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Abstract
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We present a dynamic goniometer—spectrometer for measuring the refractive index (RI) of
transparent triangular prisms by converting the beam deviation angles into time intervals. The
proposed measuring scheme allows the automatic determination of the RI simultaneously for
several different wavelengths by measuring the time intervals between the moments of
autocollimation of the reference and refracted rays reflected from a mirror continuously rotating
around the object with constant angular speed. This makes it possible to avoid the use of an
expensive ring laser or encoder for angle measurements and to use relatively inexpensive
instruments for time measurements, which reduces the cost of measuring equipment. To
calculate the RI value, we used the minimum deviation technique. A functional diagram of the
measuring equipment is given. A reference prism made of NBK-7 Schott optical glass was
experimentally studied and the measurement errors were estimated. The proposed measuring
scheme can be used for automated RI measurement and to study the dispersion characteristics of
triangular prisms made of optically transparent materials and liquid optically transparent

substances filling a hollow triangular prism.

Keywords: refractive index, refractive index measurements, dynamic goniometer, spectrometer,

angle-to time conversion

1. Introduction

The refractive index n (RI) and its spectral dependence are the
most important parameters of optical materials [1]. Accurate
and reliable measurements of RI are needed in the optical
industry to increase the resolution of lenses and other optical
devices [2, 3], and the study of the spectral dependence of
RI is needed to determine the dispersion characteristics used
for calculations of precision optics with minimal chromatic
aberrations [4, 5]. RI measurements are also necessary in the
chemical industry to check the composition of substances, in
the food industry in the production of sugar, juices, alcoholic
beverages, fats, oils, etc [6, 7].

* Author to whom any correspondence should be addressed.

To measure RI, various methods are used [8], including
goniometric methods based on measuring the angles of reflec-
tion and refraction of light passing through the sample. As
samples for goniometric methods, triangular prisms made of
the material under study or hollow prisms with plane-parallel
transparent portholes for liquid substances are usually used [9,
10]. To measure the angles of light refraction with a prism,
goniometers are used [11].

Various goniometric measurements of the RI of triangular
prisms are known, including the minimum deviation method
[12]. To ensure the high accuracy of RI calculation, the
automation of the measuring experiment, and control of the
prism temperature and ambient air parameters (temperature,
humidity, pressure) are required [13]. Our previous work [14]
describes the use of a dynamic goniometer with a ring laser
for automated measurements of RI by the minimum deviation

© 2023 IOP Publishing Ltd
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method. Such an instrument is highly accurate, however, the
use of an expensive He—Ne ring laser [15] to determine the
angular position of the autocollimation mirror significantly
limits its widespread use.

The accuracy of measuring RI using goniometric methods
is determined primarily by the errors of angular measurements
and depends on the prism method, air and sample temperature,
sample manufacturing quality, etc. When using the minimum
deviation method to determine RI with an error of the level
of 41077, it is necessary to make angular measurements with
an error of no more than £3-6" [16]. Reference instruments
that provide an error of measurement of the RI up to +107°,
require angle control with an error of 0.5 [17]. Such accur-
acy of angular measurements can be achieved using expensive
equipment such as a He—Ne ring laser or a precision photo-
electric encoder [18]. However, it is possible to achieve high
accuracy in determining RI using relatively inexpensive meas-
uring devices for the transition from angular measurements to
time and frequency measurements [19].

This work contains a description of a dynamic goniometer—
spectrometer with the conversion of beam deviation angles
into time intervals, which allows simultaneous automated
measurements of RI at several fixed wavelengths to reduce the
cost of equipment and time spent on the study of the dispersion
characteristics of the sample.

2. Measurement method

The method of measuring RI used for the goniometer—
spectrometer is based on determining the angle of the min-
imum deviation of light passing through an optically transpar-
ent triangular prism. By changing the angle of incidence of
light on the face of the prism ¢, it is possible to position the
prism so that the angle of deviation of the beam ¢ reaches a
certain minimum—the angle of minimum deviation €,;,. The
value of i, depends on the value of RI, the apex angle of the
prism ¢, and the radiation wavelength X\ due to the dispersion
properties of the material.

