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Applying the Inelastic Thermal Spike Model to the
Investigation of Damage Induced by High-Energy Ions in
Polymers

Maximiliano S. da Rocha, João Pedro M. May, Raquel S. Thomaz, Ricardo M. Papaléo,*
and Marcel Toulemonde

This work reports on damage production in polymers by high-energy ions
within the framework of the inelastic thermal spike model (i-TS). The model is
used to describe the effective size of the damaged region around the ion path
(the track size) in amorphous poly(methyl methacrylate) (PMMA) and the
semicrystalline poly(p-phenylene sulphide) (PPS), poly(ethylene terephthalate)
(PET), and poly(vinylidene difluoride) (PVDF). Track size calculations are
compared to experimental data deduced from measurements of crater size,
bond-breaking cross-sections, changes in crystallinity and electron density,
track etching, and electrical depolarization. The use of data obtained from
distinct types of damage provides a broad platform to test the applicability of
the model to polymers. This work shows that the i-TS correctly describes the
dependence of the track size on energy loss obtained from most experimental
probes, when the activation energy of thermal decomposition of the polymers
is used as the criterion of track formation, using an electron–phonon mean
free path of ≈3 nm. As damage is not uniform across the ion track radial
dimension, there are fine variations in the experimental damage radii that can
only be accounted for by using multiple activation processes. Amorphization
radii of the semicrystalline polymers are not directly correlated to melting
induced by the ions.
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1. Introduction

Polymers and other organic compounds are
very sensitive materials to ionizing radi-
ation, degrading easily at relatively small
exposure doses.[1,2] When irradiated with
swift heavy ions, where high levels of local
energy transfer are involved, individual ions
produce nanometer-sized trails of damaged
material known as ion tracks.[3,4] Inside the
material, ion tracks are seen as micrometer-
long quasi-cylindrical structures with a well-
defined track radius usually in the order of
5–10 nm. At the polymer surface, ion tracks
appear in the form of craters which may
be surrounded by ridges.[5,6] Crater volumes
measured by AFM (≈400 nm3 for a 1 GeV
Au in poly(methyl methacrylate) (PMMA))
correspond to a displaced mass of about
105–106 u. Ion tracks may also be selectively
developed by means of chemical etching to
produce nano- and micropores.[3,4] Track-
etched membranes are routinely used in
commercial filters, and as templates to pro-
duce various kinds of nano- and microstruc-
tures. A variety of sophisticated applications

of etched ion tracks has been envisaged.[7,8] The understanding of
ion track formation and how track size depends on the ion energy
loss and on the properties of the target materials are fundamental
issues underlying most of the phenomena induced by swift heavy
ions in organic matter and the applications derived from them.

Experimentally measured track sizes are not unique but probe-
dependent, because different techniques probe different types
of damage or material modification. Transmission electron mi-
croscopy (TEM), the most common method applied to the inves-
tigation of track size in crystalline inorganic materials,[9] gives
the amorphization or phase change radius.[10] Small angle x-
rays scattering (SAXS)[11] is sensitive to electron density changes.
Calorimetric measurements and X-ray diffraction (XRD) probe
crystallinity changes,[12] and vibrational spectroscopy,[13–16] and
ion track etching[17] are sensitive to chemical damage (bond-
breaking). Each technique may give an effective track radius,
which can vary significantly. For polymers, it is usually difficult
to extract track radii directly from TEM observations.[18] Thus,
most of the available experimental data have been deduced from
ion track etching, scanning force microscopy, SAXS, XRD, and
infrared spectroscopy.
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Different models have been proposed to explain ion track for-
mation and predict track-size in materials. This includes the
Coulomb Explosion model,[3] the bond weakening model,[19] the
self-trapped exciton model,[20] and different versions of ther-
mal spike models.[21] Due to the complexity of modeling macro-
molecules and the difficulties of finding appropriate input pa-
rameters for polymeric materials, only a limited number of the-
oretical investigations has been performed so far for this class of
material. One example is the analytical thermal spike (a-TS),[22]

which was applied to describe ion tracks in PET).[23] In this
model, it is assumed that a fraction f of the initial deposited en-
ergy in the electrons is transferred to the lattice, giving rise to a
gaussian temperature increase ΔT(r,t) as a solution of the heat
diffusion equation in the atoms. The initial width of the temper-
ature profile is assumed to be dependent of the ion velocity and
together with f are used as two free parameters. Track size is then
related to the region where ΔT(r,t) surpasses a critical tempera-
ture such as the melting temperature, neglecting the energy nec-
essary to induce the phase change.[22,23]

In the present paper, we analyze ion track production in poly-
mers within the framework of the inelastic thermal spike model
(i-TS).[21,24–26] In this model, the heat diffusion in the electron
and lattice subsystems are coupled and calculated numerically,
assuming that the energy deposited by a swift heavy ion can be
thermalized on the electrons and then transferred to the atoms by
the electron–phonon coupling. Differently from the a-TS model,
the energy necessary to make a phase change, e.g., melting or
vaporization is also considered. Moreover, in the i-TS model the
total electronic energy loss is used in the calculation of the en-
ergy transferred to the lattice, instead of an arbitrary conversion
factor f. In this description, there is only one free parameter: the
electron–phonon mean free path. The i-TS model has been suc-
cessfully applied to describe track size as a function of the elec-
tronic energy loss in different materials, such as metals,[27,28] in-
organic insulators,[24–26,29–31] and semiconductors,[32–34] using the
energy to melt or vaporize as the criteria for track formation.
For polymers, one preliminary investigation was conducted to de-
scribe ion track etching in polyimide.[35]

