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ARTICLE INFO ABSTRACT
Keywords: The optical nonlinear properties of three sudan iv solutions in DMSO, DMF and chloroform sol-
Effects of solvents vents are studied under irradiation with low power laser beam work at 473 nm. The diffraction

Thermal nonlinearity
Nonlinear index of refraction
Diffraction ring pattern

ring patterns and Z-scan experiments were carried out separately to calculate the change in the
index of refraction and the nonlinear index of refraction of each solution. The rings number per
each pattern, the area of each pattern and the outer most ring diameter in each pattern increased

é;;acr;l limiting with the increase of input laser beam intensity. Each pattern loses symmetry in the upper part as
PACS: input intensity increased. The obtained diffraction ring patterns are simulated using Fraunhofer
42.70.-a approximation of the Fresnel-Kirchhoff diffraction theory where good theoretical agreements
42.65-k with the experimental findings are obtained. According to both methods it is proved that sudan iv
42.65.An three solutions shows self-defocusing phenomena. Type of solvent appears to control the non-

linearities of sudan iv solutions. Optical limiting property is studied in the three solutions.

1. Introduction

The nonlinear optical properties of different materials were and still examined in the continuous wave (cw) regimes of visible low
power laser beams by the three techniques viz., diffraction ring patterns [1,2], thermal lens [3,4] and by Z-scan [5,6]. These three
techniques are simple and required little components viz., a laser device, a positive lens, a glass cell, a power meter, a semitransparent
screen and a camera. So many materials have been tested for the sake of obtaining their nonlinear refractive indexes [7-21] for the
possible use in different applications and devices [22-30]. Sudan dyes are available in various sorts viz., sudan i, sudan ii, sudan iii,
sudan iv, sudan red B, sudan red G, sudan red 7B, sudan orange, and sudan black [31]. Generally all sudan dyes can causes potential
risk to the health [32]. It received little attention from the point of view of nonlinear behavior. Sudan red G and sudan orange G optical
linear and nonlinear properties and quantum parameters were studied by Esme and Sagdine [33], sudan i nonlinear optical response
was studied by He and Wang [34]. Properties of optical limiting of sudan red B doped PMMA film, and films of sudan iv doped poly
(alkyloxymethacrylate) for optical data storage were investigated by Qusay et al., [35,36]. Sudan iii have received much attention
where ring patterns were generated under the effect of electrical field [37], measure of its nonlinear index of refraction [38], its photo-
induced dichroism [39], its optical limiting behavior [40], its optical data storage [41] and its nonlinear optical properties were
studied too [42]. Sudan iv optical nonlinear response was studied by Majles Ara et al. [43].

Through previous studies, which are mentioned above, it was concluded that sudan dyes have high nonlinear optical properties, so
that one of sudan’s dyes family, namely sudan iv is chosen, as a sample in this study. In this work the effect of three solvents viz.,
dimethyl sulfoxide (DMSO), dimethyl formamide (DMF) and chloroform on the optical nonlinear properties of sudan iv are presented
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via diffraction ring patterns and Z-scan techniques under low power cw laser beam of 473 nm wavelength. Also, the properties of
optical limiting of the samples are reported.

2. Experimental
2.1. Material

Sudan iv was obtained from Thomas Baker. It is a dye belonging to the azo family, it’s color index number is 26105. Sudan iv
formula is written as Co4H20N4O and its molecular structure is shown in Fig. 1. Its average mass is 380. 442 Da and its mono-isotopic
mass is 380.163696 Da. It’s melting point is at 199 °C, its linear refractive index is 1.645, it’s boiling point is 618.8 4+ 55.0 °C at
760 mm Hg, and it’s density is 1.2 + 0.1 g/cm®.

2.2. Spectroscopic study

The absorbance (A) spectra of the sudan iv solutions in the solvents DMSO, DMF and chloroform respectively at room temperature
were obtained using a 6800 Jenway England spectrophotometer in the UV - visible range are shown in Fig. 2. It can be seen from Fig. 2
that the spectra of the sudan iv solutions in the solvents DMSO, DMF and chloroform are attributed to n-n* transition due to the
conjugated double bonds of the benzene rings. With the use of Fig. 2 and the following relation, the absorption coefficients, a, of the
sudan iv in the three solvents are calculated [44]

A
a=23037 (€Y

Where L is the thickness of sample. For L =1 mm, the absorption coefficients of sudan iv solutions are: o pyso = 27. 47 cm’l, o
pME = 37.07 em™, o Chloro = 48.1 cm’? respectively. All absorption coefficients were calculated for the same solution concentration of
1 mM using a quarts cell of thickness 1 mm at the wavelength 473 nm.

