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A B S T R A C T   

Using synchrotron-based small angle X-ray scattering, ion tracks created in polypropylene foils with different antioxidant contents were investigated. Tracks were 
created by irradiation with 197Au, 209Bi, and 132Xe ions of energies 2.2 GeV, 710 MeV, and 160 MeV, respectively. The influence of antioxidant concentration in the 
polymer foils and aging of the samples on the structure of the ion tracks was explored. Polypropylene foils with high antioxidant content show a cylindrical track 
structure with a highly damaged core with significant mass loss and a gradual transition to the undamaged material. The size of the ion track can directly be 
correlated to the energy loss. On the other hand, ion tracks in low antioxidant content polypropylene foils exposed to Au/Bi ions reveal a cylindrical core shell 
structure with an over-dense shell area and a core region that is less dense than the pristine polymer. Oxygen uptake in the foils by the free radicals produced in the 
shell during the ion irradiation process was attributed to this structure due to prolonged exposure to ambient atmosphere. An overall mass increase was observed for 
these samples, consistent with the SAXS measurements and additional oxidation in a damaged halo produced by tracks.   

1. Introduction 

When swift heavy ions with energies ranging from tens of MeV to a 
few GeV traverse through organic and inorganic materials, they pri
marily interact with the target electrons, leading to ionization and 
electronic excitations. The coupling of this energy into the atomic sys
tem can result in the formation of ‘ion tracks,’ which are narrow, long 
damage trails. Often, ion track damage is significantly more susceptible 
to chemical etching than the undamaged material. This property can be 
used for the fabrication of nanopores with extremely narrow size dis
tributions in a variety of materials. For decades, researchers have been 
interested in track-etched nanopore membrane fabrication in various 
polymers for applications such as nanowire fabrication, purification of 
protein solutions, isolation of exosomes, chemical and bio-sensing, gas 
separation, water desalination, virus detection, light and pH-responsive 
membranes, size-selective filtration and separation, and environmental 
studies [1–27]. More recently, channels with an even smaller (≤1 nm) 
effective radius have been formed without the need for chemical etching 
by illuminating the irradiated polymers with UV light and subsequent 
application of a transmembrane bias in an electrolyte. Such polymer 
membranes can be exploited for applications such as highly selective ion 
separation [28–30]. To thoroughly understand the process of track 
transformation into nanochannels as well as to leverage it for various 
applications, a comprehensive understanding of the track structure and 

how it varies depending on the ion irradiation parameters and polymer 
composition is highly desired. 

Polypropylene (PP) was invented in 1954 and soon gained popu
larity among researchers and industry due to its low density (~0.91 g/ 
cm3) compared to other common polymers including polyethylene, 
polycarbonate, polyethylene terephthalate, and polyamide [31]. It is 
presently the second-most extensively manufactured plastic due to 
interesting characteristics such as high chemical resistance, good hard
ness and fatigue resistance, and simplicity of machining [32]. Typically, 
isotactic polypropylene is used for the production of high quality 
semicrystalline biaxially oriented foils via the extrusion and stretching 
process [33]. With over 6 million tonnes per year, biaxially oriented PP 
foils have the biggest market share in terms of foil products [34]. Still, 
only few investigations have focused on the creation of nanopores in PP 
films [35–39], and little is known about the formation of ion tracks, 
including how it is affected by the ion energy, ion type, energy loss, and 
the particular structure of the polymer. 

PP is particularly vulnerable to oxidation, and practically all com
mercial PP films contain antioxidants and stabilisers to avoid rapid 
breakdown under solar radiation and other conditions. The antioxidant 
content varies for different products, altering the polymer’s oxidation- 
degradation characteristics. The oxidative stability of the PP film also 
dictates the degradation of the film’s mechanical characteristics. 
Oxidation degradation of PP films has been well known for decades, and 
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many theories to explain the oxidation phenomena and chain-branching 
process have been proposed [31,32,40–45]. 

In the present study we are investigating the structure of ion tracks in 
PP films with different antioxygen contents and under a variety of 
irradiation conditions. We have used small angle X-ray scattering to 
investigate the structure and the radial density profile of the ion tracks. 
Although researchers have used microscopy techniques, most recently 
scanning electron microscopy (SEM), to observe ion tracks in semi
crystalline polymers by using controlled photo-oxidation and subse
quent fracture [46], the details about the radial density distribution as 
well as small changes in the ion track structure are not easily accessible 
through microscopy techniques. SAXS is a non-destructive method 
based on the elastic scattering of monochromatic X-rays resulting from 
density fluctuations on a nanometre to micrometre scale and is a 
well-suited technique for determining the size and structure of ion tracks 
and nanometre-sized particles [47–50]. As it measures hundreds of 
thousands of ion tracks simultaneously, SAXS provides statically reliable 
and accurate information about the ion tracks. The results presented in 
this study not only add to the fundamental understanding of ion tracks in 
polypropylene but will also aid in the design of applications for ion 
tracks in polypropylene. 

2. Experimental 

2.1. Irradiation of PP foils 

To investigate the influence of antioxidant content, ion type and 
electronic energy loss on the structure of ion tracks, two distinct types of 
polypropylene foils (Torayfan T2400 and Torayfan T2372, Toray, 
Japan) of density ~0.91 g/cm3 with variable antioxidant content, each 
with a thickness of 10 μm, were irradiated at normal incidence with 
three different ions with different energies. Both the foils are semi
crystalline in nature and exhibit ~70% crystallinity. Polypropylene foil 
type T2372 has, according to supplier specifications, approximately five 
times the antioxidant content as compared to the foil type T2400. To 
qualitatively compare the differences in antioxidant content in these 
foils, an Evolution 600 spectrophotometer (Thermo Scientific) was used 
to measure UV spectra of unirradiated polypropylene foils. Fig. 1 shows 
the measured UV spectra for both foil types. The presence of hindered 
phenols in the foils is attributed to three peaks at ~198 nm, ~228 nm, 

Fig. 1. UV spectra of foil types T2372 and T2400. Peaks <300 nm wavelength 
correspond to the presence of hindered phenols in the foils which act as anti
oxidants. The foil type T2372 clearly has higher concentration of antioxidants 
than the foil type T2400. Ta
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and ~273 nm [51]. Hindered phenols are phenols with one or more 
functional groups such as tertiary butyl and are used as antioxidants in 
polymer foils to minimise the oxidative degradation. They are known to 
be free radical scavengers and have the capacity to donate hydrogen 
atoms to polymeric radicals in order to stop the oxidation-degradation 
cycle [52]. When compared to foil type T2400, foil type T2372 shows 
a greater concentration of these hindered phenols (see Fig. 1) which is 
directly correlated with a higher concentration of antioxidants. 

