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Thin poly~phenylene sulphide! foils were bombarded with fast atomic ions~4He, 12C, 16O, 32S, 79Br, 127I! in
the energy range between 2.5 to 78 MeV. In order to maintain the same ion track size for all impacting ions,
their initial velocity was kept constant at 1.1 cm/ns. Under these conditions the deposited energy density in a
single ion track changes as a result of the varying stopping power (dE/dx) of the projectiles in the material.
Fourier transform infrared spectroscopy and UV-visible spectroscopy were used to characterize the irradiated
targets. Damage cross sections~s! for different chemical bonds, such as C-S and ring C-C bonds, are extracted
from the IR data. For all analyzed IR bands, the values ofs scale roughly with the square ofdE/dx ~energy
density in a single ion track!. The absorption of the irradiated samples in the visible and UV region increases
as a function of fluence. The rate of increase of absorption at a particular wavelength scales also as (dE/dx)n

with n'2. The observed nonlinear dependence of the damage cross sections on the deposited energy density is
considered in the light of two models: a statistical model based on the fluctuations of the energy deposited by
the primary ions~hit theory! and an activation~thermal spike! model. It is found that the damage cross section
is not determined directly by the initial deposited energy density distribution. The best agreement between
experiment and theory is obtained when transport of the deposited energy occurs.

INTRODUCTION

The interaction of ion beams with polymers and other
organic materials in the keV to MeV range has been exten-
sively investigated in the last two decades.1–3The fundamen-
tal interaction mechanisms between projectiles and target at-
oms are ion-screened nuclei and inelastic ion-electron
collisions which generate atomic displacements and elec-
tronic ionization or excitation. These basic events can lead to
polymer bond breaking, free radicals, excited species, vola-
tiles and a series of emerging complex secondary chemical
processes that gradually and continuously modify the poly-
mer structure and its physical properties.1–3 Although the
specific effects of irradiation on the physical and chemical
structure of these materials will depend strongly on param-
eters such as ion mass, energy, stopping power, flux, and
original chemical structure of the targets, a number of typical
irradiation effects as a function of dose, or energy fluence,
can be identified. At low doses~,1021 eV/cm3! modification
of the polymer molecular weight distribution,4 degree of
crystallinity and thermal properties5–7 are the most pro-
nounced effects. At middle doses the polymer molecular
structure is modified to a large extent due to preferential loss
of heteroatoms and bond rearrangement.3,5–8,10At this stage
infrared and optical absorption properties are strongly modi-
fied. With further irradiation the material continues to evolve

culminating at high doses~.1024 eV/cm3! with the forma-
tion of a carbon rich material generally described as hydro-
genated amorphous carbon.5,8–10

Despite the large body of data on the qualitative effects of
ion-beam irradiation of polymers, the relationships between
induced chemical damage and the energy transfer processes
have scarcely been studied. For MeV ion-solid interactions,
it is well known~from, e.g., biomolecular damage, electronic
sputtering and latent track investigations! that the ion stop-
ping power in the solid does not alone characterize the en-
ergy density deposited in the targets.11–14Part of the energy
deposited by the primary ions is transported far away from
the path of the ion by means of secondary electrons produced
as a result of the primary ionizations. A detailed description
of ion tracks involves the knowledge of double differential
cross sections for the emission angle and energy of the sec-
ondary electrons and electron interaction cross sections for
the target atoms and molecules, which are generally not
known. In the track structure models, the average energy
density is approximated by a continuous and radially sym-
metric distribution of the energy deposited around the ion
path.15–18The radius of the cylinder around the primary ion
trajectory within which energy is transferred~ultratrack ra-
dius,Ru! is determined by the maximum range of thed elec-
trons perpendicular to the track.Ru increases with ion
velocity,15 hence for the samedE/dx the deposited energy
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density in a single ion track is higher at low ion velocities
than at high velocities. Here experiments are performed in
which the velocity is constant, so the track dimensions are
fixed. A number of models have been developed for estimat-
ing the mean deposited energy density«(r ) at a radial dis-
tancer from the center of the track15–18 and these will be
examined here.

The need to consider the ion track structure in order to
understand the damage induced in polymers by ion beams
has been pointed out in the pioneering studies on exposure of
resists19 and electrical properties of ion-beam-irradiated or-
ganic films.8 It was observed that 1 MeV He1 is around 50
times less efficient in producing resistivity drop in NiPC
compared to 1 MeV Ar1, although their (dE/dx)e differ by
only a factor of 4. Based on this finding, the authors sug-
gested that the energy density in the track, and not the total
deposited energy is a measure of the ion’s efficiency in modi-
fying the film. Similar ideas were raised and discussed in
more detail in the study of the exposure of polymer resists to
1.5 MeV H1, He1, and O1 ions19 and in subsequent
studies5,6,20 for other polymeric systems. It should be noted
that a different behavior was found for polystyrene21,22 and
PMDA-ODA ~Ref. 23! bombarded with low velocity~keV!
primary ions. A linear dependence was observed between the
modification effects~e.g., densification,21 ultraviolet-visible
absorption and cross linking,22 bond breaking23! and the total
deposited energy by the incoming ions.

Recently there has been a renewed interest in the under-
standing of the ion track aspects of the damage induced in
polymers from fast ions. This has been partially triggered by
ion track technology~e.g., micropores24 and track grafting25!
and the exciting possibility of synthesis of new complex
molecules~e.g., fullerenes26,27! in a single ion track. Also,
the use of heavy ions in the GeV range has demonstrated the
possibility of nonconventional pathways in chemical modifi-
cation of polymers.14,28 Finally, although the importance of
the deposited energy density on the ion-induced chemical
modification of polymers has been recognized in the litera-
ture, systematic quantitative studies connecting the chemical
damage in polymers and the deposited energy density in the
MeV ion tracks are still lacking. Also, the initial velocity of
the high-energy primary ions has not been kept constant in
previous investigations, and hence the track radial dimen-
sions vary for the different primary ions used as projectiles.

