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Abstract: In the current work of radiology, polymeric sheets of the PM-355 nuclear track 
detectors (SSNTDs) were exposed with α-particles and solar radiation for several exposure times. 
The absorption spectrum of samples exposed to the sun showed that the edge of the absorption 
accidentally changed to longer wavelengths. An investigation of continue waveguide laser 
effects on the nonlinear absorption properties of nuclear track polymer has been done. Non-linear 
absorption increases with increasing levels of exposure to sunlight and is highly connected to 
revealed surface morphology and chemical structural modifications. In case of high solar 
radiation flux and α-particles irradiation, the nuclear track detectors showed high nonlinearities, 
represented by the appearance of a number of diffraction rings. 
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Introduction: 
  The polymeric detector PM-355 has many applications in various subjects such as industry and 

medicines [1]. This detector responds to numerous types and effect of radiations, including α-particles 

[2], Irradiation by neutrons [3], protons [4], slow and heavy charged particles [5], Gamma irradiation [6], 

UV [7], laser irradiation [8-11] and solar radiation [12]. The interaction of different types of radiation 

with PM-355 nuclear track detectors (SSNTDs) modifies chemical compositions, optical properties, 

chemical and mechanical properties and polymer structures [13]. The value of these modifications relies 

on the primary chemical composition of the polymer and methodology exposure conditions such as dose 

of gamma rays or alpha particles, induced solar radiation energy and wavelength of incident radiation of 

the laser beam. 
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In the present work, x-ray diffraction (XRD) spectra and absorption spectra resulting from irradiation of 

alpha particles and different degrees of solar exposure were explored on PM-355 detectors. The aim is to 

correlate these effects with changes in the non-linear reflection index, in the properties of non-linear 

absorption of this polymer after laser irradiation and in the pattern of self-induced rings. 

 
2.  Materials and methods 
    A set of two PM-355 SSNTD polymer films was used (at 1.32 g/cm3 as density and 125 μm thick by 
Pershore Moulding, England). The dimensions of 1 x 1 cm2 were removed from the PM-355 polymer. 
Irradiation was performed in the air, so the results did not suffer from the effect of vacuum in track 
properties. One piece of the set remains non-irradiated, only affected by the natural background, for use 
as a control sample and the other is irradiated as indicates. 
 
2.1. Solar radiation 
       The SSNTDs polymer has been exposed to solar radiation at various temperatures on August month 
in Basrah (Iraq). PM-355 sheets were fixed to a horizontal concrete surface and located in an uncover 
area and hence, they are usually facing the sun and are not in the shade of anything at any time. The 
degree of temperature usually changes between 49 ° C and 52 ° C . The irradiation of samples was 
achieved during August 2019 in Basrah, Iraq, while protection the same environmental and engineering 
conditions for the samples at different time periods. 
 
2.2. Alpha particles 
      The PM-355 SSNTDs samples were exposed to vertically exposed α- particles (main energy 5.49 
MeV) emitted from a source of 9lCi 241Am. The irradiation was carried out in the air at a distance of 0.5 
cm from the source, which corresponds to the energy of the 5 MeV α- particles. The 241Am source was 
free of stabilizers to ensure that the area of the nuclear polymer material (4 cm2) was completely 
radioactive. The corresponding irradiation time was calculated to be 6.79 x 10+9 particles/cm2. 
 
2.3. Z-scan 
      The z-scan technology is depended on the basic values of beam spatial distortion [14]. It provides 
simplicity and high sensitivity to measure the signal and magnitude of non-linear index of refraction 

)( 2n  and the non-linear absorption coefficient )(�  [15]. Experimental configuration details according to 
[16]. The excitation source is a 473 nm solid-state continuous wave laser and an input power of 22 mW. 
The laser beam was focused using a focal length lens of 5 cm. The beam waist )( ��  and Rayleigh range 

)( RZ of the CW laser beam are determined. The transmitted laser power was calculated by a sensitive 
photodetector fed to the digital meter of optical power (PM320E, Thor Labs). 

