
Bulgarian Journal of Physics 26 Nos 3/4 (1999) 122 - 128 

LASER REFRACTOMETER 

Y. SAROV* 
Central Laboratory of Optical Storage and Processing 
of Information, Bulgarian Academy of Sciences 
PO. Box 95, 1113 Sofia, Bulgaria 

Received 18 February 1999 

Abstract. The present paper proposes a new approximate equation for 
description of the refracted ray path in an optical system in the neigh
borhood of TIR. A new method for determining the refractive index of 
small volumes of liquids is proposed. The refractive index of distilled 
water and water solution of sucrose are determined. Sensibility of 1 x 
10-4 is obtained experimentally. The concentration of water solution 
of sucrose is calculated with an error smaller than 0.1 %. 

PACS number: 07.60.Hv 

1. Introduction 

The refractive index (RI) is a basic optical property of materials and its accurate 
value is often needed in many branches of physics and chemistry. Many meth
ods are proposed for its determination, conventionally divided in two groups: 
interferometric and goniometric [1]. Methods from the first group obtain pre
cision in the order of 5 x 10-6 [2]. Goniometric methods obtain less precision. 
They use thoroughly the method of total internal reflection (TIR), the method 
of minimal angular deviation and their varieties. Classical apparatus such as 
the Abbe refractometer gives an error of 10- 4 [3 ], the Pulfrich refractometer 
modified to work with laser sources [ 4] gives precision of 1 x 10- 5 , in [ 5] using 
hollow prism an error of 5 x 10- 5 is obtained. To determine th~ 6th or 7th digit 
of RI of liquids many methods for differential measurements are proposed [ 6, 
7]. In spite of that the lack of commercial and relatively common refractometer 
makes many researchers strain their ingenuity in order to design such devices. 

The present paper reports for a theoretical and experimental investigation 
on the path of the refracted ray from the surface between two materials when 
the ray approaches the moment of reaching of TIR. An approximate equation, 
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describing that dependence is derived. The paper describes a new method for 
indirect determination of the RI of liquids. A computer program determines the 
angle of TIR by fitting with the approximate equation the path of rays, crossing 
the vessel, containing the investigated liquid. By means of processing many 
experimental values at one measurement, the requirements for the precision 
of goniometer are decreased, the error from direct individual observation on 
the reaching of TIR is reduced and the statistical error of measurements is 
decreased. The RI of distilled water was calculated. An error in the order of 
1 x 10- 4 was obtained. The possibilities for determination of the concentration 
of solutions are investigated. 

2. Theory 

The ray path in the experimental setup is 
shown in Fig. 1 and illustrates the opera-
tion principles of the method. The setup 
consists of a hollow glass vessel with a 
volume of about 2 ml, containing the in
vestigated liquid. This vessel is glued to 
the rectangular prism with refracting angle 
45°0±1', made of material with known RI 
- N equal to 1. 51466. The prism serves 
to introduce the laser into the vessel at suit
able angles. The laser beam falls at an 
angle a to the front surface of the prism, 
refracts three times and exits the short ves

() 

n 2 

Fig. 1. Ray path in the optical sys-
tern 
(1) glass prism; (2) hollow glass 
vessel 

sel side at an angle cp « 1. The ray path in the prism and in the vessel is 
described by 

or 

sin a = N sin {3 

N sin({J + 45 °) = n cos e = n (1 - e;) 
cp '.::::'. sin cp = n sin e = ne . 

(1) 

Differentiating equations (1), we derive the variations on the defined angles : 

da cos a = N d{3 cos {3 
dcp 

d{JN cos({3 + 45°) = -ne de= -cp-
n 

da = K 1(a ,{3, n, N)cpdcp. 

