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Abstract 
 
Nonlinear optical properties of yellow disperse 211 doped polymethyl-methacrylate (PMMA) solution in acetone is 
studied experimentally employing different optical techniques. The effects of thickness of sample as well as its con-
centration effects are investigated in detail. Experiments are performed using the second harmonic of a continuous 
Nd-Yag laser beam at 532 nm wavelength and 20 mW power. The effect of nonlinear refractive index of liquid films 
is obtained by measuring the profile of propagated beam through the samples and their nonlinear refractive index is 
found to be negative. The optical limiting behavior of samples is investigated by measuring the samples transmis-
sion. The third order nonlinearity χ3 is measured using Z-scan data. The nonlinear absorption coefficient is calcu-
lated using open aperture Z-scan data while its nonlinear refractive index is measured using the closed aperture Z-
scan data. Real and imaginary parts of the third-order nonlinear optical susceptibility χ3 are changed significantly 
with thickness and concentration.  
 

PACs: 42.65.An; 42.65.Hw; 42.65.Jx; 42.50.Gy 
Keywords: Nonlinear optics, refractive index, nonlinear absorption, Z-scan, beam broadening, two photon absorp-

tion, saturation absorption, self focusing, optical limiting 
 

1. Introduction 
 
Searching for materials with large and fast optical 
nonlinearities has led to extensive investigation of 
nonlinear optical organic material. Traditionally, po-
lymer matrix composites have been thought as insulat-
ing materials and have been used in applications like 
power tool handles, cable, jackets, capacitor films and 
electronic packaging materials. Recently, the electrical 
and optical properties of polymers have been exten-
sively investigated due to their applications in modern 
optical devices. Polymeric materials have unique 
properties such as low density, light weight, and high 
flexibility and are widely used in various industrial 
sectors [1, 2]. 
PMMA is an important and interesting polymer be-
cause of its attractive physical and optical properties. 
PMMA contains both hydrophobic (methylene) and 
hydrophilic (carbonyl) groups in each unit. As a po-
lymer waveguide, PMMA has attracted much attention 
for use as optical components and in optoelectronic 
devices due to its low cost and volume productivity. In 
addition, it is found that it can produce a large refrac-
tive index difference with acryl amide-based photopo-
lymers [3-5]. 
Most polymeric surfaces as well as PMMA are inert, 
hydrophobic in nature and usually have a low surface 
energy. Therefore, they do not possess specific surface 
properties needed in various applications, and their 

surfaces need to be treated to obtain polymers with 
desired surface properties in various instances [6-7]. 
Under many circumstances, the nonlinear optical re-
sponse of a material system to an applied optical wave 
can be described by expression of the material polari-
zation. P(t), as a power series expansion, in the term of 
electric field E(t) as : P(t)=χ(1)E(t)+ χ(2)E2(t)+ χ(3)E3(t) 
where χ(1) is the linear susceptibility,  χ(2) is the second 
order susceptibility which  describes the second har-
monic generation and χ(3) is the third order susceptibil-
ity processes such as third harmonic generation and  
IDRI (index dependant refractive index), two photon 
absorption and stimulated scattering. 
In general, the nonlinear susceptibility χn is also a 
complex number χn = χn

rel +i χn
imag where χn can be 

strong function of frequency. Specifically this quantity 
will be strongly enhanced when sums and/or differ-
ences of photon energies in the interacting light beams 
coincide with quantum mechanical energy resonances 
in the material. When a resonance condition is 
achieved χn will be dominated by its imaginary com-
ponent. Far from the resonances χn   behaves more like 
a real quantity. These complex terms directly enter the 
wave equations describing how light propagates in a 
nonlinear medium and are particularly important for χ3, 
the complex quantity  χ3  order determines whether 
light will be refracted or absorbed and by how much. 
The real part of χ3 drives nonlinear refraction while 
the imaginary portion characterizes nonlinear absorp-
tion [8]. 
In this paper the Z-scan technique is employed to 
study the nonlinear refractive index and nonlinear 
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absorption coefficient of yellow disperse doped 
PMMA liquid film. Z-scan measurements are carried 
out in three concentrations for one thickness and three 
thicknesses for one concentration of samples. The 
negative refractive index and saturation absorption 
coefficient are measured for these films. The third 
order nonlinear refractive index and absorption coeffi-
cient are found to be linearly dependent on the con-
centration and thickness within the range of study.  
This paper is organized as follow. After this short in-
troduction the experimental setup is presented in sec-
tion 2. Section 3 is devoted to results and discussion. 
Conclusions are given in section 4. 
 

