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A B S T R A C T   

Poly (methyl-methacrylate) (PMMA) doped organic compound (2-(2,3-dimethylphenyl-amino)-N-Phenyl ben
zamide) (2-NPb (films are produced on glass substrates with 5 μm thickness. The influence that gamma (γ) ra
diation has on the structure of the surface morphology of polymer films, the structure dependence of the 
optoelectronic properties and the optical properties of a prepared 2-NPb:PMMA film was studied under different 
doses (21, 42 and 64 KGy) of γ- rays emitted by a 137Cs source with an exposure rate of 0.56 Gy/min. The surface 
morphology of the 2-NPb:PMMA film for un-irradiated and irradiated sample was studied using a microscope 
with a digital camera along with texture, waviness and roughenss analysis of the entire surface of the films. The 
optical properties, together with an in-depth analysis of the dispersion energies and parameters, optoelectrical 
characteristics, and certain nonlinear optical parameters were comprehensively examined and addressed. In 
addition, the study of optical properties also included some nonlinear optical parameters. Results show that by 
doping organic compound (2-NPb) in PMMA, the absorption spectra of samples are decreased and superficial 
morphology of the film has been affected by γ-rays. As the polymer film was irradiated with a continuous-solid 
state laser (Solid-State-Laser − 532–100 T) beam of 532 nm, self-diffraction ring patterns were seen, and it was 
shown that the diffraction ring patterns rely heavily on ring numbers and radiation dosage. The nonlinear 
refractive index,n2, for polymer film for un-irradiated and irradiated are estimated to be 0.23× 10− 6, 0.92×

10− 6, 1.64× 10− 6, 3.14 × 10− 6 cm2/W, respectively due to diffraction ring patterns. The diffraction ring pat
terns that were acquired via experimentation are then numerically estimated by making use of the Fresnel- 
Kirchhoff diffraction integral. The results of these calculations have satisfactory qualitative and quantitative 
accords.   

Introduction 

When a powerful light beam interacts with a nonlinear material, it is 
possible to generate a wide variety of spatial effects [1–5]. In particular, 
a distribution scheme of the concentric ring intensity can be induced in 
the far-field of a beam after propagation across a non-linear material. 
When a powerful light beam traverses a nonlinear material, the pattern 
of intensity distributions over the rings produces effects like spatial 
phase modulation, It implies establishing a spatial distribution of laser 
energy that overlaps with the effective beam transmission that is the 
consequence of thermal factors [6,7]. In many different systems, such as 
vapor of some atoms, conducting polymers, thermo-tropic liquid crys
tals, and nano or micro-structured materials, the spatial phase 

modulation may be seen [8–10]. When a laser that emits a continuous 
wave is used, the thermal effects have a particularly large impact on the 
change in the material’s refractive index [11–15]. The beam laser’s 
profile distribution in terms of its profile dispersion of light is described 
as fundamental mode (TEM00 Gaussian distribution), the medium’s 
nonlinear interaction is merely approached as an additional phase 
change, After that, the Fresnel-Kirchhoff diffraction integral is used to 
get the far field diffraction model. One of the significant metrics that 
may be taken as a result of the high temperature of the solid film or 
solution sample is the ratio of the change in the refractive index to the 
change in temperature, also known as dn/dT [16–18]. Light may be 
absorbed when a laser beam is sent through a sample; this causes the 
light to be absorbed [19]. When the laser beam has been focussed using 
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positive lenses, which causes a rise in the sample’s temperature, the 
sample is positioned such that it is directly in the center of the beam 
[20]. Radiation-intensive investigations have been aimed toward the 
improvements of a variety of characteristics across a number of different 
materials in recent years as a direct result of the development of radi
ation methods over the course of the previous twenty years, such as the 
use of gamma ray. Ali et al.,[21] have shown quantitatively that the 
band gap of CR-39 narrows qualitatively with increasing gamma dosage, 
with the maximum being reached at 400 kGy. Qwasmeh et al.,[22] 
studied the effect of γ-ray on the optical properties of poly(ethylene 
oxide) doped with potassium iodide salt. Batool et al.,[23] studied the 
effect of γ-ray on the electrical properties of ultrafine iron polystyrene 
composites. Abdul-Kaderet et al.,[24] studied the Surface of poly
ethylene by electron and gamma irradiation. The influence of gamma 
rays on the structural and optical characteristics of polyethylene- eter
ephthalate (PET) polymer was investigated by Siddhartha et al. [25]. 
Moez et al.,[26] studied the effect of γ-ray on Optical, dielectric and 
FTIR of low density polyethylene (LDPE) films. The influence of gamma 
rays on the optical and structural properties of PC-PBT/Ag nano
composite was investigated by Nouh et al. [27]. The influence of gamma 
rays on the optical and chemical characteristics of the conjugated 
copolymer B-co-MP was investigated by Aldaghri et al.[28]. Waldemar 
et al.,[29] investigated the impact that gamma rays have on the me
chanical qualities of natural fibers as well as their susceptibility to 
biodegradation. The impact of gamma rays on a tellurium dioxide film 
was investigated by Khalil and Olga [30]. 

