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Interaction of energetic heavy ions with polymers 
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Fig. 1 - Stopping power dE/dx of an ion versus 
energy E (from 34 ) - At the low energies, 
corresponding to the shoulder of the curve, the 
ion energy is lost in a collision with the 
atoms of the solid �~� nuclear stopping power. 
At the higher energies corresponding to the 
peak, the loss of energy is in collision with 
electrons=::;;> electronic stopping power. The 
maximum of the electronic stopping P,ower occurs 
when the ion has a velocity v ~z

1
2/3 e2 

h 
comparable to that of a valence electron of the 
solid. z1 is the atomic number of the atom 
target. 
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Table 1: Fundamental process of the latent track 
creation in polymeric materials. (From: E:V. Benton 
(1970) On latent track formation 1n organic nuclear 
charged particle track detectors, Radiation Effects 
I(4), 273-280) 

Table 2 - Ion polymer interaction phenomena obser­
ved as a function of dose for Ar+ ions at 2 MeV/ 
amu (from 36 ). 

-- 2 MEV Ar•/cm2 �~� 

1013 1015 1016 1017 1018 

POLYMER CROSS LINKING/SCISSION; LITHOGRAPHY 

BEAM INDUCED POLYMERIZATION OF MONOMERS 

POLYMER DISSOCIATION; DIFFUSION MEASUREMENT 

OXYGEN PICK UP; LOSS OF INTEGRITY; CHANGE IN OPTICAL PROPERTIES 

CARBON I ZA T ION, I NOR GAN IC COMPOUND SYNTHESIS 

CHANGE IN ELECTRONIC TRANSPORT 
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The advantage of high energy radiation to 
promote reproducible changes has been put 
forth by Charlesby <7>. This technique 
allows one to avoid the use of chemical 
reagents and a complete control of 
temperature, environment and additives, 
the most important aspect being to carry 
out the radiation process usually in the 
solid state, so that the chemical 
modifications can be induced in a fabri­
cated object. According to this author 
the main factors which direct polymer 
modifications towards crosslinking mecha­
nisms are :the dose of irradiation the 
kind of radiation, sparsely ionizing 
(electrons, X-rays, o-rays) or highly 
ionizing (fast protons, o( -particles, 
heavy ions ••. ) the requirement of unsa-
turated or other reactive groupings the 
chemical structure. 

It was also suggested that the alter­
native reaction to cross linking was 
degradation. However, these reactions are 
not necessarily exclusive, and both may 
and do occur in the same polymer. This is 
confirmed by recent results <35>. From 
these general phenomena, it is possible 
to propose a classification of the 
modifications of linear polymers 
accounting for the structural 
organization of the main backbone. It is 
important to outline that it relies on 
experiments realized in vacuo and under 
controlled atmosphere. Air or oxygen 
pressure considerably modifies the 
evolution of the polymers. This aspect 
will be examined in the next section. 

Taking into account a linear polymer 
of general formula (CR 1 R2 - _cR3 R 4 ln­
submitted to electronic excitations, we 
will successively examine, according to 
the nature of the substituents R1, R2 , 
R

3
, R4 , the behavior of these polymers 

under irradiation. It is quite reasonable 
to separate these polymers in four 
classes symmetrical polymers with 
R1=R2=R3 =R4 alternating polymers with 
R1=R2 and R3 =R4 ; polymers with 
R =R =R ;i!R complex polymers with 
R 1 ;i!R2;i!R3;i!R4 

1 2 3 4 . 
simmetrical Q2ll!!!~!:1 These 

polymers correspond to the general 
formula -(CRR-CRR)- with R = H, F •.•• It 
is in particular thQ case of polyethylene 
(PE) and polytetrafluoroethylene (PTFE). 
Recently, Ungar <35> reviewed the effects 
of high energy radiations on polyethylene 
and n-alkanes. The author shows that a 
four step mechanism accounts for the 
modification of this polymer i) 
formation, spatial distribution and decay 
of free radical migration; and ii)forma­
tion of crosslinking and other stable by 
products ; iii) effects of crystallinity, 
crystalline modifications and morphology 
on radiation crosslinking; iv) radiation 
induced changes in the crystal lattice 
and the destruction of crystallinity at 
high irradiation doses. 
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The exposure of PE and n-alkanes to high 
energy radiation results in the following 
chemical changes after the creation of 
free radicals by dehydrogenation 
crosslinking, main-chain unsaturation, 
i.e. transvinylene (-CH=CH-), diene 
(-CH=CH-CH=CH) and polyene groups. Cross 
linking generally occurs mainly by 
recombination of two free radicals 

CH -CH -CH initiation CHz-CH-CHz+H (1) 
2 2 2 

double bond 
CH2-CH-CH 2 creation CH2-CH=CH-+H (2) 

(3) 

Similar results were obtained by the 
authors< 9,16> on PTFE compounds. They 
studied the modifications of this polymer 
under 10 keV electron irradiation_.,. in 
vacuo, by photoelectron spectroscopy. 
They suggest that the first step of the 
modification of PTFE was the progressive 
creation of multiple double bonds evolved 
with increasing dose into bulk cross 
links. These modifications would perhaps 
be on the basis of the explanation of the 
aging process. 
Fig. 2 shows the evolution of the PTFE vs 
dose as observed by photoemission. For 
PTFE the reactional mechanism is similar 
to that of PE, with the substitution of 
protons by fluorine atoms. Desorption of 
fluorine molecules was studied by mass 
spectroscopy. Fig. 3 represents the mass 
spectrum of species desorbed from PTFE 
under irradiation. Previously, PTFE was 
considered as a degradating polymer ; our 
study shows that this polymer is first a 
crosslinking polymer. We never found 
"premises" of degradation effects under 
electronic excitation. 

Alternating e2ll!!!~!:.:?. with R,=R2; 
R

3
=R4 - The most current polymers which 

belong to this second class are built 
with R1~R2=H and with R3=R4 which are 
halogenic atoms polyvinylidene 
fluoride (PVDF), polyvylidene chloride 
(PVC) or groupings like polyisobutylene 
(R =R = CH ) • In a recent work, we 
st~di~d by 1PS the modifications induced 
in PV.f>F samples by energetic heavy ions 
(Kr26 10MeV/amu) and Low energy 
electrons. In both cases the first step 
of modifications is the desorption of 
hydrogen fluoride molecules and the 
creation of allenic compounds <17>. These 
mechanisms are confirmed by the c 1 s line 
evolution (Fig. 4). In the case of Kr 
ions irradiation (Fig. 4b) a Line located 
at rv 285 eV indicates that energetic 
heavy ions induce first in saturations but 
also a beginning of crosslinkings which 
are supposed to be the reevolution of 
allenic compounds when the appropriate 
dose is increased. 



Interaction of energetic heavy ions with polymers 

:;j a 
ro 

277.6 

:::, b 
ro 

291.6 

' 

BE ( eV) 

::::c= c::: 285 

274.3 BE (ev) 

302.6 

299.3 

;c-F 287.8 

::c=c:: 285.1 ' 

274.3 

::; d 
ca :_;c-F 

277.6 

' 
BE ( eV) 

287.9 

' 

BE (ev) 

299.3 

304.6 

Fig. 2 -

a) 

b) 

Evolution under electron bombardment of PTFE sample as a function of the irradiation dose. 
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Fig. 3 - Analysis of gas desorbed from PTFE under irradiation 
a) residual gas analysis b) under electron bombardment 
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