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Abstract

A mixture of polyurethane (PU) and neutral red (NR) dye solution is prepared. The nonlinear optical properties of the mixture
of PU with NR dye solution are studied using a 473 nm laser beam of continuous fashion. The nonlinear refraction index
of prepared material is determined via diffraction patterns and Z-scan. The diffraction patterns are calculated based on the
Fresnel-Kirchhoff integral. Optical limiting of the prepared material is tested. All-optical switching occur in the sample

using two low power visible laser beams.
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Introduction

The search for materials having large nonlinear optical
properties and short response times have led during the last
three decades to the extensine research activities of dif-
ferent nonlinear optical organic, inorganic, liquid crystals
[1-9] etc. Materials with nonlinear optical properties are
popular due to their potential applications in development
of photonic devices viz., optical data storage, optical com-
munication, optical limiting, optical switching [10-16] etc.
To study nonlinear optical properties of various materials,
three techniques have been discovered or created since 1967.
The first technique is the diffraction patterns [17], the sec-
ond one is the thermal lens [18] and third one is the Z-scan
[19]. The first one depends on the generation of diffraction
ring patterns discovered in 1967 by Callen et al. [20], while
the third one was pioneered by Sheik-Bahae et al. [21, 22]
based on the deformation of the beam wave front. These
two techniques have been used in the calcution of change
of the medium refractive index, calculation of the nonlinear
refractive index, both by calculating the maximum number
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of diffraction rings patterns at the high input power, while in
the second technique the nonlinear refractive index and the
nonlinear absorption coefficient can be calculated based on
the closed and open aperture Z-scans.

During the last six years we have been engaged in using
both techinques in the studying and investigating the lin-
ear and nonlinear optical properties of available materials
[23-28], other materials with improved properties [29, 30],
and developed new materials [31-42].

In this work a mixture of polyurethane (PU) and neutral
red (NR) dye solution was used as a sample. The nonlinear
optical properties of the mixture of PU and NR dye solution
was studied via calculations of nonlinear refractive index, the
nonlinear absorption coefficient, the optical limiting property
using continuous wave (cw) laser beam at 473 nm wavelength,
with Gaussian intensity distribution and low power. The exper-
imental results were numerically determined using the Fresnel-
Kirchhoff diffraction integral. All-optical switching property
of the mixture of PU and NR dye solution was investigated
using a controlling 473 nm and controlled 532 nm laser beams.

Experimental Details
Sample Preparation

To prepare a polyurethane (PU) doped with neutral red
(NR) dye solution, methyl isocyanate mixed with neutral
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Fig. 1 Diagramatic sketch of

obtaining diffraction ring patterns
& ep Lens
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red dye at weight ratio of 30%. Post mixing, the mixture
was thoroughly mixed until a homogeneous mixture was
obtained, until the mixture colour become dark red. To the
mixture a first commercial polyester was added, the result-
ant mixture was thoroughly mixed until a squishy foam
formed as a result of CO, gas release. The mixture viscos-
ity increased slowly so that the foam harden, then it was
left 24 h at room temperature to ensure the complete hard-
ness. The final material is the PU doped with NR dye. The
velocity of mixing and mixing ratio are vital parameters in
obtaining homogeneous mixture otherwise a chemical rec-
tion resulted instead of physical mixing (polymer blend). A
solution resulted when the PU doped with NR dye dissolved
in dimethyl sulfoxide.

Fig.2 Diagramatic sketch for Laser
carrying out the closed aperture Lens
Z-scan experiment 473 nm

Sample

Screen

Digital
camera

Experimental Setups

To produce diffraction patterns the experimental set-up
shown in Fig. 1 was used. A cw 473 nm laser beam emit-
ted by a solid state laser device (type SDL-473-050 T) was
used. The power of laser beam was varied in the range 0—66
mW, with spot radius of 1.5 mm (at 1/€?) when beam leaves
the device output mirror. The laser beam was focused to
19.235 pm at the entrance of the sample cell using a posi-
tive lens of focal length of 50 mm and a 1 mm thickness
sample glass cell. The produced diffraction patterns fall on
a 30 %30 cm semitransparent screen which was 85 cm from
the sample cell exit plane registered by a digital camera of
velocity of 1/32 s.

