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Here, we present new models to fit small angle X-ray scattering (SAXS) data for the characterization of

ion tracks in polymers. Ion tracks in polyethylene terephthalate (PET), polycarbonate (PC), polyimide (PI)

and polymethyl methacrylate (PMMA) were created by swift heavy ion irradiation using 197Au and 238U

with energies between 185 MeV and 2.0 GeV. Transmission SAXS measurements were performed at the

Australian Synchrotron. SAXS data were analysed using two new models that describe the tracks by a

cylindrical structure composed of a highly damaged core with a gradual transition to the undamaged

material. First, we investigate the ‘Soft Cylinder Model’, which assumes a smooth function to describe

the transition region by a gradual change in density from a core to a matrix. As a simplified and

computational less expensive version of the ‘Soft Cylinder Model’, the ‘Core Transition Model’ was

developed to enable fast fitting. This model assumes a linear increase in density from the core to the

matrix. Both models yield superior fits to the experimental SAXS data compared with the often-used

simple ‘Hard Cylinder Model’ assuming a constant density with an abrupt transition.

1. Introduction

As swift heavy ions penetrate organic and inorganic materials,
they mainly interact with the target electrons, and the electro-
nic energy loss is dominant. The resulting ionization and
electronic excitations can lead to the formation of narrow,
parallel damage trails which are called ‘ion tracks’. The for-
mation of continuous tracks requires the electronic energy loss
to exceed a material-dependent critical threshold value.1–4

Affected by the electronic energy loss, energetic secondary
electrons, and radial energy deposition, ion tracks generally
consist of a small ‘track core’ with a radius of a few nanometres
that is sometimes surrounded by a ‘track halo’ extending up to
a few hundred nanometers.1–3,5

Ion tracks in polymers have attracted attention from the
scientific community for decades as they have many interesting
applications. By chemical etching,6–10 ion tracks can be

converted to nanopores with radii ranging from tens to hundreds
of nanometers. Subsequently, these pores can be tuned in size
and functionality by atomic layer deposition11–14 or surface
modification.15–19 These polymer membranes have been used
for energetic particle detection,20,21 nanowire fabrication,22,23 ion
separation,24,25 gas separation,26–28 molecule sensing,12,29–32

energy conversion,33–36 and response switches or gates.37–40 The
more recently developed track-UV technique enables the fabrication
of nanopores in polymer membranes without chemical
etching.11,24,41 The resulting pores have shown effective openings
as small as 0.5 nm,10 achieving both high selectivity and perme-
ability for ion separation.24,25

To further advance the applications based on ion tracks in
polymers, detailed knowledge of the track structure in polymers
and how it depends on the ion irradiation conditions is highly
desirable. However, using conventional imaging methods such
as transmission electron microscopy (TEM),42,43 atomic force
microscopy (AFM)44–46 and scanning force microscopy
(SFM),47–49 it is extremely challenging to accurately observe
the nanometre scale tracks in polymers due to low contrast,
sample charging, and artefacts introduced during sample
preparation. Several indirect methods have been used to char-
acterize the track structure in polymers. By chemical etching
combined with conductometry, etching curve analysis can
provide the size of the ‘track core’ and ‘track halo’ but it ‘erases’
the structure inside the ‘track core’ during the etching
process.50–52 Ultraviolet-visible spectroscopy (UV-Vis) and
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Fourier transform infrared spectroscopy (FTIR) can provide rich
information about the damage to the molecular structure in the
polymer and can yield an effective damage cross-section of the
tracks, yet little information about the track morphology can be
deduced.45,46,53,54

Synchrotron-based small angle X-ray scattering (SAXS) is a
powerful technique for characterizing the structure of ion
tracks. SAXS is non-destructive and well suited to analyse the
size, shape, and spatial correlation of objects in the nanometre
range without special requirements for sample preparation.55,56

This technique has been successfully applied to study track-
etched nanopores57–61 and ion tracks in polymers and inorganic
materials.57,62–65 One of the most widely used models to fit the
SAXS patterns from ion tracks is a simple cylinder approxi-
mation. This model has been applied to fit the structure of
tracks in polymer samples such as polycarbonate (PC), polyethy-
lene terephthalate (PET) and polytetrafluoroethylene (PTFE)
among others.57,62,63 The so-called ‘Hard Cylinder Model’
assumes that the ion track has a cylindrical structure with a
constant density lower than that of the matrix and an abrupt
boundary to the undamaged material. While this model serves
as a good approximation, in particular for amorphous tracks in
inorganic crystalline materials, it often fails to fit scattering
patterns from ion tracks in polymers well. We attribute this to
a more complex track structure in polymers that the ‘Hard
Cylinder Model’ does not account for. It is generally accepted
that the interaction of secondary electrons with the target
material and the energy density deposition are crucial for ion
track formation. Swift heavy ions slow down in the target
material mainly due to the ionization of target atoms with the
emission of secondary electrons. Monte Carlo simulations show
a gradual decrease in the radial excited electron density and their
energy density in solid materials.66 In contrast to ion tracks
formed in inorganic materials, where the density difference is
largely caused by mass redistribution, in polymers, ion track
formation is fundamentally different and dominated by bond
breaking and outgassing, which reduces with radially decreasing
energy deposition and induces the mass loss. For example, the
probability for the carbonate ester bond to break gradually
decreases in the radial direction away from the ion path.67 These
studies indicate that ion tracks in polymers should have a more
complex structure than a simple cylinder with abrupt bound-
aries, which better describes tracks in inorganic materials.

