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Abstract

In this study, the variations in refractive indices of Zamzam, bottled drinking, and distilled waters with
wavelengths and temperatures in the range of 20°C to 80°C have been measured by computer simulation phase
shifting digital interferometry at six discrete wavelengths across the visible spectrum. The computer simulation
phase shifting digital interferometer have been used to design an experimental setup to investigate the wrapped

images of the correlation fringes. By having the derivatives of the refractive index of the liquid with respect to the
dn ) dn( . . .
temperature T, ﬁ and the wavelength, A , E respectively from the new equation of refractive index, the

dependence on temperature and wavelength was obtained. In this paper, a new theoretical model about the
temperature dependence of the refractive index of liquid is presented, and it is in agreement with the previous
experimental results. In summary, bottled drinking and distilled waters do not have the unique and distinctive optical
refractive index that Zamzam water does.

Keywords: speckle photography, phase-shifting digital interferometry, water refractive index, wavelength

dependence, temperature dependence.
1. Introduction

The index of refraction is a fundamental optical property of materials, and its accurate value is often required
in many branches of physics and chemistry. It also has several applications in many industries and materials to

determine the purity of glass and hard plastic materials [1—4]. By measuring the refractive index of the binary
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solution, the composition of the solution can be determined [3, 4]. Therefore, refractive index measurements are
widely used in many industrial and research applications to determine a solution’s concentration [5, 6]. There is a
variation of the refractive index with concentration, temperature, pressure, and wavelength [2—6]. Recent studies [2-
4] provided a detailed study on concentration mapping by measuring the refractive index of liquid. The temperature
coefficient of refractive index can also be used to calculate the thermal expansion coefficient [2, 4]. Several
techniques have been reported in the literature to measure the concentration and temperature dependence of the
refractive index of a sugar solution [2—7]. Jenkins [8] proposed a method using a laser for the measurement of
variations in the refractive indices due to the change in concentration of a solution. Rahman [9] studied the variations
of refractive index using the method of Bass and Weidner [10] for the case when the concentration of a solution is
altered from distilled water to a saturated condition. They measured the refractive indices of liquid solutions at the
He-Ne laser wavelength using the conventional minimum deviation method of an equilateral hollow glass prism.
This method was identical to that described by Jenkins [8], except that instead of a screen, a telescope was used to

find the minimum angle of deviation.

Therefore, the goal of this study is to extend the applicability of the computer simulation phase shifting
digital interferometry [11] to measure the dependence of the refractive index of Zamzam, bottled drinking, and
distilled waters on the variation of temperature and wavelength. An empirical expression was also derived for given

the relation between the change in the temperature of the liquid and the separation between a pair of identical

speckle pattern A&, which clarifies the calibration process of the illustrated computer simulation set-up.

2. Theoretical background

For measuring the change in refractive index of a liquid, it is placed between two thin glass slides, as shown
in Fig. 1, which is an illustration of a computer simulation to monitor the correlation fringes in the spectral field for
Zamzam, bottled,bottled and distilled waters. Spatially coherent light travels through a system of two glass slides

and the liquid between them, illuminating a rough surface.
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System of the two glass

slides and the liquid

Fig. 1. Ilustration of computer simulation for observation of correlation fringes and phase map in the

spectral field for Zamzam ,bottled drinking and distilled waters.

By applying rotation and non-rotation states to the incident laser beam and by falling the transmitted beam
on the rough surface, as a result, there are two images on the observation plane (CDD plane), which are digitally

combined [12] to give the correlation fringes.

