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I N PRESENT work a Mach- Zehnder Interferometer System 
(MZIS) was constructed by using a Multimode Argon Ion Laser 

(MAIL) with six different wavelengths. These wavelengths were 
selected by using a high-resolution monochromator. A gas flow 
system (GFS) was carefully designed and constructed which was 
linked to MZIS. This gas flow system was controlled by both pressure 
range from 60-90 cm Hg and temperature range between 308-358 K. 
The accuracy of pressure measurements was ± 0.5 mm Hg and for 
temperature was ± I °C. The MZIS and GFS were combined and used 
to determine the refractive index (RI) of two most popular pollutant 
gases, carbon dioxide (CO2) and freon12  (R12), as a function of 
pressure, nr  (p), and temperature np (T). The thermo-optical 
coefficients, (dn/dT)p, of the two investigated gases were determined. 
Also, the rate of change of refractive index with respect to gas 
pressure at constant temperature (dn/dP)T  was also determined. In 
view of the presence of these gases within the atmosphere and its 
effect by the different wavelength, the dispersion behavior, the 
wavelength dependence of a refractive index (dnAlk)T, of that selected 
gases were studied. Also, the optical dispersion curves for both 
carbon dioxide and freon12  gases were studied. Therefore the 
dispersion constants A and B of Cauchy's equation were determined. 

In the attempt to study the behavior of some environmental pollutant gasses, one 
needs to provide an accurate experiment, which give us the behavior of these 
gases at different pressures and temperatures. Some of these experiments depend 
on the fact that the optical behavior of gases is related to gas density. Indeed the 
application of optical interferometer to gas dynamic began when Jamintil started 
to measure the refractive index of a gas. Also Hohm and Ker1121  used a 
Michelson twin interferometer for precise measurement of the refractive index of 
gases between 100 K and 300 K. 

Holmes and CozensE31  made interferometric measurements of the gas density 
distribution in the dark space of an abnormal glow discharge in xenon . 
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Also, Webb and Viskanta141  used a Mach-Zehnder interferometer to 
determine the temperature field and fluorescence due to injection technique to 
illustrate the flow structure with water as working fluid. Betzler et al.E51  used a 
simple method for the measurement of the refractive indices of parallel plate 
sample to shift the interference pattern when rotating the sample in one arm of 
the Mach-Zehender interferometer. 

The determination of refractive index16'71, refractive index distribution 81, 
refractive index increment193, nonlinear refractive indext1°'111, group and phase 
refractive index[121, refractive index variation with temperature[13'141, pressure[151, 
and refractive index variation with both temperature and pressure[161  were 
determined. 

Experimental Technique 

The discussion of the experimental technique includes gas sample's cell, 
temperature control system, Pressure control system, evacuation system; and set-
up and performance of MZI. 

Gas sample's cell 
For studying the change of the refractive index of a gas with temperature and 

pressure we used the cell shown in Fig. 1.,The gas's sample cell was formed as 
two fixed coaxial cylindrical glass cell. The inner cylinder was filled with the gas 
under investigation. The length of this cell was 28 cm, its inner diameter was 1.6 
cm, and the outside diameter was 2 cm. The cell has two open-longitudinal 
windows at the ends with a diameter of 1.6 cm. A fixed transparent parallel plate 
glass closes these windows. The cell has another two transverse-opposite and 
extended holes with about 1 cm in diameter far from the two opened-ends with 
3.8 cm. These two holes were used for evacuation and filling the gas under 
study. The outer cylinder was used for heating the inner cylinder (gas's cell), the 
details of heating process will be considered in the next section. 

The two transverse-opposite and extended holes (3,5) were used as follows: 
hole (3) was connected with the evacuation system to evacuate the gas's cell, 
hole (5) was connected with a ternary glass valve by which we could connect the 
gas container with the first path of the valve. 

The second path of the ternary valve was connected with Hg- Manometer to 
measure the gas pressure inside the gas's cell. Through these two holes (3,5) 
there were two calibrated thermocouple fixed to measure the inner temperature 
of the gas's cell. The two open longitudinal windows were completely parallel 
and polished. Two windows of pure and good transparent glass were fixed to be 
parallel in such that the incident laser beam was perpendicular (incident angle 
was 0°); Fig.l. 
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Fig. 1. The constructed set- up used for measuring the gas's refractive index. 