There are only a few studies using SAXS that have investigated
the structure of tracks in polymers to have soft boundaries by
assuming either a Gaussian radial density variation68 or a radial
electron density profile consisting of a combination of a hard
cylinder and Gaussian distribution.69,70 The former model does
not show any oscillatory behaviour in the scattering pattern while
the latter involves an abrupt step in the radial distribution
between the hard cylinder and the Gaussian part. These models
were unable to explain the scattering observed from our SAXS
measurements of ion tracks in polymers. Hence, we developed
two new form-factor models termed the ‘Soft Cylinder Model’ and
‘Core Transition Model’. Both models assume that the ‘track core’
has an inner core region with a constant density followed by a

gradual density transition to the ‘track halo’ with little density
change. Given the gradual radial decrease in the deposited energy
and concomitant bond breaking efficiency, these models should
provide a more realistic description of the radial density variation
in the tracks compared to the ‘Hard Cylinder Model’.68–70 This is
consistent with previous studies suggesting that a transition zone
exists between the ‘track core’ and the ‘track halo’.71,72

We performed SAXS measurements of tracks in a variety of
polymers such as PET, PC and polyimide (PI), as well as
polymethyl methacrylate (PMMA) irradiated with swift heavy
ions of 197Au and 238U with energies between 185 MeV and
2.0 GeV. We systematically tested both models and the results
indicate that they well reproduce the SAXS measurements of
tracks in all polymer samples considered in this study. These
new insights may help in gaining a better understanding of the
mechanisms involved in track formation.

2. Experimental

Commercially available polymer foils of PET, PC and PI, as well
as PMMA thin films deposited on a Si wafer by spin coating
(for more details, see Table 1) were irradiated with swift heavy
ions at room temperature. The irradiation experiments were
performed using 197Au and 238U ions with energies between
1.6 and 2.0 GeV at the UNILAC accelerator at GSI in Germany or
185 MeV 197Au ions at the 14UD accelerator at Australian
National University. The fluences ranged from 5 � 1010 to
3 � 1011 ions/ cm2. Table 1 shows the details of the samples
and irradiation conditions. The energy losses dE/dx were
calculated using SRIM 2008.73 Based on the calculations, the
ion range by far exceeds the thickness of the polymer foils in all
cases, and the electronic energy loss is nearly uniform along the
damage trails, i.e., varying by a maximum of 5.7%. Hence,
Table 1 lists the electronic energy loss at the surface of the foil.

The tracks in the polymers resulting from ion irradiation
were studied by transmission SAXS at the SAXS/WAXS beamline
of the Australian Synchrotron in Melbourne, Australia. SAXS
measurements were performed with an X-ray energy of 12 keV
and detector to sample distances of approximately 1600 mm,
2000 mm, and 3500 mm in different experimental runs. The
samples were mounted using a three-axis goniometer which
allows the alignment and tilt of the samples to defined angles
of the parallel tracks with respect to the X-ray beam to obtain
2D images produced by the detector corresponding to a two-
dimensional cut of the tracks in reciprocal space. The measurement
geometry is shown in Fig. 1. Images were collected using a Pilatus
1 M or 2 M detector with exposure times of 1 s, 2 s and 5 s.
Additionally, pristine samples were measured for the background
correction. The distance between the sample and detector was
calibrated using a silver behenate reference. To analyse the data,
the X-ray scattering intensity was extracted from the streak indicated
by the red curve in the 2D image (see Fig. 1). The streak results from
the tilt of the aligned cylindrical tracks with respect to X-rays and
includes information about the radial density variation in the
tracks.62 The background was chosen by the yellow curve away
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from the polymer ring, but as close as possible without overlapping
the streak.74 After data reduction and background subtraction, the
1D scattering intensity is plotted as a function of the scattering
vector q. The resulting 1D scattering pattern contains information
about the radial density profile of the ion track.

3. SAXS data modelling

SAXS is a powerful technique to study the size and shape of the
ion tracks. The scattering intensity in the SAXS experiment is
governed by two factors: the form factor describes the shape
and size of the scatterer (ion track), and the structure factor
describes the spatial correlation between the ion tracks. The
ion tracks fabricated by the irradiation process and investigated
in the present study are almost parallel to each other with an
average distance far larger than the diameter of the ion tracks
themselves. Due to the stochastic nature of ion irradiation, the
ion tracks in polymers are randomly distributed over the

irradiation surface. This leads to the reduction of the structure
factor to 1.60,75,76 Hence, the scattering intensity I(-q) in the case
of ion tracks is directly related to the square of the scattering
form factor f (-q) where the scattering vector -

q represents the
momentum transfer between the incoming and outgoing
waves.74,77,78

I(-q) = C|f (-q)|2 (1)

The pre-factor C contains information about the number
density of the scatterers and intensity calibration and is con-
sidered as a scaling factor in the fitting process. We assume
that the polymers are isotropic materials and the tracks possess
cylindrical symmetry and translational symmetry along the
axis. The latter assumption is justified given that the electronic
energy loss is almost uniform across the thickness of the
polymer, and the nuclear energy loss is negligible. The scattering
form factor f (-q) is obtained by performing a Fourier transform of
the scattering object (ion track) and can be expressed in cylind-
rical coordinates as follows:61,65,75,79

f ~qð Þ ¼ 2p
sin qzL=2ð Þ

qz=2

ð1
0

rDr rð ÞJ0 qrrð Þdr; (2)

where L is the length of the ion tracks, which is equal to the
thickness of the membrane, and J0 is the zero-order Bessel
function. qr and qz are the radial component and z-component
of the scattering vector and can be expressed as q cos y and
q siny, respectively, where y is the half scattering angle. The
function Dr(r) describes the radial electron density change in the
cylindrical ion tracks compared to the matrix of the polymers.
Considering the half-length of the nanopore l = L/2, eqn (2) is
reduced to

f ~qð Þ ¼ 2p
sin q sin yð Þlð Þ
q sin yð Þ=2

ð1
0

rDr rð ÞJ0 q cos yð Þrð Þdr (3)

Fig. 1 Schematic of the set-up for transmission SAXS measurements.
The ion tracks were tilted by g with respect to the incoming X-ray beam.
The obtained 2D SAXS image of ion tracks in the irradiated PET foil was
recorded by the detector. For analysis, the scattering intensity was
extracted from the streak along the red curve and the background
(extracted along the yellow curve) was subtracted to account for scattering
from the matrix.

