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Abstract : The nonlinear absorption coefficient and nonlinear refractive index have been investigated for Henna (Lawson) ( 2- 

hydroxyl-1,4 naphthoquinone) film using Z scan experiment at wavelengths 488 nm 514 nm and 633nm.  The Z-scan 

measurements indicated that the Henna  sample exhibited large nonlinear optical properties at low input power.  The sample 

exhibited saturation absorption process at wavelengths 488 nm and 514 nm and exhibited a reverse saturation absorption process at 

wavelength 633nm.  Intensity dependence of the nonlinear absorption  reveals that the Henna can be considered as a potential 

candidate for optical limiting at 633 nm.  The optical nonlinearities were utilized to demonstrate all optical switching.  
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1. Introduction 

 

There has been a considerable interest in searching for materials exhibiting nonlinear optical effects. These 

effects are of great technological importance for use in future applications within electronic and photonic 

devices [1, 2]. An example of interest that has attracted a lot of attention is the light intensity induced 

refractive index changes and absorption changes. The nonlinear refractive index changes are commonly 

described by the relationship n= no+nI, where no is the linear refractive index, I is the intensity of the light 

and n is a nonlinear refractive index coefficient. The nonlinear absorption coefficient changes are 

described by =o+I,  where   is a linear absorption coefficient and   is a nonlinear absorption 

coefficient. These coefficients are  an effective parameter that contains many interesting nonlinear optical 

effects, such as laser induced grating, soliton pulse propagation in waveguides [3,4], optical switching [5-

7] and self- focusing, self- defocusing, self-phase modulation  [8-11]. Light induced nonlinear optical 

effects; in general have applications such as optical bistability optical limiting [12-13].  Many materials 

such as photo refractive materials [14], Buckminster-fullerenes [15,16], fluoride glasses [17] and polymers 

[18] have been investigated for these applications. 

 

This work presents measurements of the nonlinear absorption coefficient and nonlinear refractive index  of  

Hanna (Lawson) ( 2- hydroxyl-1,4 naphthoquinone) film with a low power continuous wave (cw) laser  at 

wavelengths 488nm, 514nm and 633nm using the Z- scan technique[19]. The pump and probe technique 

was used to demonstrate optical switching nonlinearity. Henna has been studied for solar cell applications 

[20]. To our knowledge the Henna has not been previously considered for optical nonlinearity 

measurements.  
  
2.  Experimental details 

   
Henna is extracted from a plant called Lawsonia Interims whose colour is due to the compound called 

Lawson ( 2- hydroxyl-1,4 naphthoquinone) [21]. The molecular structure is shown in figure 1a.  A soxhlet 

extractor was used for the extraction of dye from 80 g of Bahraini Henna leaves, where 100ml of methanol 

is used for the extraction process.  Henna film was fabricated by depositing the collected extract on the 

glass substrate slide and by casting the film under the atmospheric pressure. The film was left in the 

incubator at 37
o
C for twenty four hours. The linear absorption of the film is shown in figure 1b  
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The Z-scan technique was used to measure the nonlinear properties of Henna thin film. This technique 

relies on the fact that the intensity varies along the axis of the convex lens and is maximum at the focus.  

Hence, by shifting the sample through the focus, the nonlinear refraction can be measured by observing   

 

 

 

 

        

 

 
Fig.1. (a) Linear absorption of the Henna Dye 

(Lawson) film.   

(b) Chemical structure of the Henna Dye (Lawson).  

 

 

 

      

     

 

 
The spot size variation at the plane of finite aperture /detector combination. The experiment was performed 

with an air-cooled Ar ion laser beam operating at 488 nm and 514nm and He-Ne laser at 633 nm with an 

average power of 20 mW. The beam was focused to a beam waist of 20 m with a lens of 5 cm focal 

length, giving a typical power density of 1.3x10 
7
 W/m

2
. The transmission for the sample was measured 

with and without an aperture in the far-field of the lens, as the sample moved through the focal point. This 

enables the nonlinear refractive index (closed aperture) to be separated from that of the nonlinear 

absorption (open aperture).  

 

3. Results and discussion 

 
The nonlinear refraction of the sample causes a spatial beam broadening or narrowing in the far field and 

thus modifies the fraction of light that passes through the aperture as the sample position is changed. A 

typical peak–valley (valley–peak) transmittance curve is obtained when the nonlinear refractive index of 

the medium is negative (positive). It is possible from the peak to valley variation of the measured 

transmittance curve to measure the nonlinear refractive index. 

