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a b s t r a c t

The radiation technique is a useful technology technique to induce suitable modifications

of the polymeric materials. In the present work, poly allyl diglycol carbonate (CR-39) solid

state nuclear track detector samples were irradiated using different doses (150e950 kGy) of

gamma ray irradiations. The effect of gamma ray irradiations on the optical and electrical,

properties of CR-39 was investigated. The obtained results showed a decrease in the optical

energy gap with increasing the gamma dose. Increase in the numbers of carbon atoms (N)

in a formed cluster with increasing the irradiation dose was observed. Meanwhile, an in-

crease in the Ac conductivity was obtained with increasing the gamma dose. Also, the

variation in the dielectric constant and loss with irradiation dose was studied at the room

temperature. The results indicate that the gamma ray irradiations in the dose range 150

e950 kGy enhance the optical and electrical properties of the CR-39 polymer samples.

Copyright © 2014, The Egyptian Society of Radiation Sciences and Applications. Production

and hosting by Elsevier B.V. All rights reserved.
1. Introduction

Poly allyl diglycol carbonate (CR-39) is a class of polymeric

solid state nuclear track detector which has many applica-

tions in various radiation detections. CR-39 has index of

refraction lower than that of crown glass and has also high

abrasion. This makes it an advantageous material for
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Hegazy, & Hashem, 2010). The modification of the polymers

is an attractive way to tailor the response of different in-

dustrial devices in a wide range of applications. The radia-

tion processing is a useful technology to induce suitable

modifications of materials. The interest in radiation treat-

ment of polymers has increased, prompted by the radiations

induced modifications of the properties of various polymeric
s Department, Ain Hellwan, Cairo, Egypt. Fax: þ20 225552468.

n Sciences and Applications.

and Applications. Production and hosting by Elsevier B.V. All rights

https://core.ac.uk/display/81111152?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:atawab2001@yahoo.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jrras.2014.05.002&domain=pdf
www.sciencedirect.com/science/journal/16878507
http://www.elsevier.com/locate/jrras
http://dx.doi.org/10.1016/j.jrras.2014.05.002
http://dx.doi.org/10.1016/j.jrras.2014.05.002
http://dx.doi.org/10.1016/j.jrras.2014.05.002


J o u rn a l o f R a d i a t i o n R e s e a r c h and A p p l i e d S c i e n c e s 7 ( 2 0 1 4 ) 2 8 6e2 9 1 287
materials. The physical and chemical modifications induced

in polymers under radiation are triggered by the energy loss

by the radiation within the target (Marletta, 1990). In recent

years, the optical and electrical properties of polymers have

attracted much attention in view of their applications in

many optical and electrical devices (Reddy, Zhu, Mai, &

Chen, 2006; Radwan, Abdul-Kader, El-Hag Ali, 2008). How-

ever polymer at present have many deficiencies, so new

methods are required to improve the physical and chemical

properties of polymers. Several methods are used to improve

the properties of polymers like ion bombardment and elec-

tron beam and gamma ray irradiations, UV-light, plasma, …

etc. Gamma-ray irradiation of polymers is one method

among the physical modification methods, which recently

received a lot of attention from the electronic engineering

point of view. This is due to their linear energy transfer ra-

diation is lower than that of the ions. Defects induced by

irradiation inside the polymeric materials are responsible for

changes in the optical (Kumar, Sonkawade, Chakarvarti,

Singh, & Dhaliwal, 2012; Siddhartha, Kapil Dev,

Raghuvanshi, Krishna, & Wahab, 2012; Rück, 2000;
�Siljegovi�c et al., 2011), electrical (Radwan, Abdul-Kader,

et al, 2008; Abdel Moez, Aly, & Elshaer, 2012; Qureshi et al.,

2009; Radwan, Fawzy, & El-Hag Ali, 2008; Verma, Dhar,

Rath, Sarkar, & Dabrowski, 2012), mechanical (Pelagade

et al. 2012; Anandha babu, Ramasamy, Vijayan, Kanjilal,

Asokan, 2008; Seguchi, Kudoh, Sugimoto, & Hama, 1999)

and chemical properties (Abdul-Kader, El-Gendy, & Al-

Rashdy, 2012) of the polymer. The breakage of chemical

bonds during the irradiation eventually leads to the release

of hydrogen atoms as hydrogen molecule (Abdul-Kader,

Turos, Grambole, et al., 2005) and the formation of double

bonds eCaCe (Mott, 1969). Crosslinking and chain scission

also occur. Exposure of the samples during and after the

irradiation to the air leads to their oxidation (Abdul-Kader,

Turos, Grambole, et al., 2005; Costa, Luda, & Trossarelli,

1997; Costa et al., 1998; Abdul-Kader, Turos, et al., 2005;

