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We reported the formation of diffraction ring patterns induced by transmitted Gaussian laser beam through 

8-hydroxyquinolin-1-ium 4-aminobenzenesulfonate (8HQABS) solution as absorbing medium. Theoretical model de-

pending on the Fresnel-Kirchhoff diffraction (FKD) theory was used to generate diffraction rings with respect to the 

sample position. Analysis of the generated diffraction rings shows a reasonable agreement between the features of the 

experimental and numerical diffraction rings. Our results are considered to be useful to understand the way of propa-

gation and interaction of laser beam with liquid absorbing medium.   
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When the Gaussian laser beam passes nonlinear optical 

(NLO) materials, a diffraction ring pattern tends to ap-

pear in far field (on white screen)[1-4]. The formation of 

the diffraction ring pattern in far field was explained on 

the basis of the interference of many rays of the Gaussian 

light beam which came out parallel with the same wave 

vector and different phases after passing the NLO mate-

rials[1].    

Performing the spatial self-phase modulation (SSPM) 

configuration will produce a diffraction ring pattern. 

When the phase distortion shift is larger than π, the 

SSPM mechanism leads to generation of self-diffraction 

rings around the propagation direction through the 

nonlinear absorbing medium[4]. The diffraction rings re-

veal some information about the NLO properties of the 

studied compounds. Also, the evolution time of the 

number of rings will be estimated. Since that phenome-

non was observed for the first time by CALLEN et al[5], 

further works have been performed to study the NLO 

properties of newly prepared NLO materials[6-10].  

In this work, diffraction ring patterns were generated 

in far field using a new salt of 8-hydroxyquinolin-1- 

ium 4-aminobenzenesulfonate (the new salt will be 

called as 8HQABS) with concentration of 10-3 M in 

ethanol using a continuous-wave laser with λ=532 nm. 

Then, a theoretical model depending on Fres-

nel-Kirchhoff diffraction (FKD) theory has been used to 

simulate the observed experimental diffraction rings in 

far field as a function of the sample position. Both, the 

numerical and the experimental diffraction rings were 

compared in order to clarify the applied FKD model. So, 

we can consider the novelty in our present work is the 

comparative study between the theoretical model results 

and the observed experimental results at laser wave-

length of λ=532 nm. Such study could be advantage of 

using the 8HQABS as working sample, which is consid-

ered to be a good candidate for use in photonic applica-

tions.      

Considering a Gaussian beam TEM00 passes through 

nonlinear medium along z-direction, the input electric 

field at entrance plane of the sample can be expressed 

as[10,11] 

  
22

0 0

0 0 2

p

i
( , ) (0, )exp( )exp( ),

2

k n rrE r z E z
Rw

� � �         (1) 

where E(0, z0) is the amplitude of the electric field, z0 is 

the position coordinate of the medium entrance plane, 

0

2πk
�

� is the free space wavenumber, n0 is the refrac-

tive index of the surrounded medium (air), 

2

p 0 2
= 1

R

zw w
z

�  is the beam waist at z, zR is the diffrac-

tion length of the beam and 
2

0

2
R

k w
z � , w0 is the beam 

waist at the focus, and R is the curvature radius of the 

wave front at z and
2

0

2
( ) (1 )

z
R z z

z
� � .  

  As a result of propagating Gaussian laser beam within 

the nonlinear medium, there would be absorption of the 

incident photons by the molecules inside the nonlinear 

medium, and energy exchanges between the molecules 

inside the sample. Therefore, the thermal effect of the 
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laser beam will lead to temperature dependent density  

variations in the sample solution, which causes the redis-

tribution in refractive index �n(r, z) of the sample. Then, 

�n is related to the absorbed light intensity I as  

Δn(r, z)=n2I(r, z).                     (2) 

  The relationship between the change in refractive in-

dex and the additional formula of the induced phase shift 

is given by[12] 
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  The complex amplitude of the electric field at the exit 

plane of the nonlinear materials will be[12] 
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where L, α0 and � (r) are the thickness of the sample, the 

linear absorption coefficient, and the total phase shift, 

respectively.  

  The total phase shift � (r) is raised from two contribu-

tions. One is its own Gaussian phase shift described by 

the radius of wave front curvature R, and the other is the 

additional transverse phase shift �� (z0) which originates 

after the beam propagation through the nonlinear me-

dium. The following relation defines the two parts of 

total phase shift[10]: 
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Then, Eq.(7) gives the total phase shift as 
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where ��0(z0) is the on-axis phase shift induced in the 

Gaussian beam when the sample is located at z0.  

  By means of the FKD theory, the far field intensity 

distribution formula is given as[10] 
2
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where J0(x) is the zero-order Bessel function of the first 

kind, θ is far-field diffraction angle and ρ is the radial 

coordinate in the far-field observation plane, which is 

given by ρ=Dθ, where D is the distance from the exit 

plane of the nonlinear medium to the far-field plane. 

  In the paraxial approximation, the two parameters I0 

and E0 can be defined by Eqs.(9) and (10)[12,13] as 
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where P0 is defined as the output power of laser, c is the 

speed of light in vacuum, ε0 is the permittivity of space, 

and n0 is the refractive index of the surrounded air.  