The goal of this research is to create a novel organic material that has 
strong nonlinear optical capabilities and then improve those qualities by 
exposing the material to gamma radiation. In order to accomplish this 
objective, a polymer film containing one of the organic compounds (2- 
NPb:PMMA film) was prepared. Polymethyl methacrylate)PMMA(is a 
highly adaptable polymer that has found usage in a wide variety of 
applications. It is utilized as a substitute for shatterproof glass, notably 
in Plastic Optical Fiber (POF), and it has become the resin that is most 
widely used in dentistry [31,32]. Since Ridley inserted the first rigid 
intraocular lens (IOL) in November 1949, polymethyl methacrylate has 
been used as one of the most biocompatible polymers used in the 
manufacturing of medical and surgery devices [33,34]. This application 
of polymethyl methacrylate dates back to when the material was origi
nally discovered. Since that time, PMMA has served as a standard ma
terial against which succeeding IOL and hard contact lens (HCL) 
materials have been measured [35,36]. In addition, a substantial 
amount of work has been put forward in the direction of expanding the 
possible uses of PMMA in the realms of building and construction. In 
light of the fact that this substance plays a crucial part in the production 
of micro-devices and integrated microcircuits, a wide variety of PMMA 
analogs and copolymers have been synthesized and characterized in an 
effort to locate a resist that possesses the desirable processing properties 
of PMMA while also retaining a sufficient level of sensitivity [37]. In 
addition to having understanding of their chemical characteristics, 
having knowledge of the features that polymers exhibit physically 
would greatly boost the use of polymers. There has been a lot of research 

done on the material’s physical qualities, including as its thermal 
expansion [38], heat capacity, thermal lens [39], optical swiching [40], 
and electrical conductivity [41]. Several methods have been developed 
in order to monitor the physical changes that occur in a PMMA polymer 
after it has been subjected to an external influence, such as radiation. 
These changes, in turn, have the potential to alter the performance 
function of the PMMA polymer. 

In this work, the nonlinear refraction index (n2) and the nonlinear 
absorption coefficient (β) of the pristine and irradiated polymer films 
were by using the Z-scan technique with solid state diode laser with an 
output power of 45 milli watts at 532 nm, This was done because of the 
sample-produced variations in a beam array that was located far away 
from the field of study. Seeing the Gaussian beam diffraction ring that 
was caused by the beam’s passage through a highly nonlinear material 
that was thin and self-focusing. The diffraction ring profile of the 
polymer films is presented too. Additionally, the optical limiting action 
of the pure and irradiated sample was also examined. 

Thin film analysis 

Preparation of sample 

The polymer film samples of 2-NPb PMMA were made by redis
solving 6 mg from the organic compound with 2 ml of chloroform (CHF), 
(Sigma Aldrich) 99.99% purity, and 100 mg poly-methyl-methacrylate 
(Sigma Aldrich) 99.99% purity in 2 ml of CHF. Thereafter, the pre
pared material was left for twenty minutes on a heating plate to com
plete the melting process, The solution was then placed on a sonicator 
for fifty minutes. After complete dissolution in the solvent CHF, it was 
mixed with the PMMA solution and stirred once again for 25 min to 
produce a full adsorption and homogenous solution. Then, to prepare a 
thick film from the organic compound: PMMA the casting method was 
used, and the films were left overnight to allow the solvent to evaporate 
gradually from the mixture. A digital micrometer was used to measure 
the prepared film thickness. The polymer samples have perfect purity 
and a regular thickness of approximately 5 µm. all the chemical mate
rials have been purchased from Sigma-Aldrich company, where they 
have high purity degrees. These chemical substances have been used 
without any further purifying steps being taken beforehand. Fig. 1 dis
plays the molecular formula and structural of the 2-NPb compound 
prepared for the current work. 