This makes the correlation between damage and the depos-
ited energy density in an ion track less clear and more com-
plicated to treat theoretically.

In this paper we report effects of the deposited energy
density by fast ions~in a single ion track! on the chemical
damage of poly~phenylene sulphide! ~PPS!. PPS foils were
bombarded with six different ions with the same initial ve-
locity and different stopping powers. Fourier transform infra-
red spectroscopy~FTIR! and UV-VIS spectroscopy were
used to characterize the targets after the irradiation. A com-
parison of the chemical damage rates~damage cross sec-
tions! for the different primary ions, as obtained by FTIR and
UV-VIS, and its correlation with the in-track energy deposi-
tion processes, are presented. Two models are considered: a
statistical model based on the fluctuations of the energy de-
posited by the primary ions~hit theory!, and an activation
~thermal spike! model.

EXPERIMENTAL

The polymer under investigation is commercial-grade
poly~phenylene sulphide! ~PPS, Torelina, Toray! built from
1,4 tiophenylene units:@-C6H4-S-#n . Thin foils, 2 mm thick
and with density 1.35 g/cm3, have been bombarded with 0.61
MeV/amu 4He1, 12C21, 16O31, 32S31, 79Br91, and 127I141

ions from the Uppsala 6 MV EN-tandem accelerator. The ion
fluences ranged from 1010 to 331015 cm22, and the beam
current density varied from 35 nA/cm2 for the ion with the
lowest stopping power~He! to less than 100 pA/cm2 in the
case of ions with a largedE/dx. The irradiations were per-
formed in anXY-scanning facility for homogeneous area
coverage29 at a pressure below 1026 torr. The ions were in-
cident normally to the sample surface. Primary-ion velocities
at the exit point from the targets were a minimum of 8% and
a maximum of 17% lower than the entrance velocities@ac-
cording to TRIM ~Ref. 30! simulations of ion transport in
matter#. The stopping power values were calculated using the
TRIM92 code. They were approximately constant through the
whole sample thickness~maximum variation of 9%! for all
primary ions. Details on the beam parameters are given in
Table I. The flux of each primary ion was selected to keep
the mean deposited energy per unit volume and timeP ~the
product of thedE/dx times the flux! at a constant value
around 1020 eV/cm3 s in all irradiations.P values were

TABLE I. Irradiation parameters.v0, ^v trans&, j , andf are the initial and exit velocity of the primary ions,
the irradiation current density and the fluence, respectively.^v trans& were estimated fromTRIM simulations.
The dE/dx values are mean values between the entrance and exitdE/dx. The uncertainties give the total
variation of thedE/dx through the whole film thickness.

Ion
dE/dx
~eV/Å! ^v trans&/v0

j
~nA/cm2!

f
~1012 cm22!

2.46 MeV4He1 1761 0.92 35 100–3000
7.4 MeV 12C21 9062 0.87 4.5 5–60
9.9 MeV 16O31 13162 0.86 4.5–2 0.4–25
19.7 MeV32S31 295614 0.83 2–0.75 0.1–5
48.6 MeV79Br91 562613 0.87 0.4–0.05 0.01–1.2
78.2 MeV127I141 737613 0.90 0.3–0.2 0.05–0.8
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higher for the He beam in order to perform the irradiations in
a realistic time; and lower for the Br and I due to the limi-
tation in the maximum beam current. The effect of the cur-
rent density on the sample modification was investigated for
the case of the 9.9 MeV O bombardments. PPS foils were
bombarded with different beam currents to the same fluence.
In order to cover the range ofP spanned in the different
irradiations, five current densities were employed: 1, 2, 4, 9,
and 18 nA/cm2, corresponding to aP ranging from
0.2631020 to 4.731020 eV/cm3 s.

The completely modified foils have been analyzed by
Fourier transform infrared absorption spectroscopy~FTIR!
and by ultraviolet-visible absorption spectroscopy~UV-VIS!.
FTIR measurements were performed on a BioRad FTS-45
spectrophotometer in the transmission mode, with 64 scans,
and 2 cm21 resolution. The sample holder is evacuated by a
mechanical pump~pressure'1022 torr! and the peripheral
areas purged with dry air. UV-VIS data were collected on a
Lambda 2 Perkin-Elmer UV-VIS spectrometer in a single
scan at a scanning speed of 120 nm/min and 0.5 nm resolu-
tion in a chamber purged with dry air. The FTIR and UV-VIS
measurements were doneex situ. The samples were taken out
from the evacuated chamber immediately before spectrum
collection ~except for the S and Br irradiations, with a two
week time interval!. No peak related to oxygen uptake was
noticeable in the spectra of the irradiated samples. The IR
band absorbances (A) were calculated by the baseline
method, measuring both the centroid height and the total area
of the band obtained from Lorentzian fittings. The sample
thickness after the irradiation was controlled by looking at
the interference patterns in the FTIR and UV-VIS spectra.
The variations in the spacing between maxima was negli-
gible ~less than 5%! even for the highest fluences, which
indicate no significant variation on thickness after the bom-
bardment. We could not check directly the variations in the
index of refraction of the bombarded samples as a function
of fluence. However the usually reported31 variations in the
index of refraction in ion bombarded polymers are within
5%. Based on this analyses, we have not performed thickness
correction to the bombarded films. This may have introduced
a slight underestimation of the absorbance values for the
heavily bombarded samples.

