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Abstract

Photon induced modifications in polyalyldiglycol carbonate (PADC) track detectors have been studied in the dose
range of 10'-10° Gy. It was found that some of the properties like bulk-etch rate, track-etch rate got enhanced at
the dose of 10® Gy. Activation energy for bulk-etching has been determined for different gamma doses. In order to
correlate the high etch rate with the chemical modifications, UV-Vis, IR and ESR studies were carried out. These
studies clearly give the indication that radiation damage results into radical formation through bond cleavage. TGA
study was performed for understanding the thermal resistance of this detector. The results are presented and

discussed. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Chemical modifications observed in irradiated poly-
meric materials have imparted the initial motivation
for studying their impact on track registration proper-
ties of a sensitive detector. In polymeric track detec-
tors, only those charged particles with linear energy
transfer (LET) above a critical values can create dis-
tinct etchable tracks. Atomic radiations such as UV
rays and X-rays, nuclear radiations like gamma rays
and beta rays are low LET radiations. They mostly
affect the physical and chemical properties of the poly-
meric films. Though they cannot create any tracks but
can affect etch rate values of detectors depending upon
the absorbed dose (Frank and Benton, 1970). For
track detectors exposed to high LET charged particles
followed or preceded by low LET radiation exposure,
both the bulk-etch rate and track-etch rate are found
to vary in accordance with the absorbed doses of low
LET radiations (Shweikani et al., 1993; Sinha et al.,
1997a). Having a thorough knowledge about these
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effects is, therefore, necessary when track detectors are
used for detecting charged particles in an atmosphere
of intense low LET background radiation. Besides, it
is useful in evaluating the dosimetric properties of
track detectors.

Polyalyldiglycol  carbonate (PADC, generally
referred as CR-39 in literature) is a class of plastic
detectors which has been most widely used for charged
particle detection and measurement. It has already
been observed that track registration properties are
greatly influenced by exposing them to high gamma
dose in the case of CR-39 (Frank and Benton, 1970,
Khan et al., 1975; Akber et al., 1980; Zamani et al.,
1986; Portwood and Henshaw, 1986; Sharma et al.,
1991; Sinha et al., 1997a; Abu-Jarad et al., 1997).
Study of optical properties as well as variation of
transmittance of the detector was carried out by
Joseph and Varier (1995). Seeing all these dose depen-
dent variations in physical and chemical properties, we
have attempted in this paper to study systematically
the effect of different gamma doses (10'-10° Gy) on
PADC. Since this particular detector finds usefulness
in many of the nuclear experiments with high gamma
background, so it is worthwhile to study the effect of
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high gamma exposure on its track registration prop-
erties. Our main objectives have been to study the
dependence of etch rates, activation energy for bulk-
etching, variation of absorbance or transmittance on
gamma doses. Electron spin resonance (ESR) as well
as thermogravimetric analysis (TGA) studies were
also carried out for understanding the radical for-
mation and variation of thermal stability caused by
gamma radiation.

2. Experimental
2.1. Irradiation of the detectors

The PADC (American Acrylics) detectors (thick-
ness = 650 ym and density = 1.32 g ml™") were used
in this study. The gamma irradiation of these detectors
was done by a gamma source of ®Co, having a dose
rate of 3 kGy h™). Two sets of seven samples each of
size 2 x 2 cm? were prepared. Then, they were washed
thoroughly with soap solution and deionised water.
The clean samples were dried and used for irradiation.
One set of samples was first exposed at normal inci-
dence to alpha and fission fragments from a 2Cf
source for about 10 min. The pre-exposed samples
together with the unexposed (second) set of samples
were then irradiated with various doses of gamma
rays (10'-10° Gy). The exposure time varied from 12
s to nearly 14 days in order to deliver the required
doses. The errors in doses range from 8% for low
dose (10 Gy) to about 1% for high doses. After
gamma exposure, the second set was exposed to a
B2Cf source. The first and second sets are respect-
ively referred to post-gamma and pre-gamma set.
The detectors were cut into small pieces and track
study was performed.

2.2. Chemical etching

The detectors were etched in 6 M NaOH solution at
different temperatures, viz., 55, 60, 65, 70°C for differ-
ent time periods. The accuracy in the maintenance of
temperature was +1°C. The diameters of the fission
fragment tracks were measured by using Leitz optical
microscope. The magnification of the microscope was
about 1560 x . The diameters of nearly 20-25 tracks
were measured for each detector to find out the most
probable track diameters (in the range between 2.36
and 13.74 um) and the error involved in the measure-
ment of track diameters was +0.43 pum. Then, the
bulk-etch rates (V) were determined by plotting track
diameter of fission fragments vs. etching time.
Diameters of the alpha particle tracks were also
measured and then converted to track-etch rate by

using the standard relation proposed by Shweikani et
al. (1993).