Temperature control system 
Figure 1 shows a schematic diagram of the temperature control system. To 

heat up the temperature of the gas under investigation we constructed the outer 
cylinder, which was used as a container of heating liquid water around the 
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sample's cell. The outer cylinder (or heating cylinder) has another diameter 30 
mm and length 186 mm welded at its ends together with the gas's cell. This 
cylindrical glass has two extended holes (4,5). One of them was used to get the 
hot water from an electric water heater and the other extended hole was used to 
outlet the water from the heating tube directing it back to the heater. The rate 
of water cycle was controlled by using two fixed valves on both inlet and outlet 
holes, which help to control the temperature of the gas under investigation. By 
using the two fixed thermocouples, (k-nickel chrome-nickel, which give one mV 
per 25°) and a digital thermometer (Proskit, 03-9303) at the ends of the sample's 
cell, one could measure the temperature of the gas. The accuracy of temperature 
change was about ± 1°C. The range of temperature change was 308-358 K. The 
reading of both digital thermometers was the same which means that the 
temperature of the gas under investigation was homogenous. 

Pressure control system 
To study the effect of pressure on the gas under investigation we have to 

change the pressure of the gas inside the cell. This pressure should be under 
control. The change and control the gas pressure inside the cell was shown 
schematically in Fig. 1. At the end of the gas container, there was a valve, by 
which one could control the amount of the gas, which passes to the gas cell. 
There was a common tube with a diameter 2 cm, from which one path was 
opened to the Hg- Manometer and the other path is opened to the gas cell. To 
control the gas pressure inside the cell, two syringes, 100 ml, with a movable 
piston by two fine screws are used. The amount of the gas contained inside the 
gas's cell was controlled by using a Hg-manometer. 

Evacuation system 
For evacuation the system and charging it with the gases under investigation 

we used the vacuum gauge (cod 07-d361-48-000) which was made by Edwards's 
industry for high vacuum. The system was divided to two sections (the rotary 
and the diffusion). The rotary has three ranges for pressure range the first from 1 
to 10-i  mbar, the second from 104  to 10-2  mbar, and the third from 10-2  to 10-3  
mbar. After the rotary arrived to the range of 10-3  mbar we could use the 
diffusion. The diffusion has three ranges for pressure, range one from 10-2  to 10-5  
mbar, the second ranges from 2x10-3  to 10-6  and the third from 2x10 to 10-7. 
The ionization voltage for the pump supply for penning gauge head 2.3 kv 
source impedance 3M1-2 approx. and the power supply 100-125/200-250 v s.ph 
50/60 Hz. And their dimensions 133 high x 110 wide x 194 (mm) depp. And 
2.25 kg weight. 

Set-up of MZI 
The set-up of used version of MZIS was explained in details by Ghazyt17]

. 
Without the gas's sample cell the total path difference is therefore zero and it is: 

As = (n-1)t 	 (1) 

Egypt. J. Phys. 39, No. 1 (2008) 



PRECISE DETERMINATION OF REFRACTIVE INDEX OF MOST ... 	15 

With the sample having the refractive index (n) in one arm for every 
substance. The sample was fixed in one arm of MZI. By changing the pressure of 
the gas in the sample, the number of fringes in the field of view will change. By 
counting the number of shifted fringes AN passing the field of view by changing 
the pressure p in the cell, one can obtain the index of refraction at any arbitrary 
pressure by using the equation1181; 

n(ps)-----(X/t)(AN/Ap)ps+1 	 (2) 

where 
n(ps) : the refractive index at pressure Ps; 

: is the wavelength of the laser light; 
t 	: is the length of the cell; 
AN : is the change in the number of fringes count and 
Ap : is the change in the pressure. 

Measurements 
To measure the refractive index (n) of the gas under investigation the 

experiment is arranged as shown in Fig. 1. The gas's cell was evacuated by using 
the vacuum system to the pressure 2x 10-5  mbar where the gas's valve was closed 
then the gas's valve was opened to transport the gas to the gas cell. There are two 
cases of study, one is the studying of the change of refractive index (n) with the 
temperature (T) at constant pressure, np(T). Second is the studying of the refractive 
index (n) as a function of the pressure (p) at constant temperature nr  (p). 

The temperature of the gas under investigation was changed by passing the 
heated water, by opening the left valve (4), around the gas's cell through the 
outer cylinder. The temperature was controlled at definite temperature (T1) by 
controlling the rate of heated water flow by using the outlet valve (5). Here the 
temperature becomes constant at T1  we started to change the gas's pressure by 
using the micrometer screw and recording the pressure by using the Hg-
manometer to be pl . Then the change in the number of interfering fringes AN is 
counted by eye. The pressure of the gas is increased to become 1)2  at the same 
temperature T1  and recording the change in the fringes number. And so on at 
different gas pressures p3, pG  therefore, now we have a relation between AN 
and Ap at constant temperature, and by using the following relation1191  the value 
of nT(p) was calculated. 

(AN/Ap)=[n-r(p)-1]/p(t1 X ) 
	

(3) 

The temperature of the gas is increased to a higher value T2 and the change of 
N as a function of p is plotted at the value of T2. This step was repeated at 
different temperature T3, 	. 
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The relationships between the refractive index (n) and the pressure (p) at 
constant temperature T, which denoted as nT(p), were plotted on the same graph. 
From which the values of (dn/dp)T  were estimated at different values of 
temperature to be (dn/dp)Ti, (dn/dp)T2,... . 

