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H I G H L I G H T S

� UV–visible absorption through etched alpha tracks in annealed and non-annealed PADC films was investigated.
� Films of PADC based NTDs were irradiated with different fluences from alpha particles.
� PADC film samples were annealed at a temperature of 120 1C for durations of 2, 4, 6, 8, and 10 h.
� It is a good method for relative fluence or dose reading.
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a b s t r a c t

The UV–visible absorption spectra of virgin and alpha particle-irradiated, annealed and non-annealed
CR-39 polymeric track detectors were investigated using a UV–visible spectrometer (Shimadzu mini
1240). Isothermal annealing experiments were carried out on poly allyl diglycol carbonate (PADC) films
based nuclear track detectors (NTDs) exposed to a 241Am source. A shifting and broadening of the
UV–visible peaks was observed as a result of the etched alpha tracks in the non-annealed and annealed
PADC films. The UV–visible spectra of the virgin and non-annealed α-irradiated PADC polymer films
displayed a decreasing trend in their optical energy band gaps, both direct and indirect, whereas those
measured for the annealed α-irradiated ones showed no significant change. This drop in the energy band
gap with increasing fluence is discussed on the basis of the alpha particle- and thermal annealing-
induced modifications in the PADC polymeric detector. The results clearly showed that the values for the
indirect energy band gap were lower than the corresponding values for the direct band gap. In addition,
the Urbach energy was estimated from the Urbach edge, and exhibited roughly the same trend as the
optical band gap. Finally, this study presents new results showing that the annealed PADC films were
highly insensitive to alpha particles.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The science of polymer based solid state nuclear track detection
(SSNTD) has come a long way since its birth in 1963 in high
polymers (Fleischer and Price, 1963), when these materials served
as simple detectors of heavily charged particles. In fact, the
discipline called SSNTD dates back to 1958 and its roots in the
United Kingdom (Young, 1958). The importance of the poly allyl
diglycol carbonate (PADC) polymer, known commercially as CR-39,
and its use as a solid state nuclear track detector SSNTD, began
when two scientific groups independently published two papers

within a short space of time (Cartwright et al., 1978; Cassou and
Benton, 1978). During the subsequent three decades, this polymer
was applied to the fields of nuclear and particle physics, cosmic
rays and high energy interactions, plasma physics, environmental
and earth sciences, dosimetry and radiation protection, radiation-
induced material modifications and other technological sciences.
Thus, the photon (Saad et al., 2005; Sharma et al., 2007; Zaki,
2008; Raghuvanshi et al., 2012), neutron (Khan et al., 2005; Kumar
et al., 2010; Kumar et al., 2011) and charged particle (Phukan et al.,
2003; Lounis-Mokrani et al., 2003; Yamauchi et al., 2005) irradia-
tion of polymeric detector materials is an interesting method of
significantly altering the physical, chemical, structural, optical,
mechanical and electrical properties of polymeric materials. In
general, charged particles passing through matter deposit energy
in the detector material and cause irreversible modifications of the
macromolecular structure of the detector material (Marletta, 1990;
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Calcagno et al., 1992; Abel et al., 1995; Saad et al., 2012). Alpha
particles, being electrically charged, deposit energy through elec-
trical interaction with the atomic electrons in the detector and
create, along their ionization trajectory, a region that is more
sensitive to chemical etching than elsewhere in the bulk. After
treatment with an aggressive etching solution, the tracks remain
as holes or pits and their size and shape can be measured. The
temperature is another crucial parameter affecting PADC films.
High temperatures may cause considerable disorder in the spacing
between the constituent molecules of these PADC films. This was
demonstrated in our previous study, where thermal annealing
induced significant modifications in the registration properties of
charged particles in PADC films based on NTDs (Saad et al., 2012).
The effects of thermal annealing on nuclear tracks in solids have
already been studied by many other researchers (Fleischer et al.,
1964; Modgil and Virk, 1985; Ipe and Ziemer, 1986; Salamon et al.,
1986; Durrani et al., 1990; Abou El-Khier et al., 1995; Anupam and
Kumar, 1997; Jain et al., 1998; Rana et al., 2000; Rana, 2012; Jain
et al., 2012). As a fine tool for our study, we introduced UV–visible
spectroscopy to make direct observations of the modifications to
the optical properties along the etched alpha tracks in annealed
and non-annealed PADC polymeric detectors.