Here, the i-TS model is used to calculate the track size in a
broad range of ion energies in four polymers: the amorphous
PMMA and the semi-crystalline poly(p-phenylene sulphide)
(PPS), poly(ethylene terephthalate) (PET), and poly(vinylidene di-
fluoride) (PVDF). The calculated track radii are compared to ex-
perimentally measured track sizes deduced from: a) crater di-
ameter induced by individual ion impacts in PMMA,[5,36,37] b)
bond breaking cross-sections derived from infrared absorption
spectroscopy (IRAS) in the case of PET[14,15] and PPS,[13] c) track
radii deduced from etching experiments in PET,[17] and d) depo-
larization measurements[38] and structural changes observed by
XRD[12] and by SAXS[39] in the case of PVDF. The use of data ob-
tained from experimental techniques that probe different types of
damage provides a broad platform to test the applicability of the
inelastic thermal spike model to the investigation of ion tracks in
polymers.

We show that the radius in the thermal spike where enough
energy is given for thermal decomposition of the polymers com-
pares reasonably well to the track size extracted from several ex-
perimental probes in a wide range of energy loss. Only depolar-
ization of 𝛽- PVDF correlates clearly with the size of a molten

zone. This is distinctly different from what is observed for other
inorganic insulators and metals, where the appearance of a melt
phase is the dominant criterion of track formation.

2. Implementation of the Inelastic Thermal Spike
Calculations

2.1. Model Description

The inelastic thermal spike (i-TS) model[24] was developed to de-
termine quantitatively the track radii in the electronic energy loss
regime and was applied for numerous insulators.[25] It describes
how the ion energy, initially deposited on the electrons, diffuses
(within the electron subsystem) before it is transferred to the lat-
tice atoms. In the model, two coupled differential equations gov-
ern the heat diffusion and energy exchange in the electronic and
atomic subsystems:

Ce

(
Te

) 𝜕Te

𝜕t
= 1

r
𝜕

𝜕r

[
rKe

(
Te

) 𝜕Te

𝜕r

]
− g

(
Te − Ta

)
+ A (r [v] , t)

(1)

Ca

(
Ta

) 𝜕Ta

𝜕t
= 1

r
𝜕

𝜕r

[
rKa

(
Ta

) 𝜕Ta

𝜕r

]
+ g

(
Te − Ta

)
(2)

where t is the time; r is the radial distance from the ion path axis;
and Te,a, Ce,a, and Ke,a are the temperature, the specific heat, and
the thermal conductivity of the electronic and atomic subsystems,
respectively. A(r[v],t) is the initial energy distribution on the elec-
trons. The electron–phonon coupling g is the only free parameter.
Equations (1) and (2) are solved numerically, assuming cylindri-
cal geometry, giving Ta(r,t), from which track radii are extracted
based on a given physical criterion. For details of the model de-
scribed elsewhere.[21] Due to the rapid heating of the atoms, the
temperature calculations do not stop at the melting temperature
or vaporization temperature. This was shown experimentally[40]

and described theoretically.[41] Thus, above the melting temper-
ature it is the superheating temperature that is calculated and
reported.

2.2. Initial Distribution of Deposited Energy, Electron–Phonon
Mean Free Path, and Thermodynamic Parameters for the
Electronic Subsystem

The initial energy distribution on the electrons (A(r[v],t)), which
is dependent on the ion velocity (v), is deduced from Monte–
Carlo calculations that compute numerically the development of
the electrons cascades induced by the primary ions.[42] Integra-
tion of A(r[v],t) over time and space is equal to the correspond-
ing electronic energy loss as calculated by SRIM.[43] As an exam-
ple, typical radial energy distributions in PVDF due to secondary
electrons are plotted in Figure 1, in the form of accumulated de-
posited energy as a function of radial distance from the track cen-
ter. From these curves, a radius (Re) in which 66% of initial energy
is deposited on the electrons is defined. Such radius increases
with ion specific energy (dashed line in Figure 1a) and depends
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Figure 1. a) Fraction of energy deposited on the electrons in
poly(vinylidene difluoride) (PVDF) as a function of the radial dis-
tance from the ion axis for various ion velocities (in MeV u−1). The
horizontal dashed line indicates the 66% level. b) Mean absorption radii
Re and Ra in which 66% of electronic energy is deposited in the electrons
(Re) or in the atoms (Ra) as a function of beam energy for three values of
the electron–phonon mean free path 𝜆.

on the type of material,[25] but it is not much different among the
polymers investigated in this work.

The electron–phonon coupling g, the only free parameter in
the model, is linked to the electron–phonon mean free path 𝜆, or
to the electron–phonon mean free time 𝜏 through the relations g
= Ke(Te)/𝜆2 and g = Ce(Te)/𝜏.[24,25] For the high electronic tem-
peratures involved, Ke and Ce can be assumed to be constant with
Ke(Te) = 2 J cm−1 s−1 K−1 and Ce(Te) = 1 J cm−3 K (as for most
insulators[24,25]). The two parameters 𝜆 and 𝜏 define, respectively,
the mean free path length and the mean free time of energy dif-
fusion on the electrons before it is transferred to the lattice. They
are linked via the relation 𝜏 = Ce(Te) 𝜆2/Ke(Te) = 𝜆2/2.

The 𝜆 values have been deduced from a systematic study of
track formation in amorphisable crystalline insulators and fol-
low a monotonic decrease with increasing optical band gap.[24,25]

Based on this trend and using the reported band gaps of 6.2 eV for
crystalline PVDF,[44] ≈4 eV for PMMA[45] and PET,[46] and ≈3 eV
for PPS,[47] 𝜆 should be around 4.5 nm for these polymers. How-

ever, 𝜆 values were also found to decrease in disordered or defec-
tive materials.[21] Hence, as commercial PVDF, PET, and PPS are
semicrystalline (crystallinity at most 50%) and PMMA is amor-
phous, the 𝜆 values for these polymers may be smaller than what
is expected based on the band-gap empirical rule. Consequently,
in the calculations 𝜆 was varied between 2 and 5 nm to encom-
pass such possible variations.