Surface morphology analysis 

In this particular investigation, cesium-137 served as the gamma-ray 
generator. It has a longer half-life of 30.1 years, emits gamma rays at a 
dosage rate of 48 Rad/min, and emits energy with a value of 662 keV. 
Different amounts of time were spent irradiating 2-NPb:PMMA polymer 
film with the gamma ray, viz., one, two and three months, i.e., doses of 
21, 42 and 64 KGy, respectively. After each irradiation, the image of the 
samples was captured using the Lenovo USB 2.0 optical microscope with 
UVC-DM500 Camera. Alterations in the surface profile of the films were 

Fig. 1. The structure of the 2-NPb compound.  
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Fig.2. Surface morphology of polymer samples: (On the left side) exhibiting the optical microscope pictures of the polymer film in the pristine condition as well as 
under increasing - ray dosage from 21 to 62 KGy. An examination of the waviness, roughness, and texture of the whole surface of the films may be found on the 
right side. 
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able to be analyzed and identified. 
The study of the surface morphology of the 2-NPb: PMMA film and its 

characterisation for un-irradiated and irradiated films with three 
different doses i.e. 21, 42 and 64 KGy were examined and studied using 
an optical microscope with digital camera along with texture, waviness 
and roughen analysis of the entire surface of the films in analyzing the 
optical microscope images Fig. 2. Fig. 2a display surface picture of the 
unaltered sample as well as those of the irradiated microscopic samples. 
The un-irradiated sample film exhibits smoothness, homogeneity, lack 
of cracks, and uniformity, as can be observed in Fig. 2a. It is also possible 
to observe that the 2-NPb and the PMMA are spread out uniformly 
throughout the substrate and that there are no fractures, defects, or 
pinholes in the material. The sample that was irradiated with 21 KGy of 
gamma radiation showed flaws on its surface, and the color of the 2-NPb 
and PMMA changed from yellow to a yellow-orange hue as a result of the 
exposure. In addition to that, the pinholes can be seen clearly appearing 
on its surface, and they come in a variety of shapes and sizes. The 2-NPb: 
PMMA films was subjected to the action of gamma irradiation, which 
resulted in the surface alterations shown here. When the dosage was 
brought up to 42 KGy, the polymer film plainly displayed a black line 
that indicated a chemical whitening process at the surface. This was seen 
when the dose was raised. An increase in the whitening zone of the 
irradiated polymer at a dosage of 42 KGy gamma-dose is indicated by 
the appearance of fractures on the surface of the film as well as a dark 
region on the film’s surface. This demonstrates that a significant portion 
of the irradiated polymer film has been subjected to bleaching, as shown 
in Fig. 2 for the irradiated film with a dosage of 64 KGy. Significant 
damage was discovered in the breadth of the cracked region and the 
formation of additional black patches as the gamma dose climbed to 64 
KGy. The texture, waviness, and roughening of the whole surface of each 
polymeric film were analyzed in order to determine whether or not there 
were any changes to the surfaces of the films as the dosage rose. 
Beginning at the top and working our way down to the bottom, we 
illustrate the surface morphology profile of the portion of the original 
microscopic film that was chosen. In light of the trace data, it is evident 
that the sample’s texture, waviness, and roughen scale have all become 
more pronounced. This finding lends credence to the hypothesis that 
fractures, flaws, and pinholes become more pronounced when the 
sample is subjected to an increasing gamma radiation. The surface 
profile of the picture as well as the three-dimensional analyses (texture, 
waviness, and roughen) of the 2-NPb film indicate the modifications in 
the morphology of the surface that can be seen in the optical images of 
the films after they have been subjected to gamma-irradiation. 