 
 

3. Results and Discussion 
   The pristine configuration and radioactive PM-355 SSNTDs samples were studied in the 2θ range 
between 6° and 70° using X-ray diffraction analysis (PM-355 by radiation with alpha particles and 49 ° 
C and PM- 355 with alpha particles and 52°C ) as shown in Fig. 1. For the pristine PM-355, the peaks 
observed at 2θ=21.7o indicate the formless nature of the PM-355 polymeric films. The peak at 21.5° and 
21.3° corresponds to the PM-355 polymers irradiation with α-particles and treated with sun exposure at 
numerous solar exposure degrees in the same period of time. Fig. 1 illustrates the spectra of X-ray 
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diffraction for pristine and two kinds of the samples irradiated in August at 52 C�  and 49 C� . Fig. 1 
shows the existence of a wide and large peaks at 2θ=21.7o, 21.5o and 21.3o for pristine and irradiation 
samples, respectively.  

 
Fig.1. X-ray spectra of nuclear polymer PM-355. 

 
Fig. 2 represents the UV-Visible absorbance spectroscopy ranged between (300 and 700 nm) was 

performed for solar-irradiated and pristine samples at various degrees of sun exposure in the same 

month, August. It can be seen that a sudden decline in absorption with a growing wavelength to a 

specific data, accompanied by a plateau section in its UV-Visible spectrum. To properly verify the 

exposure, there are three samples irradiated to solar radiation with several degrees of exposure and it has 

been selected only the best one for each degree for this study. On the other hand, the general tendency 

for absorption is similar to that of the virgin sample. In the system of track polymer, the absorption edge 

is usually caused by π-π* electronic transformations. Π-electron excitation needs low energy and, 

therefore, transmission of this kind happens at extended wavelengths that can be achieved in the 

specified wavelength range [17-20]. The behavior of the oscillation was observed in the absorption of 

samples exposed to the sun. The temperature result in various degrees could lead to these differences. 

The energy absorbed by the temperature degree can caused to the consistency of large-scale conjugated 

schemes that yield defects and carbon clusters. In addition, in this scheme, C-O-C, C-H, C=O, and –

CH=CH- bonds are placed with the ultraviolet and visible bands obtainable due to exposure to the sun 

and this can lead to a change in the morphology and chemical structure of PM-355 SSNTDs samples 

[21]. 
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Fig. 2. Show UV–Vvisible spectra of the pristine and PM-355 irradiation with Alpha- particles and 
different solar exposure degrees. 
 
  
3.2. Nonlinear studies 
 

For the calculation the nonlinear coefficient of absorption ( � )’ along with nonlinear index of 

refraction ( 2n ), the z-scan setups were achieved for “PM-355 irradiation with Alpha-particles and 52 

degrees Celsius and PM-355 irradiation with Alpha-particles and 49 degrees Celsius” nuclear detectors 

in  both open and closed aperture configurations. Z-Scan experiments for Open aperture technique and 

closed aperture technique were applied in find �  and 2n .  

The experiment setup with TEMoo diode laser, where a positive converging lens (focal length = +5 

cm) was applied to focus the beam of laser. The waist of beam ωo at the focal point was 24.04 μm and 

the length of diffraction (Zr) was determination according to [22,23]:  

�
� 22 ��rZ                                                                                                   (1) 

From the diffraction length, the calculated Zr was 3.83 mm which pleased the significant Z-scan 

technique condition which is the great diffraction length compared to the pristine and the thickness of 

irradiation samples. The transmittance of laser was determined by a detector of photo which fed to a 

digital meter of power (PM320E, Thor Labs). For a Z-scan of open aperture, a lens which substitutes the 

aperture was applied to obtain the entire transferred beam over the sample. The OA data in the 

experimental technique was replaced in formula below to find the nonlinear coefficient of absorption β 