(2) 

(3) 
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When the ex1tmg ray approaches the surface between the prism and the 
vessel, the value of cos () approaches 1. Because of the nonlinear behaviour of 
the cosine function in this section, the small changes in the function (i.e. small 
variations in the angle of incidence a) cause large changes in the position on 
the exiting ray. That means that when the exiting ray "runs" the last degree up 
to refraction surface, the values of the angles a and f3 differ negligibly from 
their limit values a 0 and /30 , characterizing TIR. These limit values are defined 
directly from N and n, therefore we can suppose that near TIR the quantity 
K 1 =canst. Then, after integrating equation (3) we obtain 

K 2 =canst. (4) 

Substituting ( 4) in. (5), we obtain an equation about the "speed" V of run of 
the exiting ray with respect to the ingoing ray 

v-/5cp, _ K 
- 5a - Ja0 - a K =canst. (5) 

Equation (5) appears a convenient approximation on the dependence, joined 
angles of the entering and exiting rays with the corresponding surfaces. The 
exact dependence is described by 

V = I 5cp I = cot() cos a cos(/3 + 45°) . 
5a cos /3 cos cp (6) 

The equation above is obtained directly from equations (2), where /3, () and 
cp are determined from equations (1). For the determination of the availability 
of the approximate expression (5), in Fig. 2 the curves of the expressions (5) 
and (6) are shown. Both curves are calculated for N = 1.51466 (glass K8) 
and n = 1.3318 (distilled water). The good coincidence confirms the propriety 
of the approximations and suggestions made. The form of the curve of the 
expression (5) is characterized with a sharply increasing of the slope at the 
approaching of the breaking at a = a0 , characterizing the reaching of TIR. 
Convenient kind of equation (5) allows to find a0 by fitting the optimum 
curve of type ( 5) across the points of the experimental dependence V = V (a). 
This method allows to find a 0 indirectly at the measurements with liquid with 
unknown RI. Thus the direct visual observation of TIR with high accuracy is 
avoided. 

After the finding of the angle of TIR a 0 , the unknown RI [8] is easily 
calculated from 

( 
sin ao) 

n = Nsin 45° + arcsin ~ . (7) 

The error da in the obtair 
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The e~or da in the obtained angle a 0 leads to the error dn in the calculated 
RI dn, given by 

( 
. sin a 0 ) cos 45° + arcsm --

dn = N cos a 0 N da . 
jN2 - sin2 a 0 

(8) 

Fig. 2. Comparison between 
the curve of the approximate 
expression (solid line) and the 
curve of the exactly expres
sion (doted line) 

0'--:.....-'---'------'----'---1.__JL_J..._..L_--1..__l__L_j__J 

24.00 24.25 24.50 24.75 25.00 25.25 25.50 
angle (deg) 

3. Experimental Setup and Results 

The scheme from Fig. 1 was constructed for the purpose of confirmation of 
the av~ilab.ility of the equation (5) and for investigation of the possibilities for 
determi~atlon of the RI of liquids and concentrations of solutions. A goniometer 
~S-5 with a rotary table and with an error of 5" was used in the setup. The 
light source was a He-Ne laser, emitting at 632.8 mn. The prism was made 
of glass K-8 with RI N = 1.51466, relative to air at >. = 632.8 nm. The 
vessel with sizes 2 x l x 1 cm was filled with the investigated liquid. The shift 
x of the exiting ray was measured on a stationary screen, fixed at right angle 
to the exiting ray at a distance L = 1 m. In this geometry the rotation dcp 
of the exiting ray during rotation of the goniometer table at da is given by 
dcp = x/ L - da. The angle dcp was measured with an error about 20" 
because of the relatively large error in the determination of the angle dcp. 
For the experimental determination of the error of the method a measurement 
was made with distilled water as standard liquid with known RI. In Fig. 3 the 
measured values of the speed of run V on the exiting ray at different incidence 
angles are shown with bars. Across them a computer program is fitting the 
optimum curve of type (5) (shown with solid line) and was determined the 
parameter a 0 which is a break-point on reaching TIR. 
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Fig. 3. Fitting on the theoretical curve (solid line) to experimental points 
(bars) for distilled water 

For this measurement the program obtained for the angle of TIR a 0 = 
25.5l90 ± 0.0130°. From (7) for that value of angle of TIR we calculated the 
RI of water n = 1.3314. The measurement was fulfilled at room temperature 
25±0.5 °C. For this temperature the measured value of RI of the distilled water 
corresponds to the real RI of water at this temperature with an error of 1 x l 0-4

. 

The error in the obtained value of angle of TIR calculated from the program 
was ±0.0130°. That leads to a theoretical error in the value of calculated RI 
from (8) as 1 x 10- 4 . The experimental error (around 1 x 10-4

) is obtained by 
comparison between the calculated from the program and the real RI of water 
for the temperature of measurement. Both error values coincide. 