Sample

Iri
lis Detector

Fig.3 Diagramatic sketch of
all-optical switching
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Fig.4 Absorbance(A) spectrum in the mixture of PU and NR dye solution

The Z-scan experiments were perfomed using Fig. 2 and
the same type laser beam. Here the measurements were
made by keeping the power input constant, and the sample
cell was translated the distance (-z)—(+ z) using a movable
stage where the lens focus is at z=0. Using a power meter
in place of the screen covered with 2 mm diameter circular
iris a closed aperture CA Z-scan resulted, so that the area of
the spot size varied as it fall on the iris that vary the trans-
mitted beam power registered by the detector, and by using
another positive lens instead of the iris we have the open
aperture OA Z-scan. In both experiments the transmitted
powers of the laser beam were measured against the sample
position (+z).

The optical limiting property of the mixture of PU and
NR dye solution was examined via the same laser beam, the
same cell, the same lens and fixing the sample position in

Fig.5 Images of the temporal
evolution of a chosen far field
diffraction patterns in mixture
of PU and NR dye solution at
61 mW, (msec): a0, b 100, ¢
200, d 500, e 850, £ 1000

()

the valley property of the CA-Z-scan and the measurements
were made by changing the input power and recording the
corresponding transmitted laser beams powers using the
same power meter respectively.

The all-optical switching experiments were conducted
using Fig. 3 with two laser beams of the same properties
except that the first one, 473 nm, was used as the irradiation
or controlling beam while the second one, 532 nm, (type
SDL-532-050 T) nm beam was the controlled beam. Both
laser beams were focused at the sample cell by two identical
glass, 20 cm focal length, lenses so that the spot sizes of the
laser beams equals 76.94 um and 86.54 um for the 473 nm
and 532 nm beams respectively. The cross-passing technique
[43, 44] was used where the two laser beams were focussed.

Results and Discussion
Measurements Absorption Coefficients

To measure the absorption coefficient of the mixture of PU
and NR dye solution at room temperature in the UV-vis.
spectrum a spectrophotometer (type England- Jenway-6800)
was used. Figure 4 shows the absorbance (A) spectrum of
the mixture PU and NR dye solution versus the wavelength
through UV-vis. To calculate the sample absorption coef-
ficient (o), the data of Fig. 4 and the following equation [45]

alem™) = 2.303% (1)

were used. A is the absorbance at wavelength, A, and d is
the sample thickness. For A,;; and A3, of 1.45,1.67 respec-
tively and d = 0.1 cm, ;75 and a3, values are 33.39 cm™,
38.46 cm™! respectively.

)

@ Springer



Journal of Fluorescence

Fig.6 Images of dependence of the far field diffraction patterns on
the beam wavefront a convex, b concave in mixture of PU and NR
dye solution at power input 61 mW

Fig. 7 Images of power depend-
ence of the far field diffraction
patterns in mixture PU and NR
dye solution (mW) in the far
field: a 17, b 27, ¢ 42,d 61

@ Springer

Diffraction Patterns

Figure 5 shows the temporal variations of diffraction pat-
terns formed on the semitransparent screen 85 cm away from
the sample cell. The diffraction patterns are understood to be
induced by the spatial self-phase modulation arised from the
laser induced refractive index change. The pump laser beam
have Gaussian intensity profile induces phase shift, Ag, with
a bell-shaped transverse profile. For each point, say p,, on
the beam wavefront there always exist another point, say p,,
with the same slope. Maximum constructive and destructive
interfereances occurs when A(p, ) and Ag(p, ) are related
as A@(p,) — A@(p,) = mx for m being even or odd integers
for constructive and destructive interferences respectively so
that with the increase of input power series of circular rings
resulted i.e., diffraction patterns. As time pass, the spot size
increased in area due to self-defocusing. By the continuous
lapse of time, the spot splits into rings, the rings number
increases as time lapse until it settle at steady state num-
ber to a maximum number of rings related to the maximum
power input. It is believed that diffraction.