 
Fig. 2. UV-Vis-NIR spectrum of absorbance of yellow 
disperse doped PMMA samples. 
 
2. Experimental details 
 
In our experiments the yellow disperse 211 doped 
PMMA soulution is prepared by solving PMMA 
powder in acetone solvent. PMMA powder is pro-
vided by Yazd Polymer Talaei (YPT) Co., Tehran, 
Iran. In order to prepare the samples, three concentra-
tions of 5 gr, 7.5 gr and 10 gr PMMA powder is 
solved in 60 ml acetone and prepared in a glass cell of 
0.45 mm thickness as the nonlinear material in the 
experiment. To measure the thickness effect three 
samples of 0.15 mm, 0.3 mm and 0.45 mm at concen-
tration of 7.5 gr PMMA which is solved in 60 ml ace-
tone is also prepared. All samples are prepared in 
plane glass cells of 0.5 mm thickness. 

Change in absorbance spectrum of the samples is 
measured by a UV/Visible spectrometer T80 at room 
temperature and 532 nm wavelength continuous Nd-
Yag laser of 20mW power is used to study the nonli-
near behavior of samples. 
The experimental setup is shown in Fig. 1. In this se-
tup the laser beam of 2 mm diameter after propagating 
through the 50% beam splitter is focused by a 6.5 cm 
focal length lens, leads to Rayleigh length of z0 =1.7 
mm. Two power meters are used to measure the inci-
dent and transmitted power of the laser beam. Move-
ment of sample or detector in Z-scan and beam profile 
experiment is done using a micrometer translating 
stage. 
The distance between the lens focal point and power 
meter 1 is changed 6 cm during the experiment. The 
pinhole is 0.8 mm in diameter.   
 
3. Results and discussion 
 
Absorbance A(λ) spectrums of samples are presented 
in Fig. 2 in the range of 200 to 1100 nm of electro-
magnetic wave. Large absorbance of different samples 
at 532 nm confirms that nonlinear effects may be ob-
served at the applied wavelength. 
Different experiments are done to study the effect of 
concentrations and thicknesses on the nonlinear opti-
cal properties of yellow disperse doped PMMA liquid 
films, include beam broadening measurement, optical 

 
 

Fig. 1. Schematic diagram of experimental setup. 

 
 
Fig. 3. Intensity profiles of the laser beam transmitted 
through air and different concentrations of films. 
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limiting measurement, open and closed Z-scan expe-
riments. 
 
3.1. Beam broadening 
 
Self focusing and beam broadening (self-defocusing) 
of laser radiation in nonlinear media is a well known 
effect occur due to nonlinear index of refraction n2.  
In this experiment the beam splitter and power meter 2 
are not included in the setup. The lens collects the 
entire laser beam and the intensity of the beam after 
transmission through the sample and passing through 
the pinhole of 0.8 mm in diameter is measured by a 
photo detector fed to the digital power meter. To 
measure the beam profile, detector and pinhole move 
in r direction which is the transversal direction per-
pendicular to the direction of laser beam propagation.  
The spatial intensity distribution of the laser beam sent 
into the samples is measured to have a Gaussian shape 
profile with FWHM of 2.54 mm when it is first meas-
ured having an empty cell. The profiles of laser beam 
propagated through air and cell are shown in Figs. 3 
and 4. As is clear in the figures, a narrower beam pro-
file can be observed after propagating the beam 
through nonlinear samples. By increasing the concen-
tration of liquids we have narrower beams. Thickness 
of the samples causes the same effect as can be seen in 
Fig. 4. 
 

