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ABSTRACT
The etching conditions of an indigenously prepared thin film of pen-
taerythritol tetrakis(allyl carbonate) (PETAC) were standardised for
the use as a nuclear track detector. The optimum etching times in
6N NaOH at 70°C for the appearance of fission and alpha tracks
recorded in this detector from a 252Cf solid source were found to be
30 min and 1.50 h, respectively. The experimentally determined val-
ues for the bulk and track-etch rates for this detector in 6N NaOH at
70°C were found to be 1.7± 0.1 and 88.4± 10.7 µm/h, respectively.
Fromthese results, the important track etchingproperties suchas the
critical angle of etching, the sensitivity and the fission track registra-
tion efficiency were calculated and compared with the commercially
available detectors. The activation energy value for bulk etching cal-
culated by applying Arrhenius equation to the bulk etch rates of the
detector determined at different etching temperatures was found to
be 0.86± 0.02 eV. This compares very well with the value of about
1.0 eV reported for most commonly used track detectors. The effects
of gamma irradiation on this new detector in the dose range of
200–1000 kGyhave alsobeen studiedusingbulk etch rate technique.
The activation energy values for bulk etching calculated from bulk
etch rates measurements at different temperatures were found to
decrease with the increase in gamma dose indicating scission of the
detector due to gamma irradiation. The optical band gap of this
detectorwas alsodeterminedusingUV–visible spectrometry and the
value was found to be 4.37± 0.05 eV.
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1. Introduction

Solid-state nuclear track detectors (SSNTDs) are highly sensitive for recording rare radioac-
tivity, energetic particle detections, neutron dosimetry, measurement of fission cross-
sections in nanobarn range, etc. The particles tracks in SSNTD can also be developed as
well defined through pores for the applications such asmembranes and template for form-
ing nanomaterials. In general, the plastics such as Lexan, Tuffak, CR-39, LR-115, Makrofol,
Polyethylene Terephthalate, Cellulose Nitrate are used as SSNTD. Among these, the polyal-
lyldiglycol carbonate (PADC) detectors (commercially available as CR-39 detectors) are
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extensively used as the SSNTD not only due to its high sensitivity towards energetic par-
ticles but also due to its optical properties after revelation of the particle tracks registered
from harsh environment. In an effort to search a better polymer SSNTD, we have reported
recently a synthetic protocol for preparing a thin film of pentaerythritol tetrakis (allyl car-
bonate) (PETAC) (1). The preliminary study has indicated that this material records fission
as well as alpha tracks similar to CR-39. However, the parameters that control track reve-
lation in SSNTDs such as the bulk etch (Vb) and track-etch (Vt) rates are important for the
particle identification and quantification of the events recorded. The track-etch parameters
are also important for track-shape-analysis-based automated slide scanner system (2). The
chemistry-normality dependence of bulk etch rate in a CR-39 detector has been reported
(3). The knowledge of Vb for the nuclear track detectors at different temperatures is of
considerable usefulness (4). It can also be used for the determination of activation energy
for bulk etching and this is very often determined for nuclear track detectors (4–7). In the
presentwork, thebulk etch rates of this newly developedmaterial at different temperatures
have been determined to understand its track revelation properties. The activation energy
value for bulk etching was also determined by using Arrhenius equation and compared
with the values given in the literature for themost commonly used nuclear track detectors.
In addition to Vb, another important parameter called track-etch rate was also experimen-
tally determined for this new polymer. From these results, the critical angle of etching, the
sensitivity and the fission track registration efficiency were also calculated and compared
with the commercially available detectors. The activation energy value for bulk etching and
the optical band gap of this polymer were also determined and compared with the other
detectors. As nuclear track detectors are also used in nuclear reactors for recording fission
events, the gamma dose in the reactor environment is likely to change the properties of
this detector as reported for the CR-39 and other polycarbonate detector (6, 8, 9). There-
fore, it was thought interesting to study the gamma irradiation effects on this detector. The
gamma irradiation effects in the present investigation were studied by using bulk etch rate
method.

2. Experimental

Thin films of pentaerythritol tetrakis (allyl carbonate) (PETAC) were exposed to a planchet-
ted 252Cf source in 2π geometry to register fission fragments as well as alpha particles.
Etchingof the exposed sampleswas carriedout in different concentrations (5–7M) ofNaOH
solution at different temperatures (60–80°C) and for different intervals of time (0.25–10 h).
From the experiments, it was found that the optimum conditions for the etching of fission
tracks in this polymer are 30 min etching time at 70°C in 6M NaOH as the etchant. The
images of fission tracks are displayed in Figure 1(a,b). In 15min etching time, fission tracks
start appearing and then they are fully developed in 30min etching time. Under these con-
ditions, alpha tracks aredevelopedafter 1 h30minof chemical etching. Although, the alpha
tracks start appearing in 1 h 10min but they are fully developed in 1 h 30min. The images
of alpha tracks are displayed in Figure 1(c,d). Experiments were also carried out to find out
the bulk etch rate (Vb) and the track-etch rate (Vt) of this new polymer. The Vb was deter-
mined by the gravimetricmethod (10). The polymer samples were etched in 6MNaOH. The
procedure for the gravimetric method involved immersion of a sample of the detector of
known weight and thickness into the etchant solution, maintained at a fixed temperature
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RADIATION EFFECTS & DEFECTS IN SOLIDS 569