Linear optical analysis 

Fundamental optical band gap behavior 

An organic compound of 2-NPb has been selected. In the present 
work, the organic compound ratio weight is 0.1 is doped the material of 
Poly-methyl-methacrylate (PMMA) prepared with these steps: First, the 
organic compound and PMMA are dissolved separately and then the 
solution of both the organic compound and PMMA are mixed. In addi
tion, the mixed solution was then stirred for two hours at 60 ◦C using 
Bexco Magnetic stirrer with hot plate. The coating of the solution was 
ultrasonically performed on a pre-cleaned glass slide using the spin- 
coating technique. Afterward, the samples were allowed to dry at 
room temperature for two days. Fig. 3 shows the absorbance spectra 
distribution of samples obtained using Cecil ReflectaScan Reflectanc 
Spectrophotomete CE-3055 at wavelengths of 300–900 nm. It can be 
shown that the high value of absorption of the sample is located at 483.5 
nm. The spectra of the substance film appear to remain in the same 
position, even after being subjected to varying amounts of gamma ra
diation, which causes the peak to stay in the same spot [42–44]. 
Nevertheless, the only limited change that was found was that the rise or 
the prominence of the major bands reflected the changes that took place 
in the organic film structure following contact with gamma irradiation. 
This was the only change that was detected. 

The linear absorption coefficients (LAC),αpco, for pristine film and 
irradiated 2-NPb film by gamma irradiation with different doses, namely 
21, 42 and 64 KGy, were calculated by the analysis of the optical 
absorbance spectra, after correction for reflection, according to the 
using following relation [45–49]: 

I = I◦ exp(− αpcox)

Hence 

αpco = 2.303/xlog
(

I
I◦

)

=

(
2.303

x

)

A′ (1)  

where A′ is the absorption value was calculated from absorbance, while x 
is sample thickness. 

The incoming photons possess enough amount of energy to excite 
electrons from the valence band into the conduction band, which leads 
to a significant amount of absorption in the sample. The optical ab
sorption edge was located using this straightforward approach, which 
explains the characteristics of the band structure of the film. This 
method was used to find the optical absorption edge. In order to carry 
out an inquiry into the optical absorption edge, the following relation
ship, which is also referred to as Tauc’s Technique, was used [50,51]. 

αpco =
a′

hv
(hv − Eg)

m (2)  

where˛αpco is LAC, a′ is an energy-independent constant called the band 
tailing parameter [52,53] and Eg is the optical band gap. The exponent 
m′ depends on the nature of the transition, m′= 1/2, 2, 3/2 or 1/3 for 
allowed direct, allowed indirect, forbidden direct or forbidden indirect 
transitions, respectively. Eq. (2) can be written as [54]; 

d[ln(αpcohv)]
d(hv)

=
m′

hv − Eg
(3) 

By calculating the value of m′, one may acquire information on the 
kind of transition. At the point frome Eq. (3), the plot of d[ln(αpcohv)]/
d(hv) against hv reveals a break or discontinuity that may be seen. The 
band gap, denoted by Eg, is determined by the discontinuity that occurs 
at a certain amount of energy [55]. After plotting the curves of ln(αpcohv)
against ln(hv − Eg) using the Eg value to calculate m′ value, it was 
determined that the value was around 2 based on the slope of the plotted 
curves. As a result, the value of m that was obtained indicates that the 

Fig. 3. A Typical absorbance spectra for the 2-NPb film exposed to various 
levels of the gamma radiation dose. 
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basic absorption edge in the films is created by the permitted indirect 
transitions. During the process of transition, it is necessary to maintain 
the integrity of the electron-photon system’s total energy as well as its 
momentum. The plots of (αpcohv)0.5 and hv are compared in Fig. 4, which 
may be found here. Table 1 contains the parameters that describe the 
indirect optical band gap Eg. 

The Eg values that may be achieved via the use of this technology are 
appropriate for a wide variety of scientific investigations and technical 
applications, including piezoelectric devices and gas sensors. As can be 
observed from Table 1, an increase in the radiation dosage resulted in a 
narrowing of the films’ optical band gaps. According to these findings, 
gamma rays are responsible for causing shrinkage of the optical ab
sorption edge and, as a result, a change in the film’s band structure. This 
suggests that increasing the amount of irradiation creates a greater de
gree of disorder, which in turn leads to a greater degree of distribution, 

which in turn leads to the production of more localized states inside the 
forbidden gap, which in turn leads to a reduction in the size of the op
tical band gap and a reduction in the band gap energy. This lends 
credence to the idea that defects in thin films are formed during the film 
creation process. It is also worth noting for discussion that decreasing 
the energy bandgap increases the diameter of Eg. As a result of the 
decrease in energy bandwidth, the band edge of the conduction band 
travels lower, while the band edge of the valence band rises upward as a 
direct consequence of the shift [56,57]. 