2.3. Spectroscopic study

UV and VIS spectra were taken by Beckman (DU-
650) spectrophotometer. Small pieces of 0.5 x 1.0 cm?
were put inside a quartz-shell and the absorption
spectra were recorded in the range 200-800 nm, keep-
ing air as the reference. The scan speed was 1200 nm
min~'. All the ‘spectra were taken in the solid state.
Because of the high thickness of this particular detec-
tor, no absorption peak was observed. In order to
overcome this problem, the samples were ground prop-
erly and made into a thin film on a transparency sheet
with nujol and the absorption spectra were taken.
Before taking the spectra, the backgrounds of the
nujol and transparency sheet were taken, so that the
resultant spectra does not have any background effect.
IR spectra were also not possible to record in the solid
state. Because of the larger thickness of the sample, all
the characteristic peaks go beyond the saturation
point. So in this case, the samples were ground prop-
erly with KBr and a thin layer was prepared. Then,
the spectra were taken by a Perkin—Elmer (983-IR)
spectrophotometer, in the 4000—500 cm™' region. First
derivative ESR measurements were done on Varion E-
109, X-band spectrometer with 100 kHz field modu-
lation. A 9.6 GHz microwave frequency was used for
this instrument. Samples of sizes (0.5 x 0.5) cm?
each were put inside a quartz tube (one at a time)
and the spectra were recorded at room temperature.
The instrumental setup for ESR studies were as fol-
lows: Field set = 3380+800 Hz, time con-
stant = 0.250 s, scan time = § min, amplitude = 0.5
Gauss, receiver gain = 1,25 x 10°, microwave
power = 5 mW. Thermogravimetric studies were
performed using a PERKIN-ELMER instrument.
For this study, the samples were cut into very small
pieces (0.25 x 0.25 cm?) and then put on a thermo-
balance. The samples were then heated up to the
temperature of around 610°C at a heating rate of
20°C min~'. This heating results in weight loss,
which is recorded as a function of temperature in
the TGA thermogram.

3. Results and discussions

The detector remained colourless up to the dose of
10* Gy. At 10° Gy, it became yellow and at a higher
dose that is at 10° Gy, the detector turned red. This
change in colour is attributed to the formation of rad-
icals (colour centres) in the detector matrix. Figs. 1-2
give the bulk-etch rate (V) and track-etch rate (V1) at
different doses of gamma radiation, respectively. It
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Fig. 1. The effect of pre-gamma exposure on bulk and track-
etch rates of PADC etched at 70°C in 6 M NaOH.

shows that both Vg and V1 remain almost invariant
up to a gamma dose of 10° Gy. However, there is a
steep increase in both Vg and V' at a dose of 10° Gy.
This enhanced response of detector at 10° Gy was
observed in both the cases of pre- and post-gamma ex-
posure. Similar increase in etch rates at the dose of 10°
Gy, for PADC (Homalite) was also observed in an ear-
lier work (Sinha et al., 1997a). It was found earlier
that post-gamma exposure had higher etch rate values
than the pre-gamma exposure. But in the present case
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Fig. 2. The effect of post-gamma exposure on bulk and track-
etch rates of PADC etched at 70°C in 6 M NaOH.

there is no significant change in bulk-etch rate as well
as in track-etch rate for post-gamma exposed samples.

A possible explanation for the increase in etch-rates
at a dose of 10° Gy can be attributed to the decrease
in the average molecular weight (Fleischer et al., 1975)
by scissions of the molecular chains caused by gamma
rays (Khan et al., 1975; Zamani and Charalambous,
1981). Tables 1-4 lists the bulk-etch rate and track-
etch rate values of the detector at different temperature
and for both pre- and post-exposure set.

