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Refractive Index Measurement
Using Laser Diffractometer

Chih-Chieh Hsu

Department of Mechanical Engineering
National Chiao Tung University
Hsinchu, Taiwan
johnson0824@msn.com

Abstract—For refractive index measurement, this paper presents
a new method based on a laser diffractometer, in which a
reflective diffraction beam coincides with an incident beam.
Calculation by using the angle of a reentry beam, grating pitch,
and laser wavelength vyields the refractive index. Based on a
Littrow configuration, grating pitch measurement and
immersion diffractometry are implemented to determine the
refractive index of transparent liquids such as water, oil, and
translucent liquids mixed with particles. Experimental results are

Tzong-Shi Liu
Department of Mechanical Engineering
National Chiao Tung University
Hsinchu, Taiwan
tsliu@mail.nctu.edu.tw

presented to demonstrate variation in solution composition and
the refractive index.

Keywords: Laser diffractometer;
configuration; Immersion diffraction

Refractive index; Littrow

INTRODUCTION

No matter in the optics-related field, pharmaceutical,
chemical industry, or product monitoring, the liquid refractive



index is an important optical property. Laser diffractometers
provide excellent measurement repeatability in applying to the
calibration of grating pitch [2,3,4,5,8]. In addition to research
in pitch measurements, using laser diffractometer or
interferometer to measure the liquid’s refractive index is also a
breakthrough [6,9,13]. There were many methods for refractive
index measurements early, such as Sarov et al., using their
refractometers by Abbe number and critical-angle [11].
Castrejon-Pita used the total internal reflection to conduct their
refractive index measurement [1]. With the development of
new technologies, the accuracy requirements of liquid’s
refractive index are becoming increasingly important. However,
there are some constraints in the above measurement methods,
such as the range of measuring volume is restricted, restrictions
on the sample and test conditions are too excessive, complex
and demanding for the equipment design and operation
environments. Thus, Lu’s research team used immersion in
diffraction technique [6]. By the method of immersion, it not
only can overcome the diffraction limit of one-half laser
wavelength but measure the refractive index of liquid. These
experiments had successfully measured the amounts of the
refractive index of liquid, but also with very good measurement
results. However, these experiments have several
disadvantages. First, signals are more susceptible to
interference; the other is the measurement resolution is poor.
We combine of measurement techniques for grating pitch, and
liquid immersion technology to calculate the refractive index of
the liquid. Light diffraction is a generally well-known physical
phenomenon. This paper is based Littrow principle, to produce
a reflective diffractive beam which coincides with the incident
beam. And take the amount of diffraction angle by position
sensitive detector (PSD) with high precision positioning rotary
table, wavelength of laser source and pitch of diffraction
grating. The refractive index of environmental media is
available after calculating formula. In addition to correction
pitch of nano products, laser diffraction was also an important
instrument of the refractive index measurement. This study
proposes a new method combined with the Littrow
configuration, grating pitch measurement and immersion
diffractometry. We use the standard grating of period 833 nm
with the method mentioned above to determine the refractive
index of immersion liquids such as water, oil and others
transparent liquids, confirm the feasibility of this approach and
also highlight the measurement of this system has many
benefits like simple structure, highly repetitive and higher
accuracy.

METHODS

Grating and Laser Diffractometer

Grating is a profit in the diffraction and interference of the
wave optics principle. Grating is a component with collecting
the reflected light (or transmitted light) to obtain experimental
information. By the virtue of industries and academics put off
to study, grating’s pitch has been able to achieve the scale of
nano-level. When laser beam injects into a grating, it will
produce a number of diffraction light of different orders. In
analyzing the grating, the grating is seem as a combination of
many single-slit. While the individual light on the slit points
can be regarded as new sources of light. Respectively, each
new light source generates its own wave-front, and every wave

interfere each others, there are the interference result seeing on
the observation screen we can see. But the optical path
difference (OPD) of the point light source to the observation
plane is different to each other, and there is much constructive
interference to format many diffraction spots on the imaging
plane. To classify gratings from its direction of the diffraction
beam, diffraction gratings in general can generally be classified
into two kinds: transmission grating and reflective grating.
When the beam directions of incident and diffraction are not
the same side, it’s called the transmission-type grating. The
reflective lights are diffractive beams of 0, =1 and other orders
produced respectively by diffraction grating. Considering a
reflective grating generates laser spots on the observed plane,
which is constructive interference of the slit light sources. The
optical path differences of each slits to the observation plane
are integral times of the incident wavelength, A. So that the
grating equation can be written in

P(sina+sinﬂm): mA = mﬁ
n QU)
where P is pitch, & and Bn are the angle of incidence and
diffractive. 4 is the wavelength of incident light source, m is
the diffraction order’s number. j symbols for the light’s

wavelength in vacuum, and n is the refractive index of
environment. Sometimes we also express it as

sina +sin f, =0 4 =Gmi
P (2

where G is groove frequency or groove density, and G is the
reciprocal of pitch. (G =1/P)

In addition, from Eq. (1) we can improve the quality of the
diffraction phenomenon by changing the wavelength of the
light source. Take the red and blue lights for example which
wavelengths were 633 nm and 488 nm: red is prone to cause
the phenomenon of optical diffraction due to red light’s
wavelength is smaller than the blue light’s. And the diffraction
angle of red light is relatively large. Therefore, the diffraction
effects of using red light as a light source are more remarkable
than the effect of using blue light in experiments.