2.3. Experimental set-up

The set-up of experiment shown in Fig. 3 was used in the obtaining of diffraction ring patterns. It comprised a solid state laser device
emitting cw, single transverse, TEMyo, mode laser beam with low power at 473 nm. A power meter, a glass lens of 50 mm focal length
was used to focus the laser beam onto the glass sample cell of 1 mm thickness and a 30 x 30 cm semitransparent screen was used to cast
the diffraction ring patterns placed at 80 cm away from the samples cell exit. The Z-scan technique i.e. closed and open aperture Z-
scans were carried out using the same set-up used to obtain the diffraction ring patterns with the fixing of the sample cell on a moving
stage to scan the samples cells between (-z) and (+z) across the focus of the positive lens(z = 0). An aperture with a circular shape of
2 mm diameter was used to cover the detector which replaced the screen to measure the transmitted laser beam power from the
samples cells. This is the closed aperture (CA) Z-scan, while the open aperture (OA) Z-scan measurements was carried out using the
same set-up of CA Z-scan except replacing the circular aperture with another positive lens, to collect the transmitted laser beam from
the samples cells. To carry out the experiment of optical limiting the same set-up of Z-scan measurements was used except that each
sample cell was fixed behind the lens, in the valley position of the Z-scan CA experiment. Measurements were carried out via. varying
the input power and measuring the corresponding output power.

3. Results
3.1. Diffraction ring patterns

The obtained ring patterns in the sudan iv solutions in DMSO, DMF, and chloroform solvents are shown in Fig. 4. Four distinct
features are noticed in the obtained patterns (i) sever distortions occurs in the upper half of each ring pattern due to convection
currents in the vertical direction which increases as input power increased, so that the upper part of each pattern grew in lower ratio

compare to the lower ones. (ii) each outer most ring intensity of each pattern is large compare to the inner ones, a manifestation of self-
defocusing as input power increased. (iii) as the input power increased the number of rings in each pattern increased too. (iv) as the

CHs HO

Fig. 1. The sudan iv molecular structure.
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Fig. 2. Spectra of the absorbance (A) for sudan iv solutions in DMSO, DMF, and chloroform solvents.
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Fig. 3. Set-up of experiment for the formation of diffraction ring patterns.

input power increased the area of each pattern increased too.

As the laser beam leave the laser device output coupler the beam spot size, 0., is 1.5 mm. With the use of a positive lens of focal
length, f = 5 cm, beam wavelength, A, of 473 nm, the distance between the laser device output coupler and the lens was 40 cm, the
laser beam spot radius, @’, fall on the entrance of sample cell is calculated via. the following equation [45]

fA
o =1.22— 2
®

® is the radius of laser beam that fall on the lens, so that ® = 19.235 y m.

Taking the maximum number of rings, N, obtained at the same input power (53 mW) for sudan iv solutions as Npyso = 17,
Npumr = 20, and Neporo = 29. It is believed that the birth of one ring lead’s to a change of the laser beam phase by 2z radian as it passes
through the nonlinear medium, so that the total phase shift, ¢, acquired by the laser beam can be written as:

@ =27N

3)
For sample thickness, L, a change in the medium index of refraction, An, the total change of phase, ¢, is given by
¢ = kAL @
where
2r
k==
A
and
AL = LAn (5)
so that
2
@ = —ELAn (6)
A
ie.,
N4
An=-=
"L @

and the nonlinear index of refraction, ny, can be obtained using the relation [46]
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Fig. 4. Experimentally obtained diffraction ring patterns for the laser beam power of (mW) (a) 9, (b) 12, (c) 17, (d) 26, and (e) 47 passes through
the sudan iv solutions in DMSO (left column), in DMF (middle column) and in chloroform (right column) respectively.
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An
ny = T ®
I is the intensity of laser beam where
2P
1= )
ww?

P is the input power of laser beam, so that the incident intensity on the sudan iv solutions is I = 9124 W/cm?, and An and nj of the
sudan iv three solutions are as given in Table 2.

3.2. Simulating the diffraction ring patterns

To theoretically investigate the experimentally obtained diffraction ring patterns, when a cw laser beam having Gaussian intensity
distribution traverses the sudan iv solutions, let the laser beam propagating along the z-direction and it’s intensity vary in the x-y plane.
Let the laser beam power, P, its spot radius, o, its wave front radius of curvature, R, and its propagation constant, k, so that the laser
beam complex amplitude at the nonlinear medium entrance can be described by following formula [47]:

x4y

2 2
X
) a Y
[0

2R

U(x,y,t,z=0) —(Eﬁ exp (

) ( ) (10)

When the nonlinear medium absorbs part of the laser beam energy local heat of the nonlinear medium occur with a bell shape
distribution as a result of the distribution of Gaussian laser beam. The heating of the nonlinear medium causes a reduction of the index
of refraction of the nonlinear medium, so that a negative thermal lens is generated that causes a dispersion of the laser beam in the x-y
plane perpendicular to the z-direction. Due to the change in the nonlinear medium index of refraction, the laser beam suffers changes
in its phase. These effects leads to the formation of diffraction ring patterns. Since the highest heat change occur at the peak of the
Gaussian beam and lowest at the beam wings, two types of heat transfers mechanisms occurs viz., conduction horizontally and
convection vertically. When both are equal the diffraction ring patterns usually appears circular around the z-axis and asymmetric
when one of them is larger than the other. In the experimental part (Fig. 4) asymmetries in the vertical direction as power increased are
noted an indication that the vertical convection current overcome the horizontal conduction current. Such effect must be taken into
account. By defining a convection velocity at the laser beam center, vy, as follows [47]:

_ PglaT),, A

16 (11)

B and p are the sample thermal expansion and viscosity, g is the gravity acceleration, [AT]yax is the maximum change in the sample
temperature and h is the distance from the center of the beam for which convection still occurs. Due to the heat resulted in the medium,
the index of refraction, n(x,y,t), changes which leads to changes in the beam phase, A@(x,y,t). Using Fraunhofer approximation of the
Fresnel-Kirchhoff diffraction integral, the intensity distribution, I(x’,y’,t), of the laser beam post traversing the sample of thickness L on
the screen in the far field a distance d from the samples cells exits, defining new spatial variables, x’, and, y’, can be written as [47]:

2P rooT
70

inw® . alL X2 2
)P expita) exp(-5 ) [ ax [ ayew (550
o e 12)

T Agp(x.y. )exp(—ik(xx + ) / )

Ix,y,0) = |(

2+y2

2R

exp [i(ka

Eation (12) is solved via. the Mat Lab system with the parameter values given in Table 1, the simulation results of the diffraction
ring patterns in the sudan iv three solutions against input powers (mW),(9,12,17,26,47) are shown in Fig. 5 respectively. Good
agreements can be noticed when compare the simulation results with experimental ones shown in Fig. 4. Figs. 6-8 are simulation
results of one dimensional intensity laser beam distributions on the screen for sudan iv in DMSO, DMF and chloroform solvents
respectively. The x-axis and y-axis distributions are shown in the left and right columns respectively. Fig. 9 are laser beam phase spatial

Table 1

Parameters of DMSO, DMF and Chloroform solvents.
Parameters DMSO DMF Chloroform
Polarity 7.2 6.3 4.4
Dipole moment 3.96 3.86 1.040
Density (gmcm'3) 1.092 0.944 1.492
Thermal conductivity (Wm'k™) 0.199 0.175 0.13
Specific heat (J.gmk™) 1.956 2.050 0.9566
Thermal diffusivity (m?/sec) 3.56 x 10°° 9.57 x 108 0.81 x 107
Refractive index 1.479 1.4305 1.4459
Viscosity (m?/sec) 1.996 0.92 0.57
Heat capacity (Jk™'mol™?) 153 146.05 91.47
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Table 2
Optical nonlinear parameters of sudan iv in DMSO, DMF and chloroform solvents calculated using diffraction ring patterns and CA Z-scan techniques
at incident intensities of 9124 W/cm? and 860 W/cm?, respectively.

Sample Diffraction rings Z-scan
No. of rings N ny x10°° (ecm?/W) An x10° ny x107 (em?/W)
Sudan iv in DMSO 17 0.88 8.04 0.10
Sudan iv in DMF 20 1.03 9.46 0.14
Sudan iv in chloroform 29 1.5 13.71 0.17

distribution, Ag(x,y,t), passing through sudan iv solutions (a) DMSO left column, (b) DMF middle column and (c)chloroform right
column for input power (mW) from top to bottom (9,12,17,26,47). Fig. 10 is direct comparison of chosen input power of (47 mW)
diffraction ring patterns in (a) sudan iv DMSO solution, in (b) sudan iv DMF solution and in (c) sudan iv chloroform solution. Blue color
is the experimental and red color is the simulation results respectively where good agreement can be seen.

3.3. Z-scan

The nonlinear index of refraction, ny, and the nonlinear absorption coefficient, p, of a medium can be obtained via. conducting CA
and OA Z-scans respectively. When performing the CA Z-scan experiment using the sudan iv solutions in DMSO, DMF and chloroform,
the results are shown in Fig. 11. In this Figure a plot of transmittance against the position for each sample with respect to the lens focal
point (z = 0) are obtained. The curves shows peaks followed by valleys, as it can be seen from the Fig. 11, an indication that each of the
three dye solutions has negative nonlinear indexes of refraction i.e. self-defocusing. The original nonlinearity shown by the sudan iv
solutions are thermal in nature which may be attributed to the use of cw laser beam. A horizontal straight lines were obtained when
conducting the OA Z-scan experiments, which indicates that the sudan iv in the three solvents does not bare nonlinear absorption
coefficients at 473 nm and incident intensity, respectively. Since the origin of observed nonlinearity is thermal in nature, so that the
Cuppo et al. model (TLM) [48] can be used. The nonlinear phase shifts, 0, and the nonlinear refractive indexes, ny, of sudan iv solutions
via. the TLM can be calculated using the following relations [48,49]:

AT,

o =2l 1

o =T a3
AT, 2

"= gaL, a4

where AT}y and I, are the peaks minus valleys normalized transmittances of the CA Z-scans data and the incident laser beam intensity
respectively. Using input power of 5 mW, i.e., intensity I = 860 W/cm?, so that the values of nonlinear index of refraction of the sudan
iv solutions in DMSO, DMF and chloroform, are determined and the values are given in Table 2.

The differences in the values of nonlinear indexes of refraction of the three sudan iv solutions obtained by the diffraction ring
patterns and Z-scan are due to the difference in the input intensities used in both techniques where those used in the diffraction ring
patterns are larger the Z-scan’s.