 
Fig. 4. Intensity profiles of the laser beam transmitted 
through air and different thicknesses of films. 
 
The magnitudes of FWHM for different concentration 
and different thickness is decreased which presented 
in Tables 1 and 2. 
This effect is due to intensity dependence of the nonli-
near refractive index of yellow disperse doped PMMA 
which makes it to behave like convex lens for a spa-
tially non uniform laser beam. This effect is confirmed 
by the results of calculation of nonlinear refractive 
index of samples presented in Tables 1 and 2 obtained 
from Z-scan experiment. 
 
 
 
 

3.2. Optical limiting 
 
By optical limiting measurement the critical power of 
laser beam at which the nonlinearity starts to affect the 
transmission can be measured. For this experiment the 
sample is put near the focal plane of the lens and the 
input power is changed by using different optical fil-
ters. A 50% beam splitter divides the initial power into 
half. The input power is measured by power meter 2 
and power meter 1 is used to measure the output pow-
er of focused transmitted beam through the yellow 
disperse doped PMMA film. The pinhole is not used 
in this experiment. 
 

 
Fig. 5. The nonlinear transmission behavior of different 
concentrations of yellow disperse doped PMMA. 
 

 
Fig. 6. The nonlinear transmission behavior of different 
thicknesses of yellow disperse doped PMMA. 
 
In Figs. 5 and 6 the output power of laser beam is plot-
ted as a function of incident power for different thick-
nesses and concentrations of samples. The input pow-
er is in the range of 0 to 6 mW. As is shown clearly 
for incident beam power of above 3.5 mW, the trans-
mission becomes nonlinear. At low incident power up 
to 3.5 mW, the output power varies linearly in differ-
ent thicknesses and concentrations. At incident power 
above 3.5 mW the output power tends to be constant. 
The observed behavior in the intensity of the transmit-
ted beam for larger incident intensities could arise due 
to variety of causes such as thermal defocusing and 
self diffraction appear to be the major reason [9]. 
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Generally in polymer films, where the thermal expan-
sion is large, high absorbance of the nonlinear material 
at the corresponding wavelength, leads to increased 
the temperature. Heating due to laser absorption is the 
responsible mechanism for changing the absorption 
coefficient and optical limiting effect.  
Results confirm that yellow disperse doped PMMA 
film is a good candidate for optical limiting at 532 nm 
CW lasers.  
    
3.3. Z-scan experiment 
 
The Z-scan technique is a simple and effective tool for 
determining the nonlinear properties of various kinds 
of materials because it provides not only the magni-
tude of the real and imaginary χ3, but also their sign. 
Nonlinear index of refraction n2 is proportional to the 
real part of the third order susceptibility, and the non-
linear absorption coefficient ß is proportional to its 
imaginary part [10]. As the sample approaches the 
beam focus, irradiance increases, leading to self- lens-
ing in the sample. A negative (positive) self-lens tends 
to collimate (diverge) the beam on the aperture in the 
far field before the focal plane so the measured trans-
mittance increases (decreases). After the focal plane, 
the inverse effect occurs. In fact nonlinear refractive 
index of the sample when its thickness is smaller than 
the diffraction length of the focused beam, make it to 
act as a thin lens with variable focal length. In the case 
of open aperture Z-scan when the aperture is removed 
any nonlinear absorption present in the sample can be 
found in the measurement. In this case the sample 
transmittance is measured as a function of intensity, 
once the sample is scanned through the laser beam 
focal plane.  
In the nonlinear regime, the absorption will be a non-
linear function of irradiance at a given point. If the 
nonlinear absorption coefficient β is positive, it in-
creases with increasing the input power irradiance 
(two photons absorption) but if β is negative, it de-
creases with increasing the input power irradiance 
(saturation absorption). 
 