[24]. 
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For ,1
�q where )(zq� is a function of incident laser beam, sample' effective thickness and nonlinear 

absorption coefficient, 

)/1()( 22
��� zzLIzq eff �� �                                                                                                       (3) 

For linear absorption coefficient << 1 and solving the summation; 

)]/1(2[)(1)( 222/3
�� zzLIzT eff �	� �                                                                                        (4)     

At the focusing point, the intensity of the incident beam is equal to 2.42 KW/cm2 and the intensity of the 

laser Io was determination according to equation [25,26]: 

 2/2 oo PI ���                                                                                                                             (5) 

For the open aperture case ∆T is the one basin transmissions of Z-scan bend. Equation 6 connects ∆n 

with the total index of refraction )(n  of the medium and the index of refraction )( �n  [27,28]:  

 
   nnn ��� �   &  02 Inn ��                                                                                             (6) 
  
The normalizing peaks participate with valley transmittances by [29]: 

)1)(9(

4
1),(

22 ��
�

	��
xx
xzT                                                                                                   (7) 

                                                                                                    
� is the on-axis phase shift correlated with the 3rd-order 2n by [30-32]:       
   
 �ILkn eff��� 2                                                                                                                           (8) 

 
where k=2π/λ, absabseff thL �� ))exp(1( 		��  [33,34], effL�  is the effective thickness of sample, abs�  is the 

linear coefficient of absorption, th   is the sample thickness, �ZZx /�  and T is the normalized 

transmittance for CA/CO curve. The light ratio crossing the aperture to that opposite side can be 

represented by linear transmission (S) of the aperture was determination according to equation [35,36]: 

 

)/exp(1 22
aarS �		�                                                                                                                  (9) 

The S value is equal to 0.73, where the aperture radius is ar  and a�  is the radius of beam at the aperture. 



2nd International Scientific Conference of Al-Ayen University (ISCAU-2020)

IOP Conf. Series: Materials Science and Engineering 928 (2020) 072056

IOP Publishing

doi:10.1088/1757-899X/928/7/072056

6
 

 
Fig.3. Normalized transmittance/ absorption measured by Z-scan technique( fitting curves obtained from 
equation 3)for laser irradiated PM-355 with Alpha-particles and different solar exposure degrees. 
 
From the open Z-scan data curve (Fig.3) it is obvious that there is a prompted absorption in the 

considered samples because the transmission on focus reductions with growing degree of solar exposure. 

The drop formed at the focus (z=0), indicates carefully that the process in Z-scan open aperture is  

Reverse saturated absorption (RSA) [37] in the PM-355 SSNTD polymer sheet irradiation with Alpha-

particles and 52 degrees Celsius and sample PM-355 irradiation with Alpha-particles and 49 degrees 

Celsius. Reverse saturated absorption is commonly found in centrosymmetric physical organic 

compounds and especially in π- composite resources [38].  

 

 
Fig. 4. Pure Normalized transmittance by Z-scan technique (fitting curves obtained from quation 7) 
           for laser irradiated PM-355 with Alpha-particles and different solar exposure degrees. 
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The closed aperture technique is carried out by applying an aperture beforehand the sensor, allowing the 

investigation of the magnitude and sign of 2n of the designed polymer PM-355 irradiation with Alpha-

particles and solar exposure at 52 degrees Celsius and polymers PM-355 irradiation with Alpha-particles 

and solar exposure at 49 degrees Celsius. Fig.4 is presented the consequent non-linear tracked refraction 

of the data with theoretic modification. The figure shows a maximum transmittance beforehand the peak 

and the smallest afterward the valley. This subscription of peak-valley shows self-defocusing, 

considered by a negative symbol in the 3rd-order 2n . Thus, the sign of the 3rd-order 2n of a PM-355 is 

consequently perfect from the sketch of acquired closed aperture Figure. The natural origin of 2n  in 

solid state nuclear track PM-355 detectors films is because of the thermal nonlinearity in nature, since 

the excitation source is continuous [39]. The calculated values of nonlinear reflective index, nonlinear 

absorption coefficient and some nonlinear parameters are tabulated in Table 1. 