RESULTS AND DISCUSSION

Infrared spectroscopy

The FTIR measurements of the irradiated samples showed
similar results for the different ion bombardments. An over-
all decrease in the intensity of the original IR bands is ob-
served, similar to that measured for keV ion irradiation of
PPS.6 S-S bonds,32 corresponding to the band at 480 cm21

and C-S bonds~554 and 1094 cm21! are the most susceptible
to the ion-beam modification. Ring carbon-carbon and C-H
bonds showed a slower decay as a function of fluence. The
intensities of some of these bands~such as the axial defor-
mation of ring carbon bonds at 1573 cm21, and the C-H
out-of-plane bending, located at 742 cm21! remained con-
stant or showed even a slight increase with fluence. A few
new bands were also observed, but they were too weak for
quantitative analyses. Band assignments were done accord-
ing to the literature.33,34The IR results of selected bands are
summarized in Table II. A discussion of the possible mecha-
nisms of breakdown of the PPS chains has been given in the
literature34–36and is outside the scope of this paper.

By monitoring the changes in the intensity of the IR bands
it is possible to extract information on the relative decrease
of the concentration of the original chemical bonds after ir-
radiation. Peak areas were calculated for nine of the most
prominent bands in the IR spectrum, which are displayed in
Table II. They encompass all sorts of chemical pairs present
in the PPS chain: C-C, C-H, C-S, and S-S bonds. In the
following, only the bands at 480 and 1010 cm21 are dis-
cussed, representing the bands with a fast decrease in absor-
bance~480, 554, and 1094 cm21! and with a slow decrease
in absorbance~aromatic C-C and C-H bands!, respectively.

Figure 1 shows IR spectra in the regions around 480 and
1010 cm21 for various fluences of 2.46 MeV He bombard-
ments. The decrease in intensity of the IR bands as a function
of fluence is exponential. This behavior can be accounted for
by assuming that~i! Bonds of a certain kind are irreversibly
damaged inside an effective cylinder of cross-sectional area
s ~around the primary ion line of incidence! and over a
length t ~the target thickness!. ~ii ! The probability for an ion
to hit a fresh spot is proportional to the undamaged area.
Based on~i! and ~ii ! it is easily shown37 that the fraction of
damaged material,S~s,f!, caused byf incident ions/cm2 is

FIG. 1. Infrared spectra of tar-
gets bombarded with different flu-
ences of 2.46 MeV He ions in the
regions around 480 and 1010
cm21.
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S(s,f)512e2sf, taking into account overlapping damage
areas. An exponential evolution of the absorbance as a func-
tion of fluence~f! thus follows:

An~f!5A0nexp~2sf!, ~1!

whereA0n andAn~f! are the absorbance at a wave numbern
for the pristine and bombarded sample, respectively. Sinces
determines the rate of decrease of the band intensity it may
be interpreted as a damage cross section for the particular
chemical group involved.

Thes values have been extracted by fitting the exponen-
tial in Eq. ~1! to the experimental points, and in Table II the
results obtained for the4He and 127I bombardments are
shown. The other ions give similar trends. It should be noted
that the rate of decrease in the absorbance~or the damage
cross section! obtained using height or area values can differ
up to a factor of 2. This is probably due to changes in the
chemical environment of the bonds which leads to a broad-
ening and even a slight shift of the band. The height mea-
surements are more sensitive to the changes in the chemical
environment yielding a faster decrease in absorbance as com-
pared to the total area values.

The ratioA/A0 ~absorbance at a fluencef/absorbance of
the pristine sample! for the 480 and 1010 cm21 bands are

plotted as function of the energy fluence~the product ofdE/
dx times the fluencef! and for different primary ions in Fig.
2. This quantity gives the average energy deposited per unit
volume of material, averaged over the entire sample. The
results clearly indicate that, for the same deposited mean
energy per volume in the samples, the effect of the interac-
tion is very different for the different ions. For the same
value of (dE/dx)f, the higher the stopping power, the larger
the damage induced in the polymer chemical structure. This
nonlinear behavior is contrary to what has usually been ob-
served for polymers irradiated with keV ions.21–23There the
modification induced by different primary ions collapses into
one curve when plotted against the energy fluence.

In Fig. 3 is shown the damage cross sections as a function
of the primary ionsdE/dx. It is seen that the damage cross
sections obtained scale roughly quadratically withdE/dx
~this also holds if thes are calculated from the peak
heights47!. Similar scalings are obtained for the cross sec-
tions correlated to C-S, C-H, and C-C bands. The solid lines
are power fits to the data points, which gives}(dE/dx)1.9,
for the 480, 554, 1094, and 1392 cm21 bands and
s}(dE/dx)2.0, for the 742, 820, 1010, 1094, and 1473 cm21

bands. In the case of the 742 cm21 band, which shows an
increase in absorbance, an equation similar to Eq.~3! pre-

TABLE II. Infrared spectroscopy results and damage cross sections for samples bombarded with4He and127I ions. The uncertainties
given are just fitting errors.

n ~cm21! Assignmenta
s~10216 cm2!
2.46 MeV He

s~10213 cm2!
78.2 MeV I Comments

480 -S-S-axial deformation 661 660.5 Significant peak broadening
554 Axial deformation of the phenyl

group bound to aS atom
761b 9.260.5b Double peak. Significant peak

broadening
742 Ring out-of-plane angular

deformation of the C-H bond
Slight increase in absorbance

811–826 same as above 2.060.5b 3.360.2b Triple peak, components at 826,
820, and 811 cm21. Each
component has a differents. The
826 cm21 peak which have the
highests, may be associated to
the crystalline zones.

1011 C5C in-plane angular
deformation

4.960.5 7.060.2

1075–1094 C-H in-plane angular 6.860.5b Four overlapping bands at 1119,
deformation~1075 cm21!
C-S axial stretching~1094 cm21!

