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This work is based on the effect of different gamma doses with pre- and post-alpha-irradiated PM-355 polymer (polycarbonate of
allyl diglycol). The phase crystallinity and structural analysis of the reference and irradiated PM-355 polymer were analyzed using
an X-ray diffraction (XRD) study. It is revealed that the irradiation and etching reduce the %crystallinity but increase the crystallite
size of the PM-355 polymer. The increase in crystallite size of PM-355 polymer after irradiation is supported by the scanning
electron microscopic (SEM) analysis. The etching of the samples results in an increase in its track diameter. The optical band
gap energy, measured by ultraviolet-visible (UV-VIS) spectroscopy, shows a decrement trend with the increase of gamma and
alpha irradiation doses, and etching for all sets of samples under investigation. The number of carbon atoms per conjugation
and per cluster has increased after gamma irradiation and etching. However, the increment is more pronounced for etched
samples compared to nonetched ones. This indicates that etching results in a bigger size of cluster. Photoluminescence (PL) for
both cases before and after etching has a dominant peak around 430 nm before and after irradiation, and change in peak
intensity after irradiation confirmed that particle bombardment induced defects and clusters in the PM-355, which serves as
nonradiative centers. The polymer can be used as a detector for gamma irradiation.

1. Introduction

The damage within the materials happened by many means:
radiation is one of them. When the radiation of heavily
charged particles is incident on a solid material, then tracks
are formed within it [1]. Silk and Barnes reported the forma-
tion of tracks on mica film [2]. In this work, the tracks were
created by exposing the mica films on the radiation path of
uranium’s fission fragments. The track of diameter 300Å
and length of 4.0μm were observed. Benton and Nix
reported that there is a certain critical radiation energy dose
above which the tracks can be formed within the material
and this is dependent on material’s characteristics and
etching methodology [3]. The heavy charged particle can be
detected through the formation of tracks when it falls on
targeted insulating polymeric materials known as solid-state
nuclear track detector (SSNTD). This technique is widely

and successfully used in nuclear, space, and archeological
sciences and technologies to understand the mechanism of
track formation within the targeted solid materials. Fleischer
et al. have investigated the radiation effect of heavy charged
particles when passing through the insulating target [4, 5].
They reported the formation of tracks within the insulating
material because of ionization of positively charged parti-
cles. A model was proposed, namely, ion explosion spike,
which stated that the ejection of particles was because of
mutual repulsion among the positively charged ions and
this was in agreement with the experimental results as con-
cluded therein.

Some commonly used materials for SSNTD are poly allyl
diglycol carbonate (PADC), known as CR-39, polyethylene
terephthalate (PET), Makrofol-KG (a bisphenol a polycar-
bonate), and super grad PM-355. The CR-39 is transparent
for the visible region of light and is absolutely opaque in
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the UV range. It is for the detection of cosmic ray, heavy ion
collision studies and to search for magnetic monopoles and
for radon and neutron dosimetry.

In another study, the effect of He-Ne laser ray was inves-
tigated on CN-85 (cellulose nitrate) and CR-39 polymers
based SSNTDs [6]. Before laser irradiation, both polymers
were bombarded with italic>/italic>-particle of energy
5.44MeV using a current source of 241Am. The energy den-
sity of the laser-irradiated beam was varied up to 217 J/cm2.
They investigated the optical property of both polymers
using PL and UV-VIS spectra. It was reported that the
laser-irradiated polymers showed the highest value of optical
absorption compared to the α-bombarded and neat poly-
mers. The absorption was shifted to a longer wavelength
when the dose of laser radiation was increased. Moreover,
the optical band gap energy and the intensity of PL spectra
of the test samples were decreased as the energy density of
laser radiation was increased. This can be attributed to the
scission of polymer chains because of laser irradiation. It
was concluded that a good correlation between the test
results and the applied doses were observed. Recently, Chan
and his coworkers investigated the effect of NaOH/ethanol
etchant on the CR-39 polymer [7]. It was shown that the bulk
etched property of the detector was increased with the
increase in molarity of etchant and followed by stirring. In
addition, when the track itched property was considered,
the length of track was shortened after treatment of polymer
with the etchant. Studies on the SSNTD, namely, CR-39 was
made by various authors in the past and reported in the liter-
ature [8–10].