For both foil types, the irradiation conditions are listed in Table 1. 
We investigated samples irradiated with 2.2 GeV Au ions 25 years ago 
(noting that all small-angle X-ray scattering measurements were 
completed in March 2022) to evaluate the impact of ion track ageing and 
oxygen absorption over time (especially for the PP foils with lower 
antioxidant content), as shown in Table 1. The Xe and Bi irradiations 
were performed in 2020. The Au ion irradiation was performed at the 
UNILAC accelerator at GSI Helmholtz Centre for Heavy Ion Research in 
Germany while the Bi and Xe irradiations were carried out at the U-400 
cyclotron and the IC-100 cyclotron, respectively, at the Flerov Labora
tory of Nuclear Reaction, Joint Institute for Nuclear Research, Russia. 
For the samples measured using SAXS, the fluences ranged from 3× 109 

to 1 × 1010 ions cm− 2. For the irradiation experiments, several foils were 
stacked on top of each other (referred to as layer 1, layer 2, and so on in 
this study), leading to different average electronic energy losses in the 
different layers. For 2.2 GeV Au ion irradiation, 16 polypropylene foils 
were layered; 5 foils were stacked for 710 MeV Bi ion irradiation, and a 
single foil was employed for 160 MeV Xe irradiation. A 23 μm PET foil 
was placed in front of the polypropylene foil stack during irradiation 
with the Au ions. The effect of the presence of the PET foil has been 
considered for the energy loss calculations. The electronic energy loss 
(dE/dx) at the surface of the first foil reported in Table 1 was calculated 
using the SRIM code [53]. The calculated energy loss as a function of 

penetration depth is shown in Fig. 2 for irradiation with 2.2 GeV Au ions 
(a), 710 MeV Bi ions (b) and 160 MeV Xe ions (c). The reader should note 
that it has been reported in previous studies that the electronic energy 
loss (dE/dx) values given by the SRIM code are at least 10% lower as the 
SRIM algorithm underestimates the energy losses of irradiation with 
ions of higher atomic numbers in light targets such as polypropylene and 
similar polymers [46,54]. 

2.2. Measurements of mass and infrared spectra of PP samples 

Samples 5 × 5 cm in size were weighed on an analytical balance 
(Mettler Toledo XP205) before and after ion irradiation. The irradiation 
with Bi and Xe ions was performed using homogeneously scanned beams 
so that the uncertainty in ion fluences did not exceed ±10%. The masses 
were found to be reproducible for samples equilibrated at room atmo
sphere within ±0.00002 g. Infrared spectra of pristine and ion- 
irradiated PP samples were measured in the transmission mode using 
a Specord M80 instrument (Carl Zeiss Jena). Polypropylene foil layers 
were stacked between two KBr plates. Paraffinic oil was used as im
mersion liquid to avoid light scattering and suppress interference 
pattern. 

2.3. Small-angle X-ray scattering measurements and modelling 

Transmission SAXS measurements were used to investigate the 
tracks in polypropylene. The measurements were performed at the 
SAXS/WAXS beamline of the Australian Synchrotron. The distance be
tween the irradiated polypropylene foils and the detector (Pilatus 2 M) 
was 3335.5 mm. For the measurements, we employed X-rays with en
ergy of 12 keV corresponding to a wavelength of 1.03 Å. For alignment 
of the tracks with respect to the X-ray beam, samples were mounted on a 

Fig. 2. (a) Schematic illustrating the ion-irradiation of polypropylene stack. PP foil stack has been placed between 23 μm thick PET foils to provide rigidity during the 
irradiation process. Electronic energy loss of 2.2 GeV Au ions (b), 710 MeV Bi ions (c) and 160 MeV Xe ions (d) in polypropylene foils as a function of penetration 
depth, as calculated using SRIM code [53]. During irradiation, polypropylene foils of 10 μm thickness were kept in a stack and the layer numbers are indicated in the 
graphs. The impact of PET foil has been considered in the energy loss values. 
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three-axis goniometer. When the ion tracks are titled by approximately 
5◦ and 10◦ with respect to the incoming X-ray beam, the two- 
dimensional scattering pattern obtained shows a highly anisotropic 
pattern of narrow curved streaks resulting from the high aspect ratio of 
the ion tracks. The two-dimensional scattering patterns obtained for PP 
films irradiated with different ions are shown in Fig. 3. Fig. 3 (a)–(c) 
show the scattering patterns for polypropylene foil T2372 irradiated 
with 2.2 GeV Au (a), 710 MeV Bi (b) and 160 MeV Xe (c). Similarly, 
scattering patterns for polypropylene foil T2400 irradiated with 2.2 GeV 
Au (d), 710 MeV Bi (e) and 160 MeV Xe (f) are shown. For analysis, the 
two-dimensional scattering images were reduced to a one-dimensional 
scattering intensity patterns by conducting azimuthal integration 
along the streak employing a thin mask (represented by solid red line) of 
2–5 pixels, followed by background removal with a mask of the same 

width (represented by solid green line) away from the streak [11,50]. 
Following data reduction, we use different theoretical models to fit the 
scattering curves. Further details of the experimental procedure related 
to SAXS can be found in references [11,47,49,50,55]. 