  The 8HQABS salt has been characterized in our pre-

vious work[14]. The Z-scan experimental setup details 

were mentioned in our recent published work[15]. The 

closed-aperture Z-scan configuration has been demon-

strated, in order to record typical normalized closed 

Z-scan plot of 8HQABS solution. The NLO effect of 

pure ethanol blank was neglected. Fig.1 shows the 

closed-aperture Z-scan of the 8HQABS solution, and the 

feature of the observed curve is peak-valley configura-

tion. It can be deduced from the plotted curve that the 

phase shift is ��0=8.79>2π, so the dark and bright dif-

fraction rings in far field will be observed[10,16,17]. Fig.1 

shows the characterization of the laser spot shape after 

the propagating of Gaussian laser beam through the 

nonlinear medium in four specific regions according to 

the sample positions. When the sample was located far 

away from z=0, the NLO effect did not appear, only a 

laser spot. When the sample was moved close to the fo-

cal point (z=0), the detector recorded a maximum trans-

mitted laser power, with the shape of the laser beam like 

a bright central spot. When the sample was moved a little 

away from the focal point, broaden diffraction rings 

could be observed as the transmitted laser power was 

dropped down. When the sample was moved far away 

from the focal point (z=0), no diffraction ring was ob-

served, which was due to the absence the NLO effect. 

However, signs of curvature (R) changes accordingly are 

negative (R<0) and positive (R>0).  

 

Fig.1 Closed aperture Z-scan result of 8HQABS solu-
tion 
  

 Fig.2 shows the experimental setup of the obtained 
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diffraction ring patterns. It consists of diode pumped 

solid state laser with Gaussian beam, a convex lens 

(f=10 cm) used to focus the laser beam inside the sample 

cell with thickness of 2 mm, and the screen located 

140 cm away from the sample cell. 

 

 

Fig.2 Experimental diagram of the SSPM technique 
 

  Fig.3(a) shows the numerical calculation of the inten-

sity distribution of diffraction ring patterns at z=−37 mm 

using Eq.(8). Usually, the Gaussian laser beam causes 

changes in refractive index �n in the nonlinear medium, 

which gives two cases as follows. 

  If �n<0, the SSPM is induced and the medium will act 

as a negative lens making the beam divergent. When 

�n>0, the medium acts as a positive lens and the beam 

will be focused. Our results have confirmed that the 

studied nonlinear medium can be considered as a 

self-defocusing material (peak-valley), which acts as a 

negative lens.   

Simply, from Eq.(3) we can observe that the sign of 

��(r) depends on �n, therefore ��(r)<0 in our sample. 

The experimental condition leads to two situations, 

namely, R and ��(r) have the same sign, and R and ��(r) 

are opposite in signs, which depend on sample positions 

from focal plane. Figs.3, 4 and 5 show the 2D normal-

ized transmitted intensities of the beam when R<0 at 

three positions (before focal plane), the 3D theoretical 

curve, and the experimental diffractions rings. 

  We can see that when the sample is located before the 

focal plane (R<0), the taken snapshot of the laser beam 

shape in far field shows the bright sharp peak at the cen-

ter. At the same time, our theoretical simulation using 

Eq.(8) has confirmed this point. Thin contiguous sym-

metric peaks around central bright sharp peak are pre-

sented as seen from Figs.3, 4 and 5. By locating the sam-

ple closer to the focal plane (Fig.5), the central bright 

peak still exsits, but the contiguous symmetric peaks 

become slightly broadened and have brighter intensity. 

  When the sample was translated away from the focal 

plane (R>0), we can observe from Figs.6, 7 and 8 that the 

central area is a dark spot, and there are remarkable thick 

bright rings surrounding the central dark spot. However, 

the bright diffraction rings look thicker gradually from 

the inner to the outer side, which means that the distribu-

tion of light energy will be in the outermost rings. 

  By analysis of our results, it can be concluded that the 

applied theoretical model performance is well consistent 

with the results of pervious reported works[12,13,16,18], as 

they performed similar theoretical and experimental 

works using different NLO media. 

 

 

 

Fig.3 (a) Theoretical simulation result of the 2D inten-
sity distribution at z=−37 mm by using Eq.(8); (b) 3D 
theoretical rings; (c) Experimental rings 
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Fig.4 (a) Theoretical simulation result of the 2D inten-
sity distribution at z=−15 mm by using Eq.(8); (b) 3D 
theoretical rings; (c) Experimental rings 

 

 
 

 
 

 

Fig.5 (a) Theoretical simulation result of the 2D inten-
sity distribution at z=−8 mm by using Eq.(8); (b) 3D 
theoretical rings; (c) Experimental rings 
 

 
 

 

 

Fig.6 (a) Theoretical simulation result of the 2D inten-
sity distribution at z=+6 mm by using Eq.(8); (b) 3D 
theoretical rings; (c) Experimental rings 

 

 

 

Fig.7 (a) Theoretical simulation result of the 2D inten-
sity distribution at z=+12 mm by using Eq.(8); (b) 3D 
theoretical rings; (c) Experimental rings 
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Fig.8 (a) Theoretical simulation result of the 2D inten-
sity distribution at z=+33 mm by using Eq.(8); (b) 3D 
theoretical rings; (c) Experimental rings 
   

This work presents an experimental far-field diffrac-

tion ring’s pattern of laser beam after propagating 

through 8HQABS solution used as nonlinear medium. 

F-K diffraction integral was employed to obtain the 

simulated far-field diffraction ring patterns at three posi-

tions before focal plane. The numerical diffraction rings 

were compared with the experimental diffraction rings of 

8HQABS solution, and they were in a good agreement. 
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