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Abstract: Pure Poly (methylmethacrylate) (PMMA) polymer film and Celestin Blue B dye doped polymer films at different 

concentrations were prepared using casting technique. UV - Vis spectra were recorded to characterize the optical properties of 

the Celestin Blue B dye doped PMMA polymer films. The magnitudes of both real and imaginary parts of third - order 

nonlinear susceptibility (χ 
(3)

) of Celestin Blue B dye doped polymer films were determined using the z - scan technique with a 

continuous wave laser beam at wavelength 532 nm. The nonlinear refractive index (n2) and the nonlinear absorption coefficient 

(β) of the Celestin Blue B dye doped polymer films were calculated. It was found that the prepared films exhibited saturable 

absorption (SA) and self - defocusing effect. The optical power limiting behavior also investigated for Celestin Blue B dye 

doped PMMA polymer films at different concentrations and the optical power limiting threshold values were determined. 

Results indicate that the Celestin Blue B dye doped PMMA polymer film is a promising material for future photonic device 

applications. 

Keywords: Third - Order Nonlinearities, Nonlinear Optical Properties, Optical Power Limiting, Celestin Blue B Dye,  
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1. Introduction 

Materials with high nonlinear optical (NLO) properties 

have received much attention recently due to their great 

potential in many important applications such as, 

optoelectronic and photonic devices, optical 

communications, optical signal processing, optical solar 

cells, optical sensors, light-emitting diodes (LED
’
s), optical 

switching, and optical power limiting [1-15]. The protection 

of the human eyes and sensitive optical equipment from 

potentially intense laser beams are particularly important 

and required efficient control of the intensity of the incident 

laser beam. It has been found that the intensity of the laser 

beam can be controlled by using the optical power limiting 

properties of some nonlinear materials. Several materials 

have been investigated for their nonlinear optical (NLO) 

properties, and organic materials such as dyes and polymers 

have emerged as promising NLO materials [16 - 24]. These 

kinds of materials are found to exhibit good nonlinear 

optical properties and fast responses in the ultraviolet and 

visible (UV-Vis.) spectral domain. The wide range of 

polymer applications can be even more extended by the 

modification of their physical properties by the addition of 

organic dye to the polymer (as doping agent). Poly 

(methylmethacrylate) (PMMA) polymer, which we have 

chosen for the present work, is one of the important 

polymeric materials and it is widely used in various 

applications for its many advantageous properties such as: 

Highly light transmission (transparent material), flexible 

structure, ease of fabrication, good photo-thermal stability, 

and high damage threshold for the intense laser beams [10, 

25, 26], as well as it has a relatively low cost. PMMA 

polymer can be modified by incorporating different 

additives. These polymer modifications are typically 
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performed to improve the optical and electrical properties 

of the polymer, targeted toward the photonic device 

applications. In the present work, Celestin Blue B dye has 

been used as an additive (or a dopant) material to PMMA 

polymer to obtain a structure in the form of dye doped 

polymer film. The results showed that the optical and 

electrical properties of the pure PMMA polymer are 

significantly affected by introducing the Celestin Blue B 

organic dye into PMMA polymer. Among the various 

techniques used to measure the optical parameters of 

nonlinear materials [27-32], the z-scan technique [33, 34] 

proved to be an effective tool. This technique can be used to 

measure both nonlinear refractive index (n2) and nonlinear 

absorption coefficient (β) in materials. The obtained values 

of these parameters can be used to determine the 

magnitudes of both real and imaginary parts of third-order 

nonlinear susceptibility (χ
(3)

) of Celestin Blue B dye doped 

PMMA polymer films. The z-scan technique can also be 

used to measure the optical power limiting behavior of 

Celestin Blue B dye doped PMMA polymer films. 

In the current work, the nonlinear optical properties of 

Celestin Blue B dye doped PMMA polymer films at different 

concentrations were investigated using the z - scan technique 

with CW laser beam. The nonlinear optical parameters such 

as, the nonlinear refractive index (n2), the nonlinear 

absorption coefficient (β), and the real and imaginary parts of 

third-order nonlinear susceptibility (χ
(3)

) of Celestin Blue B 

dye doped PMMA polymer films were determined. Effect of 

variation the dye concentration on the values of these 

parameters was studied. The optical power limiting behavior 

of Celestin Blue B dye doped PMMA polymer films was also 

studied. 