Table 1

Bulk-etch rate (Vg) in um h™" for pre-gamma exposed PADC etched in 6 M NaOH

T (°C) No dose 10' Gy 10* Gy 10° Gy 10* Gy 10° Gy 10° Gy
55 0.35+0.05 0.34 +0.05 0.34 +0.05 0.38 4 0.05 0.39 +0.05 0.47 +0.05 7.70 £ 1.1
60 0.59 £+ 0.06 0.58 +0.06 0.57 £ 0.06 0.59 + 0.06 0.73 £ 0.06 0.82 +0.06 11.48+1.2
65 0.854+0.10 0.87 £0.10 0.88 +0.10 0.89 +0.10 1.16 £0.10 1.2240.10 1890+13
70 115+ 0.11 1.154+0.11 1.154+0.11 1.22 +0.11 1.19+0.11 1.58 £ 0.11 2695+ 1.8
Table 2

Bulk-etch rate (V) in pm h™' for post-gamma exposed PADC etched in 6 M NaOH

T (°C) No dose 10' Gy 10> Gy 10° Gy 10 Gy 10° Gy 10° Gy
55 0.35+0.05 0.35+0.05 0.36 + 0.05 0.38 +0.05 0.44 4 0.05 0.50 +0.02 815+ 1.1
60 0.59 + 0.06 0.59 + 0.06 0.59 +0.06 0.60 + 0.06 0.82 4+ 0.06 0.90 4+ 0.06 1258 +1.2
65 0.85+0.10 0.86 +0.10 0.86 +0.10 0.90 + 0.10 1.21 +0.10 1.35+0.10 21.27+ 1.3
70 1.15+0.11 1.14 + 0.11 1.15+0.11 1.15+0.11 1.47 £0.11 1.66 + 0.11 28.04 + 1.8
Table 3

Track-etch rate (V) in pm h™! for pre-gamma exposed PADC etched in 6 M NaOH

T(C) No dose 10' Gy 10 Gy 10® Gy 10 Gy 10° Gy 10 Gy
55 0.54 + 0.05 0.53 +0.05 0.52 +0.05 0.57 £ 0.05 0.55+0.05 0.69 + 0.05 1427 + 1.1
60 0.87 + 0.06 0.89 1+ 0.06 0.88 + 0.06 0.91 +0.06 1.05 + 0.06 1.26 + 0.06 1995+1.2
65 1.11 +£0.10 1.15+0.10 1.07 £0.10 1.09 +0.10 1.51 +0.10 1.73£0.10 2929 +1.3
70 1.86 +0.11 1.86 + 0.11 1.96 +0.11 1.95+0.11 217 +0.11 2.49 +0.11 46.54 + 1.8
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Table 4

Track-etch rate (V) in um h™! for post-gamma exposed PADC etched in 6 M NaOH

T (°C) No dose 10' Gy 10? Gy 10> Gy 10* Gy 10° Gy 10° Gy

55 0.54 1+ 0.05 0.54 4 0.05 0.54 4 0.05 0.55+0.05 0.72 +0.05 0.76 4+ 0.05 1432+ 1.1
60 0.87 + 0.06 0.90 + 0.06 0.91 +0.06 0.89 +0.06 1.22 +0.06 1.36 + 0.06 20.18+1.2
65 1.11 +0.10 1.12+0.10 1.1240.10 1.23 +0.10 1.55+0.10 1.87 +0.10 2945+1.3
70 1.86 £ 0.11 1.854+0.11 1.99 +0.11 1.99 +0.11 277+0.11 290+ 0.11 46.70 + 1.8
Table 5

Activation energy (Q) in kJ mol™' for bulk-etching of PADC detector at different gamma doses

Gamma dose  No dose 10! Gy 10 Gy 10> Gy 10* Gy 10° Gy 10% Gy
Pre-exposure 639 +4.3 65.6 + 4.6 66.1 +3.8 67.9+4.6 65.4+4.6 67.1 £3.6 69.3+4.6
Post-exposure 63.9 +4.3 63.3+43 62.3+43 61.31+43 63.5+43 64.1+4.3 68.5+4.6

The activation energy (Q) for bulk-etching have
been determined by plotting log ¥V against the recipro-
cal of the etching temperature (in absolute units) for
different doses and are listed in Table 5. The activation
energy for the pristine material is found around
63.9 + 4.3 kJ mol™" which is much lower than the acti-
vation energy (117.1 4.5 kJ mol™") found for another
type of PADC detector (Sinha et al., 1997a) manufac-
tured by Homalite. It was also observed in our earlier
work (Sinha et al., 1997a,b) for Triafol-BN and PADC
(Homalite) detectors that the activation energy remains
the same, even though the etch-rate increases after ex-
posure to higher gamma doses. In the present case,
similar results have been observed. The constancy in
the values of activation energy (within experimental
errors) in spite of an increase in bulk-etch rate is
attributed to an increase in the rate constant (A)
value in the Arrhenius equation. The activation
energy remains unaltered under different doses of
gamma radiation which suggests that the damage of
the bulk material has no significant influence on this
parameter.
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Fig. 3. UV and Vis absorption spectra of PADC detector
exposed to different doses of gamma rays.

