
to be about 0.6 ns and 50%, respect ively. Al tho ugh thi s ti me resoluti on wa s sti l l
larger tha n tha t of the conventio nal PAL measurement system ( ¿ 0 : 2 5 ns), i t can
be used to m easure the l if eti me of o -Ps in polym ers who se l i feti me is about 2 to
3 ns. Our pul sing and PAL measurement system has been deta i led elsewhere [2].

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

For the PAL spectrum m easured by the conventio nal metho d 2 mi l lion events
were col lected at ro om tem perature. The m easured spectrum was analyzed wi th a
four- l i feti m ecomponent by using PATFIT [13]. The l i feti m es of p ar a -Ps (0.125 ns)
and o -Ps (1.1 ns) in the crysta l line part were Ùxed, because an unconstra ined
analysis wi th a four- l i feti m ecomponent was di£ cul t [14]. As a result, the l i feti m es
and intensi ti es of o -Ps in the crysta l and the am orpho us part were determ ined to
be (1.1 ns, 9.3%) and (2.64 ns, 21.7%), respecti vely.

The PAL spectra by using the pul sed slow- positro n beam system were mea-
sured as a functi on of the inci dent positro n energy (1.6{ 9.1 keV) at ro om tempera-
ture. For each spectrum 1 mi l li on events were collected. Assum ing one com ponent
of the ti me-resoluti on f uncti on, the measured spectra were Ùtted using PATFIT
and the ti m e resoluti on was determ ined to be about 0.6 ns (FW HM). Al l the
l i feti m e spectra were analyzed into two l i feti m e components. The l if eti me of the
Ùrst component was about 1 ns, whi ch was considered to conta in the l i feti m e of
par a -Ps, free positro ns and o -Ps in the crysta l l ine part of LD PE. The l i feti me of
the long- l ived com ponent (2 : 7 ¿ 3 : 1 ns) roughly agreed wi th the l i feti m e of o -Ps
at the am orphous part in LD PE Ùlm .

In Fi g. 2, the l i feti m e and the intensi ty of the long-l ived com ponent are
pl otted versus the mean im planta ti on depth (Z ) of slow positro ns, whi ch can
be calcul ated by Z = ( 4 0 =£ E 1 6 , where Z i s expressed in nm , £ i s the density
in g/ cm 3 , and E i s the inci dent energy in keV [15]. The l i feti mes of o -Ps at al l
depths are slightl y larger tha n the valueobta ined by the conventi onal PAL m etho d.
Because the l if eti me of o-Ps reÛects the size of a space, these resul ts indi cate
tha t the size of spaces in the surface region ( nm ) is larger tha n tha t
in the bul k region. Thi s tendency is especia lly stro ng in the region only 200 nm
below the surface. Other research group has observed sim ilar tendenci es. For other
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Fig. 2. Lif etime and intensity of o-Ps plotted versus the mean implantation depth of
slow positrons. T he solid and open symb ols show the lif etime and intensity of o -Ps,

resp ectively .

LD PE sam ples (the density is 0.9 g/ cm 3 ), Uedono et al. ha ve shown by m eans of
D oppl er-bro adening m easurem ents and PALS using pul sed slow- positro ns tha t the
size of the open spaces in the region between 0 ¿ 3 ñ m is larger tha n in deeper
reg ions [5]. Furtherm ore, f or other polym ers, the sam e results as the above have
been reported [3, 4, 6, 7].

On the other hand, the intensi ty of o -Ps increases wi th increasing mean
im plantatio n depth. Thi s phenom enon has been expl ained as fol lows. Accordi ng
to the spur m odel , Ps is f orm ed thro ugh a reacti on between a therm al ized positro n
and an excesselectro n created in the term inal positro n spur, whi ch is form ed when
the positro n loses the last part of i ts ki neti c energy. It is well kno wn tha t the
term inal positro n spur energy, E 0 , is about 0.5 keV [16]. R ecently, Xi e et al . [8]
Ùtted the intensi ty ( I oÀ P s ) wi th the inci dent energy (E ) by I o À Ps ( E ) = I o À

I oÀ
I o À

exp E =E 0 , where I o À
and I o À

are the
o -Ps intensi ty at E and E , respecti vely. As a result, they obta ined E 0 for
several polym ers: e.g., 0.74 keV for polycarbonate and 1.4 keV for polystyrene. W e
also Ùtted our resul t wi th the above equati on, and E 0 for LD PE was determ ined
to be 1.7 keV. They have expl ained thi s resul t as fol lows. If the inci dent energy of
positro ns is lower tha n these large E 0 values obta ined from the above equati on, the
compl ete term inal positro n spur cannot be form ed and the excess electro ns in the
term inal positro n spur can be reduced. Theref ore, the intensi ty of o -Ps decreased
wi th decreasing positro n inci dent energy.

In the case of a surface study usi ng slow positro ns, we m ust consider two
e˜ects due to the reemi tted Ps and positro n from the surface [4]. Since the Ps
di ˜usi on length in polym ers is very short [17, 18], the Ùrst e˜ect can be neglected.
On the other hand, the second e˜ect cannot be neglected because the di ˜usi on
length of positro n is much longer tha n tha t of Ps. Since the positro n di ˜usi on
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constant (D e + ) in polyethylene is 0.8 cm 2 / s [19], the positro n di ˜usi on length
L e + = ( § D e+ ) 1 = 2 i s estimated to be about 170 nm , where § = 0 : 4 ns is employed
as the l i feti m eof free positro ns. Thi s length is equivalent to the m ean im planta ti on
depth for 2.4 keV.

Thus, i t is suggested tha t the decrease in the o -Ps intensi ty wi th decreasing
m ean im planta tio n depth can be attri buted to the decrease in the density of the
spur electrons and/ or the increase in the numb er of reemi tted positro ns from the
surf ace.
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