patterns type depends on the beam wave front. i.e., the
interaction of the beam with the nonlinear material is beam
wave front dependent [46, 47]. Figure 6 shows the beam
wave front effect on the diffraction patterns (a) convex and
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Fig. 8 Normalised Z-scan data a OA, b CA, and c devision of (b) by
(a) in the PU and NR dye mixture solution, at input power 5 mW

(b) concave beams. By slowly increase the input power fall-
ing on the sample the effects are shown in Fig. 7 where
the rings number, area of each ring pattern and the asym-
metries in the upper part of the far field diffraction patterns,
all increases monotonically as the power input increased.
Also external ring in every pattern are intense compare to
the inner ones due to self-defocusing.

Z-scan

Due to carrying the OA:Z-scan in PU and NR dye solution, the
results obtained displayed in Fig. 8a. It is noted that the Fig. 8a
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Fig.9 The optical limiting property of the mixture of PU and NR
dye solution

has a peak at z=0, an indication of absorption saturation and
that the sign of the nonlinear absorption coefficient is negative.
By carrying the CA Z-scan, the results shown in Fig. 8b was
obtained. It is noted from the Fig. 8b that it has a peak succeeded
by a valley, an indication of self-defocusing occurrence and that
the sign of nonlinear refractive index is negative. Figure 8c is the
result of dividing the CA: by OA: Z-scan data to give the pure
nonlinear refractive index. The nonlinearity in the present study
is thermal in nature as result of using the cw beam.

Optical Limiting

To measure the chracterstics optical limiting of the prepared
solution of PU and NR dye the incident power, P;;, and cor-
responding transmitted one, P, through the sample were
measured and the Fig. 9 shows the relation between them.
Where it is noted from Fig. 9 that at low power input the
relation between P, and P;, is linear. By increasing P;,
relation of P, against P, become nonlinear then it switch
to constant P,

Hut against Py, at high power input.

All-optical Switching

When the 532 nm or the controlled laser beam, with low
input power, fall on the sample, no diffraction patterns
resulted as shown in Fig. 10S1(a) i.e., no rings appears
even when increasing its power. When the 473 nm or the
controlling beam fall on the sample alone diffraction pat-
terns appears even at low power input,see in Fig. 10S1(c).
When both beams fall on the sample diffraction patterns of
the 532 nm beam (Fig. 10S1(b)) resulted due to the spatial
cross-phase modulation together with spatial-self phase
modulation [48, 49]. By increasing the power input of the
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Fig. 10 S1(a) no rings appears when the controlled 532 nm beam
incident alone on the sample at moderate input power, S1(b) and (c)
rings appears as the controlling 473 nm beam traverses the sample
together with the controlled beam. Figure S2 shows the controlling
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beam effect on the blue patterns, S3 shows the controlling beam
effect on the controlled beam patterns, and S4 shows effect of the
controlled beam on its patterns
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Fig. 11 Normalized transmittance against input power in the mixture
of PU and NR dye solution

473 nm beams the area of each ring pattern, the number
of rings, and the asymmetry of the blue diffraction pat-
terns and green diffraction patterns increases as it's power
input increases as shown in Fig. 10S2, S3 respectively.

6 -4

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

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

By increasing the controlled 532 nm beam power input,
increase its diffraction patterns intensity only i.e. it does
not affect the green diffraction patterns number of rings
neither the area of each diffraction patterns nor the asym-
metries as shown in Fig. 10S4.