Littrow Diffraction Configuration

Based on the Littrow configuration [7], if we rotate the
diffractive reflection grating until the angle reach a certain
value, the diffraction beam will follow the original path to
return and coincide with the incident beam. This moment the
incident angle ¢ is equal to the diffraction angle g

precisely, as shown in Figure 1. This configuration is known as
Littrow configuration. The original grating Eq. (2) can be
rewritten as

2Psina =mA = mﬁ
n (3)



where P is pitch, & the incident angle, 1 the wavelength of
incident light source. m is the diffraction order’s number, n the

refractive index of environment, and o light wavelength in
vacuum.

Grating
normal

diffraction /
beam

Incident /
\
beam /

Figure 1. Schematic of Littrow configuration.

Immersion Diffraction

The previous immersion in the diffraction instrument,
because of immersion media’s, container’s and air’s interfaces
occur twice refraction. So the original diffraction angle is
distortion and it’s rather difficult to obtain the more precise
angle.

From physical optics and geometric theory, we can know
that all of the chord through the center of a circle must be
tangent with the vertical circle. So this study will use this
simple geometric principle to overcome the interface
refraction problem between the media and the container. We
can easily obtain immersion diffractive angle using the frame
as Figure 2.

Glass
Figure 2. Schematic of new frame’s immersion diffraction.

As the schematic shown, there is a pre-measured grating
setting at in transparent circular container, and the diffraction

plane will took place at the circular center of a circle container.

Then we add the liquid medium in the container to fill space
full. In order to avoid total internal reflection (TIR) the
required liquid and the container material’s reflective index
should be similar to realize these experimental ideas
mentioned above. After the completion of Setting up, we
begin to rotate the devise to make the beam’s incident angle
equal to the Littrow diffraction angle. When the angle reaches
the Littrow diffraction angle, the diffraction beam will be
along the direction of the incident to return, and this angle
between the grating normal and the incident beam is that we
want for the immersion diffraction angle.

After obtaining the immersion diffraction angle, with the
laser light source with known wavelength A and the grating’s
pitch P, the Eq. (3) of the Littrow diffraction configuration can
be rewritten as

__mi 4
2Psina

where n and m denote the refractive index of immersion liquid
and the number of diffraction’s order, respectively.

EXPERIMENT DESIGN AND CONFIGURATION

Laser Diffractometer

Figure 3. A laser diffractometer assembled on the precision rotating table.

In order to establish the laser diffraction technique of the
refractive index measurement of liquid, we must first to do
calibration of the laser diffractometer and determine the
diffraction grating pitch. Experimental architecture (Figure 3)
combines a green light He-Ne laser with 543 nm wavelength
(1), a high-precision positioning rotary platform (PRT, 5), a
four-quadrant position sensitive detector (PSD, 6), four-axis
adjustment device (4), and a circular transparent container; the
above-mentioned devices will be placed on the vibration
isolation platform. The PSD will make signal of spot position
output to the industrial computer for processing.

In this study, the composition of optical path are
polarization beam splitter (PBS, 2), two mirrors and a quarter
phase retard plate (QP, 3) to form an optical measurement
system. The He-Ne laser of 543 nm wavelength through the
mirrors group and through the polarized beam splitter after,
p-polarization of light will penetrate but s-polarization of light



will be reflected to the right side. When the linearly
p-polarization light through the quarter phase retard plate, it
will become a circularly polarization light, aiming at the
sample placed on the four-axis adjustment device. Then
rotating the high-precision positioning rotary platform, when it
meets the Littrow configuration, the diffraction beam will
follow the original optical path back, and through the quarter
phase retard plate again, turn into the linearly polarization light
and it have a 90 degrees polarized. Then this linearly
polarization light will be reflected by PBS to the four-quadrant
position sensitive detector. In usually the intensity of diffracted
light is not such high, and higher-order diffraction lights is
more difficult to detect by PSD’s sensor. But the use of this
optical path design, it will be able to effective use of light
energy; to avoid diffraction lights generated by the grating
cannot be detected by the PSD’s sensor. In the determining
grating’s pitch, it must to make precision rotating platform’s
degree to zero and adjust the four-quadrant position sensitive
detector first, so the center of the detector and the reflecting
zero-order diffraction light spot are coincidence. We can use
this position as a reference point for the measurement of space.
Then we control the computer software to operate the
high-precision positioning rotary platform. Input a positive
angle, the high-precision positioning rotary platform will
clockwise rotate until a first-order diffraction spot and the
center of PSD’s sensor coincide. This rotation angle is named
a,,- Similarly, counter-clockwise rotation of the platform can

find a negative first-order diffraction angle, ¢ ,. After taking

the average of these two angles, we can obtain Wpgerage *

Substituting it into Eq. (3) can calculate the pitch of this
grating.