Table 1 Sample information and irradiation parameters

Sample
Thickness
(mm) Trade name Ion

Ion energy
(MeV)

Fluence
(ions/ cm2) Accelerator

Electronic energy
loss at the surface
(keV nm�1)

Variation of
the energy loss
across the foil (%)

Projected
range (mm)

PET 2 Lumirror, Toray Industries Au 1635 5 � 1010 UNILAC,
GSI

15.94 0.44 115

PET 2 Lumirror, Toray Industries Au 185 5 � 1010 14UD, ANU 14.36 5.68 25.9
1 � 1011

3 � 1011

PET 2.8 Rynite, DuPont Au 1635 1 � 1011 UNILAC,
GSI

15.94 0.50 115

PET 10 Hostaphan, Hoechst Au 1635 1 � 1011 UNILAC,
GSI

15.94 1.51 115

PET 12 Hostaphan, Hoechst Au 1635 1 � 1011 UNILAC,
GSI

15.94 1.76 115

PET 19 Hostaphan, Hoechst Au 1635 1 � 1011 UNILAC,
GSI

15.94 2.63 115

PC 10 Makrofol, Bayer Material Science AG U 1975 5 � 1010 UNILAC,
GSI

17.62 1.09 126

PI 25 Kapton, DuPont Au 1635 5 � 1010 UNILAC,
GSI

15.29 4.12 115

PI 25 Kapton, DuPont U 1975 5 � 1010 UNILAC,
GSI

20.01 2.93 113

PMMA 1.6 Micro resist technologya Au 185 5 � 1010 14UD, ANU 10.87 3.31 34.4

a The thin film of PMMA on the Si wafer was fabricated by spin coating with a PMMA A4 solution (purchased from micro resist technology).
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Many studies have considered the radial density of the damage
region to be constant with an abrupt transition to the unda-
maged material.57,62–65 This so-called ‘Hard Cylinder Model’
assumes that the ion track is a simple cylinder with a radius R
and has a constant density lower than that of the matrix material
(Fig. 2a). Hence, by assuming Dr(r) to be a constant, the integral
in eqn (3) has an analytical solution and the form factor for the
Hard Cylinder Model can be written as:

fHC ~qð Þ ¼ 4pDrc
sin q sin yð Þlð Þ
q2 sin yð Þ cos yð ÞRHCJ1 q cos yð ÞRHCð Þ; (4)

where RHC is the track radius, J1 is the first-order Bessel function,
and Drc is the constant density change. This simple model
provides a good approximation of the scattering data of ion
tracks in many materials (including polymers57,62,63). For etched
tracks in polymers, it is clearly a very good representation of the
true structure; however, for un-etched tracks in polymers, the
track structure is more complex considering the realistic density
profile discussed in the last section, and the Hard Cylinder
Model only provides a crude approximation. Interestingly, it
has been found that the fitting to the SAXS data of un-etched
tracks can be improved by introducing a phenomenological
parameter describing the ‘roughness’ of the scattering object
as an exponential attenuation factor.57,60,80 With this addition,
the scattering intensity of the Hard Cylinder Model is defined as
follows:

jIHC ~qð Þj / jfHCð~qÞj2�e�sD
2q2 (5)

The variable sD is used as a fitting parameter and defines the
damping of the scattering intensity. This ‘roughness’ parameter
has been interpreted as a measure of unevenness at the track
boundary; however, it is questionable if this parameter appro-
priately describes the structure of the un-etched tracks in
polymers.

In this study, to directly model a more realistic density
change between the damaged core and the matrix of the ion

tracks in polymers, we developed a new form factor model
called ‘Soft Cylinder Model’, which involves a constant density
change in the core region and a gradual density change from
the core to the un-damaged matrix. The radial density profile of
the soft cylinder model is defined using the modified error
function and is shown in Fig. 2b:

DrSC rð Þ ¼ Drc
2
� erf

r� a

m

� �
� 1

� �

¼ Drc
2
� 2ffiffiffi

p
p
ð r�a

mð Þ

0

e�t
2
dt� 1

 !
; (6)

where Drc is the constant density change in the core region.
The variables a and m in eqn (6) define the midpoint and the
slope of the curved region, respectively. As illustrated in Fig. 2b,
the curve is divided into two parts: the constant density region
is defined as the core region and the region representing the
gradual change in the density distribution referred to as the
transition region. Using these variables, we can define the core
region (CSC) and the transition region (TSC) of the Soft Cylinder
Model as follows:

CSC = a � 2m

TSC = 4m

The effective radius of the track is defined as RSC = a, i.e., the
point in the transition region where the density difference decreases
to half of the total density change. Using values from eqn (6) in
eqn (3), we obtain the form factor for the Soft Cylinder Model:

fSC ~qð Þ¼2pDrc
sin qsin yð Þlð Þ

qsin yð Þ

ð1
0

r � erf
r�a

m

� �
�1

� �
J0 qcos yð Þrð Þdr

(7)

The soft cylinder model can be successfully applied to fit the
data which cannot be fit by the Hard Cylinder Model as
outlined below. However, this model is computationally

Fig. 2 SAXS fitting models for analysing the radial electron density distribution of cylindrical ion tracks in polymers: (a) Hard Cylinder Model, (b) Soft
Cylinder Model and (c) Core Transition Model. White dashed circles indicate the boundary of the tracks, where the density corresponds to that of the
unirradiated material. The graph in the bottom row shows the radial density profile of the different models. The point a is the midpoint in the transition
region of the soft cylinder model in (b).
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relatively expensive and requires significant time to process
large amounts of data as eqn (7) does not have an analytical
solution and its integration needs to be performed numerically.