We were successful in determining the refractive index (n), by using 
Kramer’s and Kroning’s equation, of the present polymer films both in 
their prestine state and after being exposed to an increasing amount of 
gamma-ray dose, which ranged from 21 to 62 KGy. This optical index,n, 
may be calculated using the following equation [58,59]: 

n =
1 + R
1 − R

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4R

(1 − R)2 − K2

√

(4)  

where R is the reflectance spectra and K is the absorption index. The plot 
of the spectral behavior of (n) for the 2-NPb films can be shown in Fig. 5. 
This figure indicates that increasing the gamma radiation of the samples 
that were tested led to a rise in the magnitudes of n, where the refractive 
index also grows as the gamma radiation level does. After reaching its 
greatest value at a wavelength of around 422 nm, the value of (n) begins 
to fall until it practically approaches a constant value. This occurs after 
the value of (n) achieves its maximum value. This is because, in the area 
of significant absorption, the incoming photon frequencies are practi
cally identical to those of the plasma frequencies, which occurs when the 
wavelengths of the light are shorter. In addition, the highest coupling 
occurs at the point of significant absorption, which is located at around 
422 nm. 

Dispersion parameters 

In order to establish a “dispersion energy” parameter, Wemple and 
Didomenico describe the frequency-dependent dielectric constant using 
a single oscillator [60,61]. This allows them to determine both Ed and Eo. 
Wemple and Di-Domenico are able to provide a fitting for the refractive 
index, dispersion of the films that they tested. Since dispersion is such a 
crucial component in both optical communication and the design of 
devices for spectrum dispersion, it plays an essential part in the research 
that is done on optical materials. While the specifics of these principles 
are extremely distinct from one another, they have a characteristic in 
common: the preponderance of evidence suggests that the behavior of 
solids’ refractive indices may be influenced in ways that are straight
forwardly explicable by crystal structure and ionicity [62]. The 

Fig. 4. (αpcohv)0.5 as a function of hv for different gamma radiation.  

Table 1 
Optical band gap of 2-NPb film for different 
gamma radiation.  

Sample Eind
g (eV)

Pure  2.25 
21 KGy  2.22 
42 KGy  2.209 
64 KGy  2.15  

Fig. 5. The spectral behavior of n versus wavelength, for different gamma ra
diation dose. 

Fig. 6. (n2 − 1)− 1vs.(hν)2 at gamma irradiation.  
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following formula illustrates the relationship that exists between the 
refractive index and the strength of the single oscillator below the band 
gap [63–65]: 

(n2 − 1)− 1
=

E◦

Ed
−

1
E0Ed

E2 (5)  

where E denotes the energy of a photon E◦ the energy of an oscillator, 
and Ed the energy of dispersion, respectively. A plot of the (n2 − 1)− 1 

against E2 for pristine film and irradiated 2-NPb film by gamma irradi
ation with different doses is shown for our perusal in Fig. 6. It is 
important to note that the effective single oscillator energy, also known 
as E◦ , or as it is frequently called, the average energy gap, E, delivers 
excellent results when attempting to investigate the overall band 
structure of the material being used. The dispersion energy, often known 
as Ed, is a measurement that determines the typical intensity of the 
interband transitions that occur inside the material. This energy, Ed, is 
also connected with changes in the microstructure as well as the struc
tural order of the polymer sample that was under investigation [66]. 
This dispersion energy of any substance is connected to the coordinate 
number, the anion valency, and the ionicity of the sample in question as 
well. The graph illustrates this plot in its entirety. It is plainly clear that 
the refractive index drops as one moves toward longer wavelengths due 
to the influence of the film’s absorption, which can be seen by moving 

toward longer wavelengths. Ed and E◦ values were determined from the 
slope and the intersection obtained by extrapolating the line to zero 
photon energy, and they are shown in Table 2 below. The slope and the 
intersection were acquired by extending the line. These two values were 
determined to be important in their own right. 