~12.560.5c! 1108, 1094, and 1075 cm21. The
area of the 1094 cm21 band
makes'67% of the total area of
the group of bands. The height at
1075 cm21 shows little decrease
with increasing fluence.

1392 C-C in-plane angular
deformation

6.060.5 7.760.4

1472 C-C in-plane angular
deformation

5.060.5 7.060.3

1573 Axial deformation of the ring C-
C bonds~also attributed to
conjugated unsaturated groups!

Slight increase inA

aBand assignment was done according to the literature~Refs. 33 and 34!.
bs calculated from the total area of the group of bands.
cs calculated from the height values at 1094 cm21.
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sented in the next section was used to estimates. Our data
indicate that, within the investigateddE/dx range, the bond
disruption cross section depends approximately on the square
of the mean energy density deposited in a single ion track
independent of the chemical nature of the bonds involved.
The result for fast ions is in contrast to the observed effects
for slow ions~in the keV range! for which the cross sections
are linear indE/dx.21–23

UV-VIS spectroscopy

The absorbance of samples irradiated with different127I
fluences are shown in Fig. 4 for various wavelengths. A
strong increase in absorbance in the visible region for the
irradiated samples occurs, similar to what has been observed
in different polymers bombarded with keV and MeV
ions.1,5,8–10,21,38The increase in absorption is attributed to the
formation of conjugated bonds39 ~chromophore groups! by
either fusion of aromatic rings or increase in the conjugation
length of aliphatic bonds as a consequence of the beam-
induced bond breaking and reconstruction. It is not possible
to know, only from the UV-VIS data, the precise nature of
the entities that are causing the absorbance increase. How-
ever, it seems plausible, considering the relative stability of
the 742 and 1573 cm21 bands and the results obtained from
the pyrolysis of PPS,35 that they are composed of different
arrangements of crosslinked, fused rings still retaining some
hydrogen and sulphur atoms. The differenceA(f)2A0
@whereA~f! andA0 are the absorbance at a fluencef and for
the pristine sample, respectively# at l5400 nm is plotted

versus the energy fluence in Fig. 5. For the same total energy
deposited in the sample, very different levels of optical ab-
sorption were induced by the various ions. This implies that
the rate of chromophore formation is not linear indE/dx.

The dependence of the absorbance on fluence can be
modeled in a way similar to that discussed for the IR data:~i!
in each impactN0 chromophores per unit area, that absorbs
at a wavelengthl, are created inside an effective cylinder of
cross-sectional areasop and lengtht. ~ii ! No further forma-
tion of absorbing species occurs due to overlapping impacts.
The total number of chromophores per unit areaNt created
after irradiation to a fluencef is Nt5N0S(sop,f!, where

FIG. 2. Absorbance~normalized to the pristine sample value! as
a function of the energy fluence, (dE/dx)f, for the IR bands at~a!
480 cm21 and~b! 1010 cm21. The results obtained for the He, C, O,
S, Br, and I irradiations are shown.

FIG. 3. Damage cross sections for bond breaking as a function
of the primary ionsdE/dx. The cross sections were extracted from
exponential fits to the curves of absorbance versus fluence@Eq. ~1!#.
The results for the bands at 480, 554, 1010, 1094, 1392, and 1473
cm21 are presented. For the assignment of these bands see Table II.
The solid lines are power fits to the bands at 480 and 1473 cm21.
The absorbances were calculated from the peak areas.

FIG. 4. UV-VIS absorbance of irradiated films as a function of
fluence~for 78.2 MeV 127I projectiles!. The absorbances at wave-
length from 375 to 600 nm are shown. The solid and dashed lines
are fittings of Eq.~4! to the experimental data~see text for details!.

53 2307CHEMICAL DAMAGE IN POLY ~PHENYLENE SULPHIDE! FROM . . .



S~s0p,f! is the fraction of the material modified by an irra-
diation with f ions, each with damage cross-sectional area
sop. SinceS(sop,f)5(12e2sopf),37 Nt becomes

Nt~f!5N0~12e2sopf!. ~2!

From the absorbance given by the Beer-Lambert formula,
Al(f)2A05klct5klNt , and using Eq.~2!, one obtains

Al~f!5klN0@12exp~2sopf!#1A0 , ~3!

wherec is the concentration of the absorbing species,t is the
thickness of the absorbing layer,A0 is the absorbance atl for
the nonirradiated sample,kl is the absorption coefficient in
cm2, andf is the fluence. A nearly linear increase in absor-
bance as a function of fluence at a fixed wavelength is ob-
served for all irradiations~Figs. 4 and 5!. Saturation is only
noticeable for He irradiations and at certain wavelengths.
This means that track overlap is minimum at these fluences40

and can be neglected, so Eq.~3! is approximated as

Al~f!'klPopf1A0 , ~4!

wherePop5N0sop is the average number of chromophores
that absorb atl created per primary ion.

ThePop values are the average probability of forming an
absorbing site and represent the efficiency of the chro-
mophore group formation induced by the ion beam. The rate
of increase in absorbance,klPop, have been extracted for all
the primary ions, and differentl by fitting Eq. ~4! to the
measured values ofAl~f!. The solid and dashed lines in Fig.
4 show these fits for the targets bombarded with127I ions. It
is clearly seen that the values ofklPop decrease with increas-
ing wavelength. One may also compare the extracted values
of klPop at fixed l for the different primary ions. This is
done in Fig. 6 whereklPop obtained from the absorbance
curves at 375 and 500 nm are plotted versusdE/dx. The rate
of absorbance increase at a particular wavelength scales
roughly as (dE/dx)n with n'2. At low dE/dx values the
increase is steeper than quadratic.