Small angle X-ray scattering measures changes in electronic density 
which is directly related to the atomic density. For fitting of the scat
tering intensities, we used two form factor models that assume a cylin
drical shape of the tracks. The models consider the radial density profile 
in the cylindrical tracks. We have recently demonstrated that the ‘Core 
Transition Model’, may be used to obtain a detailed understanding of the 
ion track structure in polymers [49]. This model is based on the 
assumption of a severely damaged cylindrical core with a gradual den
sity transition towards the surrounding undamaged material. We also 
employ the ‘Core Transition Shell Model’ for fitting some of the 

Fig. 3. Two-dimensional scattering patterns originating from the two different kinds of polypropylene foils (T2372: (a) to (c) and T2400: (d) to (f)) irradiated with 
different ions. The samples and hence the ion track axis was titled at an angle of approximately 5◦–10◦ with respect to the incoming X-ray beam. The foils were 
irradiated with 2.2 GeV Au ions (a) and (d), 710 MeV Bi ions (b) and (e) and 160 MeV Xe ions (c) and (f). The central part of the detector is protected against the 
primary beam using a beam stop. The blob in the middle of the scattering patterns relates to the undamaged PP structure. 

Fig. 4. Diagram showing the radial density variation for the case of (a) the Core Transition Model and (b) the Core Transition Shell Model.  
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scattering patterns from foil type T2400. This model assumes an 
under/over-dense core region and over/under-dense shell region con
nected by a gradual transition between the two [50]. It is not possible to 
determine whether the core/shell is under/over-dense, or vice versa, 
just by fitting the scattering intensities with the Core Transition Shell 
Model; however, such interpretation can be made using other mea
surement or simulation techniques in addition to SAXS, such as mass 
measurements of the polymer foils before and after irradiation and 
molecular dynamic simulations [47]. In the present study, we employ 
mass measurements in addition to SAXS to determine if the core and 
shell region are over/under dense compared to the matrix material. 
Generally, in polymers, due to the formation of volatile radiolysis 
products and extensive damage following the swift heavy ion irradia
tion, the track core is usually under-dense compared to the matrix. Fig. 4 
illustrates the radial density variation for the Core Transition Model (a) 
and the Core Transition Shell Model (b). 

The scattering amplitude f(q) for the radial density distribution for 
the Core Transition Model can be expressed as 

fCT(q)= 2π
sin

(
qzL

/
2
)

qz
/

2
⋅

π
2q2

r TS CT
⋅
[
RC CT J1(qrRC CT )H0(qrRC CT)

− (RC CT +TS CT) J1(qr(RC CT + TS CT))H0
(
qr(RC CT +TS CT ))

− RC CT J0(qr RC CT)H1(qrRC CT)+ (RC CT + TS CT) J0(qr(RC CT

+ TS CT ))H1(qr(RC CT + TS CT ))
]

Eq. 1  

where L is length of the ion track and is equal to the thickness of the 
polymer film. J0 and J1 are the Bessel functions of zero-order and first 
order, respectively, and H0 and H1 are the Struve functions of zero-order 
and first-order, respectively. qr and qz are the radial and z-component of 
the scattering vector and can be expressed as q cos θ and q sin θ 
respectively where θ is the half scattering angle [11]. RC CT is the radius 
of the core region of the ion track characterised by a constant density 
ρC CT. Surrounding the core region, we consider a transition region 
(TS CT) and is represented by a linear density change from the core re
gion to the bulk of the material as illustrated in Fig. 4(a). We define the 
effective radius of the track as RCT = RC CT + TS CT/2, i.e., equivalent to 
the distance from the centre of the track to the point where the density 
difference is half of the total density change. 

Similarly, the scattering amplitude f(q) for the radial density distri
bution for the Core Transition Shell Model (see Fig. 4(b)) can be 
expressed as: 

fCTS(q)=2π
sin

(
qzL

/
2
)

qz
/

2
⋅

1
2q2

r TS CTS
⋅[2qrTs(RC CTS +TS CTS

+RS CTS)J1(qr(RC CTS +TS CTS +RS CTS))+π(ρCTS − 1)(
− RC CTSJ1(qrRC CTS)H0(qrRC CTS)+(RC CTS

+TS CTS)J1(qr(RC CTS +TS CTS))H0(qr(RC CTS +TS CTS))

+RC CTSJ0(qr RC CTS)H1(qrRC CTS) − (RC CTS+TS CTS)J0(qr(RC CTS

+TS CTS))H1(qr(RC CTS +TS CTS)))]

Eq. 2  

where parameters L, qr, qz, J0, J1,H0 and H1 have the same definition as 
in Eq. (1). The parameters RC CTS and RS CTS define the core region and 
the shell region respectively. The transition region (TS CTS) corresponds 
to a linear density change between the core region and the shell region. 
The total radius of the track is defined as RCTS = RC CTS + TS CTS +

RS CTS. During the fitting process using the Core Transition Shell Model, 

we fit the parameter ρCTS corresponding to the ratio of the density of the 
core region (ρC CTS) to that of the shell region (ρS CTS). Hence, if the ratio 
is negative, the core and shell regions will have opposing densities, i.e., 
if the core region is under-dense, the shell region will be over-dense, and 
vice versa. On the other hand, if the ratio is positive, both core and shell 
regions will either be over-dense or under-dense compared to the 
matrix. 

Ion-tracks resulting from mono-energetic ion irradiation are gener
ally highly monodisperse and thus have a very narrow size distributions, 
as highlighted in previous investigations [11,49,50]. To account for the 
small changes, which may be due to factors such as energy straggling 
and range straggling caused by electronic and nuclear collisions, we 
implement a narrow Schulz-Zimm distribution during fitting, which is 
very similar to a Gaussian distribution for small dispersity values but is 
always positive, i.e., no non-physical, negative track-radii occur when 
calculating the scattering pattern. Additionally, while calculating the 
scattering intensity using the form factor models described above, the 
assumption is that the ion-tracks are perfectly parallel to each other, but 
in reality, this is not the case. This small deviation can be due to the 
small angular dispersion of the incoming swift heavy ions during ion 
irradiation, but it might also be due to the foils not being exactly flat 
during the irradiation experiments and/or SAXS measurements. To ac
count for that, we implement a narrow angular distribution that models 
these variances while fitting the scattering data. For further detail on the 
implementation of both the size and angle distributions, the reader is 
directed to our previous work [11,49,50]. Hence, after the imple
mentation of both size and angular distributions, we fit the scattering 
intensities obtained experimentally using both models defined above. 