 
Fig. 7. Closed aperture Z-Scan data for different concen-
trations of samples. 

 

The experimental setup of Fig. 1 used in this experi-
ment while the sample is translated along the z direc-
tion and the transmitted intensity is measured through 
a pin hole in the far field as a function of the sample 
position z, measured with respect to the focal plane. 
As the sample moves through the beam focus (z= 0), 
self focusing or defocusing modifies the detected 
beam intensity. 
 

 
Fig. 8. Closed aperture Z-Scan data for different thick-
nesses of samples. 
 
For an open aperture Z-scan, pinhole is removed and 
transmitted beam touch the detector without any limi-
tation. 
In Fig. 7 the closed Z-scan data for different concen-
trations of yellow disperse doped PMMA film for 5 gr, 
7.5gr, 10gr PMMA at laser beam intensity of I0 = 4.26 
kW/cm2 are presented. The peak followed by a valley-
normalized transmittance obtain from the closed aper-
ture Z-scan data, indicates that the sign of the refrac-
tion index nonlinearity is negative (i.e.self-defocusing).  
The same data for different thicknesses of sample is 
shown in Fig.8. In this case Δzp-v decreases for differ-
ent concentrations and different thicknesses. Figs. 9 
and 10 show the results of open aperture Z-scan expe-
riments. Similar for closed aperture experiments, for 
the data of Fig.9 different sample concentrations of 5 
gr, 7.5 gr and 10 gr PMMA is used at laser beam in-
tensity of I0 = 4.26 kW/cm2. Fig. 10 presents the non-
linear effect of different thicknesses for 0.15 mm, 0.3 
mm and 0.45 mm yellow disperse doped PMMA in 
open aperture experiment. The typical Z-scan data 
with fully open aperture is insensitive to nonlinear 
refraction, therefore, the data is expected to be sym-
metric with respect to the focus, but absorption in the 
sample enhances the valley and increases the peak in 
the closed aperture Z- scan curve and results in the 
distortions in the symmetry of the Z-scan curve about 
z = 0. The observed effect shown in Figs. 9 and 10 is 
attributed to a thermal nonlinearity resulting from the 
amount of absorption of radiation at 532 nm. Loca-
lized absorption of a tightly focused beam propagating 
through an absorbing disperse medium in PMMA 
produce different spatial distribution of temperature in 
the samples and consequently, difference of spatial 
variation of refractive index, acts as a thermal lens 
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resulting in severe phase distortion of the propagating 
beam. In Figs. 9 and 10 the results of open aperture Z-
scan experiment due to saturation absorption pheno-
mena are presented.  
 

 
Fig. 9. Open aperture Z-Scan data for different concen-
trations of yellow disperse doped PMMA films. 
 

 
Fig. 10. Open aperture Z-Scan data for different thick-
nesses of yellow disperse doped PMMA films. 
 
As mentioned before, generally the measurements of 
the normalized transmittance versus sample position, 
for the cases of closed and open aperture, allow de-
termination of the nonlinear refractive index n2 and 
the saturation absorption coefficient β. 
The nonlinear absorption coefficient β can be calcu-
lated from the open aperture Z-scan data where S the 
linear transmittance of aperture given by Eq.1 is equal 
to 0.5. 

1 exp 2                                          (1) 

 
In this equation ra is the radius of the aperture and ωa 

is the beam waist on the aperture. 
 

 1                                               (2) 
 

 is the beam waist at the focus and  is distance 
between aperture and focal point. 2⁄  is the 
diffraction length of the beam with wave vector k. 
The normalized transmittance for the open aperture 
condition is give by 
 

, 1 1 /⁄              3  

  
For | | 1, where 

1                               (4) 