This 𝜆 range can be compared to the electron energy deposi-
tion radius Re (Figure 1b). If 𝜆 >> Re, i.e., for low ion velocities,
the electron–phonon mean free path will define the initial vol-
ume in which the energy is transferred from the electrons to the
lattice. On the other hand, if 𝜆<<Re, i.e., for fast ions, it is Re, that
will govern the effective volume of energy transfer. To be more
quantitative, a cylinder radius Ra can be defined to parametrize
the effective initial volume of excited lattice atoms, which is as-
sumed to be a quadratic combination of 𝜆 and Re (Ra

2 = 𝜆2 +
Re

2).[25] Ra is plotted in Figure 1b for PVDF, using 𝜆 values be-
tween 1.5 and 4.5 nm. It is clear from this figure that when the
beam energy is larger than about 4 MeV u−1, 𝜆 has little effect on
the initial volume in which the energy is transferred to the atoms.
On the other hand, the choice of 𝜆 is of great significance for ions
at low specific energies. greater than 3 MeV u−1.

2.3. Thermodynamic Parameters for the Atomic Subsystem of
the Polymers

We have used experimental data from four polymers: PMMA,
[C5H8O2]n); PPS([C6H4S]n); polyethylene terephthalate (PET,
[C10H8O4]n); and PVDF ([C2H2F2]n). The thermodynamic pa-
rameters needed for the lattice subsystem are specific for
each polymer and were taken from tabulated values from
the literature.[48–57] Tables S1 and S2 (Supporting Information)
present several lattice properties (thermal conductivity, specific
heat, melting temperature, thermal degradation temperature) of
PMMA, PVDF, PPS, and PET extracted from distinct sources.
As usual for polymeric materials, the reported values vary some-
what, depending on the manufacturer. The variability of tabu-
lated data derives mainly from the distinct processing conditions
among different brands, the possible presence of additives or sta-
bilizers, and variations in molecular weight distribution, molec-
ular orientation, and index of crystallinity. Several calculations
were performed varying the input parameters within the ranges
found in the literature to evaluate how much they affect the calcu-
lated track radii. The differences found are typically smaller than
the error in the experimentally measured values. Consequently,
we selected for the i-TS calculations only one set of parameters
(also quoted in Tables S1 and S2, Supporting Information) based
on polymer specifications that were closest to the one employed
in the experiments. The selected data for PVDF were calorimetric
measurements from the work of dos Santos et al.[48] and Botelho
et al.[49] Regarding PMMA, we used the curve of specific heat as a
function of the temperature shown in the thesis of Steinhaus[50]

and a recent work of Korobeinichev et al.[51] about the kinetics
of thermal decomposition of PMMA. For PPS, we used techni-
cal information directly provided by the manufacturer (Toray[52])
and data from pyrolysis kinetics.[53] Regarding PET, calorimetric
measurements from Minakov et al.[54] and thermal degradation
data by Das and Tiwari[55] were employed.
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The curves of specific heat of PVDF, PMMA, PPS, and PET, as
a function of temperature are provided in Figure S1 (Supporting
Information). By integration of the specific heat curves, the en-
ergy at the molten state (Em) is determined to be equal to 564.23
J g−1 or 0.062 eV at−1 for PVDF. A similar procedure was applied
to the other semicrystalline polymers, and the results are given
in Section 3. PMMA samples in the experiments are amorphous
and do not undergo a melting phase transition. Nevertheless,
for the sake of the calculations, the energy per atom needed to
melt PMMA was assumed to correspond to the integration of the
specific heat curve up to the melting temperature of crystalline
PMMA (433 K). In this way, the energy per atom at the melting
temperature of PMMA results in 487.4 J g−1 (or ≈0.034 eV at−1).

Polymers usually degrade before vaporizing, thus we used
thermal degradation temperatures to estimate the energy needed
to put molecules in the gas phase, instead of a vaporization
process. Tabulated thermal degradation temperatures also vary
somehow, depending on the processing conditions (Tables S1
and S2, Supporting Information). For PVDF, the activation en-
ergy used was 100 kJ mol−1,[49] which is equivalent to ≈1562 J
g−1, or ≈0.173 eV at−1. For PMMA the thermal decomposition ac-
tivation energies ranged from 150.5 to 188.8 kJ mol−1,[51] or 0.104
to 0.130 eV at−1. Here, 0.125 eV at−1 was used as the reference.
For PPS and PET, the activation energies used were 170[53] and
355 kJ mol−1,[55] which correspond to 0.185 and 0.167 eV at−1,
respectively.

The thermal conductivity Κa of the investigated polymers has
a weak dependence on the temperature. For the calculations in
this work, we used the mean between the reported maximum
and minimum values of the thermal conductivity (0.00225 W
cm−1 K−1 for PVDF[48]; 0.00194 W cm−1 K−1 for PMMA[50];
0.0029 W cm−1 K−1 for PPS Torelina[56]; and 0.0013 W cm−1 K−1

for Hostaphan PET[57]).