The difference between normalized peak–valley transmittance Tp-v is given by  

                         
 

25.0)1(406.0 ST vp
                                                      (1) 

where 
 
is the on axis nonlinear phase shift at focus and S is the linear transmittance of the aperture and 

is given by  

                               
)/2exp(1 22

aa wrS                                                           (2) 

where ra is the radius of the aperture and Wa is the radius of the laser at the entrance of the aperture.  The 

nonlinear phase shift is given by  
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                                                                         (3) 

 where n2 is the nonlinear refractive index, P is the laser power,  is the laser wavelength, wo is the beam 

waist at focus and  ooeff dL  /))exp(1(   with is linear absorption coefficient at 514 nm, d is the 

sample thickness and Leff is the effective thickness of the sample.    

The normalized transmittance through closed aperture for 100 m thick Henna film is shown in Fig. 2.  

This normalized transmission curve is characterized by a prefocal peak followed by a postfocal valley. 

This peak valley configuration implies that the nonlinear refractive index of the film is negative (n2<0). 
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The a bove equations were used to determine the  value of refractive index n2  at three different 

wavelengths ( 488nm, 514nm,633nm) at intensity 1.34x10
7
  W/m

2
 . The results are summarized in table 1. 

These values are of two orders larger than the nonlinear refractive index measured in CdO film [22] and 
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Fig. 2. Normalized transmittance (closed aperture) of             Fig.3. Normalized transmittance (open aperture)  

Henna film at 488 nm at peak intensity of 1.34 x10
7
 w/m

2
.                 of Henna film at 514 nm at peak intensity 

                                                                                                               of 1.34 x10
7
 W/m

2
 

  
one order smaller than the nonlinear refractive index measured in Phthalocyanine thin film of PMMA [23].  

The open Z- scan was performed at wavelengths 488nm, 514nm and 633nm.  Fig.3 shows the normalized 

transmittance without an aperture as a function of the distance along the lens axis z, for a 100 m thick 

Henna film at nm. The transmission is symmetric with respect to the focus (z =0), where it has a 

maximum transmission. This demonstrates that the sample exhibits Saturation Absorption,(SA) (negative 

nonlinear absorption effect), similar effect was observed at 514 nm.   

Fig. 4 shows the normalized transmittance without an aperture at nm. The transmission is symmetric 

with respect to the focus (z =0), where it has a minimum transmission. This demonstrates that the sample 

exhibits Reverse Saturation Absorption,(RSA) (positive nonlinear absorption effect),   

 

 
 

 

 

 
                                      Fig. 4 Normalized transmittance (open aperture) of 

                                                      Henna film at 633 nm at peak intensity of 

                                                        1.34 x10
7
 W/m

2
. 

  

 

 

 

The normalized transmission for the open z scan is given by  

)
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where x = z / z0 (with /2

owz  ) is the diffraction length of the Gaussian beam and ow  is the beam's 

waist, and ooeff dL  /))exp(1(    with o  is a linear absorption coefficient and  d  is the sample 
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thickness, L  is the effective thickness of the sample. Io is the intensity of the laser beam at the focus. The 

normalized transmission To at the focal point ( z =0)  is  

          
22

1
effo

o
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T


                                                                        (5)                                                                 

 for nonlinear absorption coefficient  the equ. 5 can be written as   

effo

o
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T
22

)1(                                     (6) 

Equ. (6)  is used to calculate  the values of nonlinear absorption coefficient   at a three  different 

wavelengths ( 488nm, 514nm,633nm) at intensity 1.34x10
7
  W/m

2
 .The  calculated values of   are 

summarized in Table 1 

  The nonlinear absorption coefficient  is related to the  and given by [24]: 

4
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where gex    is the difference between excited state absorption cross section ex and ground-

state absorption cross section /g o oN  , No is the total concentration (No= 2.27 x10
18

 m
-3

) and Is is a 

saturation intensity. In the case when only SA is present, the normalized transmission related to saturation 

intensity Is given by  
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 The fit of Eq. (8) to the z scan data the experimentally determined value of Is and are shown in table 1. 

The ground state absorption cross section was calculated from /g o oN  . Using Eq.7, the excited state 

absorption cross sections ex were calculated for the wavelengths used in the experiment are shown in 

Table 1.  The values of nonlinear absorption coefficient reported here is in agreement with the values 

reported for  C60 and  fast  green FCF Dyes at 633 nm [23, 25, 26].  

 

Table: 1  Shows the values of  absorbance A, ground state absorption cross section g, excited state 

absorption cross section ex, saturation intensity Is, nonlinear refractive index n2 and nonlinear absorption  

for Henna film.  