For investigation of the possibilities on the described method for determina
tion of the concentrations on solutions was investigated weight 1 wt. % solution 
of sucrose (Fig. 4). From the above described method for the angle of TIR was 
obtained value a 0 = 25. 7610 ± 0.0110°. For these values for RI of solu
tion from equations (6) and (7) we calculated n = 1.3333 ± 1 x 10- 4

. The 
temperature of the measurement was 20 °C. The difference between that value 
and the RI of distilled water is 15 x 10-4 ± 1 x 10- 4

. The RI of K % water 
solution of sucrose is calculated from the equation nk = K 1.43 x 10- 3 for 
632.8 nm and for temperature 20 °C. Thus for concentration of solution we ob
tain K = 1.05 ± 0.07 wt. %. That result means that at a precision 1x 10- 4 at 
the value of RI of water solution of sucrose we can determinate concentration 
with accuracy of 0.1 wt. %. Better results are possible if the distance between 
the goniometer and the screen is greater. Possible systematic error would be 
eliminated if we use a prism with a higher accuracy on the refracted angle. 

500~--

450 I e 

400 - t 

~ 350 
c: 
::I 300 c 
g 250 

:e 200 
"' 
: 150 

100 

50 
0 '--'---...!. 

24.4 24. 

Fig. 4. Fitting on the the1 
(bars) for I 3 water sol 

4. Conclusion 

The present paper proposes ~ 
refracted ray path in optical 
of the exiting ray when the r{ 
explained. A new method fo 
This method is based on fit 
the approximate equation. 1 
of the curve of the speed ~ 

means of processing many o. 
the requirements to the gonio 
individual observation on th\ 
water and water solution of s1 
10- 4 was obtained. The conc1 
with an error smaller than 0. 

Acknowledgements 

The author would like to tha 
BAS for their helpful discuss 

This work is funded throu~ 
of the Bulgarian Ministry of 



25.0 25 .2 25.4 25.6 

line) to experimental points 

ed for the angle of TIR ao = 
angle of TIR we calculated the 

as fulfilled at room temperature 
value of RI of the distilled water 
erature with an error of 1 x 10-4

. 

IR calculated from the program 
or in the value of calculated RI 
(around 1x 10- 4 ) is obtained by 
rogram and the real RI of water 
r values coincide. 

described method for determina
estigated weight 1 wt. 3 solution 
method for the angle of TIR was 
or these values for RI of solu
d n = 1.3333±1 x 10-4

. The 
he difference between that value 
1 x 10- 4. The RI of K 3 water 
uation nk = K 1.43 x 10- 3 for 
concentration of solution we ob
s that at a precision 1 x 10- 4 at 
e can determinate concentration 
possible if the distance between 

ssible systematic error would be 
curacy on the refracted angle. 

Laser Refractometer 

500.--~~~~~~~~~~~~~~~~-

450 

400 

:? 350 
i:: 
;::l 300 c 
~ 250 
~ 200 
"' ;:- 150 

100 

50 

1 experimental points 
theoretical curve 

0'--_.__~--'--~__l.~~'--~.L-~-L-~----'-~--'-

24.4 24.6 24.8 25.0 25.2 25.4 25.6 25.8 
a (deg) 

Fig. 4. Fitting on the theoretical curve (solid line) to experimental points 
(bars) for 1 3 water solution of sucrose 

4. Conclusion 

127 

The present paper proposes a new approximate equation for description of the 
refracted ray path in optical system in the neighborhood of TIR. The running 
of the exiting ray when the ray approaching the moment of reaching of TIR is 
explained. A new method for determination of the RI of liquids is proposed. 
This method is based on fitting the shifts of rays, crossing the vessel with 
the approximate equation. The angle of TIR is determined as a break-point 
of the curve of the speed V. This angle determines the unknown RI. By 
means of processing many of the experimental values from one measurement 
the requirements to the goniometer precision are lowered and error from direct 
individual observation on the reaching of TIR was avoided. RI of distilled 
water and water solution of sucrose are calculated. An error in the order of 1 x 
10- 4 was obtained. The concentration of water solution of sucrose is calculated 
with an error smaller than 0.1 %. 
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