The rate of buildup of conjugated structures measured in
the UV-VIS has a somewhat stronger dependence ondE/dx
as compared to the rate of bond disruption measured in the
IR. This implies thatfor a fixed levelof decrease in the IR
bands a higher optical absorption is obtained for higher stop-
ping powers. Table III shows an example of this difference.
In the third column the fluence necessary to induce a 50%
decrease in the area of the 1010 cm21 band,f1/2, is shown

FIG. 5. Plot of A(f)2A0 at 400 nm~A~f! and A0 are the
absorbance at a fluencef and for the pristine sample, respectively!
versus energy fluence, (dE/dx)f, for different projectiles.

FIG. 6. Rate of increase in absorbance,klPop, at l5375 and
500 nm as a function of thedE/dx of the primary ions.klPop are
obtained from the absorbance versus fluence curves using Eq.~4!.
The solid lines are the calculatedklPop values using the activation
model.

TABLE III. Comparison between IR and UV-VIS data.f1/2 is the fluence necessary to induce a 50% decrease in the 1010 cm21 band
area.A~f1/2! is the corresponding film absorbance atf1/2 for l5450 nm.f11/2 is the fluence necessary to induce a 50% increase in the
absorbance atl5550 nm, andD~f11/2! is the corresponding decrease~relative to the pristine sample! in the area of the 1010 cm21 band at
the fluencef11/2.

Ion
dE/dx
~eV/Å!

f1/2
~1010 cm21 band!

A~f1/2!
~l5450 nm!

f11/2
~l5550 nm!

D~f11/2! ~%!
~1010 cm21 band!

2.46 MeV He1 1761 1.431015 0.40 331015 78
7.4 MeV 12C21 9062 531013 0.82 631013 60
9.9 MeV 16O31 13162 1.831013 0.95 1.531013 50
19.7 MeV32S31 2956 14 531012 1.5 1.531012 19
48.6 MeV79Br91 5626 13 1.431012 a 1.5a 3.531011 16
78.2 MeV127I141 7376 13 1012 1.8 2.531011 14

aExtrapolated from a curve fit.
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for each primary ion. In the fourth column the corresponding
absorption of the sample,A~f1/2!, at l5450 nm is given.
There is a clear difference between the absorbance values
between samples irradiated with He and I, at fluences that
induce asimilar amount of degradationin both targets. The
fluence necessary to induce a 50% increase in the absorbance
at 550 nm~f11/2! is given in column five. In the last column
the corresponding decrease in the area of the 1010 cm21

band is displayed. In order to increase the absorbance at 550
nm by 50%, He ions, with adE/dx of 17 eV/Å, need to
damage much more the polymer~78% decrease in the 1010
cm21 band! compared to 78 MeV I ions. The efficiency of
the latter for chromophore creation is much higher, reaching
the same 50% increase at fluences causing much less damage
~only 14% decrease in the 1010 cm21 band!. There is a quali-
tative difference in irradiation by-products produced at high
and low dE/dx. It seems that at low-energy densities the
dominant damage events leads to a slight reorganization of
the original bond arrangement, while at high-energy densities
there is an increased probability for the damage events to be
followed by strong chemical rearrangement and bond recon-
figuration ~as in the formation of carbonized conjugated
structures!. It is important to note, that the spatial domain of
the energy deposition events~and not just the mean depos-
ited energy or energy fluence! can be important for the for-
mation of these highly reorganized structures. Such effects
have been observed in the vinyl formation induced by MeV
electrons and heavy ions in polyethylene14 and in the effi-
ciency of GeV and MeV ions to produce aromatic structures
in PMMA.28

Flux effects

The influence of the ion flux on the degree of damage
induced by irradiation has been demonstrated for various ion
beam-solid interaction effects.8,41,42 High fluxes mean a
higher probability to have a closer temporal interval between
close spaced incident ions tracks. The temporal overlapping
of the defect distributions associated with the ion tracks may
alter the damage pattern which would be produced by im-
pacts in a nonoverlapping regime. For irradiated polymers, it
has been observed that a certain level of modification of the
physical properties or chemical structure can be attained at
lower fluences if a higher flux is employed.8,36,43

When comparing effects induced by different primary
ions, the flux alone does not characterize the rate of defect
input per unit time and volume during the bombardment. It is
the energy deposition rate,P5(dE/dx)3flux ~eV/cm3 s!,
which better quantifies the ionization/excitation events per
unit space and time caused by different beams. In a first
approximation, by keepingP constant the probability of
overlap of defects in individuals tracks is roughly the same
in all irradiations. As discussed in the experimental section, it
was not possible to obtain beams with a fixedP for all pri-
mary ions. The C, O, and S beam fluxes haveP values
around 1020 eV/cm3 s. LowerP values were used for Br and
I ~P'1019 eV/cm3/s! and higher values for the He beam
~P'3.731020 eV/cm3/s!. In order to evaluate the effect ofP
on the damage cross sections, within the range ofP em-
ployed here, a set of samples were irradiated with 9.9 MeV
O31 ions at different fluxes to the same final fluence. The
energy deposited per time and unit volume,P, varies from

0.2631020 for j51 nA/cm2 to 4.731020 eV/cm3/s for j518
nA/cm2, which covers the variations ofP for the whole set
of irradiations.

