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The samples were irradiated by 5 MeV protons with fluence of 1.0 x 10

13 
ions/cm

2
, 5.0 x 

10
13

 ions/cm
2
, 1.0 x 10

14
 ions/cm

2
, 5.0 x 10

14
 ions/cm

2 
and 1.0 x 10

15
 ions/cm

2 
.  A non-

irradiated reference sample as well as irradiated samples were subjected to X-ray 

diffraction (XRD), Field effect scanning electron microscopy (FESEM,and Fourier 

transform infrared (FTIR) spectroscopy. The XRD study indicates the gradual increase in 

the intensity of the X-ray scattering with increasing proton ion fluence. The crystallinity, 

micro strain, dislocation density and distortion parameters were found to be increasing 

with fluence whereas the crystalline size(L) decreases to nano-sized particles at the highe 

proton  fluences as compared to the reference. The generation of nanoparticles on the 

surface at the highest proton fluence have been further confirmed by  FESEM 

morphology. It is believed that generation of nano particles on surface with Proton 

irradiation might be due to chain scission process.FTIR spectra also show changes in 

intensity of the typical bands after irradiation The results obtained from the present 

investigation can be used successfully in heavy ion dosimetry using well known 

techniques. 
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1. Introduction 
 

Studies of ion beam effects on polymeric solid state nuclear track detectors (SSNTDs) 

have gained significance in recent years. This is because of potential applications of SSNTDs in 

biological filters, in detection of light ions, radiation dosimetry for use in ion track etching, 

magneto resistive sensors and Electromagnetic interference (EMI) shielding [1–6].  

The radiation processing can play a pivotal role in the drastic modification of materials. 

Ionizing irradiation deposits energy in the material and causes irreversible changes in the 

macromolecular structure of the SSNTDs. The most prominent effects of radiation on polymers 

involve a change of phase in the absorbing material due to chain scission, radical composition, 

bond breaking, the creation of unsaturated bonds, intermolecular cross-linking, free radical 

formation, hydrogen release and some oxidation reactions [7, 8]. All of these changes introduce 

defects inside the polymeric material which are responsible for changes in the optical, structural, 

thermal and electrical properties of the polymers [9].   

The SSNTDs CR-39, PM-355 and PM-500 all have the same chemical composition: 

C12H18O7 (polycarbonate of allyl diglycol), but have differences in the plasticizing additives, 

curing cycles, extrusion and quenching processes [10]. The polymer PM-355 is the best one, 
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mainly for the detection of light ions including protons, deuterons, He, C, and S ions. Therefore, 

this detector was mostly used in the plasma experiments [11-14] and was also recommended as a 

suitable analytical tool for the laser-plasma experiments [15]. 

From the above discussion and to the best of our knowledge, very few attempts have been 

carried out on PM-355 SSNTDs to study their electrical, thermal, chemical and structural 

properties as a function of proton fluence [16, 18]. Radiation-induced modifications for many 

other polymeric nuclear track detectors (viz. CR-39, Makrofol KG, PET, etc.), have been studied 

extensively, as the optical, chemical, structural, and thermal properties may be greatly affected by 

radiation [19–22]. In the present investigation, the effects of proton irradiation on the generation of 

nano particles in this material irradiated with higher doses of proton fluences, have been 

considered in order to improve their performance for diverse industrial applications. 

 

 

2. Experimental details 
 

Ion beam irradiations of PM-355 samples were carried out using the 6 MV Van de Graff 

accelerator at the University of Western Michigan. Small circular sections of roughly 0.5 cm
2
 in 

area was exposed to 5 MeV protons with fluence of 1.0 x 10
13 

ions/cm
2
, 5.0 x 10

13
 ions/cm

2
, 1.0 x 

10
14

 ions/cm
2
, 5.0 x 10

14
 ions/cm

2 
or 1.0 x 10

15
 ions/cm

2 
respectively. The ion beam was allowed to 

pass through a gold foil to diverge the beam, followed by an 8 mm diameter circular collimator, 

which defines the area of the sample exposed to the ion beam. Prior to the beam irradiation, an 

image of the beam on the sample was obtained using photographic film. As a precautionary 

measure the samples were kept in the irradiation chamber at ~10
-6

 Torr to reduce the activity if 

any, however no such indications has been noticed after 24 hours as checked by the  G.M counter. 