3.4. Optical limiting

Finding a material that can work as an optical limiter, OL, for the use with the cw, low power laser beam is one of the objectives of
the present study. It is an important objective that many researchers have looking for in order to achieve, so that in this subsection the
possibility of sudan iv three solutions as OLs are examined using the modified experimental set-up given in subsection 2.3 by
measuring the output power corresponding to the input power using a photo detector connected to the power meter. The optical
limiting experimental results are shown in Fig. 12. From Fig. 12 it can be seen that the sudan iv in the three solvents showed the
properties of the OL. At low input power in each solution it was found that linear change of the output power as the input power
increased. However, as the input power continues to increase, this will lead to the appearance of self-defocusing effect in the spot size
of the laser beam. As a result of this effect, the laser beam spot size becomes larger than the area of the aperture of the photo detector,
resulting in a small increase in the value of the output power since part of the laser beam spot size does not enter the aperture of the
photo detector. As a result of self-defocusing the output power will become constant for high input power.

In order to determine that the three sudan iv solutions, can be used as OLs, first the threshold values, Ty, defined as the input power
value when the transmittance is reduced to half must be calculated, second, such threshold value must be compared with the values for
materials known as OLs. The Ty can be determined by plotting the transmittances of the laser beam through the sudan iv three so-
lutions versus the input power (Fig. 13). The estimated values of Ty for sudan iv in the DMSO, DMF and chloroform are 18.7 mW,
17.3 mW and 15.8 mW respectively. These Ty values can be well compared with materials known as OLs, such as L-Lysine doped
Oxalic acid single crystals (Ty =18 mW) [50], Yb:YAG nanoparticles (T =19.3 mW) [51], solution of sodium para-nitrophenolate
dihydrate (Ty=25 mW) [52], sodium penta borate (Ty=35 mW) [53], graphene oxide (Ty=22.5 mW) [54] and TTCS solution
(Tyg = 18.6 mW) [55]. It seem that sudan iv in the chloroform Ty is less than the values for these materials, therefore, the sudan iv
dissolved in the chloroform can be a good candidate to be used as an OL. The mechanism responsible for showing the studied samples
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Fig. 5. Simulation results of the diffraction ring patterns for input power (mW) (a) 9,(b)12,(c)17,(d)26 and (e)47 for sudan iv solutions in DMSO
(left column), in DMF (middle column) and in chloroform (right column) respectively.

the behavior of the optical limiter is the nonlinear refractive index (thermal lens). According to the obtained results it seem that the
refractive index change is responsible for the reduction in the intensity of the transmitted beam.

3.5. Discussion

The resulting diffraction ring patterns are attributed to the thermal nonlinearity due to the localized absorption of part of the tightly



Kh.A. Al-Timimy et al. Optik 224 (2020) 165398

1 1 : I
N (a) ) (@)
£08; 08
3 3
206 206
S A
204 204
2 ‘
80.2 J 202
£ £
0 0
6 4 2 0 2 4 6 £ 4 2 0 2 4 8
X (cm) y (cm)
1 1
m (b) n (b)
-‘§ 0.8 § 08
".;" 06 E 0.6
204 204
£ 2
[
802 m 202
£ £
0 0
5 4 2 0 2 4 6 6 4 2 0 2 4 8
x (cm) y (cm)
1 1
2 | (0 2 (©
To08 038
3 3
-g 0.6 g 0.6
204 204
2 :
20.2 202
£ £
0 0 1
6 -4 2 0 2 4 6 6 4 2 0 2 4 6
X (cm) y (cm)
1 1
mn d N (d
08 @ c08
3 3
-g 0.6 go.s
204 204
) )
c c
‘2 0.2 ‘_g 0.2
0 = 0
6 4 2 0 2 4 6 6 -4 -2 0 2 4 6
x (cm) y (cm)
1 1
7 | (@ g (@
Eog =08
206 206
S )
204 204
(7] 0
[ [=
80.2 Q
£ £ 0.2
Y 0
6 4 2 0 2 4 6 6 -4 2 0 2 4 &

x (cm) v (cm)

Fig. 6. Simulation results of the one dimensional intensity distribution of the laser beam, left column and right column are the x-axis and y-axis
respectively in sudan iv DMSO solution at input power (mW) (a) 9,(b) 12,(c) 17,(d) 26 and (e) 47.



Kh.A. Al-Timimy et al.