2.4. Calculation of the Energy Distribution and Evolution in the
Lattice

Typical results of the numerical calculations of the two coupled
equations performed for PVDF using 𝜆= 3 nm for an ion with an
electronic energy loss of 12 keV nm−1 and energy of 5 MeV u−1

are presented in Figure 2. In the figure, the electron temperature,
the lattice superheating temperature, and the deposited energy
on the atoms are plotted as a function of time for different ra-
dial distances from the ion path. Figure 2a shows the temporal
evolution of the electronic temperature. The electrons are cooled
down in about 10−12 s, what is expected because for a 𝜆 of 3 nm
the electron–phonon mean free time is 𝜏 = 2 × 10−13 s. As the
cooling of the atomic system is relatively slow due to the very low
lattice thermal conductivity, the calculations were extended up to
2× 10−9 s to allow cooling down of the molten phase. The total en-
ergy needed for melting and to thermally decompose PVDF, and
the corresponding superheating temperatures of melting (Tsm)
and of thermal degradation (Tsd) are marked as horizontal dashed
lines in Figure 2b,c. These parameters are used to derive the radii
where the ions induce melting and thermal decomposition of
the material. As an example, in Figure 2, the maximum radial
extent of the molten zone is about 15 nm. Thermal decomposi-
tion of PVDF appears across a radius of about 5.5 nm around

Figure 2. a) Electronic temperature, b) superheating atomic tempera-
ture, and c) energy deposited on the atoms as a function of time in
poly(vinylidene difluoride) (PVDF) irradiated by 5 MeV u−1 ions with
(dE/dx)e of 12 keV nm−1 and 𝜆 = 3 nm. The results are shown at var-
ious radial distances from the ion path. The horizontal lines in (b) and
(c) show the energy level at Em and Ed (atomic energy for melting and
thermal decomposition, respectively) and the corresponding superheat-
ing temperatures Tsm and Tsd for the appearance of a molten phase and
for the material thermal decomposition.

the track center. The cooling times to reach energy levels in the
lattice around Ed and Em are equal to 3 × 10−10 and 2 × 10−9 s,
respectively.

3. Track Radii and Comparison with Experimental
Data

Experimental data used here give the effective modification radii
as a function of electronic energy loss in the range between 0.5
and 24 keV nm−1. Some of these data were collected using ions
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Figure 3. Radius of the molten zone (Em = 0.062 eV at−1) as a function
of energy loss in poly(vinylidene difluoride) (PVDF) a) for different values
of 𝜆 at a fix velocity of 5 MeV u−1 and b) for various ion velocities and 𝜆 =
3 nm.

covering a broad range of velocities (specific energies lying be-
tween 0.6 to 11.4 MeV u−1). This means that velocity effects
may not be negligible. Thus, initially, calculations have been per-
formed to verify how much the beam specific energy and the
value of the electron–phonon mean free path influence the ex-
tracted track radii. This is presented in Figure 3, using PVDF as
a reference, but trends are similar for the other polymers. In Fig-
ure 3, track radii correspond to the size of the excited region in
the polymer where the deposited energy E on the atoms reached
levels equivalent to the energy of melting (i.e, the maximum ra-
dial distances from the track center where E ≥ Em). For beams
with specific energy of 5 MeV u−1, the variation of the track radii
as a result of changes in 𝜆 from 2 to 5 nm is within ±15% at
4 keV nm−1 and only within ± 5% at 24 keV nm−1. Regarding
the effect of ion velocity (Figure 3b, 𝜆 = 3 nm), when the beam
specific energy increases from 0.5 to 10 MeV u−1 the radius varies
±15% at 4 keV nm−1 and ±10% at 20 keV nm−1. Thus, the vari-
ation of the calculated radii is within the error of the experimen-
tally measured values, which is typically at least ± 15%. Indeed,
in several data sets used here, changes in track size due to ion
velocity are small compared to the error bars. Thus, when the ex-
perimental data were obtained using beams of different specific
energies, the average specific energy of the set was used in the
calculations.

3.1. PMMA

Figure 4 shows data for a series of experiments on cratering
induced by individual ion impacts on amorphous poly(methyl

Figure 4. Radii of melting Rm (dashed lines) and thermal decomposition
Rtd (solid lines) induced in poly(methyl methacrylate) (PMMA) as a func-
tion of energy loss at a fixed specific energy of 3 MeV u−1 derived from i-
TS calculations. Activation energies of thermal decomposition of 0.125 eV
at−1 and of melting of 0.034 eV at−1 were used. Curves for electron–
phonon mean free path 𝜆 varying from 2 to 4.5 nm are shown. Symbols
are experimental data of crater radii induced in PMMA films deposited on
Si wafers under different experimental conditions: (1) 3 MeV u−1 Auq+ on
105 nm-thick films prepared with 159 000 u PMMA,[5] (2) 3 MeV u−1 Auq+

on 10 nm-thick films, Mw = 950 000 u,[5] (3) 11.1 MeV u−1 Au on 13 nm-
thick films, Mw = 370000 u,[36] (4) 4.8 MeV u−1 Pb, 43 nm-thick films, Mw
= 370 000 u[36]; (5) 5.6 MeV u−1 Au on 40 nm-thick films, Mw = 130 000
u.[37]

methacrylate). In one set of measurements, craters were pro-
duced by charge-state selected Au ions at 3 MeV u−1 (Auq+, 30 < q
< 51). This was performed in thick and thin films of PMMA with
different molar masses (from 130 000 up to 950 000 u).[5] They are
an interesting (and rare) set of data where dE/dx is varied keep-
ing ion velocity and atomic number constant. Some additional
cratering experiments obtained with swift heavy ions of differ-
ent velocities (4.8 MeV u−1 Pb; 5.6 MeV u−1 Au, and 11.1 MeV
u−1 Au) but similar dE/dx[36,37] are also included in the figure
for comparison. In all such experiments, crater diameters at the
surface were directly extracted from scanning force microscopy
(SFM) measurements and are converted into a track radius in Fig-
ure 4. The interpretation of this radius is direct. It corresponds
to the maximum lateral size where material erosion occurs and
is closely related to sputtering and thermal decomposition of the
polymer into the gas phase.

