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7. 8 Ion-irradiated Polymer Studied by a Slow Positron Beam 
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Abstract Poly(aryl-ether-ether ketone) (PEEK) films were 
irradiated with lMeV and 2MeV O ions and the positron 
annihilation Doppler broadening was measured as a function of the 
positron energy. The annihilation lines recorded at relatively 
low positron energies were found to become broader with 
increasing the irradiation dose, suggesting that positronium (Ps) 
formation maybe inhibited in the damaged regions. A correlation 
was observed between the Doppler broadening and spin densities 
determined by electron spin resonance (ESR). 

INTRODUCTION 

Ion implantation is a useful technique to modify polarity, 
electron conductivity and other surface properties of organic 
polymers. Irradiation of the implanted ions, however, sometimes 
causes significant radiation damage, resulting in the final 
sample structure and composition much different from those of the 
original material (Itoh and Tanimura, 1994). 

Variable energy positron beams, in combination with the 
Doppler broadening technique, have been successfully applied to 
damage and defect depth profiling of metals and semiconductors 
(Schultz and Lynn, 1988, Vehanen, 1989). The positrons injected 
into these materials strongly interact with the defects, 
resulting in the reduced Doppler broadening of the annihilation 
Y-rays with an energy of 0.511MeV. The usefulness of the 
technique, however, for the study of organic polymers has not 
been explored. Positron annihilation in polymers is known to be 

-265-



JAERI-Conf 95-003 

more complex than the case of metals and semiconductors, because 
some of the positrons may bind an electron to form a hydrogen
like bound state, positronium (Ps) (Nakanishi, Jean, Smith and 
Sandreczki, 1989). In this paper, we report our attempt of using 
the positron beam technique to perform damage depth profiling of 
an ion-irradiated polymer. 

The sample chosen for the present work was poly(aryl-ether-
ether ketone) (PEEK), a radiation resistant polymer with a high 
glass transition temperature of about 420K. Semicrystalline PEEK 
films were irradiated by lMeV and 2MeV oxygen ions (0+) up to a 
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dose of 6x10 ions/cm . The Doppler broadening of the 
annihilation Y_rays was measured with a positron beam system as 
a function of the positron energy. The positron data were 
compared with free radical concentrations determined by electron 
spin resonance (ESR). 

' EXPERIMENTAL 

Our slow positron beam system is shown in Fig. 1. Energetic 
positrons emitted from a l.llGBq sealed Na source (from 
Amersham) are moderated by a polycrystalline tungsten moderator 
with a thickness of 6lim. Slow positrons coming from the other 
surface of the moderator, because of the negative positron work 
function of tungsten (Schultz and Lynn, 1988), are separated from 
high energy positrons by a curved ExB filter (Hutchins, Coleman, 
Stone and West, 1986) and guided to the sample by a uniform 
longitudinal magnetic field of about 0.01T. The sample chamber 
and the beam line are electrically separated, so that the beam 
energy can be varied by simply floating the beam line to a 
desired electrostatic potential. 

Ge deteeter 

CP \ ' sample 

si 
HV 

IS! £S3 

shield 

(S3 csi is 

e+ 

CS3 

ExB fitter 

ion pump 

moderator 

ion pump 

K-
1m 

Fig.l Variable energy positron beam system. 
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Semicrystalline PEEK films with a thickness of 25Hm, which 
were kindly supplied by Sumitomo Chemical Co. Ltd., were 
irradiated with lMeV and 2MeV O ions up to a dose of 
6xlOx ions/cm . The ion current densities were 3-8nA/cm . The 
implantation depths of the oxygen ions with lMeV and 2MeV 
energies were calculated by the TRIM code and found to be 1.7 and 
2.6lim, respectively. The positron annihilation Doppler 
broadening was measured as a function of the positron energy (E) 
up to 35keV. The data were analyzed in terms of the S parameter, 
which is the relative fraction of counts in the central part of 
the 0.511MeV annihilation peak to the total counts contained in 
the whole peak. 