Premnath, Harris, Jasty, & Merrill, 1996). The hydrogen

release and the oxygen uptake cause changes in the physical

and chemical properties of the polymeric material (Abdul-

Kader, Turos, et al., 2005). The optical absorption method

can provide information about the band structure and en-

ergy gap in crystalline and non-crystalline materials (Mishra

et al., 2000).

The results presented in this work focus on the effect of

gamma ray irradiation of CR-39 for use in suitable opto-

electronic applications. The principal objective of this work

is to improve the optical and electrical properties of CR-39

through gamma ray irradiation induced structural modifica-

tions of the polymer surface.
2. Experimental details

2.1. Material

CR-39 polymer is one of the trade names of the family poly

allyl diglycol carbonate. The chemical composition of CR-39 is

(C12H18O7)n, where H content is 6.6% wt, C content is 52.6% wt

andO content is 40.8%wt. CR-39, sheet used in this studywere
manufactured by Pershore Mouldings (PM), Ltd, England. It is

of thickness 1.5 mm and dimension 20 cm� 20 cm. This sheet

was cut into 1cm � 1 cm sized samples.

2.2. Irradiation facility

The CR-39 polymeric samples were placed in polyethylene

sachets and the irradiation was carried out with 60Co Gamma

source with energies in the order of 1.173 and 1.332 MeV, at a

dose rate of 3.5 kGy/h at NCRRT, Atomic Energy Authority,

Cairo, Egypt. The samples were irradiated at different absor-

bed doses ranging from 150 to 950 kGy at the same condition.

2.3. Characterization techniques

2.3.1. Optical measurements
The optical absorption spectra of the pristine and all the

irradiated samples were subjected to spectral studies in the

Ultraviolet and Visible regions. These studies were carried out

by using UV-Visible 8500 Double-Beam Spectrophotometer

TECHCOMP in the wavelength range of 190e1100 nm having

resolution of 0.1 nm. All the spectra were recorded by

mounting the samples in the Integrating Sphere Assembly

attached with the Spectrophotometer, keeping air as the

reference.

2.3.2. Electrical measurements
The electrical properties of the pristine and gamma irradiated

polymer samples were carried out at room temperature by

using an LCR Bridge Model Z Hioki-3531, Japan. This bridge is

good earthed, and all connected cables are good shielded, and

connected to the earth. The two surfaces of each polymer

samples were coated with silver paint and checked for good

conduction and then kept in between the two cell electrodes

formakingmeasurements. The bridge can be used tomeasure

different parameters: resistance, dielectric loss (D ¼ tan d) and

capacitance in the frequency range of 42 Hz to 5 MHz at room

temperature. The AC conductivity was calculated using the

relation d/RA (U�1 m�1) (Singh, Sharma, Shrinet, Rakshit, &

Avasthi, 2004). The measured values of capacitance then

have been converted into the dielectric constant (ε) by using

the formula (Cd/εoA) (Singh & Prasher, 2006), where d is the

thickness of polymer sample, A is the area of electrode plates

and εo is the permittivity of free space.
3. Results and discussion

3.1. UVeVIS spectral analysis

Fig. 1 shows the UV-visible spectra recorded for gamma irra-

diated CR-39 samples at different doses by using the UV-

visible spectrophotometer. One notes that with increasing

gamma doses, the UV/Vis spectra of the polymers show red

shift that indicates a decrease in the band gap (Singh and

Prasher, 2004). This shift in absorbance is thought to be

caused by the formation of conjugated bonds i.e. possible

formation of carbon clusters and/or defects. The visual

observation of the irradiated samples indicates change in the

colour while the pristine sample is colourless.