2. Materials and Experimental 

Procedures 

2.1. Preparation of the Samples 

The chemical structure of Celestin Blue B dye is shown in 

Figure 1 and its molecular formula is C17 H18 Cl N3 O4         

with a molecular weight MW = 363.80 g / mole. Poly 

(methylmethacrylate) (PMMA) polymer in the form of small 

grains (crystalline polymer) was used in this study. It has 

high purity and good optical transparency, with a molecular 

weight Mw = 84000 g / mole. Samples of dye - doped 

polymer films were prepared using the casting technique. 

Certain weight of Celestin Blue B dye powder was dissolved 

in a mixed solution of Tetrahydrofuran (THF) with a small 

quantity of methanol; this is suitable solvent for both dye and 

PMMA polymer. Then required weight of pure PMMA 

polymer was added. The mixture was stirred using a 

magnetic stirrer till a clear solution was formed. This solution 

was diluted by the solvent and samples of solutions with 

different dye concentrations were obtained. Proper quantities 

of the prepared solutions were poured on thin glass slides and 

kept for drying for 48 hours at room temperature. Dye - 

doped polymer film samples of different concentrations 

(0.05, 0.06, 0.07, 0.08, and 0.09 mM) and an average 

thickness of 0.9 mm; were obtained. The prepared polymer 

films were examined carefully and found that are uniform 

with good optical quality. 

 

Figure 1. Chemical structure of Celestin Blue B dye. 

2.2. Experiments 

The z - scan experiments setup is shown in Figure 2. A 

linearly polarized Gaussian TEM00 beam of a continuous 

wave (CW) solid - state laser (SSL) operating at wavelength 

λ = 532 nm was used. The power of the laser can be varied 

over the range 0 - 100 mW. To perform the z - scan 

measurements, the laser Gaussian beam was focused into the 

sample to a beam waist ω0 = 18 µm using convex lens of 

focal length 5 cm, producing a peak value of the on z - axis 

intensity at focus I0 = 4.32 kW / cm
2
. The Rayleigh range 

(ZR) (or the diffraction length) was calculated to be 1.91 mm, 

and hence the sample of path 0.9 mm satisfies the thin 

medium condition in the z - scan technique, that is the sample 

thickness (L) less than the Rayleigh range (i.e., n0 L < ZR, 

where n0 is the linear refractive index of the sample) [35]. An 

aperture of variable diameter placed in the far field is used to 

control the cross-section of the laser beam coming out of the 

sample. In our present work, we adjusted the diameter of the 

aperture as to get the optimum value of the linear 

transmittance, S = 0.32 (i.e., 32% of the laser beam 

transmission allowed to pass through the aperture). The 

sample was scanned across the focal plane of the lens along 

the propagation of the laser beam (the z - axis direction) 

using translation stage. The power of the transmitted laser 

beam through the aperture was measured by the photo - 

detector PD2, coupled with digital power meter. The input 

power of the laser beam was measured by the photo-detector 

PD1, coupled with another digital power meter. The beam 

splitter (BS) was used to reflect part of the incident laser 

beam on the photo - detector PD1. 
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Figure 2. Experimental set-up for the z - scan technique. BS, is a beam splitter; PD1 and PD2 are Photo - detectors. 

3. Results and Discussion 

3.1. UV - Vis Spectroscopic Characterization 

The Ultraviolet - Visible (UV - Vis) absorbance spectra of 

the Celestin Blue B dye - doped polymer film samples at five 

different concentrations (0.05, 0.06, 0.07, 0.08, and 0.09 

mM) were recorded over the wavelength range 300 - 900 nm 

using double - beam spectrophotometer (Cecil Model CE - 

7500) of the wavelength range 190 - 1100 nm. 

These spectra are shown in Figure 3. It is noticed that all 

the peaks of the absorbance curves are located at the 

wavelength 605 nm and the highest value of the measured 

optical absorbance is 16.8% for the dye - doped polymer 

sample with the dye concentration 0.09 mM. It is also noticed 

that the film samples exhibit high transmittance at low dye 

concentrations, and it is decreased as the dye concentration 

increases. 

 

Figure 3. UV - Vis absorbance spectra of the Celestin Blue B dye – doped 

polymer films at different dye concentrations. 