It is possible to determine the dielectric constant of a material by 
using the dispersion relation of incoming photons in the calculation. 
Moreover, a function that extrapolates towards shorter wavelengths was 
used in the fitting process for the n [67]. According to the model pro
posed by Moss [68], the contribution of free carriers to the process of 
dispersion is, on the whole, rather little. This indicates that the data that 
correspond to the wavelength range that is below the material’s ab
sorption edge are to be utilized. In this scenario, one is in a position to 
apply the following relation. The characteristics of the polymer sample 
under investigation may be thought of as those of a single oscillator 
operating at high frequency and wavelength λ0. It is possible to deter
mine the high frequency dielectric constant by making use of the 
straightforward classical dispersion relation that is shown below [69]. 

n2
0 − 1

n2 − 1
= 1 −

(
λ0

λ

)2

(6) 

As can be seen in Fig. 7, when (n2 − 1)− 1 was plotted against λ− 2, the 
linear component of the plot was located below the absorption edge. 
Table 2 provides n0 value estimates for various film thicknesses. It is also 
possible to write Eq. (6) as [69]: 

n2 − 1 =

(
S2

0λ2
0

1 − (λ2/λ2
0)

)

(7)  

where So represents the average strength of the oscillator, which may be 
found by: 

S0 =
n2

0 − 1
λ2

0
(8) 

The values for the films’ So were determined by applying Eq. (7) to 
the equation and can be found in Table 2. It is possible to obtain the M− 1 
and M− 3 moments of the optical spectra by using the connection 
[70,71]. 

E2
o =

M− 1

M− 3
andE2

d =
M3

− 1

M− 3
(9) 

The results that were obtained are shown in Table 2. As a result of the 
creation of the coordination complex, the M− 1 and M− 3 moments were 
different. It has been discovered that M− 1 values drop as film γ-rays 
increases. 

Nonlinear optical result 

Self diffraction ring setup 

An experiment to count the number of self induced rings is shown in 
Fig. 8. In this experiment technique, the 2-NPb:PMMA sample is fixed at 

Table 2 
Oscillator model for samples of varying gamma irradiation with different doses.  

Sample Eo(eV) Ed(eV) M− 1 M− 3 

(eV)2 
n0 λ 

0(nm) 
S0 x10-13 

(m− 2) 

Pure  7.21  12.12  1.68  0.032  1.65  167.44  6.24 
14 KGy  6.68  10.86  1.62  0.036  1.63  216.32  3.58 
42 KGy  5.48  8.72  1.59  0.052  1.62  229.13  3.11 
64 KGy  5.01  6.52  1.30  0.051  1.59  325.28  1.37  

Fig. 7. (n2 − 1)− 1vs.λ− 2 at gamma irradiation.  

Fig. 8. Experimental set-up for counting the number of rings.  
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the focus, then the green light solid state laser (SDL) is projected to 
obtain diffraction rings, which in turn fall into the semitransparent 
screen dimension of 30 × 60 cm and then photographed by the sensitive 
digital CCD camera. The laser light’s strength is 43mW, and its wave
length is 532 nm. 

Estimation of nonlinear coefficient 

Using the number of self induced rings that are shown on the screen, 
one may do the calculation necessary to get the nonlinear refractive 
index (NRX). Because the laser beam is an example of Gaussian radia
tion, the phase shift may be represented mathematically as [72]. 

ΔΦ = Δnkx (10)  

where k = 2π/λ is the beam wave vector in a vacuum and x is the cell 
thickness. The relation between ΔΦ and the number of rings, N can be 
written as [73,74]: 

ΔΦ = 2πN (11) 

The equation that describes both the linear and nonlinear refraction 
coefficients is as follows [75–77]: 

n = n◦ + n2I (12)  

where n is the overall refractive index of the material. Alternatively, Eq. 
(12) may be written as [78–81]: 

n = n◦ +ΔnandΔn = n2I (13) 

Using Eqs. (10)–(13), the magnitudes of n2,Δn and phase shift (ΔΦ) 
as seen in Table 3. 