Fig. 3 shows the UV-Vis absorption spectra of
PADC exposed to different doses of gamma radiation.
Though the absorption spectra does not give any absorp-
tion peak, it is interesting to observe that above the dose
of 10* Gy, absorption pattern changes with increasing
gamma dose. Moreover, with increasing gamma dose the
absorption shifts towards higher wave length. The UV—
Vis spectra taken from the powdered material have not
revealed any specific chemical change as the peak pos-
itions are not altered by exposing the samples to different
doses of gamma radiation.

In order to assess the scope of this study in dosi-
metric applications, transmittance were plotted at
different wavelengths for samples exposed to different
gamma doses. Fig. 4 shows the plots of transmittance
as function of gamma doses. From these plots, one
may estimate the radiation dose by measuring the
transmittance.

The information about any specific bond cleavage
could not be derived from the IR spectra of PADC
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Fig. 4. Dose dependence transmission (%) spectra of gamma
irradiated PADC detector.



D. Sinha, K.K. Dwivedi | Radiation Physics and Chemistry 53 (1998) 99-105

103

—\OGGV

—NO DOSE

4000 3500 3000 2500 2000

1500 1000 500

Wave number (cm 1) ——»

Fig. 5. IR spectra of gamma irradiated PADC detector.
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Fig. 6. ESR spectra of pristine and irradiated PADC in which
the presence of oxygen radical is indicated by a broad signal
at a dose of 10° Gy.

exposed to different doses. Fig. 5 contains IR spectra
for pristine and gamma irradiated (10° Gy) PADC
samples. Some of the characteristics peaks observed in
IR spectra are ve=2954 cm™, veeo=1742 cm™,
veo=1260 ecm™', ve.c=1136 cm™ and d_cpay =788
ecm™' (bending vibrations of the group —(CHy),-).

ESR study gives a clear picture about the bond clea-
vage. The track study has indicated that the increase in
etch rate is due to the cleavage of polymeric chain, but
there is no supporting evidence found from IR and
UV-Vis study. The ESR study shows that up to the
dose of 10° Gy, no signal corresponding to radical for-
mation is found. This means the intensity of scissioning
(below 10° Gy) is low and is not reflected as ESR signal.
But at the dose of 10° Gy, one gets a clear broad radical
signal as shown in Fig. 6. This sort of broad radical sig-
nal is the characteristic of oxygen radical. It can be
possible only if polyalyl chain breaks and forms the rad-
icals.

PADC polymer network consists of polyalyl chains
joined by diethyleneglycol links which must be hit by
radiation. The possible route of gamma induced scission
of PADC polymer chain is as follows
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Fig. 7. A thermogram of pristine and gamma irradiated PADC. The nature of curve indicates a two-step process of thermal de-
composition.
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Two of the radicals with carbon end thus formed may combine with each other and re-establish the polymeric
linkage. That is why we get the signal for the oxygen radical only.

(—cHz—i:;)-; + {—CHZ—?H—)-n —_ —(—CHz——C‘Hﬁg fiH——CHEj-n

,CH;, CH, Ha

Thermogravimetric analysis of pristine and gamma  around 430°C. In this temperature range about 70%
irradiated (up to 10° Gy) PADC polymer shows of the total weight decomposes. The thermal stability
double step decomposition pattern. The first step of  curves show identical response up to 10° Gy in first
decomposition starts around 300°C and finishes step. The second step of decomposition starts at
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430°C and continues up to around 475-485°C as
shown in Fig. 7. From the second step decomposition
curves, one observes that the material gains some
thermal stability up to 10° Gy. But at the dose of 10°
Gy, only single step decomposition was observed. In
this case the weight loss starts around 260°C and
100% weight loss takes place around 380°C. Up to a
dosage of 10° Gy, the detector was stable till a tem-
perature range of 475-485°C. But when the dose
becomes 10° Gy, the thermal resistance comes down
and the detector decomposes at lower temperature.

4. Conclusions

On the basis of the present results and above discus-
sion, we conclude that:

(a) Up to 10° Gy, the intensity of bond scissioning or
cross-linking is too low to show up as a macroscopic
signal.

(b) The bonds joining polyalyl chains with diethylene-
glycol have been possibly attacked by gamma rays to
produce following radicals:
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