As an alternative, we also introduce a simpler approximation
to the Soft Cylinder Model, defined as the ‘Core Transition
Model’, which is also an improvement over the Hard Cylinder
Model. Fig. 2c shows the electron density distribution of the
Core Transition Model. As illustrated in the figure, the core
region (CCT) has a constant density change Drc. The transition
region (TCT) is represented by a linear density change. The slope
m and y-intercept c of the transition region are given by:

m ¼ Drc
CCT � RCT

and c ¼ Drc �mCCT ¼
DrcRCT

RCT � CCT
: (8)

The electronic density distribution profile for the Core Transi-
tion Model can thus be written as follows:

DrCT rð Þ ¼

Drc 0o r � CCT

Drc
CCT � RCT

� �
rþ DrcRCT

RCT � CCT
CCT o r � RCT

0 RCT o r

8>>>>><
>>>>>:

(9)

Inserting the density profile defined in eqn (9) into eqn (3), we
obtain the form factor for the Core Transition Model:

fCT ~qð Þ ¼2p
sin q sinðyÞlð Þ
q sinðyÞ=2

ðCCT

0

rDrcJ0ðq cosðyÞÞdr
�

þ
ðRCT

CCT

Drc
CCT � RCT

� �
rþ DrcRCT

RCT � CCT

� �

� J0ðq cosðyÞÞdrÞ

(10)

This equation can be further simplified to

fCT ~qð Þ ¼ 4p
sin q sinðyÞlð Þ

q sinðyÞ
1

q cos yð Þð Þ2
pð � CCTJ1 CCTq cos yð Þð Þ

�H0 CCTq cos yð Þð Þ þ RCTJ1 RCTq cos yð Þð ÞH0

ðRCTq cos yð ÞÞ þ CCTJ0 CCTq cosðyÞð ÞH1 CCTq cosðyÞð Þ

� RCTJ0 q cosðyÞRCTð ÞH1ðq cosðyÞRCTÞÞ;
(11)

where J1 is the Bessel function of the first-order and Hu(z) is the
Struve function defined as follows:

Hu zð Þ ¼ 1

2
z

� �uþ1X1
m¼0

�1ð Þm 1

2
z

� �2m

G mþ 3

2

� �
G mþ uþ 3

2

� �

Since the tracks are generated from the same damage process,
they are highly monodisperse with very narrow size distributions.
Differences between tracks can however arise due to factors like
energy straggling and range straggling caused by electronic and
nuclear collisions. This leads to an effective narrow size distribu-
tion of the tracks. We consider this variation by implementing a

narrow Schulz–Zimm distribution,61,74,75 which is very similar to a
Gaussian distribution for small values of the dispersity but has
the added advantage that it does not have negative values that are
non-physical for track radii. The standard deviation or the width
of the distribution defines the dispersity in the radius values. With
this modification, the scattering intensity for the models defined
earlier can be written as follows:

I ~qð Þ ¼ C

ð1
0

p R0;Rð ÞdR f ~q;R;Lð Þj j2 (12)

with,

p R0;Rð Þ ¼ 1

Norm
zþ 1ð Þzþ1 R

R0

� �z
exp � zþ 1ð ÞR=R0ð Þ

R0G zþ 1ð Þ (13)

where Norm is the normalization factor. The variable z defines the
width of the distribution

z ¼ 1� s2

s2
;

where s is the dispersity parameter used in the fitting model given by

s ¼ p0

R0
;

where R0 is the mean of the distribution and p0 is the root mean
square deviation from R0. The size distribution of the transition
region for both the Soft Cylinder Model and the Core Transition
Model (TSC and TCT) with a mean value of tSC and tCT is fixed by
scaling the distribution applied on CSC and CCT to tSC/R0 and
tCT/R0, respectively. While deriving the scattering form factor
for all the models, we have considered that all ion tracks are
parallel to each other, but this is not necessarily the case. A
small angular spread due to a small ion-beam divergence
during irradiation and because the thin polymer foils may
not be entirely flat during irradiation or during the SAXS
measurements are realistic assumptions. To account for this,
we implement a small constant angular distribution, with o
being used as a fit parameter:

I 0 ~qð Þ ¼
Ðo
0 I ~qð Þ sin ydyÐo

0 sin ydy
(14)

Here, I0(-q) defines the scattering intensity resulting from the
angularly distributed scatterers, with small angular dispersion
o. In summary, the scattering intensities from the nanopores

defined using our Soft Cylinder Model I
0
SC ~qð Þ

� �
and core

transition model I
0
CT ~qð Þ

� �
are given as follows:

I
0
SC ~qð Þ ¼ CÐo

0 sin ydy

ðo
0

ð1
0

2pr0
sin q sin yð Þlð Þ

q sin yð Þ

ð1
0

r

				
� erf r� a

m

� �
� 1

� �
J0 q cos yð Þrð Þdr

				
2

� p cSC;CSCð ÞdCSC sin ydyþ Ibkg

(15)
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I
0
CT ~qð Þ ¼

CÐo
0
sin ydy

ðo
0

ð1
0

4p
sin q sin ylð Þ

q sin y
1

q2 cos2 y

				
� pð � CCTJ1 CCTq cos yð ÞH0 CCTq cos yð Þ

þ RCTJ1ðRCTq cos yÞH0 RCTq cos yð Þ

þ CCTJ0 CCTq cos yð ÞH1 CCTq cos yð Þ

� RCTJ0 q cos yRCTð ÞH1ðq cos yRCTÞÞ
				
2

� p cCT;CCTð ÞdCCT sin ydyþ Ibkg;

(16)

where cSC and cCT are the mean values of the core radius for the
Soft Cylinder Model and the Core Transition Model. The term
Ibkg is included to account for a constant background.