=

(a)

o
)

g
=)

o
»

Intensity (arb.units)

o
(=T \]
—

I
-]

4 -2 0 2 4 6

-

(b)

o
o

o
o

°
'S

Intensity (arb.units)
o
)

&,o
I
)
o
N
K
)

-

(©

e o 9o
2 o »

Intensity (arb.units)
o
[

, ©
o

-4 -2 0 2 4 6
x (cm)

-

(d)

o
)

o
o

o
IS

o
()

Intensity (arb.units)

X (cm)

(e)

e o @
2 o

Intensity (arb.units)
[=)
[N}

-6 4 -2 0 2 4 6
x (cm)

e o @9
A O »® =

Intensity (arb.units)
o
N

(a)

, @
(<]

-

4

y (cm)

2 4

© o o
A o ©»

Intensity (arb.units)
©
N

(b)

!QO

!

y (cm)

-2 2 4

ol -~
2 o ®» -

Intensity (arb.units)
o
[

()

‘bo

-

2 0 2 4

y (cm)

6

e e 9o
» o

Intensity (arb.units)
o
[N

(d)

, ©
(=2}

-

4

2 0 2

y (cm)

e o @
» o ©®

Intensity (arb.units)
o
[

o

(e)

'
-]

y (cm)

2 0 2 4 6

Optik 224 (2020) 165398

Fig. 7. Simulation results of the one dimensional intensity distribution of the laser beam, left column and right column are the x-axis and y-axis
respectively in sudan iv DMF solution at input power (mW) (a) 9,(b) 12,(c) 17,(d) 26 and (e) 47.
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Fig. 9. Laser beam phase spatial distribution, A@(x,y,t), as the beam passes through the sudan iv in DMSO, left column, in DMF, middle column, and
in chloroform, right column, for input power (mW) (a) 9,(b) 12,(c) 17,(d) 26 and (e) 47.
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Fig. 10. Direct comparison between experimental (blue) and simulation (red) diffraction ring patterns results for input power of 47 mW in (a) sudan
iv in DMSO solvent, in (b) sudan iv in DMF solvent and in (c) sudan iv in chloroform solvent.

focused laser beam energy at 473 nm that propagate in the sudan iv solutions. The spatial distribution of the temperature leads to the
spatial distribution of the index of refraction of the dye solutions which act as negative thermal lenses. The negative thermal lens
causes a severe phase distortion of the laser beam during its passages through the three samples. It is believed that the nonlinearities in
solute dye such as the sudan iv can be enhanced in solvents of low specific heats and reduced vice versa [56]. High thermal con-
ductivity solvents (see Table 1) is able to conduct heat faster resulted via absorption of part of the cw laser beam energy much higher
than the low conductivity solvents. Solutions of dye such as those studied in this work have different absorption coefficient, a, as given

12
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in Table 1. The one with high «, means that absorbs more energy from the incident laser beam. Also the sample with low specific heat
enhances the nonlinearity more than the one with high specific heat. Taking these three parameters into account leads to the
conclusion that sudan iv solute in the solvent chloroform should have the high nonlinearity resulted when a cw laser beam incident on
the sudan iv i.e. nonlinear refractive index. The results given in Table 2 agree well with this conclusion. Such results agree with works
of other researches [57-61].

4. Conclusions

Diffraction ring patterns resulted when low power, cw, visible, laser beam with TEM intensity profile passes in the three sudan iv
solutions in DMSO, DMF and chloroform. Each diffraction ring pattern lost symmetry in the upper part due to convective current.
Based on the number of rings in each pattern the change in the total refractive indexes and nonlinear refractive indexes in sudan iv
solutions are calculated. Diffraction ring patterns are simulated theoretically using the Fresnel-Kirchhoff diffraction theory with good
agreement compared to the experimental results. Z-scan technique experiments led to the calculation of the nonlinear index of
refraction of sudan iv solutions. Both techniques viz. diffraction ring patterns and Z-scan prove that self-defocusing phenomena occurs
in the three sudan iv solutions at the same concentration of 1 mM and low input, cw, laser intensity at 473 nm wavelength. It is proved
that the nonlinearities of the sudan iv solutions are controlled by the physical properties of each solvent such as the specific heat and
the thermal conductivity. Sudan iv solutions are good candidate for the use as optical limiters.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