By measuring e, the relative RI of the prism material n
can be calculated using the formula [20]:

n=sin[(a+ emin) /2] /sin (a/2). (1)

To determine the dispersion characteristics [21] (Abbe
number, principal dispersion, dispersion coefficients, relative
partial dispersion, etc) it is necessary to calculate RI for differ-
ent wavelengths corresponding to the specific spectral lines—
F (486.13nm), d (587.56 nm), C (656.27 nm) etc. For practical
approximation, dispersion formulas are available: we can use
the Sellmeier equation [22], Schott equation, or the simpler
Cauchy dispersion formula [23]:

n=A+B/)\+C/\, (2)

where A, B, C are empirical coefficients determined by meas-
uring the RI for three wavelengths.

Figure 1. A dynamic goniometer—spectrometer. | —triangular
prism; 2—object table; 3—radiation beam; 4—rotating console;
5—two-sided mirror; 6—laser diode modules; 7—zero indicator
with photodetector.

3. A dynamic goniometer—spectrometer

To measure the desired angle of the minimum deviation at
different wavelengths, a dynamic goniometer—spectrometer is
used as part of the measuring equipment (figure 1) [24].

The prism (1) is fixed on an object table (2) in such a way
that the radiation beam (3) falls on the input working face at
some angle ¢. The console (4) with a mounted autocollimation
mirror (5) is rotated at a constant speed by an electric motor. A
two-sided autocollimation mirror is fixed in a position where
the normal to the mirror is perpendicular to the axis of rotation.
To determine the angle of rotation of the console, the measure-
ment of the time intervals between the moments of the beam
autocollimation is used.

As radiation sources for the goniometer—spectrometer,
three laser diode modules (6) (Laserscom LDI series) with
wavelengths of 455 nm (blue), 520 nm (green) and 638 nm
(red) are used simultaneously. The radiation of laser diode
modules is combined into a common beam (3) using fiber-
optic couplers. After passing through the prism, this beam is
separated due to the dispersion properties of the prism mater-
ial. The difference in the value of e, for the laser diodes used
is on the level of units of angular degrees, which corresponds
to the delay between consecutive signals on the photodetector
(Hamamatsu G10899-03K InGaAs photodiode) in units of
milliseconds at a console rotation speed of about 40 rpm. We
used a non-contact direct current motor (DB32 type) to rotate
a console.

To determine the moments of autocollimation, a zero indic-
ator (7) is used, based on an autocollimator with thin slit
diaphragms in the lighting and receiving parts (figure 2).
Therefore, the photodetector generates a signal close in shape
to a triangle pulse at those moments of time when the outgoing
beam is perpendicular to the surface of the rotating autocol-
limation mirror. The first pulse from the zero indicator, which
sets the beginning of the angular measurements, occur when
the beam is reflected from the outer surface of the mirror. The
second, third and subsequent pulses, which set the deviation
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Figure 2. Optical scheme of the autocollimator. 1—beam splitter
cube; 2—Ilens; 3—radiation source; 4—photodetector; S—slit
diaphragms.
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Figure 3. The time diagram of the voltage on the photodetector
U(t). 1—signal from the outer side of the rotating mirror; 2, 3,
4—signals from the inner side of the rotating mirror for the red,
green, and blue laser diodes respectively.

angles ¢; of the refracted rays with respect to the incident,
occurs when reflected from the inner surface of the mirror.

Since the beam is formed simultaneously by several laser
modules, for one complete rotation of the console, several
sequential signals (triangular pulses) containing information
about the deviation angles ¢; for each wavelength are received
on the photodetector (figure 3). Since the console rotates at
a constant angular speed w, the deviation angles for each
wavelength ¢; are proportional to the time intervals between
pulses:

si:27rti/T77r, 3)

where #; is the time interval between the first and ith pulses; T
is the console rotation period.

As relative measurements of time intervals are implemen-
ted, it is sufficient to ensure the short-term stability of the time
scale, the unevenness of which is less than 1 - 10~ in 1 s, even
for relatively inexpensive measuring devices.

To measure the time intervals between pulses, various
instruments can be used—a frequency counter, an oscillo-
scope, or an analog-to-digital converter (ADC). The disad-
vantage of using a frequency counter is that it has a certain
level of response, and thus the measured time interval will

depend on the ratio of the amplitudes of the triangular pulses.
To equalize the intensity of the reflected radiation, the coat-
ing on the outer surface of the mirror is made with a lower
reflective coefficient. Since the signals are received from dif-
ferent sources, there are technical difficulties of ensuring the
same amplitude of the pulses, so we used a high-precision
ADC (Rudnev-Shilyaev LAn10 series) for automated measure-
ments. The data from the ADC are transmitted to a personal
computer for processing. The vertex of each pulse is approx-
imated using a polynomial of the second degree, the maximum
point is determined, and the time intervals T and ¢; are calcu-
lated. It was obtained by numerical modeling that a polynomial
of the second degree would be sufficient to solve the problem.
Approximation of data by polynomials of the third and higher
orders, considering the possible amplitude noise, can lead to
false maximum and not required in this case.