Figure 1. (a,b) Development of fission tracks in PETAC detector etched at 70°C for (a) 15- and (b) 30-min
etching time in 6 N NaOH as the etchant. (c,d) Development of alpha tracks in PETAC detector etched at
70°C for (c) 1 h 10min and (d) 1 h 30min etching time in 6N NaOH as the etchant. (e–k) The image of
fission tracks used to calculate Vt at 70°C for (e) 15min (f ) 30min (g) 70min (h) 90min (i) 120min (j) 150
min (k) 180 min etching time in 6 N NaOH as the etchant.

in a thermostat, under conditions of stirring for an accurately noted period. It was taken
out, thoroughly washed with demineralised water and was weighed again after air-drying
at room temperature. Vb was obtained in units of length per unit time as Vb = mTi/2Mt,
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where m is the weight (g) loss due to etching for a period, t (h), Ti is the initial thickness
(µm) and M is the initial weight of sample (g). The bulk etch rates were determined at dif-
ferent temperatures to deduce activation energy for bulk etching. For the track-etch rate
measurements, the samples after exposing to a planchetted 252Cf source in 2π geometry
were etched in 6M NaOH at 70°C. The detectors were scanned for track length measure-
ments after etching using a binocular microscope at amagnification of 40× and about 100
trackswere taken in each case. The average value of the track length corresponding to each
etching intervalwasused for the track-etch rate (Vt)measurement (11).Vt was calculatedon
the assumption that Vt remains constant for very small etching times during which a small
segment of the particle trajectory is etched out. The track-etch rate (Vt) was determined
from the slope of the linear part of the curve between the average track lengths, L and the
etching time, t. The images of the fission tracks which has been used to calculate V t are dis-
played in Figure 1(e–k). From the bulk and track-etch rate measurements, the critical angle
of etching,�c (�c = sin−1 Vb/Vt) and sensitivity, S (S = Vt/Vb) were calculated. The fission
track registration efficiency (η) was also calculated from Vb and Vt by using the following
equation: etching efficiency, η = 1− sin �c ; �c = sin−1 Vb/Vt; therefore, η = 1−Vb/Vt.

To find out the optical band gap of the new polymer, UV–visible spectra by a UV–VIS
Spectrometer (Jasco, Model V-530) in the range of 200–800 nm of the samples were also
recorded. To study the gamma irradiation effects on this new polymer, the polymer films
were irradiated with 60Co gamma rays in air using the gamma irradiator of Radiochemistry
Division, BARC (6). The sampleswere irradiated for various times and the total gammadoses
obtained were 200.0, 400.0, and 1000.0 kGy.

3. Results and discussion

Table 1 gives the values of bulk etch rates determined at different temperatures for the
unirradiated and the gamma-irradiated samples. The average values of Vb and Vt for
this new polymer as determined by the above methods were found to be 1.7± 0.1 and
88.4± 10.7 µm/h, respectively, at 70°C in 6M NaOH as the etchant. From these results,
the critical angle of etching (θc = sin−1 Vb/Vt), sensitivity (S = Vt/Vb) and the fission track
registration efficiency (η = 1 − Vb/Vt) were calculated and found to be 1.1°, 52 and 0.98,
respectively. The fission track registration efficiency value of the presentmaterial compares
well with the efficiency of commercial available materials such as Lexan, which is about
0.96 (12), Tuffak, which is about 0.97 (13), and CR-39, which is about 0.81 (14). For calculat-
ing the activation energy for bulk etching, the bulk etch rates were determined at different
temperatures (Table 1). In Figure 2, we have plotted log Vb against the reciprocals of the
absolute temperatures for the unirradiated and gamma-irradiated polymer samples. These

Table 1. Gamma irradiation effects on activation energy for bulk etching of the newpolymer [Pentaery-
thritol Tetrakis (Allyl carbonate) (PETAC) [Etching conditions: 6 N NaoH, 4 h]

Vb (μm/h) at temperature

Gamma dose (kGy) 60°C 70°C 80°C
Activation energy for
bulk etching, E (eV)

Unirradiated 0.48± 0.04 1.70± 0.10 2.59± 0.13 0.86± 0.02
200.0 1.39± 0.11 1.45± 0.10 1.63± 0.10 0.40± 0.04
400.0 27.12± 1.36 31.66± 1.59 47.05± 1.88 0.30± 0.04
1000.0 29.25± 1.17 38.19± 1.92 53.91± 2.70 0.30± 0.03
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RADIATION EFFECTS & DEFECTS IN SOLIDS 571

Figure 2. The plot of log10Vb vs. 1/T for unirradiated and gamma-irradiated pentaerythritol tetrakis
(allyl carbonate) (PETAC) homopolymer.