Where Leff = (1 - exp (-αL))/α is known as the effec-
tive thickness of the sample, L is the thickness of the 
sample, α is the linear absorption coefficient, λ is the 
laser wavelength, and I0 is the intensity of the laser 
beam at focus z = 0.  
Here, since the closed aperture transmittance is af-
fected by the nonlinear refraction and absorption, the 
determination of n2 is less straightforward from the 
closed aperture scan. 
It is necessary to separate the effect of nonlinear re-
fraction from that of the nonlinear absorption. A sim-
ple and approximate method to obtain purely effective 
n2 is to divide the closed aperture transmittance by the 
corresponding open aperture scan. The data obtained 
in this way reflects purely the effect of nonlinear re-
fraction [11].  
 The changes of the nonlinear refractive index for 
samples with different thicknesses and concentrations 
can be due to different physical mechanisms such as 
Kerr effect, thermal self focusing, defocusing, photo 
refraction etc. Here it is attributed to the thermally 
induced variation in the refractive index of the me-
dium, resulting from linear absorption of yellow dis-
perse doped PMMA film. It may be noted that the 
linear absorption of this material occurs at 532 nm 
(wavelength of Nd-Yag laser), and yellow disperse 
doped PMMA film investigated here is non fluores-
cent at this wavelength, optimizing the conversion of 
the absorbed energy into heat [12]. 
For calculation of n2, the Z-scan theory proposed by 
Sheik-Bahae is used 
 

Table 1: The value of n2, β and χ3 for different concentrations and 0.45 mm thickness. 
 

sample FWHM ( mm ) Δzp-v n2  ×10-9 β Re(χ3) ×10-7 Im(χ3)× 10-4 
5 gr    PMMA 2.32 1.4 -2.4763 -0.1862 -1.5456 -0.4920 
7.5 gr PMMA  2.24 0.9 -2.5055 -0.1590 -6.0065 -1.6136 
10 gr PMMA  2.11 0.7 -1.7158 -0.1408 -4.5694 -1.5875 
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0.406 1 . |Δ |                           (5) 
 
where Δ  is the difference between normalized 
peak and valley transmittance of the divided data. 
|Δ | is the induced phase distortion of radiation 
passed through the sample. 
The nonlinear refractive index n2 can be calculated by 
the following equation: 
 

Δ 2⁄                                                (6) 
 
The real and imaginary parts of the third-order nonli-
near optical susceptibility χ3 can be obtained from the 
nonlinear refractive index n2 and nonlinear absorption 
coefficient ß by the following equations: 
 

 10 ⁄ ⁄                (7) 
 
and 
 

 10 4⁄ ⁄  
 (8) 

 
where ε0 is the vacuum permittivity, and c is the speed 
of light in the vacuum. 
Based on this theory results of experiments are used to 
calculate n2, β and χ3, which are presented in Tables 1 
and 2 for different concentration and thickness of yel-
low disperse doped PMMA liquid films. 
 
4. Conclusion 
 
In conclusion, the negative lensing effect in yellow 
disperse doped PMMA solution arising from thermal 
nonlinearity is investigated using different methods. 
The nonlinear refraction index coefficient and nonli-
near absorption coefficient are measured using the Z-
scan technique. Effect of concentration of nonlinear 
sample and thickness are studied experimentally. Non-
linear refraction index coefficient is linear function of 
concentration and thickness and increased with in-
creasing the concentration and thickness of samples. 
Nonlinear absorption coefficient decreased with in-
creasing the concentration and thickness of samples. 
χ3 is calculated for different cases. Beam broadening 
due to nonlinearity and optical limiting effect are ob-
served. It is shown that the nonlinear absorption can 
be attributed to a saturation absorption process, while 
the nonlinear refraction leads to self focusing in these 
samples.  
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Table 2: The value of n2, β and χ3 for different thicknesses and 7.5 gr PMMA. 

sample FWHM ( mm ) Δzp-v n2  ×10-9 β Re(χ3) ×10-7 Im(χ3)× 10-4 

0.15 mm 2.33 1.5 -9.0439 -0.5592 -21.681 -5.6755 
0.3 mm 2.25 1.1 -2.8137 -0.2549 -6.7453 -2.5874 

0.45 mm 2.24 0.9 -2.5055 -0.1590 -6.0065 -1.6136 
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