The IR spectra in the region around 500 cm21 and the
UV-VIS spectra in the region 400–500 nm for samples bom-
barded to a fluence of 631012 ~9.9 MeV O ions! with differ-
ent current densities are shown in Figs. 7 and 8. The varia-
tions in the IR peak areas of the samples irradiated at
different current densities have been within 3–5 %. For com-
parison, the uncertainties in the fluence value were checked
by irradiating four samples to a fluence of 631012 cm22

keeping the flux constant~4 nA/cm2!. The maximum varia-
tion of the peak areas for fixed bands among these samples
were around 5%. The differences in absorbance from targets
bombarded with 1 to 18 nA/cm2 are well within the uncer-
tainties of the experiment~mainly introduced by fluctuations
in the beam current!. The UV-VIS absorption spectroscopy is
more sensitive to variations inP: a 7–15 % difference in
absorbance at fixed wavelengths have been measured be-
tween the samples irradiated with 1 and 18 nA/cm2 ~while
variations of the four samples bombarded at the same fluence
were not higher than 5%!. We conclude that no significant

FIG. 7. IR spectra in the region around 500 cm21 for samples
bombarded to a fluence of 631012 cm22 ~9.9 MeV O ions! with
different fluxes. In the figure the energy deposition rate,P5(dE/
dx)3flux ~eV/cm3 s! is shown.P50.2631020 correspond to a cur-
rent density of 1 nA/cm2 andP54.731020 correspond to a current
density of 18 nA/cm2.

FIG. 8. UV-VIS spectra in the region around 400–500 nm for
samples bombarded to a fluence of 631012 cm22 ~9.9 MeV O ions!
with different fluxes. In the figure the energy deposition rate,
P5(dE/dx)3flux ~eV/cm3 s! is shown.P50.2631020 correspond
to a current density of 1 nA/cm2.

53 2309CHEMICAL DAMAGE IN POLY ~PHENYLENE SULPHIDE! FROM . . .



contribution to the differences in the rate of modification
extracted from the IR and UV-VIS data is introduced by the
differences ofP among the various primary ions. However,
P values around or higher than 1021 eV/cm3 s would intro-
duce a non-negligible increase in thes andklPop ~indicated
by the slightly larger damage observed in samples irradiated
at the highest current density!, and thus, distort thedE/dx
scalings of these quantities.

MODELS

G values

Often G values are used to describe radiation effects,
whereG5alterations per 100 eV of energy deposited. The
use of this concept is based on the assumption that, statisti-
cally, the dose given to a sample is uniform. Whereas this
appears to have some validity for keV ions, this is not the
case for fast incident ions in which a single ion deposits
energy in a distributed region referred to as track, where the
energy deposited per unit volume has a steep radial gradient.
This gradient is such that close to the track the doses are
large but decrease rapidly with increasing distance. Despite
this, some authors still extract aG value, but then note that it
varies with (dE/dx)e . UsingG, then the damage cross sec-
tion is written,s5G(dE/dx)L, whereL is the size of the
sensitive region. ThedE/dx dependence of the cross section,
s, extracted here clearly indicates that the concept of aG
value is not directly applicable to the damage produced by
fast ions.

Hit model

The hit model, originally developed for radiation biology
problems and later applied in electronic sputtering, is based
on the stochastic nature of the energy deposition events. We
shall not consider here the details of the model, which can be
found in the literature.44–46 Taking the average energy den-
sity deposited along the ion track,«(r ), then the average
number of excitation/ionizations events produced per unit
volume is«(r )/Ec , whereEc is some critical energy. If ion-
izations produce the events, thenEc'W, the mean energy
per ionization, a tabulated quantity. The actual events that
occur for an individual ion are Poisson distributed both along
the track and inr . It is reasonable to consider that in order to
alter the target response~e.g., breaking of a certain kind of
chemical bond or formation of a chromophore!, it is not
enough to break one bond but it is also necessary to activate
a neighboring site to prevent recovery. It is assumed here that
more than one point of excitation is required to cause a per-
manent modification in a certain chemical group, i.e., a two
or more events~hits! occurring in a volumeVc are needed.
The discussion below refers to the breaking of the original
polymer bonds, but a similar discussion applies for the case
of reconstruction of bonds~chromophore buildup!.

The probability of two or more events occurring in a vol-
umeVc is

P>25@12~11h!exp~2h!#, ~5!

whereh5Vc«(r )/Ec is the average number of events inVc .
The probability of permanently damaging a bond then can be
written asPD5pdP>2, wherepd is the mean probability of

damage if two or more events occur inVc ~note thatpd could
be different for two, three, etc. events inVc , here we ignore
this!. The damage cross sections is obtained by taking into
account the overall effect of a heavy ion on target molecules
at all distances from the ion’s roughly straight path through
the solid, i.e., by integratingPD over all distancesr ,

s5pdE
0

Ru
@12~11h!e2h#p dr2. ~6!

In the above integral the differences indE/dx between ions
~the straggling! is ignored.

It is seen from Eq.~6! that if h is small everywhere, then

s5pdE
0

Ru
h2p dr2. ~7!

Sinceh } (dE/dx), the damage cross section is quadratic in
dE/dx, as observed. In the other extreme, high (dE/dx),
thenP>2 is one out to some critical radius,r 0, after which it
decays to zero. Therefore, the damage cross section is
s'pdpr 0

2. The dependence of the critical radius ondE/dx is
determined by the dependence of«(r ) @henceh(r )# on r . In
the core-penumbra15 and in the Katz16 approach,«(r ) is ap-
proximated by anr22 dependence@in the core-penumbra
model, «(r ) is first constant out toRi , the Bohr adiabatic
radius#. A variation based on the core-penumbra model as-
sumes ar2~22g! dependence, withg small.17 Waligorski,
Hamm, and Katz18 proposed a semiempirical model in which
the decay is slower for smallr out to a certain radius where
«(r ) is well described by ar22 dependence. Then using
«(r )}(dE/dx)/r 2, one findsr 0

2}(dE/dx). That is, the qua-
dratic dependence gives way to a linear dependence ondE/
dx as the damage saturates inside the ion track.