References

[1] W.R. Callen, B.H.G. Huth, R.H.H. Pantell, Optical patterns of thermally self — defocused light, Appl. Phys. Lett. 11 (1967) 103-105.
[2] S.D. Durbin, S.M. Arakelian, Y.R. Shen, Laser induced diffraction rings from a nematic liquid - crystal film, Opt. Lett. 6 (1981) 411-413.
[3] J.P. Gordon, R.C.C. Leite, R.S. Moore, S.P.S. Porto, J.R. Whinnery, Long transient effects in lasers With inserted liquid samples, J. Appl. Phys. 36 (1965) 3-8.
[4] M. Cason, D. Bersani, O.G. Antonioli, P.P. Lottici, A. Monte-Nero, M. Caralli, Thermal nonlinear refraction in the dye — doped sol — gel x TiO. (100- x) SiO2
system, Opt. Mat. 12 (1999) 447-452.
[5] M. Sheik-Bahae, A.A. Said, E.W. Van Stryland, High sensitivity, single — beam ny measuremeuts, Opt. Lett. 14 (1989) 955-957.
[6] M. Sheik-Bahae, A.A. Said, J.H. Wei, D.J. Hagan, E.W. Van Stryland, Sensitive measurements of optical nonlinearities using a single beam, IEEE J. Quant.
Electron. 26 (1990) 760-769.
[7] Ahmed S. Al-Asadi, Qusay M.A. Hassan, Amjed F. Abdulkader, Mohammed H. Mohammed, H. Bakr, C.A. Emshary, Formation of graphene nanosheets/epoxy
resin composite and study its structural, morphological and nonlinear optical properties, Opt. Mat. 89 (2019) 460-467.
[8] Rita S. Elias, Qusay M.A. Hassan, H.A. Sultan, Ahmed S. Al-Asadi, Bahjat A. Saeed, C.A. Emshary, Thermal nonlinearities for three curcuminoids measured by
diffraction ring patterns and Z-scan under visible CW laser illumination, Opt. Las. Tech. 107 (2018) 131-141.
[9] H.A. Sultan, Qusay M.A. Hassan, Ahmed S. Al-Asadi, Rita S. Elias, H. Bakr Bahjat A. Saeed, C.A. Emshary, Far-field diffraction patterns and optical limiting
properties of bisdemethoxycurcumin solution under CW laser illumination, Opt. Mat. 85 (2018) 500-509.
[10] H.A. Sultan, QusayM. A. Hassan, H. Bakr, Ahmed S. Al-Asadi, D.H. Hashim, C.A. Emshary, Thermal-induced nonlinearities in rose, linseed and chamomile oils
using CW visible laser beam, Can. J. Phys. 96 (2018) 157-164.
[11] Qusay M.A. Hassan, H.A. Sultan, H. Baker, D.H. Hashim, C.A. Emshary, Diffraction patterns and nonlinear optical properties of Henna oil, J. Coll. Edu. Pure Sci.
7 (2017) 90-103.
[12] Qusay M.A. Hassan, H.A. Sultan, H. Bakr Isra, M. Ali, R.M. Hassan, C.A. Emshary, Estimating the nonlinear refractive index of 10W30 oil using visible low power
laser beam, Res. 10 (2018) 46-51.
[13] Ghufran M. Shabeeb, C.A. Emshary, Qusay M.A. Hassan, H.A. Sultan, Investigating the nonlinear optical properties of poly eosin-Y phthalate solution under
irradiation with low power visible CW laser light, Phys. B 578 (2020) 13, 411847.
[14] Amjad F. Abdulkader, Qusay M. Ali Hassan, Ahmed S. Al-Asadi, H. Bakr, H.A. Sultan, C.A. Emshary, Linear, nonlinear and optical limiting properties of carbon
black in epoxy resin, Optik 160 (2018) 100-108.
[15] Mahmoud Sh. Hussain, Qusay M.A. Hassany, H.A. Sultan, Ahmed S. Al-Asadi, Hani T. Chayed, C.A. Emshary, Preparation, characterization, and study of the
nonlinear optical properties of a new prepared nanoparticles copolymer, Mod. Phys. Lett. B 33 (2019), 1950456 (17 pp).
[16] Qusay M. Ali, P.K. Palanisamy, Investigation of nonlinear optical properties of organic dye by Z-scan technique using He-Ne laser, Optik 116 (2005) 515-520.
[17] Qusay M. Ali, P.K. Palanisamy, Z-scan determination of the third-order optical nonlinearity of organic dye nile blue chloride, Mod. Phys. Lett. B. 20 (2006)
623-632.
[18] Qusay M.A. Hassan, Study of nonlinear optical properties and optical limiting of acid green 5 in solution and solid film, Opt. Las. Tech. 106 (2018) 366-371.
[19] Bahjat A. Saeed, Qusay M.A. Hassan, C.A. Emshary, H.A. Sultan, Rita S. Elias, The nonlinear optical properties of two dihydropyridones derived from curcumin,
Spectrochim, Acta, Part A: Mol. Biomol. Spectrosc. 240 (2020) 14, 118622.
[20] Rita S. Elias, Qusay M.A. Hassan, C.A. Emshary, H.A. Sultan, Bahjat A. Saeed, Formation and temporal evolution of diffraction ring patterns in a newly prepared
dihydropyridone, Spectrochim, Acta, Part A: Mol. Biomol. Spectrosc. 223 (2019) 16, 117297.
[21] Qusay M.A. Hassan, H.A. Sultan, Ahmed S. Al-Asad, Ayat Jawdat Kadhim, Nazar A. Hussein, C.A. Emshary, Synthesis, characterization, and study of the
nonlinear optical properties of two new organic compounds, Syn. Met. 257 (2019) 14, 116158.
[22] Qusay M.A. Hassan, H. Bakr, H.A. Sultan, Raed M. Hassan, C.A. Emshary, Evolution of far-filed diffraction patterns and nonlinear optical properties of SAE 70
oil, Inter. J. Appl. Nat. Sci. 6 (2017) 181-188.
[23] R.K.H. Manshad, Qusay M.A. Hassan, Optical limiting properties of magenta doped PMMA under CW laser illumination, Adv. Appl. Sci. Res. 3 (2012)
3696-3702.
[24] Qusay M.A. Hassan, R.K.H. Manshad, Surface morphology and optical limiting properties of azure B doped PMMA film, Opt. Mat. 92 (2019) 22-29.
[25] Qusay M.A. Hassan, H.A. Sultan, Ahmed S. Al-Asadi, H. Bakr, D.H. Hashim, C.A. Emshary, Diffraction ring patterns and Z-scan measurements of nonlinear
refractive index of khoba vegetable oil, J. Bas. Res. (Sci.) 44 (2018) 47-63.
[26] Qusay M.A. Hassan, Nonlinear optical and optical limiting properties of chicago sky blue 6B doped PVA film at 633nm and 532 nm studied using a continuous
wave laser, Mod. Phys. Lett. B 22 (2008) 1589-1597.
[27] Faeza Abdulkareem Almashal, Mohammed Qasim Mohammed, Qusay M. Ali Hassan, C.A. Emshary, H.A. Sultan, Adil Muala Dhumad, Spectroscopic and
thermal nonlinearity study of a Schiff base compound, Opt. Mater. 100 (2020) 12, 109703.