 

  

 It is a clearly evident from figures 3 and 4 that the open aperture scans indicating the intensity dependent 

absorption. This intensity dependant is due to Saturation Absorption (SA), (fig 3) and Reverse saturation 

Absorption (RSA), (fig 4). The saturation absorption may be explained by considering three level systems 

consists of HOMO band state, LUMO band state and other states/state generated by impurity or defects. 

When the sample is exited by a wavelength close to the band gap, the molecules are excited from the 

HOMO to LUMO band states. As the intensity increases the depopulation of HOMO band may occur and 

this lead to increase in the transmission. This phenomenon occurs when the excited state absorption cross 

section ex is smaller than the ground state absorption cross section g. The calculated values of ex and g   

at wavelengths 488 nm and 514 nm shows that ex < g  and the values are shown in Table 1 , in this case 

the increased transmission  observed in  the Fig. 3 is due to saturation absorption (SA).   The decrease of 

the transmission with increasing the intensity  observed for  Henna film at 633 nm may be explained as 

follow: after population of LUMO band, the excited molecules decays to the one of impurity/ defect states  

and since the decay time from this state to the HOMO state is  long the  population on these states will 

build up. At higher intensity the molecules from these states may be re-excited back to LUMO band or to 

higher defect states results in the decrease in the transmission. This phenomenon occurs when the excited 

state absorption cross section ex is larger than the ground state absorption cross section g. The calculated 

nm A g (cm2) ex (cm2) Is (W/m2) n2 (cm2/W)  (cm/W) 

488 0.331 2.44 x10-17 1.99 x10-17 9 x105 5.4 x10-6 5.27 x10-5 

514 0.256 2.01 x10-17 7.4 x10-17 1.2 x106 2.6 x10-6 4.44 x 10-6 

633 0.185 1.5x10-17 1.25 x10-16 2.2 x106 4.6 x10-6 6.76 x 10-6 
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values of ex and g   at wavelengths 633 nm shows that ex > g , and displayed in table 1, in this case the 

decrease in the transmission  observed in the Fig 4.  is due to  Reverse Saturation Absorption (RSA).   

These results suggest that the nonlinear properties of Henna are wavelength dependant where at 488nm 

and 514 nm the material behaves as SA while at 633 it behaves as RSA.  

Fig 5 shows that the calculated value of   at wavelength 633nm, decreases with increasing the input 

intensity  which is a signature of optical limiting process, therefore Henna can be considered as a potential 

material for optical limiting. 

 
 

 

 

Fig . 5.  Variation of nonlinear absorption coefficient 

 at = 6 33 nm as a function of input intensity 

 
 

 

 

 

 

 

 

 

 

 
The pump and probe experiment was used to demonstrate inverted optical switching. The laser beam from He-Ne 

laser (=633 nm, 20 mW) was used as a pump beam and a weak laser beam from Nd:YG laser (=532 nm,1 mW) 

was used as the probe beam. Both beams were collinearly focused on the sample by the same lens. The probe beam 

was isolated from the pump beam using a filter and monochromator.  The experiment was performed by moving the 

sample to a postfocusing position (minimum transmission in Z scan experiment). The pump beam was modulated 

with a mechanical chopper beam. The input of the pump beam and probe beam transmission was detected by 

photodiode and displayed on a PC oscilloscope  (BitScope BS12000).  Fig. 5 shows the traces of the waveforms for 

the pump beam (upper trace) and the probe beam (lower trace). It is clear from the figure that when the pump beam is 

“on state”, the probe beam is intensively absorbed and is in “off state. Similar effect is demonstrated in 

Phthalocyanine [5].  Henna material is under investigation for use other logic gates such as AND, NOR, etc.  

 
       

Fig.6. Waveform traces for the probe beam (upper trace) and the pump beam (lower trace). 

 
In conclusion, nonlinear absorption coefficient and nonlinear refractive index have been investigated for Hanna thin 

films using Z scan experiment at wavelengths 488 nm 514 nm and 633nm.  The Z-scan measurements indicated that 

the Henna exhibited large nonlinear optical properties at low input power.   The sample exhibited saturation process 
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at wavelengths 488 nm and 514 nm and exhibited a reverse saturation absorption process at wavelength 633nm.  The 

intensity dependence of the nonlinear absorption  reveals that the material can be considered as a potential candidate 

for optical limiting at 633 nm.  Optical switching based on absorption of the probe was demonstrated.  Investigations 

are in progress to study optical limiting behavior of the Henna at wavelengths higher than 633nm. Also the studies of 

the physical mechanism involved in optical switching is in progress.  Low power pumping is important for device 

manufacturing with respect to cost and compactness and threshold damage. Henna has advantages over other 

materials for its stability and its viability in nature.  