All samples including the reference were covered   in a tissue paper and then wrapped with large 

number of turns of aluminum foil and then put in the shielding box. XRD, Field Effect Scanning 

electron Microscopy ( FESEM) and Fourier Transform Infrared(FTIR) Spectroscopy on samples 

were performed in the laboratories of King Saud University (Saudi Arabia). 

 

 

3. Results and discussion 
 

To study the effect of proton irradiation of PM-355 SSNTDs, X-ray diffraction 

measurements were carried out on the samples in the angular range 16–32
o
. X-ray 

diffraction(XRD) patterns were taken with Analytical X’pert instrument equipped with a Cu tube 

source with X-ray wavelength of 1.5406 Å. Kumar et.al (2012) have clearly reported in their 

published work that the pristine sample of PM-355 is partly crystalline[7]. Al-Salhi.et.at (2017) 

very recently has reported that the reference sample of PM-355 is partially crystalline with 

dominant amorphous phase [24]. The X-ray diffraction patterns of the non-irradiated reference 

sample and the irradiated PM-355 polymers are shown in Fig. 1. It is observed, that the polymer is 

partly crystalline with a dominant amorphous phase. The diffraction pattern of the non-irradiated 

PM-355 shows a broad peak at 20.52
o
 which is characteristic of an amorphous structure. While for 

the irradiated samples the peak intensity increases, this demonstrates that the crystalline structure 

has been increased as a result of proton irradiatio .  Ivan et.al.(2007) has reported that ions 

irradiation induced crystallization in amorphous selenium films[25]. The observed changes in the 

X-ray diffraction pattern are thought to be due to the disordering of the original structure of PM-

355 due to irradiation [26].  
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Fig. 1. XRD spectra of PM-355 SSNTDs with and without proton irradiation 

 

The percentage of crystallinity Xc % is measured as a ratio of crystalline area to total area 

and is given by [27]  

% 100%c
c

a c
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                                      (1) 

 

Where Ac is the area of the crystalline phase, Aa is the area of the amorphous phase and Xc is the 

percentage crystallinity. The value of Xc has been calculated using Eq. 1 and given in table 1. It is 

noticed that the crystallinity percentage increases in PM-355 as the proton radiation fluence is 

increased.   

Moreover, the crystallite size (L), inter chain distance (r), inter planar distance (d), micro 

strain (ε), dislocation density (δ) and distortion parameters (g) were calculated as follows [28-32]: 
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where λ = 0.154 nm is the wavelength of the Cu Kα  X-ray radiation used, b is the full width at 

half maximum of the diffraction peak (in radians) and θ is the Bragg angle.  The structural 

parameters above were calculated from the XRD peak of the non-irradiated reference and the 

irradiated PM-355 and are shown in table 1. It can be seen that the crystallite size decreases 

considerably as the proton radiation fluence increases. In the reference sample size of 167 nm 

decreases to 86.4 nm as a result of 1x10
15

 proton fluence. Inter chain and inter planar distances 

were only slightly changed because the angle of the peak did not vary significantly as a result of 

irradiation. The micro strain, distortion parameters and dislocation density increases with an 

increase in the proton radiation fluence. This is due to the mismatching of the atoms or ions. It is 

clear from the table that the structural parameters (ε, δ, g) increase with an increase in the proton 

fluence.  
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Table 1. Structural parameters of reference and proton irradiated PM-355 SSNTDs 

 

Fluence 

(ions/cm
2
) 

Xc (%) L 

(Å) 

r 

(Å) 

d 

(Å) 