http://dx.doi.org/10.1016/j.jrras.2014.05.002
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3.1.1. Energy band gap
The optical band gap of pristine and various irradiated CR-39

samples were determined from the UVeVis spectra. The op-

tical energy gap Eg, can be obtained by applying the notation

given by Tauc equation (Tauc, 1970) as:

aðhvÞ ¼ B
�
hv� Eg

�r�
hv (1)

where a is the absorption coefficient and, hv is the energy of

the incident photons, Eg is the value of the optical energy gap

between the valence band and the conduction band, and r is

an index, which characterizes the electronic transition,

whether it is direct or indirect during the absorption process

in the K-space. The index r can take the values 1/2, 3/2, 2 and 3

for direct allowed, direct forbidden, indirect allowed and in-

direct forbidden transitions, respectively. The factor B is

constant. The optical absorption coefficient, a(hv), was calcu-

lated from the absorbance, (A) (Fox, 2001):

aðhvÞ ¼ 2:303A=l (2)

where l is the sample thickness in cm and A is defined by

A¼ log (Io/I) where Io and I are the intensity of the incident and

transmitted beams, respectively. The direct and indirect op-

tical band gap were determined by plot (ahv)2 and (ahv)1/2 as

function of photon energy hv, respectively. Extrapolating the

straight parts of these relations to the hv axis yields the cor-

responding direct and indirect band gaps. Fig. 2 and Fig. 3

show the relation between (ahv)2 and (ahv)1/2 for the pristine

sample and those irradiated with gamma rays as function of

photon energy hv, respectively. The values of direct and in-

direct band gaps for CR-39 before and after gamma-irradiation

have been calculated and are plotted in Fig. 4. The obtained

results showed a decrease in both direct and indirect energy

gap with increasing the irradiation dose.

The direct band gap in CR-39 decreased from 4.2 eV for

pristine sample to 2.75 eV at the highest studied doses of

gamma ray irradiation. It was noticed that the indirect band

gap in CR-39 reduced from 3.7 eV for pristine sample to 1.73 eV

at the highest dose of gamma irradiation. The decrease in

band gap after irradiation may be due to the enhanced diffu-

sion rate of p-electrons in the forbidden energy levels of

polymer, formation of defects and/or creation of
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Fig. 1 e UVevisible spectra of the pristine and gamma-

irradiated CR-39 polymer.
carbonaceous clusters due to partial release of hydrogen

molecules. The decrease in the energy gap implies an increase

in the electrical conductivity of the irradiated polymers (El-

Badry, Zaki, Abdul-Kader, Hegazy, & Morsy, 2009). Upon irra-

diation, visual changes in the colour of CR-39 samples from

milky white, for pristine samples, to yellow are noticed. This

change may be due to the formation of carbon clusters. The

number of carbon atoms (N) in a carbon cluster is correlated to

the optical energy band gap Eg and is given by the following

equation (Fink et al., 1995):

N ¼ 2bp
Eg

(3)

Where 2b is the energy of a pair of adjacent p sites and b is

taken to be �2.9 eV as it is associated with the p / p* optical

transition in the eCaCe structure (Phukan, Kanjilal,

Goswami, & Das, 2003)

Fig.4 shows the change in the number of carbon atoms (N)

in carbon clusters as a function of irradiation dose for CR-39

samples. It is clear seen that the number of the carbon

atoms in clusters increases with increasing irradiation dose.

This is attributed to the breakage of CeH bonds upon irradi-

ation and the escape of hydrogen as hydrogen molecules

(Adel, Amir, Kalish, & Feldman, 1989). The carbonaceous

clusters are supposed to be rich with charge carriers that

enhance the optical properties in radiation bombarded poly-

mers and consequently they also influence the electrical

conductivity of such materials (Abdul-Kader, 2009).

3.2. AC electrical studies

3.2.1. The dielectric constant
Fig. 5 shows the variation of the dielectric constant as a

function of gamma dose, within the frequency range from

100 kHz to 3 MHz at room temperature. From the first insight,

one can observe the dipole relaxation of all films in the

dielectric spectrum. For the pristine sample, as evident from

plots, the dielectric constant (ε0) remains almost constant over

a wide frequency range, followed by a sharp decrease in the

relaxation zone. The same behaviour of the dielectric con-

stant, with the frequency, is observed for all irradiated sam-

ples. The variation of ε0 values with the dose exhibits a direct
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Fig. 2 e The dependence of (ahv)2 on photon energy (hv) for

pristine and gamma-irradiated CR-39 polymer.
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pristine and gamma irradiated CR-39 polymer at different

doses.
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proportional for all doses over the full frequency range.