To further compare the tracks in different polypropylene films and 
tracks fabricated by different ions, we calculate the absolute density 
change in the tracks. For finding the absolute density change, we need to 
do calibration of the absolute scattering intensity using a known stan
dard. We performed the calibration using a glassy carbon standard 
(thickness 1 mm; often used as a standard as it shows a nearly consistent 
scattering plateau throughout a wide q range with a known scattering 
intensity [56]) at various exposure times. The absolute density change 
from the small-angle X-ray scattering experiments can be obtained by 
considering lim

q→0
I(q). The value I(q →0) is obtained by extrapolating the 

fitted scattering curve to very small q values and the absolute density 
change is calculated following the relationship between the X-ray scat
tering length density β and the density variations within the ion-track: 

ρ
ρbulk

=
β

βbulk 
[50]. The corresponding absolute SAXS intensity (for q→0)

for the Core Transition Model can be written as: 

ICT(q → 0)=
1
9

NL2ρ2
C CT π2

(
3R2

C CT + 3RC CT TS CT + T2
S CT

)2
Eq. 3  

where N is the number of tracks measured during the experiment. 
Similarly, the absolute SAXS intensity (at q→0) for the Core Transition 
Shell Model can be written as:   

Using equations (3) and (4) and substituting the values of all the 
parameters from the fit results, one can calculate the absolute density 
change respectively for the Core Transition and Core Transition Shell 
Model. 

ICTS(q → 0)=N
π2L2

T2
S CTS

ρ2
S CTS

(

TS CTS(RC CTS + TS CTS + RS CTS)
2
+

TS CTS

3
(ρCTS − 1)

(
3R2

C CTS + 3RC CTSTS CTS + T2
S CTS

))2

Eq. 4   
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3. Results and discussion 

3.1. Mass change of foils 

It is well known that molecules from the polymer are ejected into the 
gas phase upon swift heavy ion irradiation. Free radicals are also pro
duced as a result of chain scissions and atom as well as side group 
abstraction, which are caused by the irradiation. Particularly in poly
mers, bond breaking, and outgassing dominate the process of ion track 
formation in the track core, generally resulting in a reduction in the mass 
of the foil following exposure to swift heavy ion irradiation [57,58]. 
Additionally, there is a halo damage surrounding the track core as well 
with much larger radius (exceeding 100 nm for some polymers) but 
without significant mass loss. Here, we examined the weight of several 
samples of both types of foils, i.e. T2372 and T2400, before and after 
irradiation, in order to quantify the impact of the antioxidants on the 
irradiation damage. After the ion exposure, the samples were weighed at 
different time intervals to determine how their mass changed over time. 

The change in mass of PP foils of size (50 mm × 50 mm) as a function 
of fluence has been plotted in Fig. 5. Fig. 5 (a) and (b) show the change in 
the mass of the foil type T2372 and T2400, respectively, following Xe 
irradiation, measured at three different intervals i.e., (i) 8 days, (ii) 2 
years and 2 months and (iii) 2 years and 8 months after irradiation. The 
change in mass calculated from the SAXS measurements is also plotted 
and discussed in the next subsections. It is evident that for foil type 
T2372, the mass decreases after irradiation, and that this change in
creases with increasing fluence. The measurements taken 8 days after 
the irradiation show the largest decrease. We found a minor but 
discernible increase in mass when the foils were measured 2 years, 2 
months, and 2 years, 8 months after irradiation. Nevertheless, a general 
decrease in the mass of the foils was seen for all the measurements as 
expected due to outgassing in the highly damaged track-core region. 
These results also indicate that for the foil with high antioxidant content, 

Fig. 5. Change in the mass of the PP foils (size 50 × 50 mm2) measured and calculated from SAXS measurements after irradiation as a function of fluence for foil type 
T2372 (a) and T2400 (b) irradiated with 132Xe ions of energy 160 MeV. (c) The change in mass between 13- and 27-months following irradiation for foil type T2400 
irradiated with 209Bi ions of energy 710 MeV. 

Fig. 6. Infrared transmission spectra of polypropylene samples: pristine PP foil 
with low content of antioxidant (T2400) (solid black line); the PP foil irradiated 
with a Xe ion fluence of 2 × 1010 cm− 2 (solid red line). Spectra shown for 
irradiated PP foils was recorded 26 months after irradiation. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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the effect of aging is not very pronounced. On the other hand, for the foil 
type T2400, a reduction in mass was seen when measurements were 
taken 8 days after the irradiation and the trend looked quite similar to 
the foil type T2372. However, when measurements were repeated 2 
years and 2 months later, a clear increase in the mass of the foils was 
seen, which may indicate a high level of free radical oxidation. 

Post-irradiation oxidation of polypropylene and other polyolefines is 
a well-known phenomenon which has been studied using a variety of 
spectroscopy methods [59–61]. In order to confirm oxidation of PP in 
tracks after irradiation, we employed conventional infrared spectros
copy. Fig. 6 shows the spectra of a pristine T2400 PP sample (a) and an 
irradiated (160 MeV Xe, fluence = 2 × 1010 cm− 2) T2400 PP sample (b). 
Spectra (b) was recorded 26 months after irradiation. Absorption bands 
in the region between 1700 and 1760 cm− 1 clearly show the formation 
of oxygen-containing species in the ion tracks. The decrease in trans
mittance (rise of absorption) at 1710-1720 cm− 1 is associated with 
carbonyl groups in the acid dimeric form and/or ketones or aldehydes 
[60]. A free acid and/or ester form can be assigned to the absorption 
band at 1751 cm− 1 [60]. 

