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Abstract 

The track etch detector, CR-39, in common usage, is highly sensitive to recording charged particles. 
CR-39 polymer samples were irradiated with alpha particles at different energies (2.17 MeV and 3.95 
MeV) followed by chemical etching with different times (1.50, 3.00 and 6.00 h).  The tracks formed in 
CR-39 due to irradiations were visualized by using etching technique. The optical properties of the CR-39 
polymer before and after the etching processes were studied with ultraviolet-visible (UV-vis) 
spectroscopy. The optical band gap energy was calculated for the CR-39 polymer samples. The average 
value of the track diameter of irradiation at 2.17 MeV and etching time 1.5 h is fairly large compared with 
its value at 3.95 MeV. This is due to the production of defect levels in the band gap of polymer at the 2.17 
MeV. The results revealed that the CR-39 samples at 3.00 h are insensitive to the optical variations in the 
fundamental absorption edge. 

Keywords: CR-39 track etch polymer, etching time, alpha particles irradiations, optical band gap energy, 
Urbach energy 
 
 
Introduction 

Polyallyl diglycol carbonate, C12H18O7, (CR-39) track detectors are the most sensitive and popular 
detector for recording alpha particles [1-4]. Therefore, several studies [5-13] have been carried out to 
determine the main factors which affect the sensitivity and the properties of the CR-39 polymer as a track 
detector. 

The passing of alpha particles through a CR-39 sample causes ionization for almost all molecules 
which are close to its path in a cylindrical zone. A zone enriched with free radicals and other chemical 
species is created along the path of the alpha particle. This damage zone is called a latent track [14]. 

The latent track can be revealed through chemical etching (erosion) in the material surface by using 
an acid or base solution [15]. The optimum etching conditions for using CR-39 as a track detector are 
6.25 M NaOH solution at 70 C for 6 h [7]. In the chemical etching, the rate along the particle trajectory, 
track etch rate (VT), is faster than the rate of etching of the undamaged surface, bulk etch rate (Vb). A pit 
is formed in the position of each track as etching progresses [15]. 

Several authors [16-20] have studied the optical properties of CR-39 irradiated with different doses 
of gamma rays and different ions fluences. They found that the optical band gap energy was reduced with 
an increase of gamma-absorbed dose and ions fluences. Thus, the present work has been verified by the 
UV-vis spectra of CR-39 polymer materials, which irradiated with different alpha particle energies (2.17 - 
3.95 MeV) at a constant fluence and at different etching times (1.500, 3.00 and 6.00 h). Furthermore, the 
changes in the optical band gap energy and the etching properties (track diameter measurements) of the 
tracks at different etching times have been recorded. 
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Materials and methods 

Experimental technique 
Various holder collimators with different heights were used to verify normal irradiation for the 

INTERCAST CR-39 (1.00 × 1.00 cm2 × 1.50 mm) in air by alpha-particles [21]. The density of CR-39 
was 1.32 g/cm3. The energy of the alpha particle that emerged from the collimator was measured by using 
a surface-barrier semiconductor detector and a calibrated multichannel analyzer. The heights of the 
collimators reduced the energy of 5.486 MeV alpha-particles which emitted from the 241Am- source to 
3.95 ± 0.20 and 2.17 ± 0.18 MeV. 

The incident flux ( ) was calculated by the following equation; 
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where Ac is the activity of the 241Am- source in Bq and r is the source-detector distance in centimeters. 

The fluence (Φ), the total number of alpha-particles emitted from the collimator and fallen on CR-
39 per unit area in a certain irradiation time (t), was; 

 
t                                                        (2) 

 
The irradiation times were varied for different fluxes to get a constant fluence value. The value of Φ 

was verified at (32058 ± 31 incident alpha-particles per cm2) for all irradiated CR-39 samples. 
After irradiations, the samples were etched chemically in 6.25 M NaOH solution at 700C for 1.50, 

3.00 and 6.00 h. The value of Vb was calculated by the mass difference Δm, as the following equation 
[22]; 

 

ei
b tA

m
V

2


                                                   (3) 

 
where Ai is the etched surface area, ρ is the density of the detector and te is the etching time. The 
calculated value of Vb was 1.599 ± 0.270 µm/h. 