ε δ 

(X10
17

) 

g 

(%) 

0 58 16.76 5.21 4.35 3.11 3.56 36.89 

1 x 10
13

 65 9.73 5.17 4.28 3.36 10.56 41.52 

5 x 10
13

 66 9.56 5.13 4.25 3.41 10.94 46.86 

1 x 10
14

 68 9.17 5.24 4.45 3.79 11.89 49.73 

5 x 10
14

 71 8.95 5.27 4.50 4.21 12.48 52.38 

1 x 10
15

 73 8.64 5.23 4.28 4.31 13.4 57.21 

 

The effect of proton irradiation on the physical and chemical changes in the polymeric 

PM-355 SSNTD was also investigated by FTIR spectroscopy. The influences of radiation are 

predictable from the relative increase or decrease in the transmittance intensity of the characteristic 

bands related to the functional groups present in the polymers [33]. The FTIR spectra were 

obtained in the wavenumber range 600–4000 cm
−1

, for the non-irradiated reference and irradiated 

samples. The typical peaks of PM-355 are observed at 1235, 1735 and 2917 cm
−1

 corresponding to 

the C–O–C bond, C=O bond and C–H bond, respectively. Figure 2 shows the FTIR spectra of the 

reference and the proton irradiated PM-355 at different proton radiation fluence. It has been 

observed that the decrease in peak intensity of the C=O, C–O–C and C–H bands after irradiation 

and with increasing radiation fluence (as shown in Fig.2) is associated with the cleavage of the 

carbonate linkage and to the –H abstraction form the back bone of the polymer, associated with the 

formation of CO2 and –OH with varying concentrations. 
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Fig. 2. FTIR spectra of reference and proton irradiated PM-355 SSNTDs 

 

 

Structural and surface morphology of the irradiated and reference samples were studied 

with FESEM micrographs. FESEM micrographs were taken with JSM-6380 LA machine from 

JEOL. It has resolution 3.0 NM (30 kV, WD 8 mm, SEI). Figure 3 shows FESEM micrographs of 

the surfaces of the non-irradiated reference and proton irradiated PM-355 SSNTDs. In Figure 3(a) 

for the non-irradiated reference, a large area of surface is relatively smooth and homogenous when 

compared to the irradiated samples. Figure 3(b) shows nonhomogeneous surfaces with a 

continuous matrix which becomes rough at low proton radiation fluence. The FESEM micrographs 

of irradiated PM-355 SSNTDs reveal the formation of little cavities with an interpenetrating 

network as shown in Figure 3(c). In Figure 3(d) it can be seen that the higher radiation fluence 

improves the homogeneity of the surface with the generation of nanoparticles of average size 

about 88 nm. This may be due to oxidative degradation. These findings indicate that the 

improvement in compatibility is greater in case of proton irradiation.  

 

http://www.sciencedirect.com/science/article/pii/S0969804307001558#fig6
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Fig. 3. FESEM morphology of (a) reference, (b) 1X10
13

, (c) 1X10
14

 and (d) 1x10
15

 ions/cm
2
  

proton irradiated PM-355 SSNTDs 

 

 

4. Conclusions 
 

From the results we have reported and discussed for the proton ion irradiation of PM-355 

polymeric solid state nuclear detectors, our conclusions can be summarized as follows. From the 

analysis of XRD spectra; it has been observed that there is an increase in the crystallinity and a 

decrease in crystallite size(L) in the nano range as a function of   proton ion fluence. The 

calculation from XRD patterns using Scherrer equation reveal that tiny particles are generated at 

the surface with proton irradiation and with further increasing fluence, the sizes become smaller 

and smaller ultimately end up in nanosized particles which is confirmed by FESEM micrographs. 

The FESEM morphology shows the generation of nanoparticles on the surface at highest proton 

fluence studied. This is associated with the formation of free radicals as a result of the proton 

irradiation. FTIR spectra also show a significant change in the intensity of the typical bands after 

irradiation. 
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