Moreover, a shift in the relaxation towards lower frequencies

is shown due to gamma irradiation. Increase in the dielectric

constant with the irradiation dose is a characteristic of the

conducting polymer (Himanshu et al., 2011). This increase

may be attributed to breakage of the chemical bonds that led

to formation of eCaCe. The increase in the scissioning of

polymer bonds with increasing the irradiation dose leads to

increase of the free radical and unsaturation (Singh, Qureshi,
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Fig. 4 e Optical energy gap and the number of carbon

atoms in cluster of CR-39 as function of gamma irradiation

dose (a) direct (b) indirect. The lines are drawn only to

guide the eye.
Singh, & Avasthi, 2007). The observed decrease in the dielec-

tric constant beyond 1500 kHz (cf. Fig. 5) can be attributed to

the fact that the charge carriers migrate get trapped against

defect sites, hence induce an opposite charge in its vicinity

(Anjum et al., 2009). Generally, these defects may result in the

existence of traps of the charge carriers in the band gap of the

polymer that can capture the charge carriers (Velitchkova,

Krezhov, & Balabanov, 2000; El-Sayed, Abdel-Hamid, & Rad-

wan, 2004). Therefore, the irradiation increases the ability of

the polymer to store charge, i.e. the increase of its dielectric

constant.

3.2.2. AC conductivity
Fig. 6 shows the variation of the AC electrical conductivity

with frequency for CR-39 polymer samples as function of

gamma irradiation doses. A sharp increase in conductivity

was observed at about 100 kHz for CR-39 and the electrical

conductivity increases with increasing gamma irradiation

dose. Upon irradiation, the increase in the conductivity may
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Fig. 6 e AC conductivity vs frequency for pristine and

gamma irradiated CR-39 polymer at different doses.

http://dx.doi.org/10.1016/j.jrras.2014.05.002
http://dx.doi.org/10.1016/j.jrras.2014.05.002


J o u r n a l o f R a d i a t i o n R e s e a r c h and A p p l i e d S c i e n c e s 7 ( 2 0 1 4 ) 2 8 6e2 9 1290
be attributed to scissioning of polymer chains, as mentioned

before, resulting in an increase of free radicals, unsaturation,

etc. (Singh, Shah, Singh, & Desai, 2005), besides formation of

conjugated double bonds (Hussain, Saikia, Singh, Avasthi, &

Kumar, 2005). With increasing the irradiation dose the en-

ergy deposited in polymer material increases and therefore

the number of the conjugated double bonds increases. In-

crease the conjugated double bonds increase the delocaliza-

tion of charge carriers, and hence their motion in an applied

external electric field. This net polarization produces higher

AC conductivity at higher frequency (Jonscher, 1977). The in-

crease in the conductivity with increase the irradiation dose is

consistent with UVeVis measurements. Meanwhile, in the

case of operation in high frequency range, a net polarization

occurs, which is out of phase with the field. This results in the

values of ac conductivity being greater than that at which the

traps are filled or emptied (Singh et al., 2005). The slight rise in

the electrical conductivity with the frequency, in the high

frequency range, is related to the accumulation of charge

carriers (Khiar et al., 2006). This may be attributed to the dif-

ference in the mobility of the electrons and holes in high

frequencies.
4. Conclusion

In this work, the influences of gamma irradiation dose on the

optical and electrical properties of CR-39 have been investi-

gated. The gamma irradiation, up to 950 kGy, decreases both

direct and indirect energy gap. The direct and indirect energy

gap decreases from 4.2 to 3.7 eV for pristine sample, to about

2.75 and 1.73 eV at the highest dose (950 kGy) for samples

irradiated with gamma ray, respectively. This modification is

attributed to the formation of carbon clusters in the polymer

due to the irradiation by gamma rays. The number of carbon

atoms in carbon clusters was found to increase with

increasing the irradiation dose. The electrical characterization

of gamma irradiated CR-39 polymeric material has been

investigated. A sharp increase in conductivity has been

observed around 100 kHz frequency and conductivity in-

creases as dose increases. The increase in conductivity with

increase the irradiation dose is consistent with UVeVis mea-

surements. The dielectric constant is observed to change

significantly with the gamma dose. Thismight be attributed to

breakage of chemical bonds and conversion of the polymeric

structure into a hydrogen depleted carbon network due to the

escape of hydrogen as hydrogen molecules, which results in

the increase of free radicals. Thus irradiation makes the

polymer more conductive. Our results also show that the

irradiation has changed the dielectric constant without

affecting the dielectric loss in the CR-39 polymeric material.
r e f e r e n c e s

Abdel Moez, A., Aly, S. S., & Elshaer, Y. H. (2012). Spectrochimica
Acta Part A: Molecular and Biomolecular Spectroscopy, 93, 203.