After etching, the track diameters (D) were measured by using the optical microscope which 
magnifies 1000 times and attached with eyepiece micrometer. 

The etching time (tR) required to etch the complete range for present alpha particles at normal 
incidence was determined by using the following equation [23]; 

 

T
R V

R
t                                                                                                                    (4) 

 
where R is the range of alpha particles in CR-39 samples and VT is the track etching rate. The range 
according to the alpha particle energy can be calculated by SRIM 2013 code [24]. The VT-values can be 
calculated from a Track_Test program computer [25] by using the values of the range and Vb-value 
above.   

The optical absorption spectra for virgin (before and after etching) and irradiated CR-39 samples at 
different times 1.50, 3.00 and 6.00 h were measured by using a double beam UV-vis  spectrophotometer 
(Shimadzu 1601 PC, Japan) in the wavelength range of 200 - 800 nm. 
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Results and discussion 

The CR-39 samples were irradiated with different alpha-particle energies 2.17 and 3.95 MeV at 
constant fluence (32058 ± 31 incident alpha-particles per cm2). The energy lost by alpha particles in the 
CR-39 samples was mainly dominated by 2 mechanisms known as electronic stopping power (Se) and 
nuclear one (Sn), which is usually expressed in eV/Å. The values of Se and Sn depend on the energy and 
the mass of the bombarded particle, as well as on the polymer composition. Using the calculations of the 
SRIM 2013 code [24], the projected range of alpha-particles in CR-39 polymer, Se and Sn, were obtained. 
Also, the output calculations of this code indicated that more than 99.91 % of energy lost by the present 
alpha particle energies in CR-39 was due to electronic stopping power. The electronic energy loss leads to 
radical formation, chain scission and cross-linking of CR-39 polymer chains [26]. This was reflected in 
changes in the molecular structure of the polymer and changes in the optical band gap energy. 

The optical absorption method used for the investigation of the optically induced transitions which 
can provide information about the band structure and energy gap in crystalline and non-crystalline 
materials [27]. Figures 1 - 3 showed UV-vis spectra in the wavelength range of 200 - 800 nm for virgin 
(before and after etching) and irradiated CR-39 samples at different etching times 1.50, 3.00 and 6.00 h. It 
is noticed that the strongest absorption was found in the UV region for all samples, where there were 
higher photon energies due to electronic transitions that can take place in the material. 

 
 

 
Figure 1 UV-VIS spectra of CR-39 samples virgin (before and after etching) and irradiated with alpha-
particle energies 2.17 MeV and 3.95 MeV at 1.50 h etching time. 
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Figure 2 UV-VIS spectra of CR-39 samples virgin (before and after etching) and irradiated with alpha-
particle energies 2.17 MeV and 3.95 MeV 3.00 h etching time. 
 
 

 
Figure 3 UV-VIS spectra of CR-39 samples virgin (before and after etching) and irradiated with alpha-
particle energies 2.17 MeV and 3.95 MeV at 6.00 h etching time. 
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The optical absorption coefficient (α\) can be calculated by the absorbance (abs) and the thickness of 
CR-39 material (d) as the following equation; 
 

d

abs
303.2\ α                                                   (5) 

 
The α\ values as a function of the photon energy, hν, are given by the relation [28]; 
 

  ννβα hEh n
g /\                                        (6) 

 
where β is a constant, Eg is the value of the optical  band gap energy and n depends on the type of 
transition (direct or indirect). Specially, n is 1/2, 3/2, 2 and 3 for direct allowed, direct forbidden, indirect 
allowed and indirect forbidden transitions, repectively. 

