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Abstract. In the present study, the effects of swift heavy ion beam irradiation on the structural,
chemical and optical properties of Makrofol solid-state nuclear track detector (SSNTD) were investigated. Makrofol-KG films of 40 μm thickness were irradiated with oxygen beam (O8+ ) with fluences
ranging between 1010 ion/cm2 and 1012 ion/cm2 . Structural, chemical and optical properties were
investigated using X-ray diffraction, FTIR spectroscopy and UV–visible spectroscopy methods. It is
observed that the direct and indirect band gaps of Makrofol-KG decrease after the irradiation. The
XRD study shows that the crystalline size in the films decreases at higher fluences. The intensity
plots of FTIR measurements indicate the degradation of Makrofol at higher fluences. Roughness of
the surface increases at higher fluence.
Keywords. Makrofol-KG; ion irradiation; UV–visible spectroscopy; X-ray diffraction; Fourier
transform infrared spectroscopy; atomic force spectroscopy.
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1. Introduction
The polycarbonates, such as Makrofol, are insensitive to light charged particles, X-rays and
γ -rays. They, nonetheless, offer a very convenient way of detecting heavy ions in the study
of cosmic rays, heavy ion nuclear reactions and exploration of superheavy elements and are
most suitable for microfilter technology [1–3]. Makrofol-KG, KL and N are three widely
used polycarbonates. Though these are of the same chemical composition (C16 H14 O3 ) and
are the products of the same company (Farbenfabriken Bayer A G, Leverkusen, Germany),
they have slightly different etching parameters. Passage of swift heavy ions in the materials
creates large-scale lattice defects due to radiation damage along the path of the ion, which
leads to the formation and transport of reactive species that can permanently change the
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physico-chemical properties of these SSNTDs [4]. Based upon the experimental as well as
theoretical studies, many models for energy distribution by heavy ions in matter have been
proposed by some workers [5–7]. Various studies have been performed on the radiationinduced degradation of Makrofol polycarbonate using different radiations, such as γ -rays
[8–10], electron beam [11], neutrons [12] and heavy ions [13]. The present study deals
with the effect of swift heavy ions (O8+ ) irradiation on the structural and optical properties
of Makrofol-KG polycarbonate.

2. Experimental methods
Pieces of Makrofol-KG were cut from a large sheet of 40 μm thickness and were irradiated by 80 MeV O8+ ion beams (at various fluences ranging from 1010 to 1012 ions/cm2 )
using the 15 UD Pelletron facility in material science beam line at Inter University Accelerator Centre (IUAC), New Delhi, India. FTIR spectra were measured by Perkin–Elmer
SPECTRUM BX FT-IR system, which scanned the infrared spectrum in the range of
800–3200 cm−1 . The XRD measurement were carried out by Bruker AXS, with Cu-Kα
radiation (1.54 Å) for a wide range of Bragg’s angle 2θ (5◦ < 2θ < 40◦ ) using a
Bruker AXS X-ray Diffractometer. UV–visible spectra were obtained using a U-3300
Spectrophotometer.

3. Results and discussion
3.1 X-ray diffraction
Figure 1 shows the X-ray diffraction pattern of the non-irradiated and irradiated MakrofolKG with O8+ at total ion fluence ranging from 1010 to 1012 ions/cm2 . In pristine sample,

Figure 1. X-ray diffraction pattern of Makrofol-KG irradiated by oxygen beam.
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Table 1. The crystallinity of pristine Makrofol-KG
and Makrofol-KG irradiated by oxygen beam.
Fluences (ion/cm2 )
Pristine
1010
1012

Crystallinity (%)
54
47
35

it is observed that strong peak occurs at θ = 17.36. The degree of crystallinity for the
polymers was calculated by the following formula:
C = (A/A ) × 100%,

(1)

where A is the total area under the peaks (area of crystalline and amorphous peaks) and
A is the total area under the diffractogram [14]. Crystallinity of the virgin and irradiated
polymer films were calculated and given in table 1. In virgin sample, the crystallinity
is 54% but after irradiation the crystalline size and percentage of crystallinity decrease
with increasing fluences. The amorphous behaviour can be seen by the broadening in the
polymer peak and decrease in the intensity of the peak with increasing fluence. Similar
observations have been reported by Sun et al [13] when Makrofol-KG was irradiated by
Xe ions. Nouh et al [14] also studied the effect of electron beam in Makrofol detector and
observed that the degree of ordering of Makrofol is dependent on the electron dose due to
the degradation and cross-linking processes.
3.2 UV–visible spectral analysis
The UV–visible spectra recorded for O8+ ion beam irradiated polymers are shown in
figure 2. A shift in absorption edge towards longer wavelength with increasing fluences