Calculations of the Nonlinear Refractive Index Due
to Diffraction Patterns and Z-scan

In the case of diffraction patterns, the nonlinear refrac-
tive index of the mixture PU and NR dye solution can be
evaluated based on the number of diffraction rings at the
highest input power. The relation between the change of
the medium refractive index, An, and input intensity I, can
be written as follows [50]:

cm? An
el 2
() =5 @
I can written as follows:
W 2P
I(—) = 3)

cm? g

2 0 2 4 6
x(cm)

Fig. 12 Theoretically calculated temporal variations at far field of a chosen far field diffraction pattern, msec: a 0, b 100, ¢ 200, d 500, e 850, £

1000 in mixture of PU and NR dye solution at 61 mW
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Fig. 13 Theoretically calculated variations of the far field diffraction
patterns with the wave front effect of beam for a convex wave front
and b concave wave front, at the far field in polyurethane at 61 mW in
the mixture of PU and NR dye solution

Fig. 14 Theoretically calculated
variations of far field diffraction (a)
patterns on the power input at
the far field (mW): a 17, b 27,
c 42, d 61 in the mixture of PU
and NR dye solution
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P is the maximum beam power incident on the sample and
o is its radius. An can be related to the maximum number of
rings,N, wavelength,A, and sample thickness, d,as follows:

_N

An 5 (€]

For N=8, A=473 nm, P = 61 mW, o = 19.235 pm, d =
0.1 cm so that An =3.78 x 10~ and n, =3.99x 10”7 cm*/W
respectively.

In the Z-scan case nonlinear refractive index, n,, can be
determined based on the following relation [22]

A 5
20l g1 )

2
cm
HZ(W) =

While the nonlinear coefficient of absorption, f, is calcu-
lated using the following relation

24/2AT

cm
g 6
B( W ) LI (6)
where
ATp_V
|Ag| (7

0.406(1 — S)°

6 4 -2 0 2 4

x(cm)

(=]

2 0 2 4
x(cm)

(<]

x(cm)
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Fig. 15 Theoretically calculated temporal variations of the laser light amplitude in the x-direction (C1), y- direction (C2) and 2d phase change of
beam. (C3) at power input of 61 mW in the mixture of PU and NR dye solution (msec): a 0, b 100, ¢ 200, d 500, e 850, f 1000
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laser beam variation (C3) at power input of 61 mW, first raw for con-

Ly = [1 - exp(—ocd)] /o 8

AT, =T, - T, ©))
12

S=1- exp(——;) (10
(Da

AT=1-T, (11)

where A@ (dimensionless) is the on axis beam phase
shift,L (cm) is the effective sample thickness, AT,_,

(dimensionless) is peak difference between peak (Ty)
(dimensionless) and valley (T,) (dimensionless) trans-
mittance of the CA: Z-scan data, o, (cm) is the beam
radius at the aperture,S (dimensionless) is the aperture
transmittance, r, (cm) is the radius aperture and AT is
one minus the peak value transmittance (T,) in the OA:
Z-scan figure. By using the Eqgs. (5)—(11) and the values
of AT and ATp_V from the Fig. 8a, ¢ and with P = 5 mW,
the values of p and n, equals to 4.89 x 107> cm/W and

@ Springer

vex beam and second raw for concave beam in the mixture of PU and
NR dye solution

3.09x 1077 cm?/W respectively for mixture of PU and NR
dye solution.

Evaluation of the Limiting Threshold of the Sample

To determine the limiting threshold, Ty, of an optical limiter
one can draw the relation between the laser beam transmit-
tance through the sample and power input that is shown in
Fig. 11. Ty, is the power input value as the medium transmit-
tance reduced to half its maximum value, from Fig. 11, we
find that the sample's transmittance decreases to half when
the input power is 10.5 mW, so the limiting threshold value,
Ty, for the mixture PU and NR dye solution is 10.5 mW
and for beam radius of 1 cm, corresponds to the intensity of
6.69x 10~ W/em™.

