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Self-phase modulation were investigated using laser field-induced spatial self-phase modulation (SSPM) with continuous
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wave laser of 532 nm. The research of disperse azo dyes at different concentrations and incoming
laser power produced diffraction ring patterns. The results of the experiment showed a large
nonlinear refractive index ny and a large thermo-optical coefficient dn/dT. The effect of excitation
laser input and time evolution on shape diffraction pattern shape was investigated. We therefore
explain the collapse effect of the diffraction circle model. The results show that the type of laser
input is responsible for the variation of the number of diffraction circles. The results indicated
that the dispersed azo dyes are a good candidate for use as an optical limiter.

1. Introduction

The interaction between high-performance laser beams and nonlinear optical materials leads to interesting events that highlight the
complex relationship between light and matter [1,2]. Laser-induced nonlinear diffraction patterns on distant field diffraction and
spatial self-phase modulation (SSPM) are important phenomena to understand how nonlinear optical properties of materials work
[3-5]. The effects happen because the medium’s intensity-dependent refractive index changes the phase and spatial profile of the laser
beam. This leads to effects that can be seen, like diffraction rings or beam reshaping in the far field. Changes in refractive index
generated by optical fields can significantly influence laser beam propagation in a nonlinear material. This results in widely recog-
nized. This leads to phenomena such as self-focusing/defocusing and spatial self-phase modulation [6,7]. However, SSPM is recog-
nized as a physical phenomenon that induces self-interference in an emerging beam from the material, resulting in concentric
diffraction rings. The exploration of the nonlinear far-field diffraction patterns induced by laser significantly influences the nonlinear
optical materials emerged as a significant research area, underlining their potential in photonic applications and advancement
technology such as all-optical switching, all-optical limiting, optical signal processing, optical security, and many others [8-22]. With
the advance of laser technology, the implications for nonlinear optical materials and photo applications in modern technology are
profound [23,24]. These progress promises to revolutionize areas ranging from telecommunications to advanced imaging techniques,
reflecting the need for continuous exploration in this field.

In nonlinear optics, azo dyes are a class of organic molecules distinguished by the presence of one or more azo groups (-N = N-) are
essential. Because they can absorb a lot of light, stay stable in light, and change forms when exposed to certain wavelengths of light
[25-27]. The study of nonlinear optical properties in azo compounds reveals critical intuitions for the next generation optical devices.
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Fig. 1. Photographs of the (a) DO3, (b) DO13, and (c) DO25 dyes solutions.
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Fig. 2. Chemical structure of (a) DO3, (b) DO13, and (c) DO25 dyes.

Understanding the nonlinear optical properties of azo compounds is essential for the development of efficient optical limits and the
improvement of photonic devices. Nonlinear optical refraction and absorption in azo dyes demonstrate promising applications in the
optical limiting, essential to protect sensitive devices and light modulators [28-34]. The synthesis of azo compounds demonstrates its
nonlinear optical properties, thus validating the potential of these materials under laser excitement. Recently, some materials have
been done to demonstrate exceptionally high laser-induced nonlinear optical properties. The effect of SSPM has been used to study
different materials [35-38]. Their investigations show good potential applications in nonlinear optical devices.

In the current study, three disperse azo dyes-orange 3 (DO3), orange 13 (DO13), and orange 25 (DO25)-were prepared in solution
form. The diffraction ring patterns in the far-field are observed using SSPM method with a laser continuous wave (CW) at 532 nm.
Additionally, the relationship between the input laser power and the number of diffraction rings is investigated. DO3, DO13, and DO25
dyes can display interesting nonlinear optical characteristics by altering the quantity of azo dye.

2. Experimental techniques

2.1. Sample preparation

Disperse azo dyes (disperse orange 3, disperse orange 13, and disperse orange 25) were procured from Sigma-Aldrich and utilized
without any additional processing. Subsequently, they were dissolved in chloroform at various concentrations of 0.25, 0.5, and 1.0 mM
(Fig. 1). The dyes demonstrate solubility in the aforementioned solvent, which is why they were selected for this study. The chemical
structure of three dyes represented by DO3, DO13, and DO25 is shown in Fig. 2.