In Figure 4, i-TS results from calculations of the track size as a
function of energy loss at a fixed velocity of 3 MeV u−1 are also dis-
played for three values of the electron–phonon mean free path 𝜆

(2, 3, and 4.5 nm). Dashed lines correspond to the maximum radii
of melting Rm (assuming energy at the molten state of 0.034 eV
at−1) and of thermal decomposition Rtd (activation energy of ther-
mal decomposition of 0.125 eV at−1). Very good agreement is ob-
tained between experimental crater size and the calculated ther-
mal decomposition radii. Saturation at high energy losses, how-
ever, appears to be more pronounced in the experiments than
in the model predictions. Considering the data scatter and the
slightly different scaling of track radii versus energy loss seen in
the experiments and calculations, an electron–phonon mean free
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path of 𝜆 = 3 ± 1 nm can be imputed for PMMA. Considering
the band gap energy of ≈4 eV of PMMA and the fact that it is an
amorphous material, a 𝜆 smaller than 4.5 nm would be expected.
Thus, the activation energy for thermal degradation appears to be
an adequate parameter to describe crater size in PMMA, using an
electron–phonon mean free path close to 3 nm.

3.2. PPS

For PPS, track radii extracted from spectroscopy studies of bond
breaking were used[13] to compare to i-TS calculations. Such ex-
periments were performed on Torelina foils irradiated by a series
of ions from 2.46 MeV He to 78.2 MeV I, all with a fixed specific
energy of 0.61 MeV u−1. Bond breaking cross-sections 𝜎b were
derived from exponential fittings of the curves of the intensity of
infrared bands (area of the peaks) as a function of irradiation flu-
ence ϕ : A(ϕ)=A0 exp(−𝜎bϕ). This is the expected law when each
impinging ion destroys a certain chemical bond inside an effec-
tive cylinder of cross-sectional area 𝜎b (around the ion path) and
length equal to the sample thickness, and overlapping damaged
areas produce no further effect.[13] Effective track radii can then
be extracted assuming cylindrical geometry and Rb = (𝜎b/𝜋)1/2.
Several bonds were followed, including C–S, S–S, C–C, and C–H.
When distinct IR bands overlap, the individual peak areas are ob-
tained from deconvolution procedures, using the software of the
equipment.

In Figure 5, the bond breaking radii obtained from six vibra-
tional bands is plotted as a function of energy loss, together with
calculations from the i-TS model using different values of 𝜆 (2, 3,
and 4.5 nm). For the calculations, the specific energy was set at
0.61 MeV u−1, and the thermodynamic parameters to obtain the
melting and thermal decomposition radii were Em = 0.040 eV
at−1 and Etd = 0.185 eV at−1 (see Tables S1 and S2, Supporting
Information). Again, as in the case of cratering in PMMA, using
thermal decomposition as the physical criterion of track forma-
tion provides a very good match between experimental and cal-
culated track sizes.

We note however, that the use of a single activation energy can-
not describe the systematic variations in the bond breaking cross-
sections with the type of chemical bond seen in the experiments.
It is well-known in irradiated organic materials that the weakest
bonds in the chain show the largest cross-sections,[2,13,16,17,19] as
it is seen in Figure 5. The most sensitive S−S and C−S bonds as-
signed to the bands at 480 and 554 cm−1, respectively, have larger
damage cross-sections, as compared to C–C bonds (bands at, e.g.,
1392 or 1473 cm−1). Because C–C bond breaking cross-section
is a marker of the size of the region around the ion path where
strong chemical modification or carbonization of the polymer oc-
curs, track radii derived from them shall be closely related to ther-
mal decomposition. Based on that, we use the C–C cross-section
data and the thermal decomposition activation energy of PPS to
estimate 𝜆 for this polymer, resulting in a value of (3.2 ± 0.3) nm.
The fact that C–S and S–S have larger effective radii is associated
to the smaller activation energies for breaking such bonds. This
is explored in Figure 5b where the curves of damage radii as a
function of dE/dx are replotted using a single 𝜆 = 3.2 nm and
activation energies of 0.135 eV at−1 for S–S bonds and 0.185 eV
at−1 (i.e., Etd) for the C–C bonds.

Figure 5. a) Radii of melting Rm (dashed lines) and thermal decompo-
sition Rtd (solid lines) induced in poly(p-phenylene sulphide) (PPS) as
a function of energy loss at a fixed specific energy of 0.61 MeV u−1 de-
rived from i-TS calculations. Activation energies of thermal decomposi-
tion of 0.185 eV at−1 and of melting of 0.040 eV at−1 were used. Curves
for electron–phonon mean free path 𝜆 varying from 2 to 4.5 nm are
shown. Symbols are experimental data of effective bond-breaking radii
induced in PPS foils for different bonds: S−S (480 cm−1); phenyl ring-S
(554 cm−1); C=C (1010 cm−1); C−S (1094 cm−1); C−C (1392 cm−1); C−C
(1473 cm−1)[13]. b) Zoomed view showing the data for the bands at 480
and 1473 cm−1 and the calculated Rtd. For the C−C band the activation
energy of thermal decomposition is used to derive the optimum electron
phonon mean free path which is 𝜆 = 3.2 ± 0.3 nm. Using this 𝜆, an acti-
vation energy of 0.135 eV at−1 is extracted for S−S bonds.