In correspondence, to study (dn/dT)p, the pressure is controlled to be constant 
at value p. Then the temperature T was changed and the number of the 
interfering fringes would change by N. The refractive index of the gas (n) is 
calculated. 

The relationship between (n) and T at a constant value of pressure pi  is 
plotted. Then we repeated last step for another values of gas pressure p2, P39 • • • 
by plotting the relation between n, T on the same graph. The temperature T of 
the gas was changed in the range from (308 to 358 K) and the pressure p of the 
gas was changed in the range from (60 to 90 cm Hg). 

Cauchy's dispersion equation 
The first successful attempt to represent the curve of normal 

dispersion by an equation was made by Cauchy in 1836. This equation 
may be written ast191  

n= A+B/X2  + C/ 7V4 	 (4) 

where A, B, and C are constants which are characteristic of any 
substance. This equation represents a curvature behavior of refractive index,n, in 
the visible region. To fmd the values of the three constants, it is necessary to 
know values of n for three different wavelengths. Then, three equations may be 
set up which when solved as simultaneous equations, give A, B, and C. For some 
purposes it is sufficiently accurate to include only the first two terms and the two 
constants can be found from values of n at only two wavelengths. The 
Cauchy's equation is then[2°1; 

n =A+B/X2 
	

(5) 

From which the dispersion becomes, by differentiation; 

dn/dX=-2B/ 
	

(6) 

This shows that the dispersion varies approximately as the inverse cube of the 
wavelength. At 4000 A° it will be about 8 times as large as at 8000 A°. The 
minus sign corresponds to the usual negative slope of the dispersion curve. 

The theoretical reasoning on which Cauchy based his equation was later 
shown to be false, so that it is to be considered essentially as an empirical 
equation. Nevertheless it holds very satisfactorily for cases of normal dispersion 
along a limited spectral bandwidth and is a useful equation from a practical 
standpoint. 
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Results and Discussion 

Refractive index measurements 
We devoted to the experimental measurements of the refractive index and it's 

variation with pressure and temperature for carbon dioxide (CO2) and freoni2  
(R12) gases. 

From our measurements we can illustrate the dispersion curves for the two 
gases. Also the measured data for carbon dioxide gas is used to determine some 
physical constants, which are related to the refractive index. 

We have used our experimental technique to determine the refractive index 
of the investigated gases. At constant temperature, any change of the pressure of 
the gas in the gas cell leads to a path difference between the two interfering 
beams of Mach-Zelmder interferometer, and a number of circular fringes start to 
cross the field of view. By counting this number which depends on the pressure, 
one can get the relation between them. 

Figure 2 shows the dependence of the number of fringes AN on the pressure 
Op at constant temperature and at 488 nm wavelength for carbon dioxide gas. 
This process was repeated over a range of temperatures from 308 up to 358 K 
and curves like that of Fig. 3 were obtained. From this figure we calculated 
(ON/Op) at constant temperatures. The values of the refractive index could be 
calculated with the aid of Eqn. 3. 

0 	 I 	 I 
76 	78 	80 	82 	84 	86 

	
88 
	

90 	92 

Pressure change ,cm Hg 

Fig. 2. An example of determination of gas's refractive index as a function of gas's 
pressure at constant temperature by using the constructed MZIS of Carbon 
dioxide gas. 
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Fig. 3a. Wavelength dependence of refractive index for Carbon dioxide at constant 

temperature and pressure, (dn/d1.),,,T. 
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Fig. 3b. Wavelength dependence of refractive index 	Freon12  at constant for 

temperature and pressure, (dn/dX)p,T. 

Pressure dependence of refractive index n7(P) 
Figure (4 a,b) shows an example of refractive index, n, variation of Carbon 

dioxide (CO2) and freon12  (R12) gases with the pressure p at constant temperature 
and selected wavelength, 488 nm. The pressure values were in the range from 60 
up to 90 cm Hg, and the temperature was fixed at different values within the 
range from 308 up to 358 K. From that figure it was noted that the refractive 
index increases by increasing the pressure at constant temperature. This leads the 
increasing of gas's pressure, the density of the gas increases, this leads the 
refractive index to increase. 
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One can write the relation between the refractive index and the pressure at 
constant temperature as follow: 

laT ( 3) = aP c 

where 
n: is the refractive index; 
p: is the pressure in cm Hg; 

a: is the slope =(dn/dp)T; and 
c: is constant depends on the temperature of the gas 

The values of the rate of change of the refractive index with respect to the 
pressure at constant temperature (dn/dp)T  which was known as pressure 
coefficient were listed in Table 1 for Carbon dioxide and Freon12  gases. These 
values decrease by increasing the temperature. 