To better understand what happens to the polymer around the track 
after ion impact, we should consider the uptake of oxygen on the mo
lecular level. The mass increase for the Xe-irradiated T2400 sample 
(Fig. 5(b), fluence of 1 × 1010 cm− 2) of ~5.9 × 10− 4 g corresponds to 
1.1 × 1019 oxygen molecules per sample 25 cm2 in area. Therefore, 

approximately 4.4 × 107 O2 molecules are absorbed in one track, which 
corresponds to 4400 O2 molecules per 1 nm of track length. The average 
energy loss of Xe ions in the PP foil is ~7 keV/nm. Thus, the radiation 
chemical yield (the number of molecules formed or consumed when the 
system absorbs 100 eV radiation energy) of oxygen uptake G (O2 up
take) ≈ 63. Since the yield of primary radicals in PP is on the order of 
several units [62], it is clear that the observed mass increase is possible 
due to oxidative chain reaction. Hence, the primary radicals produced 
due to irradiation, capture the oxygen molecule which leads to the 
formation of peroxide radicals. Through the abstraction of hydrogen 
from macromolecules the peroxide radicals are transformed into hy
droperoxides, hydroperoxides then decay into new primary radicals and 
the whole process is repeated again [59,63]. Additionally, it was 
observed that the mass decreases at high fluences (>3 × 1010 ions/cm2). 
Irradiation with high fluence leads to a large concentration of free 
radicals which subsequently recombine and lead to less absorption of 
oxygen overall. This could be the reason for the observation of a 
reduction of mass at high fluences. We once again noticed a further 
increase in mass when the change in mass was assessed again after 
another six months. This observation was also accompanied by the fact 
that the samples become more and more brittle with age following 
irradiation. As a consequence, 2 years and 8 months after the irradiation, 
we were unable to measure the change in mass for all the samples. 

We did not measure the initial mass of the foils which were irradiated 

Fig. 7. Integrated SAXS scattering intensities for ion tracks in polypropylene foil type T2372. The solid black lines in each graph represents the fit obtained using the 
Core Transition Model. Graphs (a) through (c) show the experimental data and fits for ion tracks generated by irradiation with different ions of varying energy 
(different layers). Graphs (d) through (f) show the corresponding absolute radial electronic density profile of ion tracks, calculated numerically using parameters that 
were determined by fitting the experimental scattering curves. For better visualisation, the scattering patterns in graphs (a) and (b) are offset on the y-axis. 
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Fig. 8. Integrated SAXS scattering intensities for ion tracks in polypropylene foil type T2400. The solid black lines in each graph represents the fit obtained using 
either the Core Transition Model or the Core Transition Shell Model. Graphs (a) through (c) show the experimental data and fits for ion tracks generated by irra
diation with different ions of varying energy. Graphs (d) through (f) show the corresponding absolute radial electronic density profiles of ion tracks, calculated 
numerically using parameters that were determined by fitting the experimental scattering patterns. 

Table 2 
Fitting parameters from SAXS measurements for different polypropylene foils using the Core Transition Model and the Core Transition Shell Model. The radii given for 
the Core Transition Model refer to the effective ion track radius, which is defined as the sum of core radius and half of the transition region. The radii given for the Core 
Transition Shell Model are equal to the sum of core, transition and shell region. In the cases of the Core Transition Model and the Core Transition Shell Model, 
respectively, the radial dispersity values are reported as a percentage of the values of the core region and the transition region.  

Foil details Ion type, ion energy 
and Fluence 

Layer Form Factor Model 
used for fitting 

Core (nm) Transition 
(nm) 

Shell (nm) Radius (nm) Radial Dispersity 
(percentage) 

T2372 (High 
Antioxidant Content) 

Au, 
2250 MeV, 
1 × 1010 ions/cm2 

2nd 
Layer 

Core Transition Model 5.81 ± 0.32 4.56 ± 0.57 − 8.09 ± 0.43 9.8% ± 5.5% 

4th 
Layer 

5.61 ± 0.34 5.06 ± 0.51 − 8.14 ± 0.42 14.6% ± 2.4% 

5th 
Layer 

5.87 ± 0.32 4.83 ± 0.64 − 8.29 ± 0.45 13.1% ± 1.9% 

7th 
Layer 

7.92 ± 0.92 2.71 ± 1.52 − 9.28 ± 1.19 13.8% ± 5.1% 

Bi, 
710 MeV, 
1 × 1010 ions/cm2 

1st 
Layer 

8.31 ± 0.21 2.08 ± 0.44 − 9.35 ± 0.30 14.1% ± 2.9% 

2nd 
Layer 

6.81 ± 0.59 5.18 ± 1.05 − 9.39 ± 0.79 8.5% ± 4.1% 

3rd 
Layer 

6.69 ± 0.37 6.32 ± 0.65 − 9.85 ± 0.49 6.1% ± 2.4% 

4th 
Layer 

6.45 ± 0.45 4.95 ± 0.87 − 8.93 ± 0.63 7.5% ± 1.4% 

Xe, 
160 MeV, 
1 × 1010 ions/cm2 

1st 
Layer 

5.12 ± 0.23 4.92 ± 0.41 − 7.58 ± 0.31 7.8 % ± 1.2% 

T2400 (Low 
Antioxidant Content) 

Au, 
2250 MeV, 
3 × 109 ions/cm2 

1st 
Layer 

Core Transition Shell 
Model 

0.45 ± 0.24 3.19 ± 0.27 11.38 ± 0.31 15.02 ± 0.43 13.5% ± 2.1% 

Bi, 
710 MeV, 
3 × 109 ions/cm2 

1st 
Layer 

0.61 ± 0.41 1.46 ± 1.39 4.48 ± 1.09 6.55 ± 1.81 4.3% ± 2.5% 

Xe, 
160 MeV, 
1 × 1010 ions/cm2 

1st 
Layer 

Core Transition Model 5.35 ± 0.33 2.06 ± 0.64 − 6.38 ± 0.46 7.8% ± 1.2%  
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with 209Bi ions with 710 MeV energy, but a change in mass between 13 
and 27 months following irradiation was measured and a clear increase 
in the mass of the foils of type T2400 was observed (see Fig. 5(c)). 
Although these measurements clearly show that oxidation maybe a 
significant component, particularly for foils with low antioxidant con
tent, and that oxidation increases over time, it is challenging to deter
mine how much oxygen the polymer consumes. While the mass increase 
is an indication of oxidation, it cannot entirely be discounted that the 
absorption of oxygen from the atmosphere does not accompany/result in 
the emission of other gaseous products. 