The usual method for the determination of the value of Eg of CR-39 samples can be determined by 
plotting (α\hν)1/n versus photon energy (hν). All samples showed that the most probable involved 
transition mechanism is the direct allowed transition, where n = 1/2. The intersection of the extrapolated 
line with hν-axis represents the value of Eg. The regression coefficient of the best fit lines for the linear 
parts of the fundamental absorption edge of the UV-vis spectra is found to be not less than 0.99, as shown 
in Figures 4 - 6. 

 
 

 
 

Figure 4 Calculations of the optical energy gap from extrapolation of the fitted lines (—) with hν-axis for 
virgin (before and after etching) and irradiated CR-39 samples with alpha-particle energies 2.17 MeV and 
3.95 MeV at 1.50 h etching time. 
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Figure 5 Calculations of the optical energy gap from extrapolation of the fitted lines (—) with hν-axis for 
virgin and irradiated CR-39 samples with alpha-particle energies 2.17 MeV and 3.95 MeV at 3.00 h 
etching time. 
 
 

 
 

Figure 6 Calculations of the optical energy gap from extrapolation of the fitted lines (—) with hν-axis for 
virgin and irradiated CR-39 samples with alpha-particle energies 2.17 MeV and 3.95 MeV at 6.00 h 
etching time. 
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The optical absorption coefficient near the fundamental absorption edge is exponentially dependent 
on the (hν) and obeys the empirical Urbach formula [29]; 
 
\ exp	 /                                                                                                  (7) 

 
where EU is the Urbach energy, which corresponds to the width of the band tail of a localized state in the 
forbidden band gap, and αo is a constant. The EU values can be calculated from the inverse of the slope of 
the linear part of the curve between ln α\ and photon energy [30] as shown in Figures 7 - 9. The 
calculated values of EU are listed in Tables 1 - 3. 

The variations of the track diameter and the optical band gap energy for virgin (before and after 
etching) and irradiated CR-39 samples at different etching times (1.50, 3.00 and 6.00 h) are reported in 
Tables 1 - 3. 

The etching times required to cover the whole range of alpha particles with energies 2.17 and 3.95 
MeV are 2.14 and 6.77 h, respectively. The values of the etching time were calculated using Eq. 4. The 
etching time values give information about the reaching or not of the etching solution to the end of the 
alpha particle range in CR-39. Fleischer’s method [31] to calculate the track etch rate was not used 
because the track length was not measured. Therefore, the VT-values were calculated from the Track_Test 
program computer. 

 
 

 
 
Figure 7 Variation of ln α' with the photon energy for virgin (before and after etching) and irradiated CR-
39 samples with alpha-particle energies 2.17 MeV and 3.95 MeV at etching time 1.50 h. 
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Figure 8 Variation of ln α' with the photon energy for virgin (before and after etching) and irradiated CR-
39 samples with alpha-particle energies 2.17 MeV and 3.95 MeV at etching time 3.00 h. 
 
 

 
 
Figure 9 Variation of ln α' with the photon energy for virgin (before and after etching) and irradiated CR-
39 samples with alpha-particle energies 2.17 MeV and 3.95 MeV at etching time 6.00 h. 
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The value Eg for the virgin sample before etching has the same values after 1.50 and 3.00 h etching 
times, and greater than its value at 6.00 h etching time. This result reveals that the effect of etching time 
on the optical properties of CR-39 samples is statistically significant at 6.00 h etching time. 

For the sample of energy 2.17 MeV at etching time 1.50 h, the etching time is insufficient to cover 
the whole range of this alpha energy. Also, the Eg has a relatively small value when compared with virgin 
and 3.95 MeV samples. This can be interpreted as the electronic stopping power for 2.17 MeV having the 
largest value (19.68 eV/Å), so the deposition in the alpha particle track will enhance scission in the 
molecular chains of the CR-39 samples over cross-linking, i.e. the polymer molecules may be broken into 
small fragments. This result reflects the formation of defects in the CR-39 track etched polymer after 2.17 
MeV. Accordingly, the average value of the track diameter is large compared with its value at energy 
3.95 MeV. 

