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Nonlinearities in 20W50 and SAE 50 engine oils using low power visible laser beam
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Abstract: Experimental and numerical studies of diffraction ring patterns generation in 20W50 and SAE 50 engine
oils under the irradiation with visible, 473 nm, low power continuous wave laser beam are reported. The nonlinear
refractive index, n,, for 20W50 and SAE50 are estimated to be 5.66x107 and 7.36x10” cm?W due to diffraction
ring patterns and 1.59x10° and 2.57x10"® cm?/W due to closed aperture Z-scan technique respectively. Numerical
results of the diffraction ring patterns are obtained based on Fresnel- Kirchhoff’s integral.
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1. Introduction The absorption coefficient, a, of 20W50 and
There has been a great need for nonlinear optical SAES0 oils were calculated based on the absorbances
materials that can be used with low-intensity lasers for (A) of 20W50 and SAE 50 oils shown in Figure (1)
optical applications such as phase conjugation, image and the relation (Abu El-Fadl, 2012):
processing, and optical storage (He, 2002-Ali and a=2.303A/d (D)
Palanisamy, 2007). where A is the sample absorbances and d is the
The propagation of a laser beam in a nonlinear sample cell thickness. Obtained absorption
media with intensity-dependent refractive index and coefficients, a, are listed in Table (1).
absorption coefficient is accompanied by a variety of 2.2 Experimental setup
intensity phenomena. Among these are self-focusing 2.2.1 Diffraction rings experiments
a_nd self—defocusing, self-phase modulation, spatial To obtain the diffraction ring pattern in each
rings formation and beam breaks-up (More et al, 1988- sample, the experimental setup shown in Figure (2.a)
Feit and Fleck, 1988). The spatial rings formation is comprised a CW solid state laser (SDL-473-050T)
based on the interference that occurs between each emitting light of Gaussian extent (TEMg mode) of
two points on the wavefront of the laser beam_that 473 nm wavelength, a 5 cm focal length positive glass
works on the fundamental transverse mode (Durbin et lens to focus the laser light beam on each sample cell
al, 1981) having the same slope. The diffraction rings of 1mm thickness, a 30x30 cm semitransparent screen
patterns that occurs were noticed first by Callen et al., used to cast each ring pattern, a power-meter (SDL-
in 1967 (Callen et al, 1967). Diffraction ring patterns PM-002) was used to measure the power of the laser

(Karimzadeh, 2012) can be used to evaluate the beam falling on the samples cells and a digital camera
nonlinear refractive index, n,. Z-scan (Shiek-Bahee et to register each ring pattern.

al, 1991) is another technique used to evaluate ny,
based on the translation of a nonlinear sample through
the focal point of a convergent lens. — nem

In this article, the results of evaluating the ——20ws0
nonlinear refractive index, ny, based on the diffraction
ring patterns and Z-scan in 20W50 and SAE5O0 oils are
presented. The measurements were performed using
continuous wave (CW) laser beam at 473 nm
wavelength.
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2. Experiment

2.1 UV- visible spectroscopy 350 450 550 650 750 850 950
The linear absorption spectrum of 20W50 and Wavelength (nm)

SAE 50 oils are shown in Figure (1). The UV- visible

absorption spectrum were recorded using a (Jenway-

England- 6800) UV- visible spectrophotometer in the

spectral range (350- 900) nm at room temperature.

Figure 1. Linear absorbance spectrum of 20W50 and
SAE 50 oils.
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2.2.2 Z-scan experiment

The single beam closed aperture Z-Scan was
carried out using the same laser considered in the
previous subsection. The semitransparent screen was
replaced by a photo detector with an aperture of 2.5
mm diameter fixed in front of the photo detector fed to
a power meter (figure 2b.). Each sample cell was fixed
on a traveling stage to scan each sample along the z-
axis (direction of the laser beam propagation) passing
through the positive lens focal point.

-Z+<——+Z Aperture Detector
Figure 2. Experimental set-up for (a) diffraction ring

patterns, (b) Z-Scan technique. 3. Results

20W50 SAE50

(b)

(©)
Figure (3). Diffraction ring pattern in 20W50 (left column) and SAE 50 oils (right column) at input power of (mW):
(a) 48.53, (b) 37.53 and (c) 29.12.

©=1.22fMwo (2),

The beam radius, o, incident on each sample cell where f is the lens focal length, wo is the beam
can be obtained using the relation (Al-Ahmad et al radius that fall on the lens. For f=5 cm, A=473 nm and
2013). ®=1.5 mm (at 1/e?), ©=19.235 pm. Since the

3.1 Diffraction rings measurements
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Rayleigh length Zg (=rw?\) (Self 1983) equals 2.46
mm in these experiments is greater than the cell
thickness (1 mm), the thin sample criteria is satisfied.