14


http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0005
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0010
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0015
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0020
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0020
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0025
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0030
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0030
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0035
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0035
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0040
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0040
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0045
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0045
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0050
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0050
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0055
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0055
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0060
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0060
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0065
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0065
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0070
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0070
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0075
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0075
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0080
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0085
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0085
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0090
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0095
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0095
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0100
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0100
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0105
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0105
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0110
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0110
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0115
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0115
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0120
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0125
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0125
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0130
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0130
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0135
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0135

Kh.A.

[28]

[29]
[30]

[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]

[46]
[471

[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]

[61]

Al-Timimy et al. Optik 224 (2020) 165398

Qusay M.A. Hassan, Two-photon absorption-based optical limiting in 2-(2-methoxybenzyllideneamino)-5-methylphenylmercuric chloride-doped PMMA film,
Mod. Phys. Lett. B 28 (2014) 10, 1450079.

C.A. Emshary, H.A. Sultan, Qusay M.A. Hassan, H. Bakr, Nonlinearities of a brake fluid using low visible laser beam, Inter. J. Phys. Appl. Sci. 6 (2019) 42-53.
M.F. Al-Mudhaffer, A.Y. Al-Ahmad, Qusay M.A. Hassan, C.A. Emshary, Optical characterization and all-optical switching of benzenesulfonamide azo dye, Optik
127 (2016) 1160-1166.

A.U. Nisa, N. Zahra, Y.N. Butt, sudan dyes and their potential health effects, Pak. J. Biochem. Mol. Biol. 49 (2016) 29-35.

T.M. Fonovich, Sudun dyes : are they dangrous for human health, Drug and Chemical Toxicology 36 (2013) 1-10.

A. Esme, S.G. Sagdine, Linear, nonliner properties and quantum chemical parameters of sone sudan dyes, BAU Fen Bill, Dergisi Cilt. 16 (2014) 47-75.

T. He, C. Wang, The study of the nonlinenr optical response of sndan I, Opt. Commun. 281 (2008) 4121-4125.

Qusay M.A. Hassan, R.K.H. Manshad, Optical limiting properties of sudan red B in solution and solid film, Opt. Quant. Electron. 47 (2015) 297-311.

Qusay M. Ali, P.K. Palanisamy, S. Manickasundaram, P. Kannan, Sudan IV dye based poly(alkyloxymethacrylate) films for optical data storage, Opt.Commun.
267 (2006) 236-243.

M.H. Majles Ara, R. Bahramian, S.H. Mousavi, M. Abolhasani, Self - phase modulation and ring pattern observation by applying electrical field on dy - doped
nematic liquid crystal, J. Molec. Liq. 149 (2009) 18-21.

M.H. Majles Ara, S.H. Mousavi, S. Salmani, E. koushki, Measurement of nonlinear refraction of dyes doped liquid crystal using woirp deflectometry, J. Mdec.
Liaq. 140 (2008) 21-24.

B. Abbas, Y.T. Salman, shndy of photo — induced dichroism in sndan III doped incmethy — Methacrylate) thin films, Acta. Phys. Pdo. 127 (2015) 780-786.
M.D. Zidan, A.W. Allaf, Z. Ajji, A. Allahham, Optical limiting behavior of sudan III dye doped polymer, Opt. Las. Tech. 42 (2010) 531-533.

S. Manickasundaram, P. Kannan, Qusay M.A. Hassan, P.K. Palanisamy, Azo dye based poly(alkyloxymethacrylate)s and their spacer effect on optical data
storage, J. Mat. Sci: Mat. Electron. 19 (2008) 1045-1053.

A. Esme, S.G. Sagdine, The Vibrationul studies and theoretical investigation of structure, electronic and nonlinear optical properties of sudan III [1{[4-
(phenylazo)phenyl} — 2 — naphthalenol], J. Mol. Struct. 1048 (2013) 185-195.

M.H. Majles, S.H. Mousavi, E. lcoashki, S. Salmani, A. Gharibi, A. Ghanadzadeh, Nonlinear optical responses of sudan IV doped liquid crystal by Z-scan and
moiré deflectometry techniques, J. Molec. Liq. 142 (2008) 29-31.

A. Abu. EL-Fadl, G.A. Mohamad, A.B. El-Moiz, M. Rashad, Optical constants of Zn;.x LixO films prepared by chemical bath deposition technique, Phys. B 366
(2005) 44-54.