What is remarkable about the measured results in Fig. 3 is
that the nearly quadratic dependence of the damage cross
section is maintained over three orders of magnitude. A tran-
sition to a linear dependence appears to begin atdE/dx val-
ues for 78.2 MeV I ions, but this transition occurs always at
much lowerdE/dx values in the hit model calculations, dis-
cussed below.

We have tested the Waligorski, Hamm, and Katz and the
core-penumbra energy density distribution@all normalized to
give *e(r )p dr25dE/dx# in Eq. ~6!. These calculations
have one free parameter,ec5Ec/Vc , which we chose by
forcing agreement at the He1 data points and are shown in
Fig. 9 for the case of the 480 cm21 IR band. A data point for
irradiations performed with 380 keV H1 ~^v&'0.8 cm/ns!
~Ref. 47! is added to the curve. No significant differences in
the dependence ofs on dE/dx results from choosing one or
another distribution, even when we adjust the ratio of energy
in the core to that in the penumbra for the ‘‘core-penumbra’’
model. Therefore, within the hit model, the measured dam-
age cross section cannot be explained by a reasonable energy
deposition distribution. To use the hit model considerable
excitation/energy diffusion must occur. Allowing for an ini-
tial narrow distribution with diffusion and trapping, the ra-
dial distribution of excitations decays roughly as
exp(2r /D0), whereD0 is a mean diffusion length. We have
usede(r )5A exp(2r /D0) in Eq. ~6!, @whereA is obtained
requiring*e(r )p dr25dE/dx#. A good agreement with the
experimental cross sections~480 cm21 band! is obtained for
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D054565 Å andec5~260.2!1022 eV/cm3. In Fig. 9, thes
calculated forD0545 Å and ec50.02 eV/cm3 are shown.
The calculations usinge(r )}exp@2(r /D0)

2# give similarec
but biggerD0 values~90610 Å!.

Critical energy density approach

An approximation to the hit model has been used by
Tombrello48 in order to calculate latent track dimensions in
different organic and inorganic compounds. The damage
area, which here corresponds to the damage cross section, is
taken directly from the formula of the deposited energy den-
sity in an ion track, by assuming, as in the hit model, a
certain critical energy densityec for bond breaking. He uses
an approximation to the mean deposited energy density radi-
ally to the ion’s path similar to those discussed in the previ-
ous section:48

e~r !5
g

2pRu
g S dEdxD 1

r 22g , ~8!

whereRu is the ultratrack radius and 0,g,1. Assuming that
a certain mean deposited energy density,«(r ).ec , is neces-
sary to break interatomic bonds, then the area within which
chemicals groups are permanently altered by the incoming
ions is s5pr 0

2 @note that this is similar to Eq.~6! when
dE/dx is large#. Using Eq.~8!,

pr 0
25S g

2pec

dE

dxD
2/~22g! p

Ru
2g/22g , ~9!

where r 0 is a critical effective radius within which inter-
atomic bonds of a certain kind are broken.ec and thusr 0 are
of course different for different chemical groups. Using

g50.27 as in Refs. 48 and 17, one obtainss}(dE/dx)1.16 as
in the case for highdE/dx obtained in the hit model. Other
energy density distributions can be used, but the dependence
of s on dE/dx will not be much different. A correction is
introduced to account for nonuniform tracks:

s5pr 0
2lN, ~10!

whereN is the number of isolated regions of damage per unit
length of track andl is the length of each damage region
~lN→1 for continuous tracks!. Therefore, a quadratic or
higher power dependence ofs on dE/dx appears only as a
result of the discontinuity of the damage tracks@in the hit
model this discontinuity is implicit in Eq.~6! and is directly
calculated#. Accordingly, the ion tracks should not be uni-
form up todE/dx values close to 700 eV/Å where saturation
to a linear dependence starts.

Activation model

Presuming there is a probability per unit time, (dp/dt),
for bond scission, which depends on the local energy density,
then the cross section for damage can also be written as

s5E
0

`E
0

`S dpdt Dp dr2 dt, ~11!

wherer is the radial distance from the cylindrical track. In
the hit model the term in brackets@Eq. ~6!# is *0

`(dp/dt)dt,
a time-integrated probability. If the local energy density is
given as«(r ,t) and damage is an activated process, then
(dp/dt) has the form

dp

dt
5

1

t0
exp~2DE/kT!, ~12!

whereDE is an activation energy and the local ‘‘tempera-
ture’’ is determined fromCvT5«(r ,t), with Cv , the specific
heat, given here per unit volume. We use this realizing that
full thermodynamic equilibrium is unlikely in the transiently
‘‘heated’’ volume, so thatCv may be some fraction of the
equilibrium specific heat. Such ‘‘thermal’’ spike models have
become popular recently for describing track formation by
swift heavy ions,49 a process dominated by bulk defect for-
mation. They have been also used for calculating electronic
sputtering yields which is essentially a surface defect
formation.50 Here the defect produced is a permanent bond
scission or the formation of conjugated double bonds. The
prefactor,t0

21 may also depend onT, but we will assume
here it is an average quantity which is temperature indepen-
dent.

If we presume that energy can diffuse, then«(r ,t) is ob-
tained from

¹~k¹T!5]T/]t. ~13!