The results in Table 3 represent the behavior of n2 and the number of 
self diffraction pattern with the irradiation dose. As evidenced by 
Table 3, that irradiation with gamma rays plays a fundamental role in 
improving the nonlinear optical properties of 2-NPb:PMMA films. When 
the sample is pure and non-radioactive, it exhibits nonlinear properties 
represented by the number of rings whose magnitude is 2 rings on the 
screen as a result of illuminating it with solid-state lasers at intensity 

3.74 KW/cm2. For the same incident intensity from a CW laser, when 2- 
NPb films irradiated with a dose of 21 gamma rays, the dye showed 4 
rings on the screen and the value of the NRX equal to 0.92 × 10− 6 cm2/ 
W. But when the amount of irradiation is large and within 64 KGy the 
number of the rings are equal to 9 rings and the value of the NRX (n2) is 
within 3.14 × 10− 6 cm2/W, and here it can be said that the irradiation 
led to the improvement of the nonlinear optical properties (NOP) of 
organic compound of 2-NPb. This means that as the radiation dose is 
increased, the nonlinear properties improve [82], which in turn causes 
an increase in the number of rings appearing on the sensitive screen and 
the large value of the NRX. Fig. 9 presents a comparison of these metrics 
and explains their meaning. 

The sample is heated when the basic Gaussian TEM00 mode laser 
beam with a spot size of 1.2 mm passes through it, which is also when 
the rings show on the screen. The number of rings grows with the rising 
laser intensity, and this growth continues until it achieves saturation. 
Also, when the concentration of the solution goes up, the number of 
rings goes up because organic compound molecules pile up in the 
middle. Heat spreads over a larger area because of diffusion, which 
causes a lot of interference and a rise in the number of rings [83]. Fig. 10 
explains the far field diffraction rings patterns of the pristine and irra
diated 2-NPb:PMMA films by gamma irradiation with different doses. It 
is evident that for a given concentration, the number of diffraction rings 
rises as the irradiation dosage increases. Fig. 10 illustrates how the ring 
number changes as a function of the amount of ionizing radiation 
received. 

Theoretical model 

If we assume that the Gaussian beam with a wavelength λ travels 
through a nonlinear medium of thickness x and αpco along the axis in the 
Z direction. We assume that the position of the beam is given within the 
dimension area of the system, and the complex value of the electric field 
passing through the sample can be expressed in the following way [83]: 

E′(r,Z′
◦ ) = E(0, Z′

◦ )exp
(

−
r2

ω2
◦

)

exp
(

−
ik◦n◦ r2

2R

)

(14)  

where r is the radiative coordinate, Z′
◦ is the coordinate of the location 

within the plane of the medium, k is the wave vector in free space, n◦ is 
the background refractive index of the air surrounding the sample, the 
radius of curvature (R = 33 mm) of the wave front at the location. If we 
assume that the Kerr linearity occurs after the transmission of the 
Gaussian beam through the polymer film, then the total phase change 
will be expressed in an equation: 

φ(r) = k
n◦ r2

2R
+Δφ(r) (15) 

The first term in this equation is the phase input to the beam’s curve. 
It can be expressed by the equation below [84]: 

Δφ(r) = k
∫ z◦ +L

z◦
Δn(z, r)dz = Δφ◦exp

(

−
2r2

ω2
◦

)

(16)  

where Δφ◦ = kΔn(z◦ ,0)L signifies the highest point of the beam’s 
nonlinear phase shift. The complex electric field of the optical wave after 
it has traveled along the nonlinear sample is [85]: 

E(r,Z′
◦ + L) = E(0, Z′

◦ )exp
(

−
r2

ω2
◦

)

exp
(
−

αpcox
2

)
exp[ − iφ(r)] (17) 

The distribution patterns in the far-field can be obtained through the 
free transmission of the wave in optical space, and depending on the 
Fraunhofer approximation on the Kirchhoff diffraction integrally, one 
can get [86,87]: 

Table 3 
The nonlinear parameters.  

Gamma Dose (KGy) Rings No. ΔΦ n2 × 10− 6 cm2/W Δn× 10− 3 

0 2  0.21  0.23  0.86 
21 4  0.43  0.92  3.47 
42 6  0.65  1.64  6.17 
64 9  0.98  3.14  11.88  

Fig. 9. n2 as a function of rings number with different doses of γ- rays.  