To find ey, a series of deviation angle measurements are
carried out at different angular positions of the prism (i.e. at
different angles of incidence ), which are obtained by rotat-
ing the object table at a certain fixed angle A using a stepper
motor. The dependencies ¢;(¢) for each wavelength are also
approximated by a polynomial of the second degree and the
corresponding values of i, are calculated.

Using formula (1), we can find the value of RI for each of
the wavelengths, and then calculate the coefficients of the dis-
persion formula. For the Cauchy formula (2), it is sufficient
to use three wavelengths, but for the most accurate Sellmeier
equation with six coefficients, it is necessary to use six differ-
ent laser diodes.

4. Measuring equipment

The functional diagram of the measuring equipment can be
represented as six modules (figure 4):

(1) zero indicator module (laser diodes, slit diaphragms, beam
splitter cube, lens, photodetector);

(2) optical-mechanical module (object table, rotating console
with two-sided mirror, stepper motor);

(3) meteorological module (barometer, thermometer, hygro-
meter) for monitoring the ambient air parameters;

(4) electronic module for transmitting the signal from the pho-
todetector and controlling the stepper motor;

(5) instrumental module (oscilloscope for monitoring the
presence and the level of the photodetector signal, high
precision ADC for time intervals measurements, contact
thermometer for prism temperature measurements);

(6) computing and control module (a personal computer with
software for processing the measurement data and trans-
mitting stepper motor control commands).

To reduce random errors, the results obtained over several
console rotations for each angular position of the prism are
averaged.

The absolute RI of the prism material n, is calculated
using the formula [25]:

Nabs = NAgir — ﬂ (t - 200) 3 (4)
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Figure 4. The functional diagram of measuring equipment. 1—zero
indicator module; 2—optical-mechanical module;
3—meteorological module; 4—electronic module; 5—instrumental
module; 6—computing and control module.

where n,, is the RI of air, ¢ is the temperature of the prism
during measurement; S = dn/dt is the temperature coefficient
of RI of the prism material.

The RI of the air is calculated using the Edlen formula
[26] according to the measured meteorological parameters, the
temperature coefficient of RI for the optical glass 5 can be
found from the manufacturer documentation.

Using our goniometer—spectrometer we can perform meas-
urements without the presence of the operator in the measure-
ment zone, i.e. the measurements may be made automatically.
All measurement operations carried out using computing and
control module (6).

5. Angle measurement accuracy analysis

We evaluate the contribution of the measurement error of time
intervals to the error of angular measurements. The error of
measuring the time intervals is mainly determined by the fol-
lowing components:

e the timebase stability;
e the time intervals measurements resolution;
e the unevenness of the console rotation speed.

The timebase is provided by a quartz oscillator [19], uneven-
ness at intervals of 1 s is from 10~2 to 10~'2, so error contri-
bution is negligible.

The resolution error usually does not exceed the unit of
the lowest digit and depends on the sampling rate fs of the
ADC used. Since the console rotation speed is about 40 rpm
(respectively T ~ 1.5 s; t; ~ 1.0 s), and the sampling rate
~100 MHz, expressions can be written for the resolution rel-
ative error 67 and dt of the time intervals:

§T==£1/(fT) ==£1/(10°-1.5) = +0.7-107%, (5)

5t =+1/(fst;) = +1/(10°-1.0) = £1.0-107%.  (6)

Table 1. Minimum deviation angles measurement results.

Instrument g455mm (°)  €5000m (°)  €638om (°) 0 (°)

Frequency counter 34.501 439 34.137 684 33.765 844 2. 10~*
Oscilloscope 34.489 887 34.152550 33.754189 1-107*
ADC 34.496 818 34.147976 33.758851 1-107°
Ring laser 34.497 511 34.147705 34.758842 2-107°

Table 2. Absolute RI measurement results.

Instrument 7455 nm 71520 nm 1638 nm

Frequency counter 1.525 615 1.520 717 1.515 694
Oscilloscope 1.525 459 1.520917 1.515 536
ADC 1.525 553 1.520 855 1.515 599
Ring Laser 1.525 562 1.520 852 1.515 599
Reference value 1.525 559 1.520 847 1.515 597

Note: The reference values for comparing the results are highlighted in bold.