The PM-355 is a SSNTD and has the same chemical for-
mula that of CR-39 or PADC. PM-355 SSNTDs have been
widely used for the detection of ions [11–15]. Nouh and
Bahammam have studied the effect of electron beam irradia-
tion on PM-355 polymer within the radiation dose 20-
250 kGy [13]. They reported the hardness value of the nonir-
radiated and irradiated samples with respect to applied load
and radiation doses. The hardness value of the base polymer
was approximately 4.2MPa at 25mN load for nonirradiated
sample. This value had increased up to approximately
10.8MPa with the increase in applied measurement load at
700mN. On the contrary, with the increase in radiation dose,
initially, the hardness value was decreased up to 170 kGy dose
and then increased up to 250 kGy dose because of cross-
linking of the polymer but it always showed less value com-
pared to the base polymer. In another study, Nouh et al. have
exposed the PM-355 to X-ray radiation from a 50 kV X-ray
tube where the dose range was 10–300 kGy [15]. The results
showed that the chain scission of PM-355 polymer occurred
within the radiation dose range 10–20 kGy. It generated the
free radicals when irradiated within the 20-100 kGy range.
This generation of free radicals resulted in cross-linking
within the polymer matrix and consequently increased the
hardness and refractive index values. In the range of radia-
tion dose 100–300 kGy, the PM-355 leads to degradation as
proved by FTIR spectral analysis where the degree of order-
ing was enhanced as supported by XRD analysis and hence
both the hardness and refractive index were decreased. The
polycarbonates, for example, Makrofol are very sensitive for

charged particles (protons, electron, and alpha particles),
gamma rays, and X-rays. Therefore, they present a very suit-
able approach for detecting heavy ions in the understanding
of cosmic rays, nuclear reactions, and investigation of heavy
elements, which are most appropriate for microfilter technol-
ogy. The Makrofol-DE has also been used for ion track detec-
tion and to make the track-etched membranes and used as a
microfilter [16]. In this work, the polymer was irradiated
with gamma rays, which was emitted from 60Co. The energy
of the radiation was 1.25MeV. The measurement was carried
out within the radiation doses 20-1000 kGy. Optical proper-
ties and hardness of the samples were tested. UV-VIS spec-
trum analysis reported the decrement in band gap energy
after irradiation with gamma rays. The carbon atom number
was also increased within the irradiated samples compared to
base polymer. PL peak intensity was also reduced after irradi-
ation. This was because of the formation of defects within the
irradiated samples. The hardness value was significantly
increased after irradiation with gamma doses. It was reported
4.78MPa for the base polymer and 23.67MPa for the highest
dose irradiated sample. Contact angle measurement showed
an increase in wettability after gamma irradiation.

The obtaining of a high value of track diameter after irra-
diation on polymer implies its effectiveness as a good detec-
tor. This we may achieve by varying radiation type, and
irradiation, etching, and measurement conditions. Hence,
the importance of this study is that we have tested the PM-
355 detector by varying different doses of gamma irradiation,
gamma followed by alpha irradiation, alpha followed by
gamma irradiation, and finally followed by etching for
getting high track diameter value. The samples are tested
through XRD, SEM, UV-VIS, and photoluminescence spec-
tra. An attempt has been made to explain the results on the
basis of structural changes that have happened inside the
polymer because of irradiation and etching.

2. Material, Methods, and Experimental

2.1. Material and Sample Preparation. In this work, the
SSNTD that we used was PM-355. It had thickness of 500
micron and density of 1.32 g/cm3. The sample was prepared
by molding method (Pershore Moulding Limited, England).
The test samples were divided into three sets, each set con-
taining 5 detectors. The samples were initially irradiated only
with gamma dose and then followed by pre- and postalpha
irradiation with different gamma dose as shown in Table 1.

2.2. Gamma Irradiation. For gamma irradiation, we used the
Co60 source with half-life of 5.2714 years. This source radi-
ates the energy of 1.17 and 1.33MeV. The specimens were
gamma irradiated with different doses of 20, 40, 60, 80, and
100 kGy.