Figure 2. UV–visible spectra of Makrofol-KG irradiated by oxygen beam.
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Table 2. Direct and indirect band gaps of pristine Makrofol-KG and Makrofol-KG
irradiated by oxygen beam.
Ions

Oxygen

Fluences
(ion/cm2 )

Direct band
gap (eV)

Indirect band
gap (eV)

Pristine
1011
1012

4.1
3.9
3.3

3.9
3.7
3.1

No. of carbon atoms per clusters
Calculated from
Calculated from
direct band gap
Indirect band gap
70
77
107

77
85
122

can be readily observed, which indicates a decrease in band gap. This shift in the absorption may be due to the formation of free radicals or ions, which increases the energy of the
valence band thus giving polymers the capability to conduct. The shift of absorption edge
of UV–visible spectra towards the visible region can be correlated with optical band gap by
Taucs expression:
ω2 ε(λ) = (hω − E g )2 ,

(2)

where ε(λ) is the optical absorbance, ω is the frequency and λ is the wavelength. The
intersection of the extrapolated spectrum with the abscissa of the plot {ε(λ)/λ}1/2 vs. 1/λ
yields the gap wavelength (λg ) from which the energy gap is derived as
E g = hc/λg .

(3)

The calculated values of band gap and the number of carbon atoms are shown in table 2.
The direct and indirect band gaps of the polymers were calculated from the plots of (hν)

Figure 3. FTIR spectra of Makrofol-KG irradiated by oxygen beam.
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vs. (αhν)2 and (hν) vs. (αhν)1/2 where hν is the energy (eV) and α is the absorption
cofficient.
The direct and indirect band gap values of pristine Makrofol-KG are 4.1 and 3.9 eV,
respectively. It was observed that band gap decreases continuously after irradiation. This
may be due to the electronic energy loss and creation of more defects. Fink et al [15] have
pointed out that the Robertson equation estimates the cluster size in irradiated polymers.

(a) Pristine

(b) 1x10 10
Figure 4. AFM image of Makrofol-KG for (a) pristine, (b) irradiated by O8+ beam at
1010 ions/cm2 fluence and (c) at 1012 ions/cm2 fluence.
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(c)1x10 12
Figure 4. Continued.

The structure of the cluster was assumed to be like a buckminsterfullerene C60 ring instead
of C6 having a relation as [16]
E g = 34.3/(N )1/2 ,

(4)

where N is the number of carbon atoms per cluster in the irradiated polymer. The number
of carbon atom varies from 70 to 122. Singh et al [17] studied the effect of Li3+ and O6+
beam in Makrofol-KG and observed that the shift in band gap is more for O6+ beam.

3.3 FTIR studies
The nature of chemical bonds of polymers can be studied by characterizing the irrational
modes determined by infrared spectroscopy. The FTIR spectra of Makrofol-KG samples,
virgin and irradiated by 80 MeV O8+ ions at different fluences, are shown in figure 3. The
relative changes in the bonds were estimated from the relative increase or decrease in the
intensity of the peak associated with the functional groups present in the polymer. The
observed bands at 2970, 2873 and 1365 cm−1 correspond to methyl (–CH3 ) group and the
bands at 3040, 1603, 1084 and 833 cm−1 correspond to the parasubstituted phenyl group
[13]. After irradiation with O8+ beams, small changes in peak intensity were observed.
This may be due to the breakage of a few bonds in the ladder structure without causing
change in the overall structure of the polymer. Singh et al [17] and Sun et al [13] irradiated
Makrofol detector with proton and Xe ions, respectively and reported that at higher doses
peak intensity decreases.
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3.4 AFM studies
Atomic force microscopy was performed to examine the surface morphology and to measure roughness value for pristine and irradiated Makrofol-KG with O8+ beam at different
fluences. Figure 4 shows the 3D images of pristine and irradiated samples. The surface
of the pristine polymer is smooth and the roughness is 16.32 nm. After irradiation, the
roughness increases up to 18.94 nm. The increased roughness is related to the progessive
degradation of the polymer chain due to cross-linking [18].
4. Conclusions
Based on the present study, it may be concluded that the swift heavy ion irradiation is one
of the techniques to modify the properties of the polymers. The degree of crystallinity of
the polymer films was found to decrease with increasing fluence, which may be due to
the cross-linking. It is found from the UV–visible spectroscopy that the absorption edge is
shifted towards higher wavelength with increase in ion fluence, indicating the reduction in
band gap. The minor changes in the peaks of irradiated sample may be due to the breakage
of a few bonds in the ladder structure, but this will not change the overall structure of the
polymer.
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