Thus, the main contribution to the error of time intervals
measurements is made by the unevenness of the console rota-
tion speed, which can be estimated through the coefficient of
irregularity 9, determined by the formula:

5 - (wmax - wmin) /wna (7)

where Wax, Wmin, Wy are the maximum, minimum and average
values of the angular speed for one cycle.

This coefficient depends on the type of electric motor rotat-
ing the console, and typical values of § are 0.01-0.001, which
is not enough to ensure the required angle measurement accur-
acy. To achieve the angular errors +3-6", it is necessary to
provide ¢ < 0.0001, for example, by installing a flywheel [27],
and to average the measurement results for several rotations
of the console. Using these techniques, rotation speed uneven-
ness error can be reduced to +10~%, which corresponds to the
error of angular measurements in tenths of a second.

6. Experimental results

We used ten angular positions of the prism to obtain €;(¢)
dependences and ten rotations of the console for each position
to reduce random errors.

Table 1 shows the results of the measurements of the
angle of minimum deviation for three laser diode wavelengths
(455 nm, 520 nm, 638 nm), obtained with four different
instruments—ifrequency counter, oscilloscope, ADC and He—
Ne ring laser, as well as typical standard deviation o levels
for angular measurements. We used a reference NBK-7 Schott
glass prism [25] with well-known RI and Sellmeier coeffi-
cients as a sample.

Then the relative RI n was calculated using formula (1),
n,ir was calculated according to environmental conditions and
wavelength by the Edlen formula, absolute RI n,,s was calcu-
lated by formula (4). Table 2 shows the results of absolute RI
calculation for each wavelength and instrument.

We used Sellmeier coefficients of prism A; and B; obtained
with State Primary Standard of the RI Unit GET 138-2021 of
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Table 3. RI measurement errors results.

Instrument Anyss nm Ans nm Ang3g nm
Frequency counter 6-1073 —1-107* 1-107*
Oscilloscope —1-107* 7-1073 —6-107°
ADC —6-107° 8-107° 2.107°
Ring laser 3-107° 5.107° 2-107
Table 4. Absolute RI calculation results.
Wavelength 486.13 nm 587.56 nm 656.27 nm
Calculated results 1.523 079 1.517 474 1.515021
Reference value 1.523 062 1.517 490 1.515 002
Error 1.7-107° —1.6-107° 1.9-107°

the All-Russian Research Institute for Optical and Physical
Measurements to calculate the reference values of RI for
the wavelengths used and estimate measurement errors An;
(table 3) using:

N A\ AN
N_B N-B N-B

®)

where A} = 1.039 652 63; A, = 0.235792 13; A3 = 1.283 407
00; B; = 0.004 406 73; B, = 0.024 594 55; B3 = 105.892 630.

Table 3 shows the error obtained with ADC is comparable
to the error of a ring laser, which cannot be achieved using
less accurate instruments like a frequency counter or an oscil-
loscope. The calculated absolute error An does not exceed
+1-1077 when compared with the reference value, which is a
very good result and proves the prospect of using the presented
scheme for high-precision measurements of the RI of optically
transparent materials.

Using an ADC measurement results, it is possible to find
the Cauchy coefficients (A = 1.504 877; B = 0.004 451;
C = —0.000 035) and calculate the RI at any wavelength.
So, we calculated the value of RI at Fraunhofer lines ng
(486.13 nm), ngq (587.56 nm) and nc (656.27 nm) required
to determine the main dispersion characteristics of the prism
material (principal dispersion and Abbe number) [23]. Table 4
shows the calculation results compared to the reference value.

According to table 4, the RI calculation error level is
+2 - 1073, so for more accurate dispersion characterist-
ics determination, 6 wavelengths and the Sellmeier equation
should be used.

7. Conclusion

A dynamic goniometer—spectrometer with angle-to-time con-
version proposed in this article can be used to measure RI
and study the dispersion characteristics of triangular prisms
made of optically transparent materials or liquid optically
transparent substances filling a hollow triangular prism with
plane-parallel transparent portholes. Such a scheme can sig-
nificantly reduce the cost of the equipment and minimize
the time spent on the study of dispersion characteristics

because measurements carried out simultaneously at several
wavelengths, while maintaining high measurement accuracy.
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