Figure (3) are sample results of the diffraction
ring patterns obtained for input power of (mMW): (a)
48.53, (b) 37.53 and (c) 29.12.
3.2 Z-scan measurements

In the Z-scan measurements, the normalized
closed aperture transmittances for both samples were
measured as a function of the sample position. The
laser beam (A=473 nm) of intensity of 3.443 kW/cm?
was used. Figure (4) are obtained peak to valley
structures for both samples which implies negative
nonlinear refractive property (self- defocusing).
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Figure 4. Closed aperture normalized Z-scan data of
20W50 and SAE 50 oils.

4. Estimation of the nonlinear refractive index of
20W50 and SAE 50 oils

4.1. When a material presents an intensity
dependent refractive index it changes the beam
distribution in the transverse direction of the beam
propagation. According to this diffraction ring patterns
appears.

Let N be the number of rings and the total phase
shift, ¢, equals to (Ogusu et al, 1996):

¢0=2nN (3)

The phase shift, ¢, can be related to the path
length difference, A, by:

o=kA (4)

The path length can be related to the change in
the refractive index, An, each sample suffers as a result
of the passage of the laser beam, by

A=dAn (5),

Where d is the sample thickness. An can be
written as follows:

An=nyl (6)

nz is the nonlinear refractive index and | is the
laser beam intensity that can be written as

[=2P/no? (7

22

P is the input power of the laser beam and w as
defined earlier. From equations (3-6) the change in the
refractive index, An, and the nonlinear refractive
index, n, can be written as:

An=NMd (8)
and
n,=An/I 9)

For the number of rings, N, appeared in each
pattern given in Table (1), no values are given in Table
Q).

4.2. The differences between peak and valley
transmittances, ATy, in the Z-scan closed aperture
data (Figure (4)) are related to the nonlinear refractive
index, ny, through the relation (Cuppo et al, 2002):

N=ATp.y M4ndl (10),

where all the symbols defined earlier. According
to equation (10) the n, values are given in Table (2).

The discrepancies between diffraction ring
patterns and the Z-Scan estimations of the nonlinear
refractive index, n,, values are attributed to the use of
low intensity in the later and high one in the former
and since n, increases nonlinearly with input intensity.

Table 1: Nonlinear optical parameters for 20W50 and
SAE 50 oils using diffraction rings.

. 5 No. of rings | n2x107

Sample | Intensity W/cm N MW
5010.16 5 4.72
20W50 | 6457.54 7 5.12
8350.27 10 5.66
5010.16 6 5.66
SAE50 |6457.54 9 6.59
8350.27 13 7.36

Table 2: Nonlinear optical parameters for 20W50 and
SAE 50 oils using Z-scan.

Sample Acm? n2 X 10° cm?/W
20W50 52.02 1.59
SAE 50 53.82 2.37

5. Simulating the experimental diffraction ring
patterns

The experimental diffraction patterns were
simulated numerically by using Fresnel- Kirchhoff’s
theory (Majles et al, 2015) as a result of using a single
transverse mode (TEMyo) of the irradiation laser beam.

The electric field E(r,z) at the entrance of each
sample cell (r is the radial coordinate) can be written
as (Majles et al, 2015):
E(r,2)=E(0,zo)exp[-r¥/wp?]exp[-iknoré/2R] (11)

Zo is the medium coordinate position, k is the
laser beam wave-vector of free space, no is the
refractive index of the medium surrounding the
nonlinear material, ®, is the beam waist at the
entrance of the sample cell and R is the radius of
curvature of the beam wavefront in the position. Since
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the laser beam intensity traversing the sample and
falling on the screen, D cm, of the sample, the light
intensity, | (p) on the screen can be calculated using
the formula (Majles et al, 2015):
1) = Lol Jy JoCeb @)y exp =1/ — i@ D] rar® (1)
Jo(X) is the zero-order Bessel function. Other
symbols are defined in figure (5), and the light
intensity written as

lo=472|[(E(0,20)exp(ad/2)]/i\D? (13)
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Fig.5. Definition of experimental ©, D and p used in
the numerical analysis of the diffraction patterns.
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Figure (6). Intensity distribution of diffracted laser beam from 20W50 oil at powers (mW): (a) 48.53, (b) 37.53 and
(c) 29.12, left and right columns are 2D and 3D distributions respectively.
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Simulation results of the diffraction ring patterns agreement are obtained with the experimental results
are shown in figs. (6-7) for 20W50 and SAE 50 oils shown in figure (3).
respectively where it can be seen that reasonable
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Figure (7). Intensity distribution of diffracted laser beam from SAE 50 oil at powers (mW): (a) 48.53, b) 37.53 and
(c) 29.12, left and right columns are 2D and 3D distributions respectively.
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6. Conclusions

The passage of a low power single transverse
mode (TEMqo) visible laser beam results in multiple
diffraction ring patterns in 20W50 and SAE50 engine
oils. The diffraction patterns are calculated
numerically using Fresnel- Kirchhoff’s integral where
good agreement obtained between experiment and
numerical results. The nonlinear refractive index was
calculated by the ring patterns and the closed aperture
Z-scan techniques.
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