Abdul-Kader, A. M. (2009). Applied Surface Science, 255, 5016.
Abdul-Kader, A. M., El-Badry, B. A., Zaki, M. F., Hegazy, T. M., &
Hashem, H. M. (2010). Philosophical Magazine, 90(19), 2543.

Abdul-Kader, A. M., El-Gendy, Y. A., & Al-Rashdy, A. A. (2012).
Radiation Physics and Chemistry, 81, 798.

Abdul-Kader, A. M., Turos, A., Grambole, D., Jagielski, J.,
Piątkowska, A., Madi, N. K., et al. (2005). Nuclear Instruments and
Methods in Physics Research B, 240, 152.

Abdul-Kader, A. M., Turos, A., Jagielski, J., Nowicki, L.,
Ratajczak, R., Stonert, A., et al. (2005). Vacuum, 78, 281.

Adel, M. E., Amir, O., Kalish, R., & Feldman, L. C. (1989). Journal of
Applied Physics, 66, 3248.

Anandha babu, G., Ramasamy, P., Vijayan, N., Kanjilal, D., &
Asokan, K. (2008). Nuclear Instruments and Methods in Physics
Research B, 266(23), 5032.

Costa, L., Luda, M. P., & Trossarelli, L. (1997). Polymer Degradation
and Stability, 58, 41.

Costa, L., Luda, M. P., Trossarelli, L., Brach, E. M., Crova, M., &
Gallinaro, P. (1998). Biomaterials, 19, 659.

El-Badry, B. A., Zaki, M. F., Abdul-Kader, A. M., Hegazy, T. M., &
Morsy, A. A. (2009). Vacuum, 83, 1138.

El-Sayed, S. M., Abdel-Hamid, H. M., & Radwan, R. M. (2004).
Radiation Physics and Chemistry, 69, 339.

Fink, D., Chung, W. H., Klett, R., Schmoldt, A., Cardoso, J.,
Montiel, R., et al. (1995). Radiation Effects and Defects in Solids,
133, 193.

Fox, M. (2001). Optical properties of solids. New York: Oxford
University Press Inc.

Himanshu, A. K., Bandyopadhyay, S. K., Sen, P., Mondal, N. N.,
Taplatra, A., Taki, G. S., et al. (2011). Radiation Physics and
Chemistry, 80, 414.

Hussain, A. M. P., Saikia, D., Singh, F., Avasthi, D. K., & Kumar, A.
(2005). Nuclear Instruments and Methods in Physics Research, B240,
834.

Jonscher, A. K. (1977). Nature, 267, 673.
Khiar, S. A., Puteh, R., & Arof, A. K. (2006). Physica B, 373, 23.
Kumar, V., Sonkawade, R. G., Chakarvarti, S. K., Singh, P., &

Dhaliwal, A. S. (2012). Radiation Physics and Chemistry, 81(6), 652.
Marletta, G. (1990). Nuclear Instruments and Methods in Physics

Research B, 46, 295.
Mishra, R., Tripathy, S. P., Sinha, D., Dwivedi, K. K., Ghosh, S.,

Khating, D. T., et al. (2000). Nuclear Instruments and Methods in
Physics Research B, 168, 59.

Mott, N. F. (1969). Phil. Mag, 19, 835.
Pelagade, S. M., Singh, N. L., Qureshi, A., Rane, R. S., Mukherjee, S.,

Deshpande, U. P., et al. (2012). Nuclear Instruments and Methods
in Physics Research B, 289, 34.

Phukan, T., Kanjilal, D., Goswami, T. D., & Das, H. L. (2003).
Radiation Measurements, B, 36, 611.

Premnath, V., Harris, W. H., Jasty, M., & Merrill, E. W. (1996).
Biomaterials, 17, 1741.

Qureshi, A., Singh, D., Singh, N. L., Ataoglu, S.., Gulluoglu, A. N.,
Tripathi, A., et al. (2009). Nuclear Instruments and Methods in
Physics Research B, 267(20), 3456.

Radwan, R. M., Abdul-Kader, A. M., & El-Hag Ali, A. (2008). Nuclear
Instruments and Methods in Physics Research B, 266(16), 3588.

Radwan, R. M., Fawzy, Y. H. A., & El-Hag Ali, A. (2008). Radiation
Physics and Chemistry, 77, 2,179.