As the data of PPS were taken at constant ion velocity and
at relatively low dE/dx they allow a more precise analysis at the
threshold region. Melting and thermal decomposition radii from
i-TS always show a threshold dE/dx, while for the experimen-
tal radii derived from damage cross-sections no clear threshold
is seen. This suggests that at very low energy loss, when the den-
sity of ionization is small, damage cannot be ascribed to pyrolysis
along a continuous track, but mostly to single electronic excita-
tions. Thermal spikes are supposed to emerge under conditions
of dense electronic excitation, usually seen only in the wake of
swift heavy ions. Thus, it is not surprising that the low dE/dx
points in the PPS cross-section data deduced from irradiations
with, e.g., He ions do not follow the threshold regime of i-TS.

3.3. PET

Four sets of track size measurements in PET have been used for
comparison with the i-TS calculations. Each one was acquired

Macromol. Chem. Phys. 2023, 224, 2200339 © 2022 Wiley-VCH GmbH2200339 (6 of 11)
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using a different technique (IRAS, SAXS, XRD, and chemical
etching) and are discussed separately.

Damage cross-sections derived from infrared absorption spec-
troscopy data were extracted from the work of Zhu et al.[14,15] They
have irradiated commercial 15 μm-thick PET foils (crystallinity
around 42%) with high energy heavy ions (from 11.4 up to 35
MeV u−1) with several fluences and also used the Poisson law to
obtain the damage cross-sections as in the case of PPS discussed
above. They in addition used foil stacking to degrade ion energy
and irradiate samples in a broader range of energy loss. In Fig-
ure 6a, effective damage radii for bond breaking Rb = (𝜎b/𝜋)1/2

are plotted as a function of energy loss for the bands at 973, 1506,
and 3299 cm−1 together with the track radii calculated using the
i-TS model. For the i-TS calculations, a specific energy of 5 MeV
u−1 was used with 𝜆 values between 2 and 4.5 nm. The radii of
melting (with Em = 0.064 eV at−1) are shown as dashed lines and
the thermal decomposition radii (with an activation energy of Etd
= 0.167 eV at−1), as solid lines.

The band at 3299 cm−1 is not related to destruction, but to pro-
duction of alkyne end groups (–C≡C–H). The production of car-
bon triple bonds requires a huge reorganization of the bonds and
large ionization densities in the track. The band shown at 973
cm−1 is assigned to the ethylene glycol residue of PET and is sen-
sitive to conformational order (and thus crystallinity). Radii ex-
tracted for these bands follow closely the curve of Rtd for 𝜆 around
3 nm. Similarly, to the case of PPS, 𝜆 around 3 nm and thermal
decomposition are adequate choices to reproduce experimental
ion track sizes derived from vibrational spectroscopy. However,
as the uncertainties in both the experimental cross-sections and
in the ion energy (or energy loss) are relatively large, the PET data
are not very suitable for a fine selection of the electron phonon
mean free path or for extraction of bond breaking activation en-
ergies.

The cross-sections of the band at 1506 cm−1 (attributed to the
phenyl ring) are significantly smaller than the other IR bands.
It is striking that two bands clearly associated to the carboniza-
tion of the chains (1506 and 3299 cm−1) have such distinct behav-
ior. It is unclear whether such discrepancies result from uncer-
tainties of peak area determination in the IR spectra (a common
drawback in IRAS analysis of weak and overlapping bands) or re-
flect an actual difference in sensitivity of the bonds. In addition,
radii extracted from SAXS measurements of PET-Hostaphan ir-
radiated by 11.4 MeV u−1 ions[39] (also shown in Figure 6a) are
comparable to those of the 1506 cm−1 band and also systemati-
cally smaller than thermal decomposition radii calculated from
the i-TS model. Radii derived from SAXS reflect the decrease in
density along the track, which for polymers is associated to py-
rolysis and the emission of volatiles. By fitting the SAXS radii,
an activation energy of ≈0.3 ± 0.5 eV at−1 is extracted, which is
much larger than the activation energy of thermal decomposition
of PET (0.167 eV at−1) reported in the literature.

Next, we compare the calculations with data on track size de-
rived from chemical etching experiments obtained from com-
mercial PET foils (Hostaphan and a Russian brand, crystallinity
≈40%). In this case, very low fluences were employed, using
beams of different ion velocities and in an energy loss range be-
tween 3 and 24 keV nm−1 at. The authors defined the track size as
the point where the etching rate is a minimum. The minimum
of the etch rate occurs when the etchant encounters a highly

Figure 6. Comparison between track radii measured in poly(ethylene
terephthalate) (PET) (symbols) and radii of melting Rm (dashed lines) and
thermal decomposition Rtd (solid lines) as a function of energy loss. In the
i-TS calculations, activation energies of thermal decomposition of 0.167 eV
at−1 and of melting of 0.064 eV at−1 were used, varying 𝜆 from 2 to 4.5 nm.
a) A specific energy of 5 MeV u−1 was used in the calculations to compare
to track size derived from bond breaking cross-sections induced by beams
of various specific energies[14,15] (most of the data between 2 and 8 MeV
u−1). Small angle X-rays scattering (SAXS) data at 11.4 MeV u−1[39] were
also included. b) A specific energy of 2 MeV u−1 was used in the calcula-
tions to compare to experimental data of track size derived from chemical
etching in a broad range of ion velocities (black symbols indicate ions with
0.3 to 2.5 MeV u−1; red symbols, 5 to 11.6 MeV u−1).[17,58] Open and filled
symbols indicate the use of the etchants 1 m K2CO3 and 0.1 N NaOH, re-
spectively. c) A specific energy of 5 MeV u−1 was used in the calculations
to compare to amorphization radii extracted from X-ray diffraction (XRD)
data in a broad range of ion velocities.[15] The numbers indicate the ion
velocity from high to low, 1 being the highest value.

cross-linked region around the track core[17,58]. The radii obtained
through this procedure are shown in Figure 6b. Here, in order to
assist in the analysis, the data were grouped in two classes: high
velocity (5–11.6 MeV u−1) and low velocity (below 2.5 MeV u−1)
ions. Other beam energies were also obtained from foil stacking.