4. Results and discussion
4.1 Track structure in PET

Before applying the newly developed form factor models, i.e.
the Soft Cylinder Model and the Core Transition Model, to fit
the experimental data, we show how the corresponding SAXS
patterns differ from those of the Hard Cylinder Model. For
comparison, we calculated the scattering intensities of the
three models as shown in Fig. 3 with the track structure
parameters shown in Table 2 and the corresponding radial
density profiles in the inset of Fig. 3. The three different track
structures share the same amount of the total mass loss, and
the same effective radii. For the Hard Cylinder Model, the
definition of the radius is straight forward and is the radius
of the constant low-density region. For the Soft Cylinder Model
and the Core Transition Model, the effective track radius can be
defined as the core plus half of the transition region. Notably,
the slope of the transition region in the ‘core-transition’ track
nearly overlaps with the curve of the transition region of the
‘soft-cylinder’ track. No distributions in size or angle were

assumed. As shown in Fig. 3, the SAXS pattern calculated with
the Hard Cylinder Model is different from those calculated with
the new models considering a transition region. The difference
is mainly manifested in the slope at higher q and a slight chirp
of the oscillations. We also observe that the SAXS pattern
calculated with the Core Transition Model is very similar to
that of the Soft Cylinder Model for the first two oscillations.
As we generally observe only one oscillation experimentally for
ion tracks in polymers, the Core Transition Model and the soft
cylinder model are expected to yield very similar fitting results
to the SAXS patterns. The differences in the two models may thus
only be revealed if a better signal to noise ratio can be achieved
in the experimental data that exhibit at least 3 oscillations. Given
the position of the first oscillation is similar in all three models,
it can also be understood that the hard cylinder model yields a
good approximation for determining the track radii.

Fig. 4 shows the SAXS scattering patterns from ion tracks in
2 mm-thick PET irradiated with 185 MeV Au ions as well as the
fits to the different models discussed in the previous section.
The fitting parameters are listed in Table 3. As apparent in
Fig. 4a, the best fit of the Hard Cylinder Model shows a
significant deviation from the data, suggesting that a more
complex structure needs to be taken into consideration. With
the addition of a phenomenological roughness parameter in
the Hard Cylinder Model (Fig. 4b),57,63 we can obtain a better fit
but a small chirp is still apparent as also observed in the model
comparison in Fig. 3.

A more realistic track structure is expressed in the Soft
Cylinder Model (Fig. 4c) which fits the SAXS data very well
and can give us a better description of the track structure than the
Hard Cylinder Model with the roughness parameter. However, in
the actual fitting process, this model is relatively computationally
expensive as we discussed in the previous section. Hence, we
developed the Core Transition Model as a ‘faster’ alternative. In
our software implementation, the computation time of the Core
Transition Model was at least 10 times shorter than that of the
Soft Cylinder Model. The fit to the data in Fig. 4d using the Core
Transition Model is also very good. Comparing the density plot (in
the inset) between the soft cylinder and Core Transition Models,
we see they deliver very similar results.

All fitting parameters of the polymer samples with the
different models mentioned in this paper are listed in
Table 3. Uncertainties of the fitting parameters including the
core, transition, polydispersity, and angle were estimated from
the fittings. Strong oscillations in the scattering intensities lead
to smaller values for the polydispersity and indicate a narrow
distribution of the track size.

Fig. 3 Comparison of the SAXS patterns calculated using the Soft
Cylinder Model, the Core Transition Model and the Hard Cylinder Model
assuming that they share the same effective track radius. The inset shows
the corresponding radial density profiles of these models.

Table 2 Parameters for the Soft Cylinder Model, Core Transition Model
and Hard Cylinder Model plotted in Fig. 3. The ‘radius’ refers to the
effective track radius, which is defined as the core plus half of the transition
region in the Soft Cylinder Model and Core Transition Model

Model Core (nm) Transition (nm) Radius (nm)

Hard cylinder 4.25 0.00 4.25
Soft cylinder 1.80 4.90 4.25
Core transition 3.00 2.50 4.25

Paper PCCP

Pu
bl

is
he

d 
on

 2
3 

M
ar

ch
 2

02
2.

 D
ow

nl
oa

de
d 

by
 A

us
tr

al
ia

n 
N

at
io

na
l U

ni
ve

rs
ity

 o
n 

10
/2

3/
20

23
 8

:5
6:

24
 P

M
. 

View Article Online

https://doi.org/10.1039/d1cp05813d


This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 9345–9359 |  9351

As we discussed in the previous section, considering the ion
beam divergence during irradiation or the bending of the thin
foil samples when mounted on the sample holder, it may cause
the ion tracks not to be parallel anymore during the irradiation
experiments or during SAXS measurements. The addition of an
angular distribution provides a better fit to the data (Fig. 5a),
yet the track radius remains unaffected, and the transition
regions as well as the core regions only change slightly within
errors (Fig. 5b). Therefore, in the following, we add the angular
distribution to all the models to improve the fits to the data.