J7(2, .2
A(ﬂ,i,lz( e )

If the incident plane wave makes an angle with the x-axis of the system and is transmitted through the two

glass slides and the liquid, The incident plane wave continues to propagate as a plane wave with wavenumber k _The

amplitude distribution 4, (x, y) after the second exposure, which can be obtained with an angle of incidence @ of

the plane wave and observed in the observation plane and is given as:
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| , 0> , 1 6 , 1 6
Az(x,y):j—;tzae e’ exp— jk,(d,). 1+2n2 Lexp— jk,(d,). 1+5.—2 Lexp— jk,(ds). 1+5nz—4

2
g ngn, Mg

T
J 2412

=) xplj2anéa, JFiAE D)
(3)

By adding the two equations (1) and (3), the intensity distribution in the observation plane can be written as,

1Y ., 0? 0? 0?
I=|— | FAl&,n) 2+ 2cos| 2nAéw, — kd —kd —kd, —— 4
At maximum intensity, and where m=1,
6* 6* 6*
27Z'A§C()x — kdl ~ de ~ 2 2 kd3 ~ 2 4 = 2m7Z' (5)
2n 2nin 2n,n
g g (g

From equation (5), an equation for the refractive index of a liquid can be obtained [13].

The refractive index is given by:

d, 0  dy 0
. A 2n§ A an
.= ; (6)
Afa)x—i 02 -1
A 2ng

Where the thicknesses of the two glass slides are d | and d3 respectively, also the thickness of the liquid is

dz. The incident plane wave continuous to propagate as a plane wave with wavenumbers kl’ kz, and k3

respectively. 7 is the refractive index of the glass plate.
P y. By

Where @, = 2% , and Aé: = Mfm = % , M is the magnification of the imaging system, and gjm is
X X

the mechanical displacement used for the calibration of the system [13-15].
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The calibration process of the illustrated computer simulation set-up is made by measuring the values of
A& with the corresponding values of the temperature. Figure (2) shows the calibration curve for given the relation

between the change in the temperature of the liquid and the separation between a pair of identical speckle patterns

AE.
The obtained calibration equation is given by:

A& =y, + Axexp(R,T) (7

Vo, A, and R;which are shown in the equation of the calibration of are considered as constants depending on the

calibration process, and T is the applied temperature.

— 300
= AL =y0 + A*exp(RO*T)

2 250 4 |Y0=-103.47373 +17.02857

£ A=109.04762 £ 15.11521

Py R0=0.01212 £ 9.77552E-4

= 200 -

£ 150 -

E 100

£ 504

§ o-
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Temperature (°C)

Fig. 2. The calibration curve for given the relation between the change in the temperature of the liquid and

the separation between a pair of identical speckle pattern AE.
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Equation (6) can be written as:

d, 0° d, &
_ = +7
A 2n§ A 2ng

n,=
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Where % represents the change in refractive with temperature.
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Equation (10) can be written as:
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Where an% 1 represents the change in refractive with wavelength.

For the phase measurement, which is required for the measurement of the refractive index of the waters, and

consequently the change in the refractive index, five phase stepping algorithms were applied [16]. The phase shift
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needed for automatic fringe analysis can be introduced by a piezoelectric transducer (PZT). The five-phase step

algorithms was used with a phase shift 7 o per exposure. The intensity distribution of the corresponding

correlograms can be expressed as [17].
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The phase needed for the measurement of the refractive index 7, and the change in refractive index is obtained

from the intensity distributions of Eqgs. (12) to (16) and is given by:

-1 2(12 _14)
21,1, -1,

d =tan

(17
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The new equation of the refractive index 7, is related to the fringe spacing ﬂ,x, which can be determined

accurately from the phase map of equation (16), mathematically from equation (8), and given by:

P 2n/z
x 18

0°(d, +d,/n?) 4 0 (18)
2An’n; A 2n;

Java-based image processing program was used for the calculation of the fringe spacing of the computer

simulation results for given the refractive index.
3. Computer Simulation Results and Discussions

The illustration of the optical configuration, which is shown in Fig. 1, is implemented to present a
comparative study of Zamzam , bottled drinking, and distilled waters by a computer simulation speckle photography
method using Fourier transform. A coherent laser beam with six discrete wavelengths across the visible spectrum (A
=632.8 nm, 589.3 nm, 577.0 nm, 546.1 nm, 435.8 nm, and 404.7 nm, respectively) illuminates the system of the two

glass slides and the liquid. The thicknesses of the two glass slides are d, =300gm and d, =300zm

respectively, also the thickness of the liquid is o, = 215472. As shown in Fig. 1, the laser beam spot at the

diffuser plane was kept at 2 cm in diameter, and the distance between the rough surface and the imaging plane was Z

=75 cm.