 
Table 1. Some nonlinear parameters 

Sample solar 
Degree ( oC) 

�  x10-3 
(cm/W) 

�   2n  x10-8 
(cm2/W) 

n�  
 x10-4

 
49 6.81 0.8 3.8 0.9 
50 8.36 1.07 5.9 1.4 

 
 
 
4.    Diffraction ring patterns 
4.1. Experimental study of the patterns 
 
 The methodology arrangement used to obtain the stimulated diffraction ring designs in the PM-355 

irradiation with α -particles and different solar exposure degrees comprised a continuous-wave solid 

state at wavelength of 473 nm in the single TEMoo mode. The laser device output coupler with varying 

output power between zero and 100 mW. A positive 5 cm glass lens was applied to emphasis the solid 

laser beam. The obtained diffraction ring patterns were casted onto a semitransparent 30 x 30 cm 

monitor, 80 cm away from the sample cell. The diffraction ring patterns were registered using a digital 

camera. The obtained diffraction ring patterns are presented in Fig. 5 for laser intensity   Io = 6.09 

kW/cm2. It can be seen that the ring number, the area of the pattern and the diameter of the furthest ring 

in each pattern increase in order with increasing alpha particles and different degrees of solar exposure. 

Nonlinear parameters of PM-355 irradiation with Alpha-particles and 52 degrees Celsius and PM-355 
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irradiation with Alpha-particles and 49 degrees Celsius using diffraction ring patterns are tabulated in 

Table 1.  

 

Sample solar 
Degree ( oC) 

Ring 
patterns 
number 

2n  x10-8 
(cm2/W) 

n� x10-4 

49 3 0.7 0.43 
50 4 10.7 0.65 

 
 
4.2. Theoretical study of the ring patterns 
 
The laser beam used in the experiments has a single transverse fundamental, TEMoo, mode distribution 
of its intensity. The complex electric field of laser beam at the entrance to the sample can be written [40-
42] as:  
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The total phase of the beam, ϕ(r), can be written as: 

�� ���
R
rnkr

2
)(

2
�

�                                                                                                                    (11) 

Δϕ can be related to the PM-355 irradiation with Alpha-particles and different solar exposure degrees 
total change in refractive index, Δn, as follows[43-45]: 
 

�
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�

�

�
�
�

�
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p

rdznk
�

� ��                                                                                (12)         

The complex electric field of the laser beam can be written as follows [40]: 

 
 
Under the Fraunhoffer approximation and Fresnel-Kirchhoff diffraction integration, the far field strength 
of the laser beam and the diffraction angle of the far field can be written as follows [46]:  

 
 
Fig.5  show the numerically calculated result obtained by solving equation 14 where it can be seen the 
good agreement compared to the experimental findings.  
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Fig.5. Experimental result and theoretical result obtained by solving equation14  of PM-355  
           irradiation with alpha-particles and different solar exposure degrees. 
 
 
5. Conclusions 
   From the results we have reported and discussed for the α-particles irradiation, emitted from 9 lCi241 

Am source and irradiated to solar radiation at various temperature degrees of PM-355 solid state nuclear 

detectors, our conclusions can be summarized as follows. The peak at 21.5° and 21.3° corresponds to the 

PM-355 polymers irradiation with α -particles and irradiated to sun at numerous solar exposure degrees 

in the same month. The calculation from Z-scan method using solid laser with 473 nm wavelength 

reveal that the index of nonlinear reflective are increase at the sample with alpha-particles irradiation 

and with further increasing solar exposure degrees. The Self induced pattern shows the generation of 

multiples diffraction rings on the screen at highest alpha-particles and highest solar exposure degrees. 

This is associated with the formation of free radicals as a result of the alpha-particles. Theoretical study 

also shows a significant change in the number of rings after different irradiations. 
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