F.A. Tuma et al.                                                                                                                                                                                                                                 



Results in Physics 52 (2023) 106858

8

I(ρ) = I◦
⃒
⃒
⃒
⃒

∫ ∞

0
J◦ (k◦ θr)exp

[

−
r2

ω2
◦

− iφ(r)
]

rdr
⃒
⃒
⃒
⃒

2

(18)  

where J◦ (x) is the zero-order Bessel function of the first kind, θ is the 
angle of deviation in the far field, and ρ represents the radiation coor
dinate in the far-field of the visible plane. I◦ may be expressed as follows: 

I◦ = 4π2
⃒
⃒
⃒
⃒
E(0, Z′

◦ )exp(− αpcox/2)
iλD

⃒
⃒
⃒
⃒

2

(19) 

When a light beam converges, the wave front’s radius of curvature 
will be negative, while when the same beam diverges, the wave front’s 
radius of curvature will be positive. In general, when the beam travels 
through a medium that has no self-focusing (or self-defocusing), the Δφ 
change will be negative (or positive). In each instance, the two distinct 
behaviors can be observed in the far-field patterns. 

In the first case, when the beam diverges in a non-self-focusing 
nonlinear sample (Δφ < 0،R > 0) or in the case of the beam 
converging in a self-focusing nonlinear sample (Δφ > 0،R < 0) in these 
limits, the number of luminous ring patterns increase linearly with the 
increase in the change of nonlinear phase N =

|Δφ◦ |

2π . As for the second 
behavior, we get it when the transmitted beam converges through a non- 
self-focusing nonlinear sample (Δφ < 0،R < 0) or in the case of the 
divergence of the beam in a self-focusing nonlinear sample 
(Δφ > 0،R > 0), in which case the maximum distance of the pattern 
centers the lowest intensity peak in the diffraction rings [88]. The 

Fig. 10. The distinct ring patterns of far-field diffraction that were seen at various irradiation doses (a) 2 rings, (b) 4 rings, (c) 6 rings, (d) nine rings in the pristine 
film and irradiation films. 

Fig.11. Experimental θ, D and ρ as they are employed in the theoret
ical analysis. 
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number of luminous rings is not the same as in the first case, as it in
creases when the phase change increases. The data were read using the 
FORTRAN language of the theoretical Kirchhoff diffraction program, 
and the necessary data were entered to obtain the theoretical ring shape 
corresponding to the experimental shapes. 

This theoretical model has been applied to the experimental calcu
lations of the virgin film and irradiated 2-NPb film by γ irradiation with 
different doses, namely 21, 42 and 64 KGy and the coefficients listed in 
Fig. 11 have been used in solving Eqs. (18) and (19) to obtain theoretical 
rings. Simulation results of the diffraction ring patterns are shown in 
Fig. 12 for pristine film and irradiated 2-NPb film by gamma irradiation 
with different doses, namely 21, 42 and 64 KGy, respectively where it 
can be seen that reasonable agreement are obtained with the experi
mental results shown in Fig. 10. 

Conclusion 

In order to determine almost all of the investigated features and 
parameters, the refractive index,n the absorption coefficient, αpco and 
the fundamental gap of the 2-NPb: PMMA films were used. The optical 
gap and the other desperation parameters (E◦ ,M− 1 and Ed) of the current 
film samples were all reduced when the gamma radiation was increased. 
The spectrophotometric measurements of the absorption in the spec
trum region of 300 nm- 900 nm have been necessary for the optical 
studies that have been conducted. According to the optical data, 
increasing the film’s exposure to gamma rays caused the,Eg values of the 
tested samples to drop from 2.25 to 2.15 eV, while the first-moment, 
M− 1 values dropped from 1.68 to 1.30. In the present work, the inves
tigation of non-linear optical characteristics of 2-NPb film and irradiated 
samples using 137Cs (γ radiation) with different doses by using self- 
diffraction techniques Gaussian laser output profile, using solid-state 
continuous wave (CW), visible laser beam at the green ray is pre
sented. For Gaussian beams, we studied systematically, obstetrics and 

improvement far-field diffraction post-propagation through a 2-NPb 
medium (self-focused nonlinear sample). It is found that the number 
of self-induced diffraction rings observed in the far-field, varies as a 
function of gamma doses. Multiple self-diffraction rings were observed, 
when a beam propagates through a pristine film and irradiated 2-NPb 
film by gamma irradiation with different doses, namely 21, 42 and 64 
KGy. The NOP of 2-NPb samples were investigated and the results 
showed that gamma irradiation doses lead to improve the nonlinear 
optical properties of 2-NPb medium very well. These results also point to 
the potential use of these dyes as chemical dosimeters in a certain dosage 
range. 
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