The incident laser beam is exposed to two angles of incidence resulting from rotation and non-rotation

processes, and consequently, two images on the observation plane (CDD plane) are obtained, which are combined

digitally to give the correlation fringes. The rotation angle of the incident laser beam was €=0.2"

The following figures 3 (a,b,c,d), 4 (a,b,c,d), and 5 (a,b,c,d) show the wrapped images of the correlation fringes

in the spectral field at wavelength 0.6328 4m for Zamzam, bottled drinking, and distilled waters at different

temperatures 20 C, 64 C, 76 C, and 80 C, respectively.

As we can see from these figures, for the same type of water, Zamzam, bottled drinking, or distilled waters,

the wrapped image width increases with increasing temperature. Also, we can see that for the different types of
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water, the wrapped image width at wavelength 0.6328 4 increases gradually with increasing temperature and

decreasing the refractive index of the liquid. It means the largest width in the case of distilled water, which has the

400

lowest refractive index.
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Fig. 3. (a,b,c,d): Wrapped images of the correlation fringes in the spectral field at wavelength 0.6328 (im for

Zamzam water at different temperatures, 20, 64", 76, and 80 respectively.
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Fig. 4. (a,b,c,d): Wrapped images of the correlation fringes in the spectral field at wavelength 0.6328 t/m for
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Bottled drinking water at different temperatures, 20, 64°, 76, and 80 respectively.
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Fig. 5. (a,b,c,d): Wrapped images of the correlation fringes in the spectral field at wavelength 0.6328 (im for
Distilled water at different temperatures, 207, 64", 76 , and 80’ respectively.

Figures 6 (a,b,c,d), 7 (a,b,c,d), and 8 (a,b,c,d) show the wrapped images of the correlation fringes in the

spectral field at wavelength 0.5461 m for Zamzam, bottled drinking, and distilled waters at different temperatures,

20C , 64 C , 76 C , and 80 C respectively. The same phenomena can be observed as before. But in these

figures, for Zamzam water, there are no wrapped images obtained due to the increasing temperature, as in the case at
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80 C. For bottled drinking water there are no wrapped images obtained at 80 C. For distilled water, the

disappearing wrapped images at 76 Cand 80 C.
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Fig. 6. (a,b,c,d): Wrapped images of the correlation fringes in the spectral field at wavelength 0.5461 (im for

Zamzam water at different temperatures, 20, 64", 76 , and 80’ respectively.
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Fig. 7. (a,b,c,d): Wrapped images of the correlation fringes in the spectral field at wavelength 0.5461 t/m for

Bottled drinking water at different temperatures, 20, 64", 76 , and 80 respectively.
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Fig. 8. (a,b,c,d): Wrapped images of the correlation fringes in the spectral field at wavelength 0.5461 (im for

Distilled water at different temperatures, 20, 64", 76", and 80 respectively.
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Figures 9(a,b,c,d), 10(a,b,c,d) , and 11(a,b,c,d) show the wrapped images of the correlation fringes in the

spectral field at wavelength 0.4047 wm  for Zamzam, bottled drinking, and distilled waters at different

temperatures, 20, 64 76, and 80’ respectively.
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Fig. 9. (a,b,c,d): Wrapped images of the correlation fringes in the spectral field at wavelength 0.4047 Lim for

Zamzam water at different temperatures, 64 720’ 76 ,and 80 respectively.
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Fig. 10. (a,b,c,d): Wrapped images of the correlation fringes in the spectral field at wavelength 0.4047 Lim for

Bottled drinking water at different temperatures, 64,72 , 76, and 80 respectively.
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Fig. 11. (a,b,c,d): Wrapped images of the correlation fringes in the spectral field at wavelength 0.4047 Lim for

Distilled water at different temperatures, 640,720, 76 ,and 80 respectively.