2. Materials and experiments

PADC polymer sheets of TASTRAK were produced and provided
by Track Analysis Systems Ltd. (TASL), Bristol, UK. The standard
thickness of 750 mmwas used. The polymeric detector samples for
the current study were cut to a size of 2�2 cm2. The samples were
irradiated (in contact) using a planar 241Am source with an activity
1.3�105 Bq. Two sets of detectors were prepared for these
experiments; one for the non-annealed experiments, and the
other for the annealed experiments. In addition, one virgin sample
was kept as a control. Prior to being exposed to the radiation or
annealing, the protective cover of polyethylene was removed.
The irradiation was performed in air, using 2π geometry. The
irradiation periods were 1, 5, 10, 15, 20 and 25 s. The CR-39
detectors were annealed in a temperature-controlled oven for
different time intervals, at a temperature of 120 1C. The first set of
CR-39 detectors was exposed to α-particles but not annealed, to
allow a comparison with the results from the annealed detectors.
The second set was first annealed in the oven, and then irradiated
with α-particles (exposure post-annealing). After the exposure,
the detectors were chemically etched in a 6.25-M solution of
NaOH at 7071 1C for different etching interval times. Then the
detectors were washed in distilled water in order to stop the
chemical reaction and also to avoid contamination by the etching
solution on the surface of the detector material. The detectors
were read and the density of the tracks was counted using an
optical microscope with appropriate magnification.

The virgin, alpha irradiated and annealed/alpha irradiated PADC
polymer samples were subjected to spectral studies in the Ultraviolet
and Visible region. These studies were carried out using a UV–visible
Spectrophotometer (Shimadzu mini 1240) in the wavelength range
190–900 nm at the scanning speed of 25 nm/min.

3. Results and discussion

3.1. Measurement of absorbance through the etched alpha tracks
in annealed and non-annealed CR-39 NTDs

For ionizing particles, the radiation energy was deposited
locally along the track for both sets (non-annealed and annealed)
of CR-39 plastic detectors. As a typical example, the UV–visible

absorption spectra of non-annealed and annealed CR-39 NTDs
exposed to alpha particles are shown in Fig. 1. This figure shows
the effect of isothermal annealing for 2, 4, 6, 8, and 10 h at 120 1C
on the optical absorption of α-particle-irradiated PADC films,
where the exposure was performed post-annealing. It is worth
mentioning that the optical spectra show an increase and a shift of
absorption edge towards longer wavelength with increasing alpha
fluence in the non-annealed PADC films as seen in Fig. 1-(a), while
the UV spectra for the annealed films show the opposite effect
with increasing annealing time as also seen in the same figure
from (b) to (f). This indicates a decline in the band gap after alpha
exposure and chemical etching in the non-annealed PADC films,
while this decline was observed to only a small degree in the
annealed films, especially at longer annealing times. This decline
was generally attributed to the formation of extended systems of
conjugate bonds such as CQC or CQO, as a result of the alpha
particle- or heavy ion-induced bond cleavage and reconstitution,
which generated some chromophoric groups (Phukan et al., 2003;
Saha et al., 2000). Furthermore, the increasing intensity of the
shoulder peak at approximately 280 nm with the increases in
fluence was assigned to the [R–CQC–OH]n groups in the con-
jugated system; this confirmed the creation of OH groups in
gamma-, proton-, and heavy ion-irradiated PADC films, as shown
using FTIR analysis (Saad et al., 2005; Lounis-Mokrani et al., 2003;
Yamauchi et al., 2005). We also observe broadening of the
absorption peak with increasing fluence for the non-annealed
detectors. This broadening can be attributed to the production of
defects induced by the ionizing radiation. These defects may result
from the formation of new energy levels causing the broadening of
the absorption peaks. It should be noted that the UV–vis spectra
show a systematic enhancement of absorbance of the 250–850 nm
band with increasing alpha fluence. Such fluence dependence of
the spectra should be directly related to the chemical changes
in the structure of the damage trails in the PADC polymer films.
This fluence dependence of the spectra is actually attributed to the
excitation of π electrons due to the formation of carbon clusters;
this requires only a small amount energy, which can be provided
by the ionizing alpha particle, and hence transitions of this type
occurs in this band. In contrast, in the annealed films, this broad-
ening of the absorption peak significantly decreased with increas-
ing annealing time. In this case, the absorption peak resembled the
one observed for the virgin PADC film. Overall, the isothermal
annealing process tended to decrease the alpha track density,
until they completely disappeared at longer annealing times. PADC
films typically suffer serious degradation under annealing with
these temperatures and annealing times. The surface material of
the PADC film then becomes permanently softened, producing an
increase in the bulk etch rate representing the degree of softening,
which results in a decrease in the detection sensitivity and
the detection thresholds for α-particles as seen in Table 1. This
means that annealed PADC films become rather insensitive to
particles with lower ionization rates – e.g., α-particles – compared
with heavily ionizing particles (e.g., fission fragments) (Saad et al.,
2012).