3.2. Nonlinear Measurements 

The z - scan measurements for the Celestin Blue B dye - 

doped polymer film at different dye concentrations are shown 

in Figure 4 (a - c). Plot (a) is the closed - aperture z - scan and 

plot (b) is the open - aperture z - scan, where the normalized 

transmittance is plotted as a function of the sample position 

along the z - axis. It is clearly seen that the transmittance 

curves obtained are symmetric about focus for all sample 

concentrations, and this indicates that the studied sample 

follows the thermal nonlinear process. Since the closed-

aperture transmittance is affected by both the nonlinear 

refraction and absorption, therefore it is necessary to separate 

the effect of the nonlinear refraction from the nonlinear 

absorption in order to determine the nonlinear refractive index 

(n2). To obtain purely nonlinear refraction, the closed-aperture 

transmittance data are divided by the corresponding open-

aperture transmittance data [34]. The obtained pure nonlinear 

refraction curves for different dye concentrations are shown in 

Figure 4 (c). It is obvious from the closed-aperture, the film 

samples exhibited a transmission peak to valley is indicative of 

a negative nonlinear refractive index (n2 < 0) due to self-

defocusing effect. This behavior is attributed to a thermal 

nonlinearity resulting from the local variation of refractive 

index (n) of the medium with temperature (T) (i. e., dn / dT). 

As a result, the medium acts as a thermal lens. 
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Figure 4. Normalized transmittance curves for the Celestin Blue B dye – 

doped polymer film at different dye concentrations. (a) Closed - aperture z - 

scan. (b) Open - aperture z - scan. (c) Pure nonlinear refraction. 

Also, it is seen in the Figure 4 (a) that as the film 

sample is moved towards the focus (from – z to + z), the 

intensity (transmittance) increases until reaches its 

maximum value at the focus (z = 0), (valley position) 

indicating saturable absorption (SA) [36]. This suggests 

that the value of the nonlinear absorption coefficient (β) is 

negative (β < 0). 

The real part (Re (χ 
(3)

)) and the imaginary part (Im (χ 
(3)

)) 

of the third - order nonlinear optical susceptibility (χ 
(3)

) for 

the Celestin Blue B dye - doped polymer film were 

calculated from the estimated values of the nonlinear 

refractive index n2 (obtained from the closed - aperture z - 

scan data) and the nonlinear absorption coefficient β 

(obtained from the open - aperture z - scan data), using the 

following relations, respectively [37]: 

Re	�χ	���	�esu� � 10	–� 	��	�
��	�

�

�
	n�	�cm�/	W�            (1) 

Im	�χ	���	�esu� � 10	–� 	��	�
��	�

�	�

�	��
	β	�cm	/	W�            (2) 

where ε0 is the permittivity of free space, c is the velocity of 

light in vacuum, and n0 is the linear refractive index of the 

medium. 

The nonlinear refractive index (n2) of the medium is given 

by the relation [35]: 

n� �
 Ø�	�

�	�	"�	#$%%
                                     (3) 

and the change in the refractive index (∆n) of the medium is 

given by the following relation [35, 38]: 

∆n = n2 I0                                         (4) 

where λ is the laser wavelength and I0 is the intensity of the 

laser beam at focus (z = 0), and given by: 

I& �
�	'�
�	(�

�                                         (5) 

where P0 is the laser input power. Leff is the effective length 

of the sample and given by:  

Leff = (1 – exp (- α0 L)) / α0                           (6) 

where L is the true sample length and α0 is the linear 

absorption coefficient. ∆Ø0 in Eq. (3) is the on - axis phase 

shift of the laser beam traversing the medium. This phase 

shift is related to the difference between the peak and valley 

transmittances (Tp and Tv) for the closed - aperture z - scan 

∆TP-v = Tp - Tv according to the following relation [33, 34]:  

∆TP-v = 0.406 (1 – S) 
0.25

 |∆ Ø0|                     (7) 

where |∆ Ø0| is the on - axis nonlinear phase shift at the focus 

and S is the linear transmittance of the aperture and given by: 

S = 1 – exp (-2 ra
2
 / ωa

2
)                          (8) 

where ra is the radius of the aperture and ωa is the radius of 

the laser beam at the entrance of the aperture. 

The nonlinear absorption coefficient (β) can be calculated 

from   the   open - aperture z - scan   data   and   using   the 

following relation: 

β	 � �	√	�

"�	#$%%
	ΔT                                       (9) 

where ∆T is the normalized transmittance difference between 

peak at the focal point (z = 0) in the open - aperture z - scan 

normalized transmittance curve and the baseline. 

The absolute value of the third - order nonlinear optical 

susceptibility was calculated from the following relation: 

|χ
(3)

| = [(Re (χ
(3)

)) 
2
 + (Im (χ

(3)
)) 

2
] 

1/2
                 (10) 

Figures 5, 6, 7, 8, and 9, respectively, illustrate the 

variations of ∆TP-v, n2, ∆n, β, and |χ 
(3)

| as a function of the 

Celestin Blue B dye concentration. It is clearly seen that the 

values of n2 and β increase as the dye concentration increases. 