Reddy, Ch. V. S., Zhu, Q. Y., Mai, L. Q., & Chen, W. (2006). Journal of
Applied Electrochemistry, 36, 1051.

Rück, D. M. (2000). Nuclear Instruments and Methods, 166e167(2),
602.

Seguchi, T., Kudoh, H., Sugimoto, M., & Hama, Y. (1999). Nuclear
Instruments and Methods in Physics Research B, 151, 1e4, 154.

Siddhartha, Kapil Dev, S. A., Raghuvanshi, S., Krishna, J. B. M., &
Wahab, M. A. (2012). Radiation Physics and Chemistry, 81(4), 458.

�Siljegovi�c, M., Ka�carevi�c-Popovi�c, Z. M., Bibi�c, N., Jovanovi�c, Z. M.,
Maleti�c, S., Stchakovsky, M., et al. (2011). Radiation Physics and
Chemistry, 80(12), 1378.

http://refhub.elsevier.com/S1687-8507(14)00049-1/sref1
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref1
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref2
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref3
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref3
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref4
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref4
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref5
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref5
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref5
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref5
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref5
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref6
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref6
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref7
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref7
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref8
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref8
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref8
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref9
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref9
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref10
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref10
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref11
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref11
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref12
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref12
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref13
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref13
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref13
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref14
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref14
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref15
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref15
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref15
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref16
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref16
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref16
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref17
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref18
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref19
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref19
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref20
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref20
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref21
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref21
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref21
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref22
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref23
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref23
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref23
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref24
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref24
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref25
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref25
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref26
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref26
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref26
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref27
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref27
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref28
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref28
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref29
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref29
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref30
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref30
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref30
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref31
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref31
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref31
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref32
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref32
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref33
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref33
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref33
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref33
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref33
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref33
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref33
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref33
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref33
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref33
http://dx.doi.org/10.1016/j.jrras.2014.05.002
http://dx.doi.org/10.1016/j.jrras.2014.05.002


J o u rn a l o f R a d i a t i o n R e s e a r c h and A p p l i e d S c i e n c e s 7 ( 2 0 1 4 ) 2 8 6e2 9 1 291
Singh, S., & Prasher, S. (2004). Nuclear Instruments and Methods in
Physics Research B, 222, 518.

Singh, S., & Prasher, S. (2006). Nuclear Instruments and Methods in
Physics Research B, 244, 252.

Singh, N. L., Qureshi, A., Singh, F., & Avasthi, D. K. (2007).Materials
Science and Engineering A, 457, 195.

Singh, N. L., Shah, N., Singh, K. P., & Desai, C. F. (2005). Radiation
Measurements, 40, 741.
Singh, N. L., Sharma, A., Shrinet, V., Rakshit, A. K., & Avasthi, D. K.
(2004). Bulletin of Material Science, 27, 263.

Tauc, J. (1970). Amsterdam: North-Holland. In A. Ables (Ed.),
Optical properties of solids.

Velitchkova, K., Krezhov, & Balabanov, K. S. (2000). Vacuum, 58,
531.

Verma, R., Dhar, R., Rath, M. C., Sarkar, S. K., & Dabrowski, R.
(2012). Journal of Physics and Chemistry of Solids, 73, 2,288.

http://refhub.elsevier.com/S1687-8507(14)00049-1/sref34
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref34
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref35
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref35
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref36
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref36
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref37
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref37
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref38
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref38
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref39
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref39
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref40
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref40
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref41
http://refhub.elsevier.com/S1687-8507(14)00049-1/sref41
http://dx.doi.org/10.1016/j.jrras.2014.05.002
http://dx.doi.org/10.1016/j.jrras.2014.05.002

	Modified the optical and electrical properties of CR-39 by gamma ray irradiation
	1 Introduction
	2 Experimental details
	2.1 Material
	2.2 Irradiation facility
	2.3 Characterization techniques
	2.3.1 Optical measurements
	2.3.2 Electrical measurements


	3 Results and discussion
	3.1 UV–VIS spectral analysis
	3.1.1 Energy band gap

	3.2 AC electrical studies
	3.2.1 The dielectric constant
	3.2.2 AC conductivity


	4 Conclusion
	References