The spectrum of UV-Visible absorption of the DO3, DO13, and DO25 dyes solutions at various concentrations of 0.25, 0.5, and
1.0 mM were illustrated in Fig. 3. The samples show absorption peaks around 520 nm, 440 nm, and 450, respectively, for DO3, DO13,
and DO25. Optical energy gap E; of the dyes was determined using the equation [39]
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Fig. 3. UV-visible spectrum dyes solution at different concentrations of 0.25, 0.5, and 1.0 mM for materials (a) DO3, (b) DO13, and (c) DO25.
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Fig. 4. SSPM experimental setup using CW laser at single laser wavelength of 532 nm.
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Fig. 5. Diffraction ring patterns of the DO3 dye under different input laser power with different concentrations of (a) 0.25, (b) 0.5, and (c) 1.0 mM.
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where ) is the wavelength. The energy gap for the dyes DO3, DO13, and DO25 is found to be (2.36, 2.39, and 2.42 eV), (2.25, 2.27, and
2.3 eV), and (2.28, 2.29, and 2.31 eV), respectively, when the concentration increased to 0.25, 0.5, and 1.0 mM. The dye DO13 is more
conjugated and delocalized and has minimum energy gap compared to DO25 < DO3.

2.2. Experimental setups

The spatial self-phase modulation (SSPM) experimental setup for capturing far-field self-diffraction ring patterns is depicted in
Fig. 4 to determine the nonlinear refractive index ny. A CW laser pumping solid state (DPSS) in the TEMy mode, with a wavelength of
532 nm, variable output power, and 1.5 mm beam diameter, focused on a 1 mm thickness quartz cell (test) with a 5 cm focal length
convex lens. After a laser beam passes through the sample, the self-diffraction ring separates and appears on the screen, and is recorded
with the CCD camera. The screen was 70 cm away from the cell. However, our earlier study [28] provided a detailed explanation of the
experimental setup.

When the TEMy Gaussian laser beam propagates through a nonlinear material causes a phase distortion on the wavefront of the
laser beam, referred known as SSPM effect. Consequently, the nonlinear phase shift A® can be calculated to the number of diffraction
rings N as [40,41]

A
N_@

=5 (2)

The parameter of nonlinear refractive index nj is given by
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Fig. 6. Diffraction ring patterns of the DO13 dye under different input laser power with different concentrations of (a) 0.25, (b) 0.5, and (c) 1.0 mM.

ny=-— 3
where d is the thickness of the sample and I is the laser input intensity. In the context of thermal nonlinearity, the thermo-optic co-
efficient is given by the following equation [41]

dn  4nyx
dT  aw}

(€))

where dn/dT is the thermo-optic coefficient, a is the linear absorption, wy is the laser beam waist, and « is the solvent’s thermal
conductivity.
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Fig. 7. Diffraction ring patterns of the DO25 dye under different input laser power with different concentrations of (a) 0.25, (b) 0.5, and (c) 1.0 mM.

3. Results and discussions
3.1. The diffraction ring pattern and its dependence on the laser beam intensity

The diffraction ring patterns of DO3, DO13, and DO25 dyes were recorded utilizing the SSPM effect to investigate the effect of
varying concentrations from 0.25 mM to 0.5 mM to 1.0 mM, along with different input powers and a 532 nm laser wavelength.
Figs. 5-7 present the SSPM diffraction ring patterns for DO3, DO13, and DO25. No ring patterns were observed at power levels below
(1-7 mW), (1-2 mW), and (1-3 mW) for DO3, DO13, and DO25, respectively, as indicated by the figures. This is because the laser
power is below the threshold required to induce phase shifts for the production of the first ring. At the threshold voltage the first SSPM
ring appears. As shown in the figure, with the increasing the input power, the size and quantity of the ring increase gradually. As laser
input power increases from 10 to 32 mW, 5-10 mW, and 5-10 mW, DO3, DO13 and DO25, respectively, a phenomenon called SSPM
begins to appear on the screen. The pattern increases in size. The distance ring showed the highest intensity, while the inner ring




M.Y. Shubar et al.

15

| @

Number of rings, N

L]
*
v

0.25 mM
0.5 mM
1.0 mM

Input Laser Intensity, kW/cm®

Optik 335 (2025) 172422

40
(b) = 025mM %
e 0.5mM
32 v 1.0 mM
Z
)
oL 24 -
=
o
o
3
= 16
z.
S
0
0

(c) = 025mM
40 1 e 05mM
v 1.0 mM
z 32 4
%
o0
E 24
1)
)
=
Z 161
Z
8_
0
0

Input Laser Intensity. kW/cm’

Fig. 8. Dependence of the number of diffraction rings as a function of input laser intensity, I, at different concentrations of 0.25, 0.5, and 1.0 mM for
materials (a) DO3, (b) DO13, and (c) DO25.