3.2. Calculation of the Urbach energy

Electrons are excited between the bands of a solid material via
optical transitions. The optical absorption coefficient αðhνÞ is
defined as a fraction of the power absorbed in a unit length of
the solid. The absorption coefficient αðhνÞ can be calculated from
the absorbance ðAÞ by using the following formula (Fox, 2001)

αðhνÞ ¼ A=l ð1Þ
where l is the sample thickness in cm and A is defined as
A¼ log ðIo=IÞ, where Io and I are the intensity of the incident
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and transmitted UV–visible beams, respectively. The absorption
coefficient is very small below the band edge in insulators
whereas, in other materials, e.g. semiconductors, it is found to
vary exponentially with the photon energy ðhνÞ which follows the
Urbach relation (Urbach, 1953)

αðνÞ ¼ αoexp ðhν=EuÞ ð2Þ
where αðhνÞ is the absorption coefficient, which is a function of
photon energy hν. αo is a constant and Eu, Urbach's energy, is equal
to the inverse logarithmic slope of the absorption coefficient. This
Urbach's energy originates from the thermal vibrations in the
lattice of silver halides for a direct band gap system (Urbach, 1953).

Table 1
Values of annealing time, bulk and track etch rates VB and VT, sensitivity V¼VT/VB

and increase of VB in percentage (the degree of softening).

Annealing
time

VB

(mm/h)
VT

(mm/h)
V Increase of VB in percentage

(the degree of softening)

0 1.35 3.46 2.58 –

2 1.60 3.66 2.29 18.5
4 1.68 3.54 2.11 24.4
6 1.75 3.62 2.07 29.6
8 2.25 4.25 1.89 66.7

10 2.28 4.01 1.76 68.9
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Fig. 1. UV–visible spectra of the non-annealed and annealed PADC film-based NTDs exposed to alpha particles for irradiation periods of 1, 5, 10, 15, 20 and 25 s. The thermal
annealing was performed at 120 1C for durations of 2, 4, 6, 8, and 10 h, respectively. * indicates non-annealed and un-irradiated film which means a virgin one, while the
other non-annealed films in (a) exposed to alpha particles with different fluences. ** indicates the un-irradiated and annealed ones for durations of 2, 4, 6, 8, and 10 h as
depicted in (b), (c), (d), (e) and (f), respectively.
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The logarithm of the absorption coefficient αðhνÞ as a function of
the photon energy ðhνÞ for the non-annealed and annealed films,
for different durations at 120 1C, PADC films after irradiation with
different fluences of alpha particles are plotted in Fig. 2. The values
of the Urbach energy ðEuÞ are calculated by taking the reciprocal of
the slopes of the linear portion in the lower photon energy region
of these curves and are listed in Table 2. The results show that the
Eu values increase as the alpha fluence increases and this may be
attributed to the enhancement of damage trails in the non-
annealed PADC films. In contrast, in the annealed films, no
significant effects of the Eu values were observed from 2 to 8 h
of annealing, but for 10 h of annealing, more or less constant
significant variations in the overall fluences of the α-particle
exposure were observed. This might have been due to the

significant transformations taking place in these polymer materi-
als that were induced by the different types of radiation, and the
nature of the target material itself; the changes in the polymer
materials occurred in both the parameters and structure (for
example, the energy, LET, fluence, and mass). The thermal anneal-
ing, on the other hand, induced negative changes in the registra-
tion properties of the charged particles with a lower ionization
rate (i.e., the α-particles). It should be noted that the non-annealed
results were not consistent with the published data for
gamma and neutron irradiation for Ultra-high-molecular-weight-
polyethylene (UHMWPE) and PADC polymer (Zaki, 2008;
Raghuvanshi et al., 2012; Kumar et al., 2011), since these results
show that the Urbach energy was reduced with gamma dose or
neutron fluence. In the current study, the Urbach energy shows

Fig. 2. Logarithmic variation of the absorption coefficient αðhνÞ as a function of photon energy ðhνÞ, for the non-annealed and annealed PADC films exposed to alpha particles
with different fluences. The solid linear lines stand for the fitting lines of the straight parts of the curves to the energy axis ðhνÞ. The values of the Urbach energy are
determined by taking the reciprocal of the slopes of theses linear lines.
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the opposite trend for the non-annealed alpha-irradiated PADC
films, but it changed almost insignificantly in the annealed
exposed films, compared with the virgin film, except at 10 h.