3.2. Structure of ion tracks in foil type T2372 

To measure the structure of the ion tracks and how they are affected 

by the presence of antioxidants in the foils, we measured different 
samples using small angle X-ray scattering. As mentioned earlier, SAXS 
measurements were done ~25 years after irradiation for Au irradiated 
samples and ~2 years and 2 years - 2 months after irradiation for Bi and 
Xe irradiated samples respectively. It was not possible to get scattering 
intensities with sufficient signal-to-noise ratios from all layers, in 
particular from those samples with low irradiation fluences (3 × 109 

ions cm− 2). As a result, in this study, we are only reporting the findings 
from data that have a reasonable signal-to-noise ratio and can be relied 
upon. A Python and C-based program that implemented a non-linear 
least-square fitting algorithm was used to fit the 1D scattering data 
that was obtained after data reduction of 2D scattering patterns as 
explained in section 2.3. The one-dimensional scattering patterns ob
tained along with the fits and the corresponding absolute radial density 

Fig. 9. Total/effective radius as a function of electronic energy loss (a) and depth (b) for different irradiation conditions for both the foil types. For the case of foil 
type T2372 – with high antioxidant content, it can be clearly seen that the effective radii obtained from fitting the scattering data, increase with increasing energy 
loss. The energy losses reported for both cases refer to the values at the surface of the foil. 

Table 3 
The absolute density changes for the core region and the ratio of the density of the core region to that of the shell region (for the case where fitting has been done using 
Core Transition Shell Model) and corresponding mass change per ion track for different samples. The positive and negative sign in front of mass change results indicates 
an increase and decrease in the mass respectively. This hypothesis is based on the experimental observation of an increase/decrease of mass of foils before and after 
irradiation.  

Foil details Ion type, ion energy and 
Fluence 

Layer ρCTS =
ρC CTS
ρS CTS  

Absolute density change for the Core region 
(%) 

Mass change per ion track (10− 16 

g) 

T2372 (High Antioxidant 
Content) 

Au, 
2250 MeV, 
1 × 1010 ions/cm2 

2nd 
Layer 

− 7.1% ± 1.9% − 1.5 ± 0.4 

4th Layer − 8.6% ± 2.3% − 1.8 ± 0.5 
5th Layer − 9.5% ± 2.5% − 2.1 ± 0.6 
7th Layer − 6.2% ± 2.2% − 1.7 ± 0.7 

Bi, 
710 MeV, 
1 × 1010 ions/cm2 

1st Layer − 16.2% ± 2.7% − 4.5 ± 0.8 
2nd 
Layer 

− 15.3% ± 3.6% − 4.4 ± 1.3 

3rd 
Layer 

− 17.4% ± 3.9% − 5.5 ± 1.6 

4th Layer − 19.8% ± 5.4% − 5.1 ± 1.6 
Xe, 
160 MeV, 
1 × 1010 ions/cm2 

1st Layer − 11.7% ± 3.2% − 2.2 ± 0.6 

T2400 (Low Antioxidant 
Content) 

Au, 
2250 MeV, 
3 × 109 ions/cm2 

1st Layer − 3.23 ±

0.45 
9.5% ± 3.3% 1.1 ± 0.5 

Bi, 
710 MeV, 
3 × 109 ions/cm2 

1st Layer − 1.89 ±

0.27 
11.7% ± 4.4% 4.4 ± 1.9 

Xe, 
160 MeV, 
1 × 1010 ions/cm2 

1st Layer − 17.47% ± 0.9% 2.3 ± 0.4  
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profiles obtained from the fit parameters for polypropylene foil type 
T2372 are shown in Fig. 7. Values for the different parameters obtained 
from the fits are listed in Table 2. The radial dispersity values in Table 2 
are reported as a percentage of the value of the core region and the 
transition region in the case of the Core Transition Model and the Core 
Transition Shell Model, respectively as. 

These scattering intensity plots and fits for the polypropylene foil 
T2372, i.e., the foil with higher antioxidant content are shown in Fig. 7 
(a), (b) and (c). It is evident from the graphs that the fits accurately 
reflect the experimental data. The foils were irradiated with a fluence of 
1 × 1010 ions/cm2. The scattering data and fits originating from the 
second, fourth, fifth and seventh layer of polypropylene stack irradiated 
with 2.2 GeV Au ions are shown in Fig. 7 (a). The corresponding elec
tronic density distribution profiles are illustrated in Fig. 7 (d). Fig. 9 
shows the effective radius (for the case of fitting with the Core Transition 
Model) or total radius (for the case of fitting with the Core Transition 
Shell Model) as a function of electronic energy loss (a) and depth (b). 
The fits for the polypropylene foil with higher antioxidant content were 
performed employing the Core Transition Model. As apparent in Fig. 9 
(a) and (b), we discovered that the effective radius increases as we go 
deeper in the stack. This behaviour can be attributed to the increasing 
electronic stopping power as the layer number increases. Additionally, 
we see that the core radius grows for the seventh layer while almost 
remaining constant for the second, fourth, and fifth layers. The absolute 
electronic density changes calculated from the SAXS measurements are 
reported in Table 3. The absolute density change observed for the 
samples irradiated with Au ions ranges from ~6% to ~10% in the core 
for different layers. The density change increases from the second to the 
fifth layer and then reduces for the seventh layer. We want to emphasise 
to the reader that whereas the radius obtained from SAXS is very ac
curate, the density difference values obtained have a high degree of 
uncertainty, thus we cannot be completely certain of this shift. The 
uncertainties can be as high as 40% and originate mainly from the 
extrapolation of intensity values at q = 0. 