Analytic solutions to Eq.~13! have been obtained for a va-
riety of diffusivities,k5k0T

n, ~n.21!. The casen50, con-
stant diffusivity, is often used for convenience, as it will be
here. However, it has an important artifact: even at smallt,
«(r ,t) has values out to very larger . This is not the case for

FIG. 9. Comparison of the experimental~circles! and calculated
values for the damage cross sections obtained from the 480 cm21

IR band. An experimental point for 0.38 MeV H1 taken from Ref.
47 is also shown~square!. The dashed lines are calculations for the
hit model using Waligorskiet al.and Magee and Chatterjee formu-
las for«(r ), and forcing agreement to the He data point~17 eV/Å!.
The solid lines are calculations for the activation model and the
hit-diffusion approach using«(r )}exp~2r /D0!. For details on the
fitting parameters see text.
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solutions for which the energy density dependence of the
diffusivity is described by an exponentn.0. After integra-
tion over time and space in Eq.~11!, the integrated results
have been shown to have similar dependences on (dE/dx)e
for all n, only the constants differ. Therefore we use

e~r ,t !5 f 8S dEdxD
e

1

pr 2
expS 2

r 2

r 2
D , r 254k~ t1t0!

~14!

in Eqs. ~11! and ~12!, where f 8 is the fraction of (dE/dx)e
contributing to the damage andr 2 is the mean square width.
The initial width used to fit the energy deposition distribution
gives t0. Substituting Eqs.~12! and ~14! into Eq. ~11! gives

s5
1

4kt0 F k f8

CvDE
S dEdxD

e

G2@12g~a0!#, ~15!

where

g~a0!5a0
2exp~a0!, a054kt0YF k f8

CvDE
S dEdxD

e

G .
~16!

Accordingly, the damage cross section would have a
threshold region at very lowdE/dx ~largea0! after which it
would become quadratic indE/dx for all higherdE/dx val-
ues for whicha0 is small. Such a dependence can be shown
to result even whent0

21 depends on temperature. To agree
with our data,a0 should be small even fordE/dx values
close to 15 eV/Å. Using the PPS room temperature values
for k andCv ~1.9731023 cm2/s and 1.47 J/cm3 K, respec-
tively! this is only achievable with small initial spike widths.
Assuming that the initial spike width equals the Bohr adia-
batic radius~'3.7 Å! and puttingf 8 close to 1 andDE from
1 to 4 eV;g(a0)→0 for all thedE/dx range covered by this
experiment. The proper sizes ofs are obtained adjusting
(dp/dt)0. A good agreement with the cross sections ex-
tracted from the 480 cm21 band is obtained forDE52.5
60.5 eV andt0

215~1.060.5! 1011 s21. In Fig. 9 is shown a
curve with f 851, DE52.5 eV, andt0

2151011 s21. Note that
the average deposited energy density per 0.38 MeV H1 is
'3.5 bigger than the one for a projectile withv51.1 cm/ns
and the samedE/dx. Thus, thes obtained for the 0.38 MeV
H1 is expected to be larger than the value obtained from the
present fitting~based onv51.1 cm/ns!. At high dE/dx, satu-
ration also occurs. That is, since a bond can only be damaged
once, the right-hand side of Eq.~12! should be multiplied by
~12p! and then solved forp(t). Using this, the integral in
Eq. ~11! must be performed numerically.

The dependence of the rates of increase in UV-VIS ab-
sorption,klPop, on dE/dx are also well described by the
activation model~solid lines in Fig. 6!. For the same initial
spike width~3.7 Å! and f 8~51!, the activation energies ob-
tained are higher than the IR case, and they increase with
increasing absorption wavelength. The best fit for the rate of
increase in absorbance atl5375 and 500 nm isDE56.5
60.5 eV and 7.860.5 eV, respectively. The increase ofDE
with l can be qualitatively understood if one considers that
chromophores which absorb at longer wavelength are those
with higher degree of conjugation. These entities are most
probably formed in a small region close to the track core,

where the polymer chains should be virtually carbonized.
As a large reconstruction of the original PPS molecular
structure is involved in their formation, higher activation
energies are required, which is also reflected in a steeper
dependence ofklPop for low dE/dx values.

CONCLUSIONS

PPS films have been bombarded with different MeV
atomic ions from 2.46 MeV4He to 78.2 MeV127I having the
same velocity. Damage cross sections for the various chemi-
cal bonds present in the PPS chains and the probabilities of
formation of optically absorbing sites have been extracted
from FTIR and UV-VIS spectroscopy data, respectively. The
comparison between the damage rates from the IR and UV-
VIS data, as shown in Table III, indicates that a certain level
of increase in absorption in the visible region is obtained
involving much less overall chemical damage using highdE/
dx primary ions. It seems that a qualitative difference in
irradiation by-products are produced at high and lowdE/dx
values: at low-energy densities the dominant damage events
lead to a slight reorganization of the original bond arrange-
ment, while at high-energy densities there is an increased
probability for the damage events to be followed by strong
chemical rearrangement and bond reconfiguration~as in the
formation of carbonized conjugated structures!.

The damage cross sections~for all investigated chemical
groups! and the rates of chromophore buildup scale roughly
quadratically with the stopping power over a broad range of
dE/dx for a fixed track dimension. This indicates that,
within the dE/dx range investigated, the induced damage
depends nonlinearly on the deposited energy density in the
ion tracks. The striking quadratic dependence over three or-
ders of magnitude can be described by the hit model if dif-
fusion of the deposited energy occurs prior to trapping of the
excitation and damage of the sensitive site. It can also be
explained by a ‘‘quasithermal’’ activated process, which also
assumes that the deposited energy diffuses. Therefore, the
damage cross section measured is not determined directly by
the initial deposited energy distribution for this polymer,
which may have implications in latent track formation pro-
cesses in polymers. In the activated model~4kt0!

1/2 gives an
effective diffusion radius~'30 Å!. In the hit model a radial
transport from 40 to 50 Å is implied by our data. Transport
of the deposited energy through reactive species, which
propagate chemical transformations out of the initial excited
sites, is expected to occur in polymers. However the details
of this process~i.e., what are the carriers or how they diffuse!
cannot be accessed from our experimental data and are a
further step in the understanding of the problem of ion-beam-
induced chemical damage in polymers.
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