2.3. Alpha Irradiation. The samples were alpha irradiated
using a 0.1 micro Ci 241Am source, which emitted radiant
energy of 5.49MeV. The specimens were alpha irradiated in
air for 5 seconds (time was measured using a stopwatch) by
keeping a distance of 2 cm apart from the irradiation source.
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2.4. Chemical Etching. The chemical etching was performed
for sample sets 2 and 3 to observe the nature of tracks. These
samples were etched in NaOH solution (6.25N) at tempera-
ture 70°C for 3 hours.

2.5. X-Ray Diffraction (XRD) Studies. The phase crystallinity
and structural analysis of the test specimens were performed
through XRD analysis (X’pert PRO; PANanalytical). The
measurement was carried out at room temperature by apply-
ing the radiation of wavelength 1.54Å emitted from the Cu-
Kα source.

2.6. Field Emission Scanning Electron Microscopy (FESEM).
The surface morphology of pre- and postirradiated speci-
mens was observed by FESEM (JEOL FESEM). Most of the
specimens were tested at 10–30 keV, whereas the insulating
samples were tested at low energy means within several
hundred eV.

2.7. Optical Microscope. The track diameter was measured
after etching of PM-355 SSNTDs using an optical microscope
(Ziess, Germany). The magnification of the measurement
was 400x.

2.8. Photoluminescence (PL). It is used for finding the defects
in semiconductor materials. This is mostly used for deter-
mining the shallow-level defects, however, is also applicable
to determine deep-level defects, depending on the radiative
recombination. The PL spectra of the specimens were
recorded using a JASCO FP-8200 Spectrofluorometer. The
measurement was performed at ambient temperature where
the excitation wavelength was 250nm.

2.9. UV-VIS Spectroscopy. The spectra of the test specimens
were recorded within the wavelength range of 200-800 nm.
The test was performed at ambient temperature using the
instrument JASCO V-670 UV/VIS Spectrophotometer.

3. Results and Discussion

3.1. X-Ray Diffraction (XRD) Study. Figure 1 shows the XRD
spectra of reference, only gamma irradiated, and alpha plus
gamma with chemically etched PM-355 SSNTDs within the
2θ (Bragg angle) value 10 to 80°. A large and broad peak at

2θ = 21:29° is noticed for the reference sample. This indicates
that the PM-355 polymer is mostly dominated by an amor-
phous phase and hence is partly crystalline in nature. The
peak is shifted to 20.36° for gamma-irradiated sample and
20.29 for chemically etched PM-355. The shifting of the peak
position may be due to the stress produced because of the
irradiation of the PM-355 SSNTDs. A quantitative estima-
tion of the XRD parameters like %crystallinity (%Xc), peak
maxima, full with at half maxima (FWHM, denoted as b),
interplanar distance (d-spacing), interchain distance (r),
crystallite size (L), microstrain (ε), and distortion parameter
(g) has been made using the following equations [17]:

%XC =
AC

AC + AA

� �
× 100%,

L = Kλ
bCosθ ,

d = λ

2 Sinθ ,

r = 5λ
8 Sinθ ,

ε = bCosθ
4 ,

g = b
tan θ

,

ð1Þ

where AC is the area of crystalline phase under the curve, AA
is the area of amorphous phase under the curve, K is the
Scheller constant (has been taken as 0.9), and λ is the wave-
length of X-ray radiation (1.54Å). In the above equations, θ
has been taken in radian. The calculated parameters based
on the plots and above equations are presented in Table 2.
It is seen from the table that the crystallinity (%Xc) of PM-
355 polymer has decreased after both the gamma irradiation

Table 1: Gamma irradiated sample details.