3.3. Determination of band gap: direct and indirect transitions

The relationship mentioned above was first proposed by
Urbach (Urbach, 1953) to describe the absorption edge in alkali
halide crystals although it has been found to hold for many
amorphous materials. Eq. (2) has been modified to a more general
form by Mott and Davies (1979).

αðhνÞ ¼ Bðhν�EgÞn=hν ð3Þ
where hν is the energy of the incident photons, the factor B
depends on the transition probability and can be assumed to be
constant within the optical frequency range, and Eg is the value
of the optical energy gap between the valence band and the

conduction band and n is the power, which characterizes the
electronic transition, whether it is direct or indirect during the
absorption process in K-space. Specifically, nis 2, 3, 1/2 and 3/2 for
indirect allowed, indirect forbidden, direct allowed and direct
forbidden transitions, respectively. In the case of the direct energy
band gap, the optical transition due to excitation of electrons
between the lower band and upper band takes place directly,
whereas in the indirect one the relative positions of the conduc-
tion band and valence band do not match and the transition
involves phonons in order to conserve momentum (Fox, 2001).
The phonon energy ε can be calculated from the energy difference
between the optical band gap energy transitions (direct, Edg , and
indirect, Eindg ) using the following formula:

ε¼ Edg�Eindg ð4Þ

From the UV–visible absorption spectra, the band gap of the
non-annealed and annealed PADC polymer films, followed by
alpha exposure and chemical etching, was calculated by extra-
polation of the plot of ðαhνÞ1=n versus ðhνÞ on the hν axes. For the
determination of indirect and direct energy band gap, ðαhνÞ1=2 and
ðαhνÞ2, respectively, were plotted as a function of photon energy
ðhνÞ, taking into account the linear portion of the fundamental
absorption edge of the UV–visible spectra, as shown in Fig. 1.
These plots are presented in Figs. 3 and 4, respectively. From the
intercept of the fit lines, the fitting was somewhat low for some
data, on the hv axis as depicted in Figs. 3 and 4, the indirect and
direct band gaps have been determined for virgin and alpha-
irradiated, annealed and non-annealed PADC polymer films with
different fluences. The results are presented in Table 2. It can be
seen that the band gap for the non-annealed PADC film based
NTDs decreases from 3.53 to 2.42 and 4.9 to 4.55 eV for indirect
and direct transitions, respectively, as a result of alpha irradiation.
The same band gap for the annealed α-exposed ones decreased
from 3.50 to 3.25, 3.70 to 3.50, 3.80 to 3.65, 3.60 to 3.45 and 3.50
to 3.25 eV, and from 4.80 to 4.65, 4.87 to 4.75, 4.88 to 4.76, 4.70 to
4.65 and 4.80 to 4.60 eV, corresponding to annealing times of 2, 4,
6, 8, and 10 h for the indirect and direct transitions, respectively.
The variation of optical band gap with alpha irradiation can be
explained as the drastic change in the degree of disorder due to
the fact that alpha particles create along their path a region of
damage trails produced by three processes, physical, physico-
chemical and chemical (Durrani and Bull, 1987). Such trails are
more sensitive to etching solution than the rest of the bulk
material of PADC polymer based NTDs, so these etched damage
trails, called etch pits or tracks, display the increasing disorder in
the detector material (Fleischer et al., 1975). The decline of the
band gap of the non-annealed PADC polymer is attributed to the
amount of disorder in the polymer because the light transmittance
depends on track density and alpha energy, as well as the etching
and storage conditions of the detector material (Yamauchi et al.,
2005; Saad et al., 2011). The effects of the annealing on the optical
band gap energy and indirect and direct transitions in the PADC
film material exposed to particles with lower ionization rates
(such as α-particles) were also determined for different fluences,
as shown in Table 2. The annealing mechanism and characteristics
of the optical band gap energy, and the indirect and direct
transitions of α-particle tracks in CR-39 PADC films are illustra-
ted in Fig. 5. Here, we focus on the annealing characteristics of
α-particle tracks in CR-39 PADC films; a change in annealing time
should produce a change in the optical band gap energy. However,
after an annealing time of approximately 6 h, a detector material
will begin to approach a maximum band gap energy. The anneal-
ing results showed two regimes with clearly different annealing
rates. In the first regime, the annealing rate was high, whereas in

Table 2
Optical band gap energy, phonon energy, Urbach energy, and carbon atoms (N) in a
cluster of non-annealed and annealed PADC polymer-based NTDs irradiated by
alpha particles with different fluences. Thermal annealing was performed at a
temperature of 120 1C for durations of 2, 4, 6, 8, and 10 h.