Macromol. Chem. Phys. 2023, 224, 2200339 © 2022 Wiley-VCH GmbH2200339 (7 of 11)
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These data are compared to track radii of melting and thermal
decomposition calculated from the i-TS model with similar pa-
rameters as in Figure 6a. The beam specific energy was set at 2
MeV u−1 to represent the experimental condition of the low veloc-
ity ions. One can see that, for this set of results, velocity effects are
negligible as the high velocity points (red symbols in Figure 6a)
are comparable to those obtained at low velocities. Scattering in
the data is relatively large (in part associated with distinct etch-
ing conditions). Nevertheless, the criterion of thermal decompo-
sition is the one that produced the best agreement with the exper-
imental points in all the dE/dx range, although in several cases
track radii derived from i-TS are systematically smaller. Moreover,
effective radii derived from etching follow nearly the track ra-
dius deduced from FTIR spectroscopy for the 973 and 3299 cm−1

bonds.
Finally, in Figure 6c, effective amorphization radii derived

from XRD measurements of 15 μm-thick commercial PET foils
are presented. Amorphization cross-sections were extracted from
the decay of the (100) peak area of the PET diffractogram.[15] Data
are again compared to the i-TS results, using the same param-
eters as above. It is interesting to note that the amorphization
radii in PET have a different (steeper) dE/dx dependence than
bond breaking cross-sections or radii derived from etching ex-
periments. At low dE/dx, amorphization and bond-breaking (de-
struction of the transconfiguration of the ethylene glycol residue
at 973 cm−1) have comparable cross-sections, i.e., amorphiza-
tion appears to be closely connected to the change in trans to
gauche conformation in the PET chains. However, at high dE/dx
amorphization radii are much larger than bond-breaking and ap-
proach the melt radii Rm derived from i-TS. It is intriguing that in
the low dE/dx regime infrared and XRD signals obtained by Zhu
and collaborators[15] decay at a similar rate. In a previous work on
PET foils (Mylar) bombarded by low energy ions, amorphization
radii deduced from XRD were clearly larger than bond-breaking
radii.[59]

3.4. PVDF

Three sets of track size measurements in PVDF have been used
for comparison with the i-TS calculations. One set encompasses
the data from Hillenbrand et al., where effective ion track radii
were deduced from ion beam depolarization of poled 𝛽-PVDF.[38]

The others are XRD[12] and SAXS[39] investigations of irradiated
𝛼-PVDF. In those studies, the polymer was irradiated with ion
beams with energies between 2 and 11.6 MeV u−1. To compare
with the experimental data, calculations were performed at a
beam specific energy of 8 MeV u−1. Figure 7 displays the cal-
culated track radii Rm where a molten phase is reached (Em =
0.062 eV at−1) and Rtd where thermal decomposition occurs (Ed
= 0.173 eV at−1) together with the experimental results. As can
be seen in Figure 7, the velocity effect is also small in this exper-
imental data set.

Radii obtained from SAXS data follow closely the curve of ther-
mal decomposition radii obtained from the i-TS, supporting the
connection between the decrease in density in the ion track in a
polymer and track pyrolysis. On the other hand, track radii de-
rived from depolarization measurements are close to the radius

Figure 7. Radii of melting Rm (dashed lines) and thermal decomposition
Rtd (solid lines) induced in poly(vinylidene difluoride) (PVDF) as a func-
tion of energy loss at a fixed specific energy of 8 MeV u−1 derived from i-
TS calculations. Activation energies of thermal decomposition of 0.173 eV
at−1 and of melting of 0.062 eV at−1 were used. Curves for electron–
phonon mean free path 𝜆 varying from 2 to 4.5 nm are shown. Closed
symbols are experimental data of track radii extracted from depolarization
of ion bombarded PVDF.[38] Open circles are track radii as deduced from
small angle X-rays scattering (SAXS)[39] and open squares, deduced from
X-ray diffraction (XRD).[12]

of the molten phase in the i-TS calculations. As the residual po-
larization of PVDF is associated to the aligned chains in the crys-
talline regions, the depolarization of irradiated PVDF has been
initially attributed to the loss of crystallinity.[38] However, the ac-
tual scenario is more complex because the amorphization radii
derived from XRD, are significantly smaller than those from de-
polarization. That is, while depolarization is very sensitive to ra-
diation damage and appears to be correlated to the appearance
of a melt phase, there is no simple correlation between loss of
crystallinity and ion induced melting.

The fact that depolarization and amorphization radii are dif-
ferent in PVDF suggests that the initial molten region in the
tracks may partially recrystallize during cooling (reducing the ap-
parent radius of amorphization from XRD), but this recrystalliza-
tion cannot recover ferroelectricity. Indeed, the 𝛽-phase of PVDF
does not recrystallize from the melt,[60] thus even if the poled
PVDF chains partially recrystallize after the ion impact, neither
the 𝛽-phase nor the preferential orientation of the dipoles respon-
sible for ferroelectric behavior are recovered. The fact that radii
of amorphization lie actually very close to the Rtd curve suggests,
in addition, the importance of bond-breaking in the loss of crys-
tallinity induced by ion bombardment in PVDF.