We further test the suitability of the new models in three
different PET samples including 2 mm-thick PET irradiated with

185 MeV Au at 1 � 1011 ions/cm2, 19 mm-thick PET irradiated
with 1635 MeV Au at 1 � 1011 ions/cm2, and 2 mm-thick PET
irradiated with 1635 MeV at 5 � 1010 ions/cm2. As expected, the
Core Transition Model and Soft Cylinder Model with angular
distribution can fit the structure of tracks in PET well for
different thicknesses and irradiation conditions (Fig. 6a–c). In
contrast, the Hard Cylinder Model with roughness does not fit
the data very well for all the samples due to the limitations
discussed earlier. The fitting parameters for the PET samples
using the hard cylinder, core transition and Soft Cylinder
Models are listed in Table 3. Fig. 7a–c show the radial density
profiles from the fits to all models for the three tested samples.

Fig. 4 SAXS patterns (circles) and corresponding fits using different models (solid lines) for 2 mm-thick PET irradiated with 185 MeV Au at 1 � 1011 ions/cm2:
(a) Hard Cylinder Model, (b) Hard Cylinder Model with roughness, (c) Core Transition Model, and (d) Soft Cylinder Model. The insets are the 2D SAXS detector
image (on the left in a), and the radial electron density profile from each model fit (on the right).
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It is apparent that the effective track radii calculated by the
different models are very similar to each other. This indicates
that the Hard Cylinder Model, while it does not describe the full
track structure, provides a good approximation for the track
size. However, the Soft Cylinder Model can give a more detailed
and realistic approximation of the track structure with compu-
tationally complex data processing. In contrast, the Core Tran-
sition Model has a better approximation of the track structure
than the Hard Cylinder Model and quicker processing
times than the Soft Cylinder Model. Thus, the particular
requirements of the analysis will inform the selection of the

most suitable model. For example, for batch fitting processes to
automatically analyse a large number of in situ data, processing
time is important. The Core Transition Model would be more
suitable for this case, which is time-saving and makes the
complex analysis of the structural change trend easier.58 For
the following characterization work of ion tracks, we choose the
Core Transition Model for convenience.

We next investigate the ion fluence range to estimate the
maximal track overlap for the applicability of the SAXS models.
Higher ion fluences produce more ion tracks per area in the
samples, which yield better scattering signals during SAXS

Table 3 Fitting results from the SAXS analysis using all models mentioned in this paper. The ‘radius’ refers to the effective track radius, which is defined as
the core plus half of the transition in the core transition and Soft Cylinder Model

Model Polymer
Thickness
(mm) Ion

Energy
(MeV)

Fluence
(ions/cm2)

Energy loss
(keV nm�1) Core (nm)

Transition
(nm)

Radius
R (nm)

Dispersity
[s] (nm)

Roughness
[sD] (nm) Angle (1)

Hard
cylinder

PET 2 Au 185 1 � 1011 14.36 9.96 � 2.20 — 9.96 � 2.20 0.23 � 0.16 — —
PET 2 Au 1635 5 � 1010 15.92 4.19 � 0.21 — 4.19 � 0.21 0.24 � 0.04 — —
PET 19 Au 1635 1 � 1011 15.92 4.34 � 0.15 — 4.34 � 0.15 0.16 � 0.03 — —

Hard cylin-
der with
roughness

PET 2 Au 185 1 � 1011 14.36 10.43 � 0.81 — 10.43 � 0.81 0.13 � 0.06 2.47 � 0.46 —
PET 2 Au 1635 5 � 1010 15.92 4.41 � 0.05 — 4.41 � 0.05 0.16 � 0.01 1.50 � 0.03 —
PET 19 Au 1635 1 � 1011 15.92 3.91 � 0.04 — 3.91 � 0.04 0.16 � 0.01 1.11 � 0.01 —

Hard cylin-
der with
angle

PET 2 Au 185 1 � 1011 14.36 10.40 � 1.33 — 10.40 � 1.33 0.18 � 0.09 — 0.62 � 0.00
PET 2 Au 1635 5 � 1010 15.92 4.22 � 0.02 — 4.22 � 0.02 0.18 � 0.01 — 0.47 � 0.00
PET 19 Au 1635 1 � 1011 15.92 3.54 � 0.04 — 3.54 � 0.04 0.18 � 0.01 — 0.50 � 0.01

Soft cylinder PET 2 Au 185 1 � 1011 14.36 3.01 � 1.63 14.21 � 2.72 10.12 � 2.99 0.08 � 0.04 — —
Soft cylinder
with angle

PET 2 Au 185 1 � 1011 14.36 3.01 � 1.64 14.19 � 2.73 10.11 � 3.01 0.08 � 0.04 — 0.02 � 0.00
PET 2 Au 1635 5 � 1010 15.92 1.15 � 0.10 5.91 � 0.18 4.11 � 0.19 0.11 � 0.01 — 0.72 � 0.00
PET 19 Au 1635 1 � 1011 15.92 1.13 � 0.16 5.27 � 0.20 3.77 � 0.26 0.10 � 0.01 — 0.31 � 0.04

Core
transition

PET 2 Au 185 1 � 1011 14.36 6.83 � 1.07 7.19 � 1.41 10.43 � 1.78 0.13 � 0.06 — —
PET 19 Au 1635 1 � 1011 15.92 2.65 � 0.19 3.00 � 0.14 4.15 � 0.26 0.18 � 0.02 — —