As is obvious, for Zamzam water, there are no wrapped images obtained at 80 C. For bottled drinking
water, there are no wrapped images obtained at 76 C and 80 C. For distilled water, the disappearing wrapped

images are at 72 , 76 C and 80 C. From the previous figures, the wrapped images do not appear with
increasing temperature, decreasing wavelength, or refractive index. This explains the superiority of appearing the
wrapped images in the case of Zamzam water, even with high temperatures and low wavelengths, in comparison

with the other mentioned waters.
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Fig. 12. Relation between the changes in refractive index due to the changes in temperature of the Zamzam,
bottled drinking, and distilled waters at wavelengths of 0.6328 i1, 0.4358 Lim , and 0.4047 Lm , respectively.
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Fig. 13. Relation between the refractive index and temperature of Zamzam, bottled drinking, and distilled

waters at wavelengths of 0.6328 Lim, 0.4358 Lim ,and 0.4047 LM respectively.
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Figure (12) shows the relation between the changes in refractive index due to the changes in temperature of

the Zamzam, bottled drinking, and distilled waters at wavelengths of 0.6328 um, 0.4358 tm, and 0.4047 um,

respectively. As we can see, at the lowest temperatures from 20'to 320, the changes in refractive index are very
close in case of the different kinds of waters, although different wavelengths are used. At the highest temperatures
and using different wavelengths, the changes in refractive index for the different waters diverge from each other. The
changes in refractive index of Zamzam water are less affected by changes in temperature and wavelength, but in the

case of distilled water, they are more affected.

Figure (13) shows the relation between the refractive index and temperature of Zamzam, bottled drinking,

and distilled waters at wavelengths of 0.6328 i, 0.4358 1M ,and 0.4047 Lim respectively. As we can see, at the

temperatures ranges from 20'to~ 43 , the refractive index are very close in case of the different kinds of waters,
although different wavelengths are used. At the highest temperatures and using different wavelengths, the refractive
index for the different waters diverge from each other. The refractive index of Zamzam water are less affected by
changes in temperature and wavelength, but in the case of distilled water, they are more affected.

Figure (14). Relation between the changes in refractive index with respect to wavelength and temperature

of the Zamzam, bottled drinking water and distilled waters at wavelengths 0.6328 L, 0.4358 £im jand 0.4047 (m

respectively. As we can see, at the temperatures ranges from 20 to~ 33 | the change in refractive index with

n
respect to wavelength E are very close in case of the different kinds of waters, although different wavelengths

are used.
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Fig. 14. Relation between the changes in refractive index with respect to wavelength and temperature of the

Zamzam, bottled drinking water and distilled waters at wavelengths 0.6328 tim, 0.4358 Lim ,and
0.4047 {m respectively.

n
At the highest temperatures, the change in refractive index with respect to wavelength —— for the

n
different waters diverge from each other. — of Zamzam water are less affected by changes in temperature and

wavelength, but in the case of distilled water, they are more affected.
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5. Conclusion

Variations of refractive indices of Zamzam, bottled drinking and distilled waters with wavelength and
temperature in the range of 20°C to 80°C have been measured by computer simulation phase shifting digital
interferometry at six discrete wavelengths across the visible spectrum. The dependence on temperature and
wavelength were obtained. New theoretical model about the temperature and wavelength dependence of the
refractive index of liquid is presented. A decrease of refractive index values with increasing temperature and an
increase of change in refractive index with increasing temperature are observed. It can be concluded that the
computer simulation measurements of the change in refractive is in good agreement with the theoretical new
formulae, which also confirmed with the experimental results previously obtained. The superiority of appearing the
wrapped images in case of Zamzam water even with high temperature and low wavelength in comparison with the
other mentioned waters can be observed. Summary of saying that Zamzam water has special and distinguished

optical refractive index that are different than those of bottled drinking and distilled waters.
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