 

Acknowledgments: The author would like to thank Dr. Seamus Cassidy for valuable discussions and Dr. Khalil 

Jasim, Physics Department, University of Bahrain for providing the material. 

 
References 

[1] Prasad, P.N.; Williams, D. J. Introduction to Nonlinear Optical Effects in Molecules and polymers; Jhon Wiely and 

Sons: Newyork,1991. 

[2] Jortener, J.; Ratner, M.  Eds. Molecular Electronics; Blackwell Scientific: Oxford, 1997. 

[3] H. S. Nalwa, and S. Miyata, (ed) 1997 (Nonlinear Optics of Organic Molecules and Polymers, (Boca Raton, FL: 

Chemical Rubber Company). 

[4] H.J. Eichler, P. Gunter and D.W.Pohl, Spring Series Opt. Soci. 50 (1986). 

[5] F. Z. Henari J. Opt. A : Pure Appl. Opt.3   (2001) 188. 

[6] Marder S.R., Torruellas,W.E.; Blanchard-Desce, M, Ricci V., Stegeman  G.I.; Gilmour S., Br`edas  J.L; Li,J., Bublitz  

G.U., Boxer, S.G. Science  276 (1997) 1233.  

[7] A. Hache, and M. Bougeois, Appl. Phys. Lett. 25  (2000) 4089. 

[8] Y.R. Shen, The principle of Nonlinear Optics ( Wiley, NewYork.1948), p.303 (Chapter 17). 

[9] J. C. Khoo, M. V. Wood and B. D. Guenther MRS Proc. 474  (1997) 229. 

[10] F. W. Dabby, T. K. Gustafson, J. R. Whinnery, Y. Kohanzadeh, Appl. Phys. Lett. 16 (1970) 362. 

[11] S. Brugioni, R. Meucci, Opt. Comm. 206 (2002) 445. 

[12] Boon Yisoon and Joseph, W. Haus, Optics Express, 11 (2003) 2007. 

[13] S. M. Lima, T. Catunda, M. L. Baesso, L, D. Vila, y. Messaddeq, E. B. Stucchi, S.J.L. Ribeiro, J. of Non-Crys. Solids, 

247, (1999) 222. 

[14] S. D. Durbin, S. M. Arakelian and Y. R. Shen, Opt. Lett. (1981) 6 411. 

[15] B. Justus, Z. Kafafi, and A. Huston, Opt. Lett. 18, (1993) 1603. 

[16] F. Z. Henari, S. MacNamara, O. Stevenson, J. Callagh, D. Weldon and W. Blau, Adv. Mater. 5, (1993) 930. 

[17] J. A. Sampaio, S. M. Lima, T. Catunda, A. N. Medina, A.C. Bento and M. L. Baesso, J. of Non-Crys. Solids, 304, (2002) 

315   and references theirin. 

[18] Eric W. Van Stryland, Mansoor Sheik-Bahae, (Charactrization Techniques and Tabulation for organic Nonlinear 

Materials, Eds.,  Kuzyk and C. W. Dirk 655-692 Marcel Dekker Inc. (1998). 

[19] M. Sheik- Bahae, A. A. Said, T. H. Wei, D. J. Hagan and E. W. Van Stryland, J. of Quan. Elec. JQE QE26 (1990) 760. 

[20] K. E. Jasim, A. M. Hassan, Int. J. of Nanomanufacturing,  Vol. 4,( 2009 ) 242. 

[21] R. J.N. Maciej, L. Lapinsky and L. Adamowicz, 1998.  Spec. Act., 54: 313. (1998) 1091. 

[22] F. Z. Henari  A.A. Dakhel, Laser Physics  18  12 (2008) 1557. 

[23] S.J. Mathew, S. C. Kumar, L. Giribabu, S. V. Rao, matrial Lett. 61 (2007) 4426. 

[24] L. C. Oliveira, S. C. Zilio, Appl. Phys. Let. 65 (1994) 21219. 

[25] F. Z. Henari, D. N. Weldon, W. J. Blau, Advanced  Mater.for Opt. and Electo. 4 (1994) 413. 

[26] K. Jamshidi- Ghaleh, S. Salmania, M. H. M Ara. Opt. Commun, 270 (2007) 424.   


	Optical Nonlinear Properties and Optical Switching of Henna (Lawson) Films
	Recommended Citation

	Lie Therory and Hermite Polynomials