This may be attributed to the fact that, as the dye 

concentration increases the number of dye molecules 

increases and more particles are thermally gaited resulting in 

an enhanced effect. The calculated values of the ∆TP-v, n2, 

∆n, β, and |χ 
(3)

| are listed in Table (1). 

 

Figure 5. Variation of ∆TP-v as a function of the Celestin Blue B dye 

concentration. 
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Figure 6. Variation of n2 as a function of the Celestin Blue B dye 

concentration. 

 

Figure 7. Variation of ∆n as a function of the Celestin Blue B dye 

concentration. 

 

Figure 8. Variation of β as a function of the Celestin Blue B dye 

concentration. 

 

Figure 9. Variation of |χ (3)| with the Celestin Blue B dye concentration. 

Table 1. The calculated values of the nonlinear optical parameters of Celestin Blue B dye - doped polymer film for five different dye concentrations. 

Concentration (mM) ∆TP–V n2 (cm2/W) × 10–7 ∆ n × 10–4
 β (cm / W) × 10–3 |χ(3)| (esu) × 10-6 

0.05 0.91 - 0.65 - 2.32 - 0.16 1.66 

0.06 1.13 - 0.81 - 2.89 - 0.19 2.07 

0.07 1.36 - 0.98 - 3.47 - 0.23 2.49 

0.08 1.54 - 1.12 - 3.97 - 0.26 2.85 

 

Optical power limiting behavior of Celestin Blue B dye - 

doped polymer film at different dye concentrations was 

studied. The laser output power is plotted as a function of the 

laser input power for different dye concentrations, as shown 

in Figure 10. It is seen that the laser output power rises 

initially with increase in laser input power, but after a certain 

laser input power value, which is called the optical power 

limiting threshold (Pth) [39, 40], the medium (the sample) 

starts to exhibits self - defocusing effect, resulting in a larger 

part of laser beam cut off by the aperture. Consequently the 

transmitted beam recorded by the photo - detector D2 

remained approximately constant. The optical power limiting 

behavior is significantly affected by the variation of the dye 

concentration, the sample with low dye concentration shows 

a weak optical power limiting while the sample with high dye 

concentration exhibits strong optical power limiting. 
 

Figure 10. Optical power limiting behavior (laser output power as a 

function of laser input power) for Celestin Blue B dye - doped polymer film 

at different concentrations. 

Values of the optical power limiting threshold (Pth) were 



6 Imad Al-Deen Hussein Ali Al-Saidi and Raghad Jabar:  Third - Order Nonlinear Optical Properties and Optical   

Limiting Behavior of Celestin Blue B Dye Doped Polymer Films 

estimated from Figure 10, for the Celestin Blue B dye - doped 

polymer film. Figure 11 illustrates the relation between the 

optical power limiting threshold (Pth) and the dye 

concentration. It is clearly evident that the optical power 

limiting threshold linearly decreases with increasing the dye 

concentration. This is due to the fact that the number of 

absorbing molecules increases with increasing the dye 

concentration which in turn lowers the optical power limiting 

threshold. We can deduce from the observed results that the 

dye concentration plays an important role in controlling the 

power limiting behavior. Also, the incident intense laser beam 

can significantly change the absorptive and refractive 

properties of the medium (the sample) resulting in a greatly 

reduced output intensity and therefore it is important to 

determine the magnitude of the medium nonlinearity to find 

the suitable conditions for the optical power limiting behavior. 

 

Figure 11. Optical Power limiting threshold (Pth) of Celestin Blue B dye - 

doped polymer film as a function of dye concentration. 

4. Conclusions 

Pure poly (methylmethacrylate) (PMMA) polymer film   

and Celestin Blue B dye - doped polymer films at different 

concentrations were prepared using casting technique. The 

third - order nonlinear optical properties and optical power 

limiting behavior of Celestin Blue B dye - doped polymer 

films have been investigated. The optical parameters, ∆TP-v, n2, 

∆n, β, and |χ 
(3)

| were measured using the z - scan technique 

with a continuous wave laser beam at wavelength 532 nm. The 

experimental results showed that Celestin Blue B dye - doped 

polymer film has a large third - order optical nonlinearities. 

The origin of the nonlinear effects is attributed to the thermal 

variation of refractive index of the medium. It is found that the 

optical power limiting depends on the dye concentration and 

possesses low optical power limiting threshold. From the 

results, the Celestin Blue B dye - doped polymer film is 

expected to be promising candidate for applications on 

nonlinear photonic devices and optical limiters. 
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