Taken together the results on amorphization radii from PVDF
and PET reveal the complexity of swift heavy ion induced amor-
phization in polymers, which may involve not only a physical
phase change of molecular organization, but also chemical de-
fects derived from radiolysis, such as chain scission and cross-
linking. Swift heavy-ion-induced amorphization in polymers and
its dependence on energy loss is a topic that deserves additional
investigation, as experimental evidence is not only limited but
also controversial.

Macromol. Chem. Phys. 2023, 224, 2200339 © 2022 Wiley-VCH GmbH2200339 (8 of 11)
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4. Final Remarks

Track size calculations in polymers based on the inelastic ther-
mal spike model were compared to experimental data deduced
from a variety of experimental techniques, in a broad range of
ion velocities and energy loss, where the electronic stopping is
dominant. The i-TS matches reasonably well the overall evolu-
tion of track size as a function of electronic energy loss obtained
from most experimental probes. For all polymers investigated, an
electron–phonon mean free-path close to 𝜆 = 3 nm produces the
best agreement between experiments and calculations. A more
precise value of 𝜆 = 3.2 ± 0.3 nm was deduced based on dam-
age cross-section data acquired at constant ion velocity in PPS.
This 𝜆 is within the expected values based on the band gap em-
pirical rule for amorphous or disordered materials. Differently
from most inorganic materials, where the appearance of the melt
phase was found to be a suitable criterion for track formation,
the activation energy for thermal degradation or pyrolysis[35] is
the parameter that describes most of the observed track radii in
the polymers studied here. Amorphization radii of the semicrys-
talline polymers are not directly correlated to melting in the spike.
Only depolarization of 𝛽-PVDF appears to be correlated to the
size of a molten zone.

As damage is not uniform across ion tracks in polymers, but
rather displays a gradient from the highly carbonized core to the
partially modified track edge, there are variations in the measured
(and probe-dependent) track size for a given polymer that can
only be accounted for by using different values of activation ener-
gies. This is evident in the case of PVDF where data probing both
severe bond disruption and mass loss (e.g., SAXS) and more sub-
tle order/disorder transitions (depolarization) are available. Such
extremes follow either thermal decomposition or melting radii
derived from the i-TS calculations. When track radius is deduced
from IR spectroscopy, finer variations in effective damage radii
associated with the destruction of different chemical groups are
detectable. The values of these radii and their dependence on the
energy loss of the ions are still well described by the i-TS model,
if a specific activation energy is ascribed for each type of bond.
The larger the stability or binding energy of a certain chemical
group, the larger the activation energy obtained, as expected, and
smaller is the corresponding track radius.

A few observations are needed concerning the low energy loss
regime. In the calculated i-TS track radii, a threshold is always
seen, because a minimum average energy per atom is required
for a certain transition or phase change to occur. Here, we iden-
tified thermal decomposition (pyrolysis) as the basic reference to
describe track size in polymers. It is linked to carbonization, ma-
terial loss, and density change in the material. The electronic en-
ergy loss threshold of thermal decomposition deduced from the
i-TS model (with 𝜆 = 3 nm) for all polymers investigated is close
to or smaller than 1 keV nm−1 (0.9 keV nm−1 for PMMA with a
beam of 3 MeV u−1, 1.1 keV nm−1 for PET and PVDF with a beam
of ≈5 MeV u−1, ≈0.7 keV nm−1 for PPS with a beam of 0.6 MeV
u−1). The electronic energy loss threshold for the appearance of
a molten phase as deduced from the i-TS model is 0.4 keV nm−1

for PVDF with a beam of ≈5 MeV u−1, ≈0.2 keV nm−1 for PET
with a beam between 1 and 11 MeV u−1, ≈0.2 keV nm−1 for PPS
with a beam of 0.6 MeV u−1 and ≈0.2 keV nm−1 for PMMA with
a beam of ≈3 MeV u−1. Such values of threshold are very low as

compared to inorganic materials[21,24] showing the extreme sen-
sitivity of polymers under heavy ion irradiation.

In the experiments, a threshold may or may not be observ-
able, depending on the type of damage being probed. For exam-
ple, cratering, i.e., the ejection of a volume of material in a sin-
gle ion impact, is clearly a phenomenon which appears only at
high ionization densities (to the best of our knowledge cratering
in organic matter has never been reported at low energy loss).
Bond-breaking, on the other hand, may still appear at very low
electronic energy loss (below the threshold of track formation de-
duced from i-TS) due to the high sensitivity of polymers to single
electronic excitation. We note that there is a lack of data on track
size in polymers measured at low dE/dx. Filling this gap may help
to distinguish the polymer transformations coming from single
electronic excitations to the ones induced by the dense electronic
excitation created along swift heavy ion tracks.

There are some stark differences in behavior among the
polymers investigated, that calls for additional experiments.
This is evident, for example, in the data related to ion beam
induced amorphization. The XRD results of PVDF (which
roughly follows i-TS thermal decomposition radii and also
SAXS data) are distinctively different from PET (where radii
scaling with dE/dx is unique and appears to be correlated to
thermal degradation at low dE/dx but to melting at high energy
loss). Moreover, again for PET, there are large variations in the
damage cross-sections derived from IRAS bands associated
with carbonization (what is unusual) and radii derived from
SAXS are considerable smaller than those obtained for thermal
degradation, in contrast to PVDF. This could be an indication
that activation energies extracted from equilibrium conditions of
thermal degradation used in the calculations may not be suitable
for the highly energetic and transient track conditions. But still,
they may also arise from uncertainties in the measurements and
fittings of the raw data. Thus, polymeric materials need for sure
an expanded and reliable data base with experiments designed
to probe different types of damage performed under similar
experimental conditions and in the largest range of energy loss
possible keeping velocity fixed. This will allow a deeper and
more robust understanding of the structure of tracks produced
by swift heavy ions in this class of material.
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