Core transi-
tion with
angle

PET 2 Au 185 5 � 1010 14.36 6.34 � 0.80 7.10 � 1.55 9.89 � 1.58 0.11 � 0.02 — 0.34 � 0.10
PET 2 Au 185 1 � 1011 14.36 7.19 � 1.13 6.54 � 1.66 10.46 � 1.96 0.13 � 0.06 — 0.20 � 0.00
PET 2 Au 185 3 � 1011 14.36 9.01 � 0.28 4.60 � 0.16 11.31 � 0.36 0.20 � 0.02 — 0.01 � 0.00
PET 2 Au 1635 5 � 1010 15.92 3.03 � 0.07 2.29 � 0.14 4.18 � 0.14 0.19 � 0.01 — 0.42 � 0.00
PET 2.8 Au 1635 1 � 1011 15.92 3.07 � 0.27 2.60 � 0.39 4.37 � 0.47 0.17 � 0.04 — 0.15 � 0.00
PET 10 Au 1635 1 � 1011 15.92 2.85 � 0.03 2.41 � 0.04 4.06 � 0.05 0.15 � 0.00 — 0.07 � 0.00
PET 12 Au 1635 1 � 1011 15.92 2.74 � 0.27 2.86 � 0.33 4.17 � 0.44 0.12 � 0.03 — 0.04 � 0.00
PET 19 Au 1635 1 � 1011 15.92 2.84 � 0.13 2.43 � 0.12 4.06 � 0.19 0.16 � 0.02 — 0.02 � 0.00
PC 10 U 1975 5 � 1010 17.62 1.98 � 0.25 2.37 � 0.44 3.17 � 0.47 0.14 � 0.01 — 0.02 � 0.01
PI 25 Au 1635 5 � 1010 15.29 1.68 � 0.03 1.62 � 0.04 2.49 � 0.05 0.09 � 0.00 — 0.01 � 0.00
PI 25 U 1975 5 � 1010 20.01 1.76 � 0.08 1.91 � 0.11 2.72 � 0.14 0.08 � 0.01 — 0.01 � 0.00
PMMA 1.6 Au 185 5 � 1010 10.87 4.92 � 0.09 2.94 � 0.10 6.39 � 0.14 0.27 � 0.01 — 0.10 � 0.00

Fig. 5 (a) The effect of the angular distribution on the SAXS fitting models. For 19 mm-thick PET irradiated with 1635 MeV Au ions at 1 � 1011 ions/cm2,
SAXS patterns (circles) and corresponding fits to the Core Transition Model (red solid line) and Core Transition Model with the angular distribution (blue
solid line). (b) The radial densitys variations from both fits.
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measurements. However, there is a limit, i.e., for a high degree
of track overlap, the models of independent tracks described
here are no longer valid. To determine the range of suitability
for SAXS characterization, we used PET foils irradiated with 185
MeV Au at fluences of 5 � 1010, 1 � 1011 and 3 � 1011 ions/cm2

based on our previous experience, which results in track
overlaps of 7.3%, 13.9%, and 34.7%, respectively.57 The overlap
is defined as the percentage of the tracks overlapping per
transformed area (i.e., the area covered with tracks) and the
effective track radius of 9.89 nm is used for these calculations,
which is obtained from the PET foil irradiated with 185 MeV Au
at 5 � 1010 ions/cm2 (Table 3). The scattering data is shown in
Fig. 8a. It is evident that the scattering intensity becomes quite
different when the ion fluence is increased to 3 � 1011 ions/cm2

and the fitting curve (green solid line) does not exactly match
the measured data (green circles) at higher q values (q 4
0.4 nm�1). The track density profiles show a great similarity
at fluences of 5 � 1010 and 1 � 1011 ions/cm2, but a significant
deviation at 3� 1011 ions/cm2 is apparent (Fig. 8b). With increasing

fluence ranging from 5 � 1010 to 1 � 1011 ions/cm2, the scattering
intensity essentially scales with the fluence, but the oscillations
remain the same, which indicates that the track structure remains
unaffected. Thus, we consider that the amount of overlap of 14%
(at a fluence of 1 � 1011 ions/cm2) does not significantly influence
the SAXS measurement and at the corresponding fluence the
assumption of isolated tracks is still valid. For a fluence of 3 �
1011 ions/cm2, where the track overlap exceeds 30%, the decreased
quality of the fit indicates that the simple form factor model is not
applicable anymore. These results are consistent with our previous
observations on the track overlap.75

In addition, we compared the track structure in irradiated
PET foils of different thicknesses varying from 2.8 mm to 19 mm,
all of them irradiated with 1635 MeV Au at 1 � 1011 ions/cm2.
The scattering intensities are shown in Fig. 9a. Thicker samples
show stronger scattering signals in the SAXS measurements
due to the increased length of the tracks and thus show clearer
oscillations than the thin sample (i.e., 2.8 mm-thick PET).
However, from the radial density profiles shown in Fig. 9b, it

Fig. 6 SAXS patterns (circles) and corresponding fits using the Hard Cylinder Model with roughness, soft cylinder model and the Core Transition Model
with the angular distribution (solid lines) for ion tracks in PET. The insets show SAXS detector images. Patterns are for (a) 2 mm-thick PET irradiated with
185 MeV Au at 1 � 1011 ions/cm2, (b) 19 mm-thick PET irradiated with 1635 MeV Au at 1 � 1011 ions/cm2, and (c) 2 mm-thick PET irradiated with 1635 MeV
Au at 5 � 1010 ions/cm2. Patterns are offset on the y-axis for clarity.