Table 1

The measured of nonlinear refractive index (nz) and thermo-optic coefficient (dn/dT) parameters at different materials of DO3, DO13, and DO25.

Material Concentration (mM) nz x 1077 (cm?/W) dn/dT x 1074 (K1)
DO3 0.25 0.82 0.26
0.5 1.73 0.55
1 3.27 1.03
DO13 0.25 3.94 1.25
0.5 5.63 1.78
1 8.06 2.55
DO25 0.25 3.91 1.24
0.5 6.28 1.99
1 8.57 2.71

intensity gradually decreased as the pattern moves towards the center. The interference of the upper-level slope light wave, partic-
ularly at the Gauss curve inclination point, results in the farthest ring results. The ring patterns corresponded to the shape of the cross-
sectional incident laser beams.

To determine the nonlinear refractive index njy, it is essential to measure the N/I parameter, as indicated in Eq. (3). The N/I
parameter denotes the slope of the relationship between the number of diffraction rings N and the laser beam intensity I. Fig. 8 il-
lustrates the relationship between N and I for DO3, DO13, and DO25, respectively. Table 1 displays the important parameters obtained
from DO3, DO13, and DO25 at varying concentrations. The data indicate a significant variation in the slopes of the lines corresponding



M.Y. Shubar et al. Optik 335 (2025) 172422

3.0
— . Pl
.| @ DO3 (b) —=—DO3 -
! —— 3 ,,
Do13 ) % ) s DOI3 Pt
S DO e 237 —v—DO25 1
- — - -
o iy 204 v
?\ 6 p % _ 2 >
- 1
= yd 1 T
< ’ =154 7
o ~ ] Pz
% ¥ ) L4
" S 10 s
3 @ < 1.0 "
o
/ 7/
-// os ./
_— =~ //
l"/ "
0 T T T T T T T T T T 0.0 ¥ T ¥ T y T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Concentration, mM Concentration, mM

Fig. 9. Variation of the nonlinear refractive index n, and thermo-optic coefficient (dn/dT) with concentration under different materials of DO3,
DO13, and DO25.

to the materials and concentrations. It is clear that when the concentrations of DO3, DO13, and DO25 increase, the slope value in-
creases for the same material. It is important to highlight that the value of the slopes increasing in the order DO25 > DO13 > DO3 at
such concentration. As it can see in Fig. 9, the value of ny in Table 1 shows that the optical nonlinearity of the DO25 sample dye is
higher than that of the DO13 and DO3, That is the optical nonlinear response increasing in the order DO25 > DO13 > DO3. The
characteristics of the material account for this difference. In addition, the DO25 dye has higher thermo-optic coefficient than other
materials.

Next, we have determined the thermo-optic coefficient (dn/dT) behavior of the dyes DO3, DO13, and DO25 on input power for
various concentrations. For this purpose, we have used the beam waist wg of 26.6 pm and the solvent’s thermal conductivity from the
literature [42]. Precisely, the linear absorption coefficient for the dyes DO3, DO13, and DO25 was (2.3, 2.8, and 4.1 cm’l), (2.9,3.92,
and 5.76 cm™Y), and (3.68, 5.53, and 6.22 cm™ D), respectively, when the concentration increased to 0.25, 0.5, and 1.0 mM. The
obtained results are given in Fig. 10. As to be noted that the dependence of the thermo-optical coefficient on laser power is strongly
influenced by the concentration of the material. Higher concentrations cause nonlinearity, thermal saturation and even permanent
changes, whereas lower concentrations behave almost linearly. The design of nonlinear optical materials for high power applications
requires an understanding of these phenomena.

Nonlinear refraction can originate physically from electronic, molecular, or thermal sources. The nonlinearity in the current study
is thermal in character when a CW laser is used [43]. The obtained findings for the nonlinear refractive index ny clearly indicate
thermal nonlinearity. Laser beam causes local heating of the material due to light absorption, which alters the refractive index by
means of thermal lensing phenomena. As a result, the calculated value of ny shows not just the immediate nonlinear electronic response
but also a thermal effect that changes the shape of the beam and the ring pattern.

However, it is useful to note that the relative uncertainty of the nonlinear refractive index ny measured with the current ring
diffraction ring is estimated to be almost 10 %. This estimate was made by applying the law of propagation of relative errors to the Eq.
(3) which is produced.