Annealing
time

Alpha
fluence
(s)

Band gap
energy (eV)

Phonon
energy
(eV)

Urbach
energy
(eV)

Carbon atoms
(N) in a cluste

Indirect Direct Indirect Direct

0 0a 3.53 4.90 1.37 0.45 5 3
1 3.33 4.85 1.52 0.55 5 3
5 3.00 4.75 1.75 0.56 6 4

10 2.82 4.75 1.93 0.58 6 4
15 2.72 4.65 1.93 0.59 7 4
20 2.62 4.65 2.03 0.60 7 4
25 2.42 4.55 2.13 0.61 8 4

2 0 3.50 4.80 1.30 0.47 5 4
1 3.45 4.75 1.30 0.48 5 4
5 3.45 4.75 1.35 0.47 5 4

10 3.35 4.70 1.35 0.47 5 4
15 3.35 4.70 1.35 0.47 5 4
20 3.3 4.65 1.35 0.48 5 4
25 3.25 4.65 1.40 0.48 5 4

4 0 3.70 4.87 1.17 0.46 5 4
1 3.65 4.85 1.20 0.45 5 4
5 3.60 4.83 1.23 0.44 5 4

10 3.55 4.80 1.25 0.44 5 4
15 3.50 4.78 1.28 0.44 5 4
20 3.50 4.75 1.25 0.44 5 4
25 3.50 4.75 1.25 0.43 5 4

6 0 3.80 4.88 1.08 0.50 5 4
1 3.80 4.88 1.08 0.50 5 4
5 3.80 4.88 1.08 0.50 5 4

10 3.75 4.84 1.09 0.46 5 4
15 3.70 4.80 1.10 0.47 5 4
20 3.70 4.80 1.10 0.47 5 4
25 3.65 4.76 1.11 0.50 5 4

8 0 3.60 4.70 1.10 0.45 5 4
1 3.60 4.70 1.10 0.45 5 4
5 3.60 4.60 1.00 0.45 5 4

10 3.55 4.65 1.10 0.46 5 4
15 3.50 4.65 1.15 0.46 5 4
20 3.45 4.65 1.20 0.46 5 4
25 3.45 4.65 1.20 0.46 5 4

10 0 3.5 4.80 1.30 0.60 5 4
1 3.45 4.80 1.35 0.60 5 4
5 3.40 4.75 1.35 0.60 5 4

10 3.35 4.75 1.40 0.63 5 4
15 3.30 4.70 1.40 0.63 5 4
20 3.25 4.65 1.40 0.60 5 4
25 3.25 4.60 1.35 0.60 5 4

a PADC film is virgin.
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the other region, the rate was somewhat low, or close to constant.
Similar behavior was observed recently by Rana (2012), but the
annealing time intervals were not long enough, ranging from 5 to
30 min; in the present investigation, the thermal annealing was
severe, because the annealing times were too long (ranging from
1 to 10 h), as reported in our previous study (Saad et al., 2012).

Fig. 6 shows the phonon energy ε dependence of the α-particle
fluence applied to the non-annealed and annealed polymer PADC
film-based NTDs, for different annealing times ranging from 2 to
10 h. With increasing α-particle exposure, the phonon energy at
0 h (no annealing) increased linearly, while from 2 to 10 h the
phonon energy values remained almost constant. These values
were far lower than that those of the non-annealed PADC films.

The phonon energy steadily decreased as the annealing time was
varied from 2 to 8 h, for all α-particle fluences, but for times longer
than 10 h it increased again. The large variation in the phonon
energy values between the non-annealed and annealed films for
all α-particle fluences might have resulted from the formation of
double bonds with the conjugated system in the alpha-exposed
PADC film; this phenomenon can also result in the generation of
chromophoric groups (Lounis-Mokrani et al., 2003; Saad et al.,
2005). On the other hand, the phonon energy ε generated after
every transition induced in the non-annealed PADC films (in the
case of the indirect transition) showed increases in its value with
increases in the fluence, while in the annealed films it showed the
opposite effect.