RESULTS AND DISCUSSION 

S-E curves for the ion-irradiated PEEK samples are shown in 
Pig. 2. The upper horizontal axis indicates the average positron 
implantation depth obtained by the formula 

z=(0.04/p)E1-6, 

where z is the depth in Jim, E is the positron energy in keV and 
p is the material density in cm /g (Vehanen, 1989). The S 
parameters obtained at relatively low positron energies become 
lower with increasing the irradiation dose. The region, where 
the reduced S parameters are observed, extends to a deeper depth 
for the samples irradiated with 2MeV ions than those irradiated 
with lMeV ions. This is consistent with the implantation depths 
calculated by the TRIM code, 1.7^m and 2. 6iim for the lMeV and 
2MeV ions, respectively. 

Fig. 2 S-E curves for PEEK, irradiated with oxygen ions. 
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In Fig. 3 are shown the variations of the 3 parameters at 
the positron energy of 2.2keV, corresponding to an average depth 
of O.liim from the surface, versus the ion dose. The S parameters 
for both sets of the samples, irradiated with the lMeV and 2MeV 
ions, exhibit sharp decreases until the dose reaches 
1x10 ions/cm . At higher doses, the S values are nearly 
constant around 0.48, which is close to the value for Kapton with 
no Ps formation. The S parameter is a good measure of the number 
of Ps atoms formed, because the self—annihilation of spin 
antiparallel para-positronium (p-Ps) atoms accompanies a very low 
momentum, giving a sharp annihilation peak with a large S value. 
It has been confirmed that some positrons do form Ps in PEEK 
(Nakanishi, Jean, Smith, Sandreczki, 1989); the fraction of spin-
parallel ort/io-positronium (o—Ps) atoms in our sample was about 
18% (Kobayashi, Haraya, Hattori and Sasuga, 1994). Thus our 
results in Fig. 3 suggest that with increase in the irradiation 
fluence the Ps fraction decreases and at the dose of 
1x10 ions/cm it becomes zero. Some electron accepting species 
formed by the irradiation may scavenge Ps precursors such as 
electrons and/or hot Ps atoms in the terminal positron spur, 
leading to the chemical inhibition of Ps formation. The species 
responsible for the Ps inhibition should be rather stable because 
annealing of an irradiated sample at a nominal temperature of 
490K for 10 hours did not change the S-E curve significantly. 

=5 0.52 
V 

CM 
CNJ 

IS 0.5 
l— 
<D 

<L> 

2 0.48 
<B 

a. 
en 

n.iR 

i ' i > • i • • ' i " ' > • i • 

-
o 

V 
- T 

i 

% . IMeVO* 
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Fig.3 Plots of S parameters a t the 
posi tron energy of 2.2keV 
versus i r r ad ia t ion dose. 

Fig. 4 Plot of S parameters a t 
2.2keV versus spin dens i t i e s 
in the damaged regions. 
Symbols as in Fig. 3 . 

As po lymer i r r a d i a t i o n i s known t o p r o d u c e f r e e r a d i c a l s , we 
d e t e r m i n e d r a d i c a l c o n c e n t r a t i o n s in t h e damaged r e g i o n s of t h e 
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ion-irradiated PEEK samples by ESR. It was assumed that free 
radicals were uniformly distributed from the surface down to the 
penetration depths of the irradiated ions and no radicals were 
produced beyond them. Fig. 4 shows the comparison between the S 
parameters at the positron energy of 2.2keV and the average spin 
densities determined under the assumption described above. 
Obviously, there is a correlation between the two quantities; 
data points for both lMeV and 2MeV irradiation are fairly well 
reproduced by a single line. This result may indicate that both 
free radicals and active species responsible for the Ps 
inhibition are formed as the result of chain scission and their 
concentrations are somewhat correlated to each other. 

CONCLUSION 

Positron annihilation Doppler broadening was measured for O -
irradiated PEEK as a function of the positron energy. The 
observed decrease of the S parameters at relatively low positron 
energies was attributed to the inhibition of Ps formation due to 
active species formed by irradiation. It may be concluded that 
the slow positron Doppler broadening technique is a useful non
destructive means for damage depth-profiling of Ps-forming 
polymers. 
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