ény, 6N 61 6L
—r—4—+— 5
n, N I 1 &

Based on the results, it can be deduced that dispersed azo dyes have special nonlinear optical properties that make them especially
appropriate for uses like photonic switching and optical image processing applications. Strong electronic polarization by their mo-
lecular architectures rich in n-n systems generates high nonlinear refractive index ny from which direct control of the beam phase at
quite low light intensities is enabled. Moreover, their organic character helps them to produce significant thermal effects from light
absorption, which results in clear changes in refractive index by thermal lensing [44-46].

3.2. Comparative study

It can compare these new findings about the DO3, DO13, and DO25 dyes’ nonlinear refractive index ny with findings from other
materials that were made with a 532 nm laser, Table 2 displays the nonlinear refractive index values for DO3, DO13, and DO25 from
this study. We compare these values with recently reported values from other materials. The findings show that DO3, DO13, and DO25
have a higher or comparable nonlinear refractive index ny at laser wavelength of 532 nm than some other materials. The observed
difference may result from the considerable absorbance of the DO3, DO13, and DO25 materials at this wavelength, which is attributed
to their high fatty acid content [47]. This comparison indicates that dispersed azo dyes are promising candidates for use as an optical
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Fig. 10. Effect of increasing laser power on the thermo-optic coefficient (dn/dT) at different concentrations of 0.25, 0.5, and 1.0 mM for materials

(a) DO3, (b) DO13, and (c) DO25.

Table 2

Nonlinear refractive index of DO3, DO13, and DO25 measured in the present work and extracted from literature.

Material

ny x 1077 (ecm?/W) Reference

DO3 1.73

DO13 5.63 Present work
DO25 6.28

graphene oxide 0.66 38

acridine orange dye 0.58 39

Basic Violet 16 dye 0.281 40
organotellurium compounds 1.4 25
poly[[(s)—1-(4-nitrophenyl)—2-pyrrolidinethylJmethacrylate] 1.43-3.14 24

limiter.

3.3. Temporal evolution of diffraction rings

Using the SSPM method, Fig. 11 shows how the diffraction rings for DO3, DO13, and DO25 dyes change over time when the laser
input power is 70 mW and the concentration is 0.5 mM. The temporal evolution of the diffraction rings can be characterized as follows:
No diffraction ring is appear at time = 0 ms. From 53, 44, and 34 ms, for DO3, DO13, and DO25, respectively, to 99, 81, 88 ms, rings
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Fig. 11. The temporal evolution of the far-field pattern at input laser power of 70 mW for materials (a) DO3, (b) DO13, and (c) DO25.
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Fig. 12. Radius in the (a) vertical and (b) horizontal of the ring of the laser beam as a function of the exposure time at input laser power of 70 mW
under different materials of DO3, DO13, and DO25.

exhibit a symmetrical circular feature, with thermal conduction processes predominating. At times exceeding 145, 103, and 128 ms,
the diffraction rings begin to compress vertically in the upper half for DO3, DO13, and DO25, respectively, indicating the onset of the
collapse effect in the sample solution. During the time development processes, the vertical compression effect caused by heat con-
vection is the most important one [48] as illustrated in Fig. 12.

Fig. 12 shows the temporal graph showing the diameter of the outermost ring at 70 mW of laser power in vertical and horizontal
directions. The diameter of the farthest ring in horizontal and vertical directions increases with time until it reaches a stable size.
However, the diameter in the vertical direction diminishes after 145, 103, and 128 ms, of the DO3, DO13, and DO25, respectively. That
happened because the refractive index went down, which changed the modulated phase of the laser power in the upper part of the
beam. Consequently, the upper section of the ring diminishes, leading to a pattern that appears compressed from the top region.

4. Conclusions

A 532 nm laser wavelength was passed through the orange 3, the orange 13, and the orange 25 dyes. This produces diffraction
rings, which can be seen in the far-field using by SSPM. Our work focused on the connection between the laser beam’s intensity and the
number of diffraction rings at different concentrations. With the help of the new findings, we were able to figure out the nonlinear
refractive index n, (about 1077 ¢em?/W) and the thermo-optic coefficient dn/dT. The collapse effect was observed when the time

10
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evolution of the diffraction rings was recorded with the change of the laser power of the input. The large value of its nonlinear
refractive index suggests promising materials for all-photonic switching and image processing.
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