Ayat J. Kadhum, Nazar A. Hussein, Qusay M.A. Hassan, H.A. Sultan, Ahmed S. Al-Asadi, C.A. Emshary, Investigating the nonlinear behavior of cobalt (II)
phthalocyanine using visible CW laser beam, Optik 157 (2018) 540-550.

K. Ogusu, Y. Kohtani, H. Shao, Laser induced diffraction rings from an absorbing solution, Opt. Rev. 3 (1996) 232-234.

R. Karimzadeh, Spatial self-phase modulation of a laser beam propagation through liquids with self-induced natural convection flow, J. Opt. 14 (2012) 9,
095701.

F.L.S. Cuppo, A.M.F. Neto, S.L. Gomez, P. Palffy-Muhoray, Thermal-lens model compared with the Sheik-Bahae formalism in interpreting Z-scan experiments on
lyotropic liquid crystals, J. Opt. Soc. Am. B 19 (2002) 1342-1348.

K. Sendhil, C. Vijayan, M.P. Kothiyal, Low-threshold optical power limiting of cw laser illumination based on nonlinear refraction in zinc tetraphenyl porphyrin,
Opt. Las. Tech. 38 (2006) 512-515.

J. Martin Sam Gnanaraj, M. Iniya Pratheepa, M. Lawrence, L-Lysine doped Oxalic acid single crystals — A potential phase matchable organic material for optical
limiting applications, Opt. Las. Tech. 107 (2018) 478-483.

S. Arun Kumar, J. Senthilselvan, G. Vinitha, Third order nonlinearity and optical limiting behaviors of Yb:YAG nanoparticles by Z-scan technique, Opt. Las.
Tech. 109 (2019) 561-568.

M. Thangara, G. Vinitha, T.C. SabariGirisun, P. Anandan, G. Ravi, Third order nonlinear optical properties and optical limiting behavior of alkali metal
complexes of p-nitrophenol, Opt. Las. Tech. 73 (2015) 130-134.

A. Sundari, S. Manikandan, Third order nonlinear optical properties and optical limiting behaviour of sodium penta borate, J Mat. Sci: Mat. Electron. 29 (2018)
558-567.

M. Jahanbakhshian, M. Yadi, S. Adami, R. Karimzadeh, The effect of laser reduction process on the optical response of graphene oxide, J Mat. Sci: Mat. Electron.
28 (2017) 13888-13895.

S. Dhanuskodi, T.C. Sabari Girisun, S. Vinitha, Optical limiting behavior of certain thiourea metal complexes under CW laser excitation Cur, Appl. Phys. 11
(2011) 860-864.

S. Sinha, A. Ray, K. Dasgupta, Solvent dependent nonlinear refraction in organic dye solution, J. Appl. Phys. 87 (2000) 3222-3226.

S. Gralewicz, Organic solvents and time-dependent sensitization, Int. J. Occup. Med. Enivron. Hea. 12 (1999) 371-381.

A.F. Jaffar, Solvent effect on the third order nonlinearity of oxazine dye doped PMMA films, Int. J. Adv. Res. Tech. 2 (2013) 56-64.

Qusay M.A. Hassan, Hussain A. Badran, Alaa Y. AL-Ahmad, Chassib A. Emshary, Physical origin of observed nonlinearities in Poly (1-naphthyl methacrylate):
Using a single transistor-transistor logic modulated laser beam, Chin. Phys. B 22 (2013) 6, 114209.

H. Ghanbari, R. Sarraf-Momoory, J. Sabbag-hzadeh, A. Chehrghani, R. Malekfar, Nonlinear optical absorption of carbon nanostructures synthesized by laser
Ablation of higly oriented pyrolytic graphite in organic solvents, Int. J. Opt. Photon. 7 (2013) 113-124.

O.E. Oyeneyin, L.A. Adejoro, B.T. Ogunyeuni, O.T. Esan, Structural and solvent dependence on the molecular and nonlinear optical properties of 10-octyl
thiophene-based-phenothiazine and substituted derivatives-a theoretical approach, J. Tai. Univ. Scie. 12 (2018) 483-493.

15


http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0140
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0140
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0145
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0150
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0150
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0155
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0160
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0165
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0170
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0175
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0180
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0180
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0185
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0185
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0190
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0190
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0195
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0200
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0205
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0205
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0210
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0210
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0215
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0215
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0220
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0220
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0225
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0225
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0230
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0235
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0235
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0240
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0240
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0245
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0245
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0250
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0250
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0255
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0255
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0260
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0260
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0265
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0265
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0270
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0270
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0275
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0275
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0280
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0285
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0290
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0295
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0295
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0300
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0300
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0305
http://refhub.elsevier.com/S0030-4026(20)31234-1/sbref0305

	Solvents effect on the optical nonlinear properties of the sudan iv
	1 Introduction
	2 Experimental
	2.1 Material
	2.2 Spectroscopic study
	2.3 Experimental set-up

	3 Results
	3.1 Diffraction ring patterns
	3.2 Simulating the diffraction ring patterns
	3.3 Z-scan
	3.4 Optical limiting
	3.5 Discussion

	4 Conclusions
	Declaration of Competing Interest
	References