plots confirm to the expression Vb = A . e–E/kT, where E is the activation energy for bulk
etching, A is a constant for a given medium- etchant combination, k is the Boltzmann con-
stant and T is the temperature in K. In Table 1, we have given the activation energy (E)
values for the unirradiated and the gamma-irradiated samples. The E value for the unir-
radiated sample is found to be 0.86± 0.02 eV and it is given in Table 2 along with the E
values reported in the literature for some most commonly used nuclear track detectors
(4, 6, 7, 10, 15–17). There seems to be good agreement between the value obtained for
this new polymer and the values reported for the most commonly used track detectors.
Recently, the activation energy values for the bulk etching for different SSNTDs have also
been reviewedbyHermsdorf (18). Themajority of the experimentally determinedvalues are
found to be in the order of 0.8± 0.2 eV. Such large differences in the values indicate that
the activation energies depend on the etchant concentration too. The activation energy
values for the gamma-irradiated samples have been found to decrease with the increase in
gamma dose. This decrease in activation energy values indicates the chain scission of the
polymeric molecules by gamma rays (6, 15, 16, 19). The effects of gamma rays on the acti-
vation energies of the polymers have also been discussed by Hermsdorf in his latest review
(18). Thematerials modifications due to gamma rays result here in reduced activation ener-
gies for bulk etching. This indicates faster etching processes. However, drastic changes in
the track reveling property of gamma exposed polymer material have been observed for
gamma ray doses above 105 Gy only. In the present investigation, we have also observed
the major reduction in activation energy value for gamma-irradiated PETAC samples in
the dose range of 200–1000 kGy. Such studies are very important because SSNTDs will be
favourably applied inmixed radiation fields appearing in fission and fusion reactor facilities
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572 A. M. MHATRE ET AL.

Table 2. Value of the activation energy for bulk etching of the
newpolymer [Pentaerythritol Tetrakis (Allyl carbonate) (PETAC)
along with the values reported in the literature for the com-
monly used nuclear track detectors.

Nuclear track detector
Activation energy for bulk

etching, E (eV)

PETAC 0.86± 0.02
ABNEC:ADC (1:9) 0.98± 0.07
Lexan 0.75± 0. 04
Cellulose acetate 0.95± 0. 01
Lexan 0.74± not quoted
Polyester 0.94± not quoted
Makrofol KG 0.99± 0.04
Makrofol KL 1.18± 0.08
Makrofol N 0.89± 0.04
CR-39 (Pitsburgh) 0.85± 0.05
CR-39 (Type unknown) 0.92± not quoted
CR-39 (Homalite) 0.89± 0.04
CR-39 (Homalite) 0.83± 0.04
CR-39 (Pershore) 0.78± 0.03
CR-39 (Pershore) 0.79± 0.02
CR-39 (Pershore) 0.77± 0.02
CR-39 (Pershore) 0.79± 0.02
NADAC:ADC 0.93± 0.07
CR-39 (Tastrak) 0.57± 0.02
CR-39 (Italian) 0.75± not quoted
CR-39 (Hungarian) 0.72± not quoted

or cosmic and space research (18). The UV–visible absorption spectra of the unirradiated
material in the wavelength range 260–500 nm is presented in Figure 3. The optical band
gap of this new polymer was calculated from the optical wavelength data and is found to
be 4.37± 0.05 eV. This value is reported in Table 3 along with the values reported for some
other track detectors in the literature. Theoptical bandgaps formost of the commonly used
track detectors are found to be in the range of 4.16–4.44 eV (15, 16, 19–22).

Figure 3. UV–vis spectra of unirradiated PETAC homopolymer.
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RADIATION EFFECTS & DEFECTS IN SOLIDS 573

Table 3. Value of the optical bandgap (Eg) of the newpolymer
along with the values reported in the literature for the most
commonly commercially available polymers.

Polymer Optical band gap Eg (eV)

PETAC 4.37 (Present work)
CR-39 [Pershore] 4.40 (16)
Tuffak Polycarbonate 4.40 (19)
NADAC – ADC Copolymer 4.23 (15)
Lexan Polycarbonate 4.44 (20)
Makrofol KG 4.44 (21)
Makrofol N 4.44 (21)
CR-39 [Tastrak] 4.16 (22)

4. Conclusions

The indigenously prepared polymer pentaerythritol tetrakis (allyl carbonate) (PETAC) is
found to be a good substitute as a solid-state nuclear track detector to the imported lexan,
Tuffak, CR-39, etc. for recording tracks. The fission track registrationefficiency, the activation
energy for bulk etching and the optical band gap of this material compares very well with
some of the most commonly used imported track detectors such as Lexan polycarbonates
andCR-39., thusmaking it an ideal import substitute particularly for recording fission tracks.
The gamma irradiation effects studied on this new film in the dose range 200.0–1000.0 kGy
by the bulk etch method indicate scission of the film due to gamma irradiation.
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