Fig. 3. Plots for indirect band gap (eV) in non-annealed and annealed PADC films exposed to alpha particles with different fluences. The solid linear lines stand for the fitting
lines of the straight parts of the curves to the energy axis ðhνÞ. The extrapolation of these solid linear lines to the energy axis ðhνÞ yields the indirect band gaps.
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3.4. Estimation of the number of carbon atoms in a cluster

For a linear structure, the number of carbon atoms per
conjugation length N (Fink et al., 1995) is given by

N¼ 2βπ=Eg ð5Þ
where N is the number of carbon atoms per conjugated length

and 2β gives the band structure energy of a pair of adjacent π sites.
The value of β is taken to be �2.9 eV as this is associated with the
π-πn optical transition in the –CQC– structure. The results of
the number of carbon atom (N) values per conjugation length,
known as a cluster, are given in Table 2. It can be seen that the
number of carbon atoms per cluster increases with increase in the
exposure time for alpha particles irradiating the non-annealed
PADC films, whereas for the annealed/α-particle-exposed films,

the number of carbon atoms remained constant. Moreover, the
number of carbon atoms per cluster for the indirect band gap
energy is relatively high compared with the direct band gap for
virgin and etched PADC polymer film based NTDs irradiated by
alpha particles with different fluences.

4. Conclusion

The analysis of the UV–visible spectra of alpha-irradiated, non-
annealed and annealed PADC film-based NTDs led to the following
conclusions:

(1) Alpha particle irradiation had a significant effect on the optical
band gap energy, and direct and indirect transitions, of

Fig. 4. Plots for direct band gap (eV) in non-annealed and annealed PADC films exposed to alpha particles with different fluences. The solid linear lines stand for the fitting
lines of the straight parts of the curves to the energy axis ðhνÞ. The extrapolation of these solid linear lines to the energy axis ðhνÞ yields the direct band gaps.
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the non-annealed PADC films. The alpha particles also induced
the formation of some chromophoric groups, which was
attributed to the formation of CQO and CQC conjugated

systems of bonds. Decreases of 31.4 and 7.1% were observed in
the energy band gaps for the virgin PADC film and the alpha-
irradiated PADC based CR-39 NTDs, from 3.53 and 4.9 eV to
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Fig. 5. Variation of the optical band gap energy, for indirect and direct transitions, as a function of annealing time; the annealing was performed at 120 1C, on non-annealed
and annealed PADC films exposed to alpha particles with different fluences.
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2.42 and 4.55 eV, respectively, for indirect and direct transi-
tions. Large increases of 55.5 and 35.6% were observed in the
phonon energy and Urbach energy for the virgin film and the
irradiated film, from 1.37 and 0.45 eV to 2.13 and 0.61 eV,
respectively; this might have been due to the amorphization of
the PADC film after alpha particle exposure. Also, increases of
60 and 33.3% in the number of carbon atoms (N) per con-
jugated length, the cluster size, from 5 and 3 to 8 and 4 for the
virgin film and the irradiated film, in both transitions, indirect
and direct, respectively. Overall, the optical absorption data
indicated a progressive closure of the optical band gap as the
ion fluence increased. The optical transitions of π-πn in the
–CQC– structure played an interesting role in the latent track
formation in the PADC film in the low-energy range.

(2) Thermal annealing induced considerable changes in the opti-
cal properties of the PADC films. Decreases of 7.1 and 3.1,
5.4 and 2.5, 3.9 and 2.5, 4.1 and 1.1 as well as 7.1 and 4.2% in
the energy band gap, indirect and direct transitions, from 3.50
and 4.80, 3.70 and 4.87, 3.80 and 4.88, 3.6 and 4.70, and, 3.50
and 4.80 eV to 3.25 and 4.65, 3.50 and 4.75, 3.65 and 4.76, 3.45
and 4.65 as well as 3.25 and 4.60 eV for annealed/alpha-
irradiated PADC films annealed at 120 1C for 2, 4, 6, 8, and
10 h, respectively. The phonon energy, the Urbach energy and
the number of carbon atoms (N) per conjugated length in the
annealed/exposed PADC films remained constant for each
annealing period, and showed an opposite effect compared
with the un-annealed, exposed films.

(3) The material of the thermally treated PADC film-based NTDs
was demonstrated to be insensitive to particles with lower
ionization rates (such as alpha particles).

(4) The current observations suggested that the PADC polymer
enabled an estimated alpha particle dose to be determined.
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