Fig. 7 (b) and Fig. 7 (e) display the scattering intensities and their 
numerical fits, and the corresponding radial density profiles, respec
tively, for ion-tracks produced by irradiation with 710 MeV Bi ions. The 
graph shows the results of the first four layers of the stack and excep
tional fits were obtained using the Core Transition Model. For this case, 
we observed that the effective radius remains almost the same (within 
uncertainties) for the first three layers and reduces for the fourth layer as 
can be seen in Fig. 9. This behaviour is also consistent with the electronic 
stopping power which remains almost constant for the first three layers 
and decreases in the fourth layer. The absolute density differences ob
tained for Bi irradiation show a higher change ranging from ~15% to 
~20%. With the exception of the first layer, the density change grows 
with increasing layer number, but this change is within the uncertainty. 
Fig. 7 (c) and Fig. 7 (f) show the SAXS scattering curve and obtained fit 
for the irradiation with 160 MeV Xe ions and the corresponding absolute 
radial density change profile respectively. An effective radius of 7.6±
0.3 nm and an absolute density change of ~12% is observed for this 
case. 

As illustrated in Fig. 9, we found that the Bi irradiation generated the 
largest tracks when comparing the results with Au and Xe irradiation. 
The ion tracks resulting from the Bi irradiation also show the greatest 
change in absolute density. Ion tracks produced with 160 MeV Xe irra
diation have the smallest effective radius. These variations can directly 
be related to the changing ion energy and ion mass and hence the 
changing electronic stopping power between different irradiations (cf. 
Fig. 9). We also observe that compared to the ion tracks created by 
irradiation with Bi and Xe ions (irradiation performed in 2020), oscil
lations in the SAXS scattering intensities obtained for the PP foils irra
diated with Au ions in 1997 are weaker and smeared out. This could be 
because these samples were irradiated almost 23 years apart from each 
other and the old samples were affected (to a small degree) by the 

atmospheric reactions even if they contain higher antioxidant levels. 
Additionally, the glass transition temperature of the amorphous phase in 
PP is very close to the room temperature, making it conceivable for 
molecular rearrangement to occur gradually over the course of the 
lengthy storage period, which could then result in the observation of 
weaker scattering intensities. 

The mass change per ion track for different samples is also reported 
in Table 3. The negative and positive signs in front of the mass change 
values indicate a decrease and an increase in the mass of the foils per ion 
track, respectively. As previously noted, we cannot directly determine if 
density change relates to an increase or decrease compared to the ma
terial’s bulk. However, we use negative and positive signs based on 
observed mass changes in foils before and after irradiation. We calculate 
a mass loss per ion track of (2.2±0.6) × 10− 16 g for sample irradiated 
with 160 MeV Xe ions. The calculated change in mass from SAXS as a 
function of fluence is also plotted in Fig. 5(a). The mass change per ion 
track directly correlates to a mass loss of (5.5±1.6) × 10− 5 g and 
(1.6±0.5) × 10− 4 g for foils of 50 mm × 50 mm size irradiated with Xe 
ions with a fluence of 1 × 1010 ions cm− 2 and 3 × 1010 ions cm− 2 

respectively. These results (for all fluences) match well with the exper
imentally observed mass loss (cf. Fig. 5(a)) in these foils. 

3.3. Structure of ion tracks in foil type T2400 

Fig. 8 shows the scattering intensities, fits, and the corresponding 
absolute density profiles for ion tracks generated by irradiation with 2.2 
GeV Au, 710 MeV Bi and 160 MeV Xe ions, respectively, in poly
propylene foil type T2400, i.e., the foil with a lower concentration of 
antioxidants. It was more difficult to observe ion tracks using SAXS in 
the different layers of the stack in PP foil type T2400 than it was with foil 
type T2372. Hence, we are discussing the results of the first layer of each 
as we only could reliably extract good data from these samples. Fig. 8 (a) 
and (d) show the results for ion tracks generated by Au irradiation. As 
illustrated in the figures, the Core Transition Shell Model was used to fit 
the data since the Core Transition Model was unable to replicate the 
experimental scattering intensities. We observed a very small core re
gion (0.45 ± 0.24 nm) of constant density and a larger shell region 
around the core. The core and shell region are linked by a linear tran
sition region of size 3.19 ± 0.27 nm as can be seen in Fig. 8 (d). The ratio 
of the electronic density of the core region to that of the shell region was 
fitted to − 3.23 ± 0.45. Negative density ratio indicates that either the 
core region is under dense and shell region is over density or vice versa. 
If we consider that the core region is under-dense and the shell region is 
over-dense, the density profile yields a net increase in the mass of the 
polymer foil after irradiation. This is consistent with the mass mea
surements of this foil type (T2400) that show an increase in mass after 
irradiation. It supports our assumption of significant oxygen absorption 
as a result of oxidation. Oxygen absorption can be one of the reasons for 
the increase in the density which ultimately leads to an over-dense re
gion outside the track core and an overall increase in mass as observed. 
We also hypothesize that the oxidation-related deterioration of ion 
tracks over time has led to poor signal to noise-ratio. We observe an 
absolute density change of ~9.5% for the core region and ~3% for the 
shell region. Considering an under-dense core region and an over-dense 
shell region, we calculate a mass increase per ion track of 
(1.1±0.5) × 10− 16 g. 