The Eg values for virgin samples after etching have the same values for 2.17 MeV at 3.00 and 6.00 
h, as in Tables 2 and 3. The chemical etching has sufficient time to reach the end of the alpha particle 
path and progresses in all the directions in the bulk of CR-39 with the same rate [14]. This result reflects 
the similarity in the optical behavior for those samples. Accordingly, it was found that the measured track 
diameters of this energy at etching time of 3.00 and 6.00 h as in Tables 1 - 3 are smaller than those 
predicted by 1.5 h with a fixed ratio of 16 %. The predicted track diameters at 3.00 and 6.00 h were 10.66 
and 21.32 µm, respectively. 

For the 3.95 MeV samples, the values of Eg at 1.50 and 3.00 h have nearly the same values for 
virgin samples before and after etching. This result suggests that the CR-39 samples are insensitive to the 
optical variations in the fundamental absorption edge. The situation at 6.00 h is different (Eg at 3.95 MeV 
is smaller than that for virgin samples) due to the electronic stopping power [24] having low value (13.63 
eV/Å) compared with the value (19.68 eV/Å) at 2.17 MeV. Also, the etching times (1.50 - 6.00 h) were 
insufficient to cover the whole range of this alpha energy. Therefore, the track diameter values at 1.50 h 
were consistent with those predicted at higher etching times 3.00 and 6.00 h. 

The estimated values of Urbach energies for virgin samples after etching times (1.50 - 6.00 h) are 
greater than its value before, as in Tables 1 - 3. This can be attributed to the etching process having 
enhanced the diffusion rate of π-electron to the forbidden level of the CR-39 polymer [30]. Also, there are 
small fluctuations in Urbach energy values for the samples (virgin and irradiated) after the etching times, 
as displayed in Tables 1 - 3. Accordingly, the CR-39 samples before and after etching show a semi-
crystalline formation (i.e. a mixture of small crystalline and amorphous states within the material) with 
dominating amorphous content in it. 
 
 
Table 1 The variations of the track diameter, electronic stopping power, optical band energy gap and 
Urbach energy at 1.50 h etching times for different alpha particle energies in CR-39 samples. 
 

1.50 h Electronic 
stopping power 

(eV/Å) 

The etching times 
required to cover the 
whole range of alpha 

particles (h) 

Eα (MeV) Urbach 
energy (eV) 

Optical energy 
band gap (eV) 

Track diameter
(µm) 

0.46 3.960 5.33 ± 0.25 19.68 2.14 2.17 ± 0.18 

0.49 4.007 4.19 ± 0.39 13.52 6.77 3.95 ± 0.20 

0.49 4.006 - - - Virgin after etching 

0.37 4.003 - - - Virgin without etching 
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Table 2 The variations of the track diameter, electronic stopping power, optical band gap energy and 
Urbach energy at 3.00 h etching times for different alpha particle energies in CR-39 samples. 
 

3.00 h Electronic 
stopping power 

(eV/Å) 

The etching times 
required to cover 
the whole range of 
alpha particles (h) 

Eα (MeV) Urbach 
energy (eV) 

Optical energy 
band gap (eV) 

Track 
diameter (µm) 

0.46 3.980 8.94 ± 0.31 19.68 2.14 2.17 ± 0.18 

0.44 3.993 7.21 ± 0.53 13.63 6.77 3.95 ± 0.20 

0.44 3.994 - - - Virgin after etching 

0.37 4.003 - - - Virgin without etching 

 
 
Table 3 The variations of the track diameter, electronic stopping power, optical band gap energy and 
Urbach energy at 6.00 h etching times for different alpha particle energies in CR-39 samples. 
 