Fig. 7 Radial electron density distribution of ion tracks in PET fitted with different models. (a) 2 mm-thick PET irradiated with 185 MeV Au at 1 � 1011 ions/cm2,
(b) 19 mm-thick PET irradiated with 1635 MeV Au at 1 � 1011 ions/cm2 and (c) 2 mm-thick PET irradiated with 1635 MeV at 5 � 1010 ions/cm2. The density
distribution of the Hard Cylinder Model with roughness and angular distribution overlap in (a).
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is apparent that thickness does not affect the track structure
within errors.

4.2 Track structure in other polymers: PC, PI and PMMA

The Core Transition Model was also applied to study ion tracks
in a variety of other polymers (Table 3). The SAXS patterns of
different polymers with a variety of irradiation conditions and
the corresponding fits to the Core Transition Model are shown
in Fig. 10. As the fits (solid lines) show, the Core Transition
Model with angular distribution describes the scattering patterns
for PC, PI and PMMA foils very well. The fitting parameters are
listed in Table 3.

The fitting results show that the Core Transition Model
works well for all polymer membranes used in our study,
suggesting a gradual density change from the highly damaged

track core to the undamaged polymer is inherent to the track
structure of polymers. This expands the simple model of a
constant low-density region in the Hard Cylinder Model to a
more realistic track structure for all the investigated polymers.

Notably, the size of the core and the transition region
depends on the irradiation conditions. Due to the velocity
effect in swift heavy ion irradiation, as many studies previously
demonstrated, low-velocity ions can produce a higher energy
density than high-velocity ions, which can have a direct impact
on the size of the tracks.1,4,5,81 The values for the core and
transition regions (Table 3) are consistently larger in PET and
PMMA foils irradiated with 185 MeV low-velocity Au ions than
that of PET and PI foils irradiated with 1635 MeV high-velocity
Au ions, despite the energy loss of the latter is higher (e.g., the
maximum difference at the foil surface is 5.05 keV nm�1).
Moreover, the track size also depends on the polymer type.

Fig. 8 (a) SAXS patterns from tracks in 2 mm-thick PET irradiated with 185 MeV Au at different fluences (circles) and corresponding fits using the Core
Transition Model (solid lines). Oscillations remain similar for fluences of 5 � 1010 ions/cm2 and 1 � 1011 ions/cm2 and a shift towards smaller q is observed
as the fluence reaches 3 � 1011 ions/cm2. Patterns are offset on the y-axis for clarity. (b) Radial electron density profiles corresponding to (a).

Fig. 9 SAXS measurements of PET foils with thicknesses ranging from 2.8 mm to 19 mm. (a) SAXS patterns (circles) and corresponding fits to the Core
Transition Model (solid lines) for PET foils irradiated with 1635 MeV Au ions at 1� 1011 ions/cm2 with different thicknesses. Patterns are offset on the y-axis
for clarity. (b) Radial electron density variations of ion tracks in PET under the same irradiation condition but different thicknesses (the blue line overlaps
with the purple line).
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For example, the sizes of the core and transition region of PET
are bigger than those of PMMA under the same irradiation
conditions (Table 3).

For inorganic insulators, the thermal-spike model suggests
melting can occur inside the track core,82–84 and the track
boundary can be very sharp, for example when the track remains
as an amorphous inclusion in a crystalline matrix as observed for
quartz and mineral apatite.64,65,85,86 In these cases, the transition
region is insignificant, hence one would expect that the Core
Transition Model is unnecessary. On the other hand, a ‘Core
Shell Model’ has been successfully applied to show the finer
structure of ion tracks in amorphous insulators like silicon
dioxide, silicon nitride and silicon oxynitrides.77,81,87,88 The
radial density of the ion tracks in these materials consists of
a lower density core and a higher density shell or vice versa
as compared to the unirradiated matrix material.74,77,87,89,90

In some cases, an extension to the model with a smooth
transition between the core and shell better fits high quality
SAXS data and yields an improved view of the track structure.74

It has been suggested this is originated from the viscous flow
in the molten region driven by thermal stresses arising from
the non-uniform temperature profile. In contrast to inorganic
materials for which the mass in the ion track is largely
conserved,91 the mass loss upon swift heavy ion irradiation is
significant in polymeric materials.1 During track formation,
a series of complex chemical processes occur, such as the
scission of chains, bond breakage, radical formation, crosslink-
ing, and loss of small volatile molecules such as CO, CO2, and H2.
This eventually leads to the formation of tracks with a lower
density compared to the surrounding matrix.1,53,92–95 This mass
loss is the main difference between the track structure of
polymers and inorganic insulators, and results in the required
consideration of the transition region to successfully fit SAXS data
for polymers.

5. Conclusions

In conclusion, SAXS is a non-destructive technique suitable for
determining the structure of ion tracks in polymers which is
very difficult to measure with microscopy techniques such as
SEM, TEM and AFM. We developed two new fitting models, the
‘Soft Cylinder Model’ and the ‘Core Transition Model’, which fit
well with the SAXS data from ion tracks in various polymer
samples such as PET, PC, PI and PMMA, and describe the
structure of the tracks better than the simple ‘Hard Cylinder
Model’. Compared with the Soft Cylinder Model, the Core
Transition Model is computationally less expensive with sufficient
precision due to the simplified fitting process. The more precise
density distribution in the tracks revealed with the new SAXS
models can provide a better understanding of the track shape and
radial damage distribution inside the track. This improved
method for track characterisation can further help in unravelling
the mechanisms of track formation in polymers and how it
depends on material properties and irradiation conditions.
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W. A. Marmisollé and O. Azzaroni, Molecular Design of
Solid-State Nanopores: Fundamental Concepts and Applica-
tions, Adv. Mater., 2019, 31, 1901483.
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