Sample
name

Set I (only
gamma

irradiation)

Set II (gamma
+alpha)

Set III (alpha
+gamma)

Gamma
dose (kGy)

Gamma
dose
(kGy)

Alpha
radiation
time (s)

Alpha
radiation
time (s)

Gamma
dose
(kGy)

SGR 0 0 5 5 0

SG1 20 20 5 5 20

SG2 40 40 5 5 40

SG3 60 60 5 5 60

SG4 80 80 5 5 80

SG5 100 100 5 5 100
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Figure 1: XRD spectra of reference, gamma irradiated, and
irradiated plus chemically etched PM-355 SSNTD.
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and chemical etching. Actually, the irradiation causes the
cross-linking inside the polymer by making new bonds
among the neighboring molecular chains. This results the
change in regularly ordered crystallites into nonordered ones
and hence decrease in crystallinity [18]. Both the figure and
table show that the FWHM (b) of PM-355 peak become nar-
row after gamma irradiation and chemical etching. This indi-
cates that the crystallite size (L) has increased after the
gamma irradiation and chemical etching as can be seen from
the table. The value of FWHM is less, but the value of crystal-
lite size is higher for our study compared to the study men-
tioned in literature [18]. The interplanar (d) and interchain
(r) distances have increased after irradiation as seen from
the table. This is due to the change in some ordered crystal-
line phase into amorphous one, which increases the disorder-
ness that means the distortion parameter (g), and thereby the
increase in interplanar and interchain distances [18]. It is also
seen from the table that the parameter, microstrain (ε),
decreases after irradiation of PM-355 polymer. This can be
attributed to the mismatching of atoms or ions [18].

3.2. Morphology through Scanning Electron Microscope
(SEM). In Figures 2(a)–2(c), we have presented the morpho-
logical diagram of reference PM-355, only gamma radiated,
and alpha plus gamma radiated with chemically etched sam-
ples photographed by a scanning electron microscope
(SEM), respectively, and Figure 2(d) alpha track image photo-
graphed by an ordinary microscope of the PM-355 SSNTD.
Figure 2(a) shows that the grains of reference SSNTDs possess
a spherical-like geometrical shape within the diameter range of
100–170nm, which was further increased in size after irradi-
ated with gamma-ray as observed in Figure 2(b). The surface
of gamma-irradiated sample also becomes more rough com-
pared to the reference one. This result of the SEM study is in
accordance with the XRD finding, which meant that the crys-
tallite size of polymer has increased after the application
gamma radiation. However, there is a distinct difference
between the size of crystallite and grain. The size of the grain
is much more higher compared to the size of crystallite. This
indicates that the grain is formed by the accumulation of
several crystallites. Figures 2(c) and 2(d) are the images of

Table 2: Parameters extracted from XRD analysis.

Samples Peak (2θ) b (θ) d (Å) ε g (%) r (Å) %Xc L (Å)

Reference 21.29 6.23 4.17 1.53 33.13 5.21 28.4% 12.96

Ref+gamma 20.36 6.08 4.35 1.50 33.85 5.44 22.5% 13.26

Ref+alpha+gamma+etching 20.24 6.05 4.38 1.49 33.85 5.48 21.6% 13.33

(a) (b)

(c) (d)

Figure 2: (a) SEM image of reference. (b) SEM image of only gamma-irradiated PM-355. (c) SEM image of gamma and alpha irradiated
+chemically etched PM-355. (d) Microscopic image of alpha track.
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alpha plus gamma irradiated with chemically etched samples
photographed by a SEM and ordinary microscope, respec-
tively, which show circular-shaped nuclear tracks due to alpha
radiation with an average diameter of 8.75μm.

3.3. UV-VIS Spectroscopy. The absorbance spectra of gamma
irradiation samples as a function of different dose (set 1),
postalpha irradiation with different gamma dose (set 2),
and prealpha irradiation with different gamma dose (set 3)
within the range of 225-350 nm are depicted in Figure 3,
respectively. It is observed from the figure that the absorption
edge initially shifted sharply to the longer wavelength and
then very small shifting has been noticed with further incre-
ment in radiation dose. The shifting of absorption edge to
higher wavelength region indicates the decrement in optical
band gap energy [19–23]. Actually, with the increase in
gamma dose, there is the scission of bonds within the molec-
ular chains with the formation of free radicals that is finally
cross-linked to form some new bonds and results in the shift-
ing of absorption edge [18–20, 24]. The absorption edge is
resulting because of π—π ∗ transition, where for excitation
of π-electrons require less energy and consequently, the
transition occurs at a longer wavelength [21].