6.00 h Electronic 
stopping power 

(eV/Å) 

The etching times 
required to cover 
the whole range of 
alpha particles (h) 

Eα (MeV) Urbach energy 
(eV) 

Optical energy 
band gap (eV) 

Track 
diameter (µm)

0.50 3.952 17.82 ± 0.51 19.68 2.14 2.17 ± 0.18 

0.51 3.926 16.10 ± 0.70 13.63 6.77 3.95 ± 0.20 

0.52 3.957 - - - Virgin after etching 

0.37 4.003 - - - Virgin without etching 

 
 
Conclusions 

The track registration and optical properties of CR-39 track etch polymer irradiated with a fixed 
fluence of alpha particles at different energies (2.17 MeV and 3.95 MeV) and etching times (1.50 - 6.00 
h) were investigated. The electronic stopping power for 2.17 MeV has a fairly large value. Therefore, the 
optical band gap energy has a small value in comparison with its value at 3.95 MeV at the etching time of 
1.50 h, due to the formation of defects in the CR-39 samples. The chemical etching solution for 2.17 MeV 
samples at 3.00 and 6.00 h has reached the end of the alpha particle path and progresses in all the 
directions in CR-39 with the same rate. Accordingly, virgin samples and the samples at 3.00 and 6.00 h 
have the same values of the optical energy band gap and the track diameters are smaller than those 
predicted by 1.5 h with fixed ratio of 16 %. The Eg for 3.95 MeV samples has nearly the same values of 
virgin samples at 1.50 and 3.00 h etching times. This result suggested that the CR-39 samples at 3.00 h 
are insensitive to the optical variations in the fundamental absorption edge, i.e. optically stable. The 
Urbach energy behavior showed that the CR-39 samples before and after etching times show a semi-
crystalline formation with dominating amorphous content on it. 

 
 
 
 
 
 



Effect of Etching Time on the Optical Properties of Irradiated CR‐39 Polymer  Mostafa Fawzy EISSA

http://wjst.wu.ac.th 

Walailak J Sci & Tech 2014; 11(9) 
  

761

References 

[1] MR Rezaie, M Sohrabi and A Negarestani. Studying the response of CR-39 to radon in non-polar 
liquids above water by Monte Carlo simulation and measurement.  Radiat. Meas. 2013; 50, 103-8. 

[2] A Kulkarni, CK Vyas, H Kim, PC Kalsi, T Kim and V Manchanda. Online optical monitor of alpha 
radiations using a polymeric solid state nuclear track detector CR-39. Sensor. Actuat. B-Chem. 
2012; 161, 697-701. 

[3] MF L’Annunziata. Handbook of Radioactivity Analysis. 3rd ed. Elsevier Inc., 2012, p. 241-8. 
[4] AH El-Farrash, HA Yousef and AF Hafez. Activity concentrations of 238U and 232Th in some soil 

and fertilizer samples using passive and active techniques. Radiat. Meas. 2012; 47, 644-8. 
[5] AH Ismail. Study of change in the efficiency of CR-39 after storage for different product companies 

by using TRACK_TEST program. Nucl. Instrum. Meth. Phys. Res. B 2009; 267, 3209-13. 
[6] S Brahimi, Z  Lounis-Mokrani, D Imatoukene, A Badreddine, FZ Abdelaziz and M Allab. Effects of 

high gamma doses on the bulk etch rate of two grade CR-39 materials. Radiat. Meas. 2008; 43, S56-
S61. 

[7] MF Eissa. Chemical etching phases of irradiated CR-39 track detector by positron annihilation 
doppler broadening spectroscopy. Int. J. Polym. Mater. 2008; 57, 288-93. 

[8]  S Singh and Neerja. The effect of gamma-irradiation on the activation energy of bulk and track 
etching in CR-39 plastic track detector. Radiat. Meas.2007; 42, 1507-9. 

[9] T Yamauchi. Studies on the nuclear tracks in CR-39 plastics. Radiat. Meas. 2003; 36, 73-81. 
[10] Z Lounis, S Djeffal, K Morsli and M Allab. Track etch parameters in CR-39 detectors for proton 

and alpha particles of different energies. Nucl. Instrum. Meth. Phys. Res. B 2001; 179, 543-50. 
[11] CS Chong, MAC Chan and LF Tan. The effect of X-ray irradiation on track formation in LR-115 

type II track detector Nucl. Track. Radiat. Meas. 1993; 22, 101-4. 
[12] R Schweikani, SA Durrani and T Tsuruta. Effects of gamma irradiation on the bulk and track 

etching properties of cellulose nitrate (Daicel 6000) and CR-39 plastics. Nucl. Track. Radiat. Meas. 
1993; 22, 153-6. 