TABLE 1. The rate of change of refractive index n with respect to gas's temperature 
T, at constant pressure and wavelength,],. (dn/dT)p,x, 

Temp 308 313 318 323 328 333 338 343 348 353 358 
K 

(dn/dp)T 5.44 5.43 5.37 5.25 5.22 5.20 5.06 4.90 4.83 4.81 4.79 
CO2x10-6  
(dn/dp)T 1.19 1.18 1.17 1.15 1.15 1.14 1.13 1.12 1.09 1.07 1.07 
Rux10'5  

Temperature dependence of refractive index np(T) 
We are interested here to precisely represent the values of the refractive index 

and their behavior with respect to the temperature at constant pressure. 

Figure (5 a,b) shows an example of the refractive index n of Carbon dioxide 
gas(CO2) and Freon12  (R12) gas as a function of the temperature T ranging from 308 up 
to 358 K at constant pressure P at the values from 60 up to 90 cm Hg at A,=488 nm. 

From that Figure the refractive index n decreases by increasing the 
temperature T at constant pressure p. This was reasonable because when the 
temperature of the gas increases, the density of the gas decreases, which leads to 
decrease the refractive index. The values of (dn./dT) p for Carbon dioxide and 
Freon12  gases at 488 nm wavelength of argon laser were listed in Table 2. 

The values of the thermo-optical coefficient (dn/dT) p determine how the gas 
can converge or diverge the incident laser beam according to the sign of (dn/dT). 
If the sign of the thermo-optical coefficient (dn/dT)p  was positive, the gas 
converges the incident laser beam. If negative, the gas diverges the incident light. 
In our case the two gases diverge the incident light beam. 
Egypt. J. Phys. 39, No. 1 (2008) 
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TABLE 2. The rate of change of refractive index n with respect to gas's pressure P, 
at constant temperature T and wavelength, k (dn/dP)T,x, 

Pressure 
cm Hg 

60 65 70 75 80 85 90 

-(dn/dT) 
CO2x10' 

7.25 7.79 8.50 9.34 9.84 11.1 11.5 

(dn/dT)
-E  R12x10 

1.13 1.22 1.40 1.51 1.70 1.79 1.84 

Wavelength dependence of refractive index nr pa ) 
By using the measured values of refractive index of Carbon dioxide (CO2) 

and Freon12  (R12) gases at two different wavelengths of Argon ion laser. The 
dispersion curves of the two investigated samples (Carbon dioxide and Freon12  
gases) at the visible region (from 400 to 750 nm) were estimated. 

Eq.(5) was used to fit the data, from which the values of A and B were obtained. 

The values of dispersion constants A and B of the two gases were determined 
with listed values in Table 3. 

TABLE 3. Dispersion constants of Carbon dioxide and Freon12  gases and the rate of 
change of their refractive index with respect to wavelength, (dn/dX)p,T. 

Gas A B - (dn/dA)x10-7  
CO2 1.000249308 37.315291 4.74048 
R12 1.000698721 41.579791 5.07857 

These values were used to get the dispersion curves for Carbon dioxide and 
freon12  gases. By substituting these values in the preceding Cauchy's equation, 
the refractive index of the two gases at any wavelength in the visible region were 
obtained. 

Figure 3a,b show the dependence of the refractive index of Carbon dioxide 
(CO2) and Freon12  (R12) gases on the wavelength at temperature 308 K 
respectively, from which (aid k)T,p was calculated. 

Discussion 

In the past, it was belived that the preferred method to determine the 
refractive indecies of gases is the using of the Fabry- Periot interferometer and 
Jamin interferometer. In this paper we used MZIS for the same purpose with a 
employment with a high degree of accuracy. A comparison was made with a 

Egypt. J. Phys. 39, No. 1 (2008) 
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literature (21]  using a white light with difference 43 x 10-6  to 44 x 10-6  at T = 308 
K and 1 atm. Pressure value. This leads to the same degree of accuracy of other 
calculated physical parameters related to the refractive index. 

Conclusion 

In this new employment of MZIS to measure the refractive index of CO2  and 
R12 we constructed a new arrangement of the system to meet this measurements. 
A multimode Argon Ion Laser(MAIL) with six different wavelengths was used 
as a light source with the aid of a high-resolution monochromator the wavelength 
was selected. The refractive index, np(T) and nT(P) of the investigated gases were 
measured with a high degree of accuracy. In addition the other physical 
parameters such as (dn/dT)p  and (dn/dp)T  were calculated with the same degree 
of accuracy. The Cauchy's equation was fitted to determine the constants A and 
B during the calculation of (dn/d71.)r. 
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