Modeling of Diffraction Patterns
In the presence of a cw Gaussian beam with intensity pro-

file passing through the mixture of PU and NR dye solu-
tion diffraction patterns generated, Figs. 5, 6 and 7, where
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Fig. 19 Theoretically calculated wave front effect on the 2 dimen-
sional distribution variations of tempruture a convex beam and b con-
cave beam, in the mixture of PU and NR dye solution at 61 mW
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the type of patterns depends on the laser beam wave front
and on time. As the beam enters the sample cell part of its
energy is absorbed. The amount of absorption depends on
the medium absorption coefficient, which leads to gen-
eration of heat locally in the shape of Gaussian profile
by non-radiation decays. The temperature of the medium
will be maximum at the peak of the Gaussian beam so that
the change of the medium refractive index will be maxi-
mum so that the medium acts as a concave lens that work
on the increasing the area of the laser beam due to self-
defocusing that distort the beam wavefront. The PU doped
with NR solution refractive index will be affected as a
result. The amount of the variation of the refractive index,
n(x,y,t),depends on the amount of temperature change,
AT(x,y,t),which will change the beam phase, Ap(x, y, t).
It was seen in Fig. 5, 6 and 7, the patterns lose symmetry
as input power increased and as time increased due to the
thermal convection current vertically when it is larger than
the horizontal conduction current. In the experiments,the
screen distance from the sample, L, spatial coordinates
(x,y) are rewritten as (x’,y’). Based on the Fraunhofer
approximations to the F.K. integral, the laser beam inten-
sity distribution I(x’,y’,t) (W/cm.?) post traversing the
mixture of PU and NR dye solution cell on thedetector or
the screen can be written as follows [51, 52]:
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Fig.20 Theoretically calculated
power input effect on the 2
dimensional distribution varia-
tions of temperature (mW) a 17,
b 27, ¢ 42 d 61 of in the mixture
of PU and NR dye solution

6 -4

I%,y,0) =

2 2
exp [i(—kx L+ Doy, t))] exp(

2 0
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1 2 _ 00 00 2+ 2 2
(%)z%ﬁxp(ikm.exp(%d)/_m dx/_ocJ dy.exp<X wzy )
—ik(xX + yy)

L

X (cm)

O

2 4 6

X (cm)

12

L, ®, A, d, and R are taken in cm, o in cm™', P in W, and
Ag is dimensionless. Equation (12) was solved using the
Mat Lab system, the results are shown in Figs. 12, 13,
14, 15, 16, 17, 18, 19 and 20. Figure 12 represents the
calculated temporal variations of a chosen diffraction
pattern, Fig. 13 represents the calculated dependent of
the type of diffraction patterns on the type of beam wave
front. Figure 14 represents the calculated dependence
of diffraction pattern on input power, Figs. 15, 16 and

17 represent calculated laser light amplitude along the
x- and y-directions, and the two dimensional variations
of the light phase in the cases of Figs. 12, 13 and 14
respectively. Figures 18, 19 and 20 represents the cal-
culated variations of the medium temperatures in two
dimension for the cases of Figs. 12, 13 and 14, while
Fig. 21 shows direct comparison between specific cases
chosen exprimentally and theoretically with good accord
obtained.
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Fig.21 Comparison of the theortical (red) and experimental (blue) diffraction patterns in the mixture of PU and NR dye solution for the cases: a
18 mW input, b convex and, ¢ concave beams at 61 mW d 100 ms at 61 mW, e 1000 ms at 61 mW

Conclusion

The interaction of a 473 nm continuous wave laser beam
with the mixture of polyurethane and neutral red dye solu-
tion leded in the generation of diffraction patrens. Based
on the number of diffraction patterns and the Z-scan, both
the nonlinear refractive index and nonlinear absorption
coefficient respectively were determined. Good accord
between the experimentel findings of diffraction patterns
and the numerically obtained one via the use of Fresnell-
Kirchoof integral were obtained. Optical limiting preporty
was tested in the sample at wavelength 473 nm with lim-
iting threshold of 10.5 mW was obtained. The passage
of 473 nm and 532 nm beams have led to the all-optical
switching phenomena in the prepared sample.
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