[13] CS Chong, I Ishak, RH Mahat and YM Amin. UV-vis and FTIR spectral studies of CR-39 plastics 
irradiated with X-rays. Radiat. Meas. 1997; 28, 119-22. 

[14] D Nikezic and KN Yu. Formation and growth of tracks in nuclear materials. Mater. Sci. Eng. 2004; 
R46, 51-123. 

[15] SA Durrani and RK Bull. Nuclear Track Detection: Principles, Methods and Applications. 1st ed. 
Pergamon Press, Oxford, 1987, p. 52-4. 

[16] RC Ramola, S Chandra, A Negi, JMS Rana, S Annapoorni, RG Sonkawade, PK Kulriya and A 
Srivastava. Physica B 2009; 404, 26-30. 

[17] MF Zaki. Gamma-induced modification on optical band gap of CR-39SSNTD. J. Phys. D: Appl. 
Phys. 2008; 41, 175404-8. 

[18] S Singh and S Prasher. The optical, chemical and spectral response of gamma-irradiated Lexan 
polymeric track recorder. Radiat. Meas. 2005; 40, 50-4. 

[19] T Phukan, D Kanjilal, TD Goswami and HL Das. Study of optical properties of swift heavy ion 
irradiated PADC polymer. Radiat. Meas. 2003; 36, 611-4. 

[20] HS Virk and AK Srivastava. Modification of optical, chemical and structural response of CR-39 by 
50 MeV lithium ion irradiation. Radiat. Meas. 2001; 34, 65-7. 

[21] W Enge. Introduction to plastic nuclear track detectors. Nucl. Track. 1980; 4, 283-308. 
[22] Zs Kocsis, KK Dwivedi and R Brandt. Studies on the track formation mechanism of the heavy ions 

in CR-39. Radiat. Meas.1997; 28, 177-80. 
[23] AH Khayrat and SA Durrani. Variation of alpha-particle track diameter in CR-39 as a function of 

residual energy and etching conditions. Radiat. Meas. 2003; 30, 15-8. 
[24] JF Ziegler. SRIM-2013, www.SRIM2013.org, Available at: www.SRIM.org, accessed July 2013. 
[25] D Nikezic and KN Yu. Computer program TRACK_TEST for calculating parameters and plotting 

profiles for etch pits in nuclear track materials. Comput. Phys. Commun. 2006; 174, 160-5. 



Effect of Etching Time on the Optical Properties of Irradiated CR‐39 Polymer  Mostafa Fawzy EISSA

http://wjst.wu.ac.th 

Walailak J Sci & Tech 2014; 11(9) 
  

762

[26] R Kumar, S Rajguru, D Das and R Prasad. SHI induced modification in CR-39 polycarbonate by 
positron annihilation lifetime studies. Radiat. Meas. 2003; 36, 151-4. 

[27] RK Dhillon, S Singh and R Kumar. Physical and chemical response of polypropylene irradiated 
with 70 MeV carbon and 150 MeV nickel-ions. Radiat. Meas. 2012; 47, 1018-22. 

[28] MA Gaffar and Abu El-Fadl. Effect of doping and irradiation on optical parameters of triglycine 
sulphate single crystals. Cryst. Res. Tech. 1999; 34, 915-23. 

[29] F Urbach. The long-wavelength edge of photographic sensitivity and of the electronic absorption of 
solids. Phys. Rev. 1953; 92, 1324. 

[30] S Singh and S Prasher. A comparison of modifications induced by Li3+ and O6+ion beam to 
Makrofol-KG and CR-39 polymeric track detectors Nucl. Instrum. Meth. Phys. Res. B 2006; 244, 
252-6. 

[31] RL Fleischer, PB Price and RT Woods. Nuclear-particle-track identification in inorganic solids. 
Phys. Rev. 1969; 188, 563-7. 

 