Similarly, for the case of Bi irradiation of PP foil type T2400, we 
observe that the Core Transition Shell Model provides a superior match 
to the experimental data. Fig. 8 (b) and (d) illustrate, respectively, the 
scattering intensity and fit, and the associated absolute radial density 
profile. Once more, we saw a small core region of size 0.61 ± 0.41 nm. 
The transition region was found to be of 1.46 ± 1.39 nm while the shell 
region was found to have the size of 4.48 ± 1.09 nm. The total radius 
(6.55 ± 1.81 nm) was found to be significantly smaller than the radius of 
ion tracks resulting from irradiation with Bi in foil type T2372. Bi 
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irradiation resulted in an absolute density change of approximately 
11.7% for the core region and 6.2% for the shell region. As indicated in 
Table 3, using the assumption similar to the irradiation of foil type 
T2400 with Au ions, we calculate a mass increase per ion track of 
(4.4±1.9) × 10− 16 g. 

Contrary to the irradiation of foil type T2400 with Au and Bi ions, 
experimental data originating from ion tracks produced by irradiation 
with Xe ions was satisfactorily fitted with the Core Transition Model as 
shown in Fig. 8 (c). The calculated absolute radial density profile is 
illustrated in Fig. 8 (f). We observe a core region of 5.35± 0.33 nm and a 
transition region of 2.06 ± 0.64 nm. The effective radius observed was 
6.38 ± 0.46 nm. This radius is smaller as compared to Xe irradiation of 
PP foil type T2372. Also, the absolute density change was observed to be 
~17.5% as compared to ~11.6% for PP foil type T2372. Even though we 
do not observe an over-dense shell region for irradiation with Xe ions in 
PP foil type T2400, the increase in mass observed experimentally can be 
explained through the oxidation of the halo region. We calculate a mass 
increase per ion track of (2.3±0.4) × 10− 16 g which correlates to a mass 
increase of (5.6±0.9) × 10− 5 g and (1.7±0.3) × 10− 4 g for foils of 50 
mm × 50 mm size irradiated with Xe ions with a fluence of 1× 1010 ions 
cm− 2 and 3 × 1010 ions cm− 2 respectively. These values along with 
other calculated values from SAXS measurements are plotted in Fig. 5 
(b). Although these calculations show a much smaller mass change (with 
highest difference of (5.4±0.9) × 10− 4 g observed for foil irradiated 
with fluence of 1 × 1010 ions cm2) than the values observed from 
weighing (cf. Fig. 5(b)), the disparity may be the consequence of oxygen 
absorption in a halo region. Due to a very slight density difference from 
the material’s bulk, we cannot detect any halo region using small angle 
X-ray scattering. Previous studies have shown that the halo zone in 
polymers can have a size exceeding 100 nm in radius [11,64]. Despite 
the fact that the dose deposition in the halo region is lower than that of 
the ion track and decreases radially, it can nevertheless cause enough 
damage to trigger oxygen absorption. This could account for the 
observed higher mass increase in foils for the low fluences. 

On comparison of all the irradiation conditions for the foil type 
T2400, we observe a very large radius for the Au irradiated ion tracks as 
compared to Xe and Bi irradiated samples. This, together with the fact 
that the masses of the foils keep increasing over time, directly shows that 
the Au ion tracks progressively broaden over the course of its 25-year 
lifespan. In addition to the aforementioned details, it’s possible that 
the lack of a shell area in case of samples irradiated with 160 MeV Xe 
ions was due to the lower energy deposition. The direct observation of 
the Core Transition Shell structure is made possible by samples that have 
been exposed to higher energy radiation (such as those exposed to Au 
and Bi). Oxygen absorption may be greater in these samples in the shell 
region. 

In previous work it was found that PP foils with a higher content of 
antioxidant show a considerably higher track etch rate [65]. It was 
hypothesized that this behaviour was associated with the suppression of 
cross-linking in the tracks. The SAXS data obtained in the present study 
also allow us to suggest a more plausible hypothesis. As seen from Fig. 7 
(d, e, f) and 8 (d, e, f), the tracks in the PP foils with higher antioxidant 
content have a much greater free volume which is known to be of pri
mary importance for selective etching. 

4. Conclusions 

In this study, ion tracks in two polypropylene foils with different 
antioxidant content were characterised using SAXS measurements and 
the results compared with mass measurements of the polypropylene foils 
before and after irradiation. The dissipation of the swift ion energy in a 
polymer occurs in a small volume around the ion path. Further oxidation 
of the polymer starts within the damage volume and propagates in radial 
direction towards the polymer bulk. SAXS measurements provides a 
unique chance to estimate the localization of the oxidative reactions via 

the measurements of density distribution around in ion tracks. 
We found that tracks in foils with higher antioxidant content exhibit 

a highly damaged core with a mass loss of between 6% and 20%, 
depending on the ion and energy. The mass loss decreases gradually 
with increasing distance from the damage core. The structure is com
parable to that of other well studied polymers such as polycarbonate, 
PET and PMMA [49]. For the foils with low antioxidant content, we 
discovered that the ion tracks have a core shell structure with an overall 
mass increase which is consistent with an observed increase in mass of 
these foils after irradiation. Additionally, it was found that the antioxi
dant content of the film had a significant impact on how quickly the foils 
degraded over time. The calculated mass increase from the SAXS mea
surements for polypropylene foil with low antioxidant content is less 
than the measured increase, whereas the decrease in the mass calculated 
from SAXS measurements for polypropylene foils with high antioxidant 
content agrees well with the experimental observation. This suggests 
that ion irradiation may also lead to the oxidation of the halo area 
(which is not observable through SAXS), in addition to the oxidation of 
the ion track (albeit to a lesser amount). The discovery of a tiny core area 
in foil type T2400 suggests that the core region is heavily oxidised. The 
oxygen distribution, however, cannot be quantitatively determined 
since the oxidative degradation phenomenon involves several compli
cated processes. These findings are crucial because they not only fill in 
the knowledge gap about the structure of the ion tracks in poly
propylene, but they also demonstrate the impact of age, antioxidant 
content, ion species, and ion energy. Given that polypropylene foil is 
manufactured in such large quantities, these findings may also be used 
by material scientists, physicists, and chemists, to build applications 
based on polypropylene foils. 
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