The effect of etching on the absorbance of sample set 2
and set 3 is investigated and presented in Figures 4(a) and
4(b), respectively. It is observed that the variation in absor-
bance follows the same trend as it was before etching but
the relative absorbance increases. This increase in absorbance
value indicates that the etching helps in the production of
some free radicals within the sample during irradiation.
There is also a little bit of shift of absorption edge towards
the higher wavelength. This is attributed to the formation
of some new chemical species within the polymer detector
[23]. Comparing the absorbance before and after etching, it
can be inferred that etching makes some structural changes
within the material and increases the track diameter.

The band gap energy of a material can be calculated
through the measurement of optical absorption spectra. To
determine the optical band gap energy, the data from the
UV-VIS optical absorption spectra were used for gamma
irradiated and pre- and post-alpha-irradiated samples as
shown in Figures 3 and 4. Initially, we calculate the value of
absorption coefficient α for the estimation of band gap
energy. The value of α was calculated using the absorbance
data as follows:

α λð Þ = 2:30At−1, ð2Þ

where t indicates the specimen thickness and A is absor-
bance [1]. The value of A depends on the photon energy
as follows [1, 3]:

αhvð Þ2 = A hv − Eg

� �m
: ð3Þ

In the above equation, the power factor m is a con-
stant quantity, which determines the nature of optical
transition. The values of m are 1/2, 3/2, 2, and 3 for direct
allowed, direct forbidden, indirect allowed, and indirect
forbidden transitions, respectively. Eg represents the band
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gap energy, whereas the other terms have their usual
meaning.

The calculated band gap energy with different gamma
doses for nonetched and etched samples are tabulated in
Table 3. It is seen from the table that the band gap energy is
affected by the application of radiation dose. It is gradually
decreasing for all sets under investigation with the increase in
radiation dose. This decrement in band gap energy is because
of the defects generated inside the detector structure because
of gamma irradiation dose [25]. These defects may be due to
the creation of conjugated bond because of partial growth of
hydrogen gas [25]. The table reveals that the values of band
gap energies for etched samples are less compared to their
nonetched counterparts. This can be attributed to the fact that
etching leads to the breakage of C—O—C, C—H, C=O, and
—C=C— bonds and hence reduces the band gap energy [25].

The number of carbon atoms per conjugation length (N)
for a linear structure is calculated using the following
equation [18]:

N = 2πβ
Eg

, ð4Þ

where π = 22/7 and β = 2:9 eV. The term β in the above equa-
tion expresses the band structure energy of the paired adja-
cent π sites. This is related to the π—π ∗ transition in
—C=C— structural bond. The calculated data are presented
in Table 4, which reveals that the value of N increases with
the increment in radiation dose. Obviously, this increase in
the number of carbon atoms in a conjugated system leads

to the elimination of hydrogen atom from the C—H bond
by the gamma irradiation. This is why the value of Eg reduces
and hence the electronic conduction behavior of polymer is
improved with the increase in radiation dose.

The number of carbon atom per cluster (M) can be
calculated as [26]

Eg=34:3/√M , ð5Þ

The calculated values of M using the above equation are
depicted in Table 4. It is seen from the table that the value
of M is increasing with the increase in irradiation dose. This
indicated that the cluster/grain size was increased within the
polymer after the increment in radiation dose. This finding
corroborates with the SEM study that has been mentioned
earlier. It is also seen from the table that after etching, the
cluster size of etched samples has increased compared to
nonetched ones. This is because the energy absorbed due to
etching was led to the formation of an extended system of
conjugated carbon bond that results in the production of a
bigger size of cluster [25].

3.4. Photoluminescence Spectra. The photoluminescence (PL)
features of different sets of PM-355 polymer are rarely stud-
ied. The PL spectra of nonetched set 1, set 2, and set 3 are
shown in Figures 5(a)–5(c), respectively. The value of PL
peak intensity has been extracted from the figure and plotted
in Figure 6 to check their trend in variation with respect to
gamma doses. The figure shows that there is a decrement in
broadband intensity for all the three sets under investigation

Table 3: Band gap energy for all sets at different gamma doses of PM-355 SSNTDs.

Sample name Gamma dose (kGy)
Band gap energy (eV)

Track diameter
(μm)

Set 1 Set 2 Set 3 Set 2 after etching Set 3 after etching Set 2 Set 3

SGR 0 5.50 5.50 5.50 5.46 5.54 5.63 5.63

SG1 20 5.42 5.44 5.47 5.29 5.38 8.75 10.00

SG2 40 5.23 5.26 5.27 4.18 4.27 - -

SG3 60 5.14 5.16 5.19 4.00 4.12 - -

SG4 80 5.12 5.13 5.15 3.83 3.95 - -

SG5 100 5.06 5.09 5.11 3.71 3.82 - -

-: irregular shape and very big size tracks.

Table 4: The calculated value of N and M.

Sample name Gamma dose (kGy)

Carbon atom number

Set 1 Set 2 Set 3
Set 2 after
etching

Set 3 after
etching

N M N M N M N M N M

SGR 0 ~3 38.9 ~3 38.9 ~3 38.9 ~3 39.5 ~3 39.7

SG1 20 ~3 40.1 ~3 40.8 ~3 41.2 ~3 42.1 ~3 42.4

SG2 40 ~3 43.0 ~3 43.4 ~3 43.8 ~4 67.3 ~4 69.5

SG3 60 ~4 44.5 ~4 44.7 ~4 44.9 ~5 73.5 ~5 81.1

SG4 80 ~4 44.9 ~4 45.1 ~4 45.6 ~5 80.2 ~5 88.3

SG5 100 ~4 46.0 ~4 47.1 ~4 47.8 ~5 85.5 ~5 90.3
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when the gamma doses are increased. This decrement in PL
intensity can be attributed to the formation of defect after
irradiation [20]. Moreover, at a higher dose, the variation of
PL intensity is marginal, which may be due to the saturation
of polymer with defects. There was the random shifting of

peak intensity position towards either shorter or longer
wavelength. This is because the irradiation may have resulted
in some defect within the polymer and/or may have
destructed some chemical species [16].

The photoluminescence spectra of etched samples that are
for set 2 and set 3 as a function of gamma doses are presented
in (Figures 7(a) and 7(b)). The position of peak intensity is
extracted from the figure and is plotted in Figure 8 to check
their trend in variation. It is seen that the peak intensity of
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etched samples is almost at the same position to that of their
nonetched counterpart. The peaks have mostly shifted to lon-
ger wavelength compared to reference one. Contrary to the
nonetched ones, the peak intensity for etched samples is
increasing almost exponentially after the increment in gamma
doses as shown in Figure 8. This behavior may be due to etch-
ing, which increases the concentration of defect and cluster
within the PM-355 polymer that served as the nonradiative
centers [4]. Actually, these emission bands are associated with
the π ∗ –π and π ∗ –n electronic transitions, which occur
within the unsaturated centers of the compounds and account
for both increasing and decreasing in the PL intensity [5].

The variation in track diameter with respect to gamma
doses for set 2 and set 3 samples after chemical etching is
shown in Table 5. It is obvious that at high gamma dose,
the tracks become irregular shaped and big in size, which
become difficult to measure their size. The size of this track
diameter is too high compared to the track diameter
mentioned in an earlier study [2].

4. Conclusions

In the study of microstructural properties, the X-ray diffrac-
tion reveals that the PM-533 polymer is composed of mostly
amorphous phase with some crystallinity. The XRD analysis
shows that the interplanar distance, interchain distance, dis-
tortion parameter, and crystallite size have increased but the
microstain and %crystallinity have decreased after gamma
irradiation and etching. The changes in these parameters
are due to some stress produced after irradiation and etching.
The band gap energy was decreased after the increment in
gamma doses. This was evident from the shifting of absorp-
tion edges to longer wavelength. However, the rate in decre-
ment of band gap energy is higher for etched samples
compared to nonetched ones at a similar gamma exposure
dose. It is revealed that the track diameter increases after
etching of the samples. The values ofN andM have increased
both after gamma irradiation and etching. However, the
increment is more pronounced in the case of etched samples.
The reduction in PL intensity after the increment in gamma
doses confirmed the presence of defects and clusters within
the PM-355 polymer after bombarding with particle. After
etching, the photoluminescence of irradiated samples has
an opposite trend in intensity compared to nonetched

samples. The size of track diameter of etched samples was
very big and was even beyond the measurable range when
treated at high radiation doses. This proved that the PM-
355 polymer can be used as a gamma detector.
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