Figure 4. A diffraction grating immersed in the test liquid.

Refractive Index of Liquid

In order to avoid the concerns of total internal reflection
and refractions, we use an idea from geometrical optics
combined with the diffraction technique for measuring the
refractive index of liquid, as shown in Figure 4. In this study,
we use two He-Ne lasers of 543 and 633 nm wavelengths to
achieve the refractive index measurements of pure water and
several liquid at 20°C.

Here comes an extension structure of the laser
diffraction in the previous section, a diffraction grating placed
in the center of a circular container so that the diffraction
grating plane coincides with the center of a circle. As the
container has not yet added the liquid medium, the pitch
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measured in the air at the this time will be the standard value
in the following experiments; after measuring the standard
value of pitch, then add the liquid into the container, we can
start measuring the diffraction angle of different liquids.

Because of the incident laser beam will be reflected to
the quarter phase retard plate by the polarization beam splitter,
so that the linear polarized light will change into circular
polarized light, then circular polarized light through the
container without refractive effect and be arrival the grating
soaked in the medium. We use the adjusted four-quadrant
position sensor and set the center of photo sensitive elements
for a reference zero point and then rotate the positioning rotary
platform. Based on the Littrow configuration, we can find a
diffraction beam along the original path returns through the
positive and negative first-order diffraction light, respectively.
We adjust the diffraction spot to the PSD center by rotating
PRT slowly, and then read the angle of rotating platform, we
can obtain the angle between the positive and negative first
order diffraction beams, as 2. Finally, the above measured
diffraction angles and the standard pitch of the grating are
substituted into the Littrow diffraction formula, Eq. (4).
Accordingly, the refractive index of the liquid is calculated.

PRT

an
®
Z
a
=
oo
&
|:|] < PBS
PSD
M2 < ‘M1

Figure 5. Schematic of the laser diffractive refractometer.

Pitch’s Measurements and Samples’ selection

The immersion laser diffraction technique infiltrated of the
above chapter, it serves to confirm its feasibility after the
experiment. In the first part of this chapter, we will choose
several transparent clear liquid as the measurement samples.
The experimental results are also performed with reference
values. By changing the different liquid which obtained
different solute and measuring experimental data, we can
explain the relationship between composition and refractive
index changes of the solutions. Before the index’s
measurement, we need to measure the diffraction grating pitch
which will be used of laser diffraction. We wuse a
one-dimensional grating manufacture by Edmund Optics. The
refractive index of air in environment is 1.000271, and we use
high-precision rotary platform to measure diffraction angles of
the grating as shown in Figure 3. Since the measured result of
first order diffraction angle is 19.01421 degree, Eq. (4.1) yields
the pitch value of 833.890 nm.



EXPERIMENT RESULTS

This section uses laser diffraction to measure the liquid
refractive index which immersed the diffraction grating.
Edmund Optics’ one-dimensional grating is used, with the
grating pitch 833.890 nm measured in the last section.
Commonly the high-precision rotary platform is used to
measure displacement of diffraction angles. With the measured
diffraction angles and calculation of Eq. (4), the refractive
index of immersion liquid, n, can be obtained.

Refractive index of transparent solution

We use laser diffraction and operate high-precision rotary
platform in order to measure the diffraction angle; through
calculating Eq. (4) with the measured diffraction angle, we can
obtain the refractive index of immersion liquids, n. The
Experimental samples of transparent liquid are pure water, 40
nm colloid silver solution and 40 nm colloid gold solution.
After some equation calculations, the averages of refractive
index in the 633 nm wavelength light are 1.33184, 1.33179
and 1.33214, respectively. The distribution of refractive index
data is shown in Figure 6.

We use the light source with 543 nm wavelength light. The
refractive index of pure water and 40 nm colloid silver
solution are 1.33484 and 1.33411, respectively. The data
distribution is shown in Figure 7. Additionally, the 40 nm
colloid gold solution’s diffraction lights will be absorbed in
the use of 543 nm wavelength light. So we cannot produce the
diffraction angle in this case.

Refractive index of translucent solution

We also use the laser diffraction method and a similar
principle to measure the refractive index of translucent liquids.
The experimental samples are solutions of polystyrene
particles in nanometer scale; the particle’s diameters are 100,
300, 500 and 900 nm. After calculating with diffraction angles,
the average of refractive index in 633 nm wavelength light
source is about 1.33467 and the data distribution is shown in
Figure 8.

Dealing with four kinds of nanoparticle solution
subjected to 543 nm wavelength light, the average refractive
index of 100, 300, 500 and 900 nm nanoparticle solution are
1.33154 and the data distribution is shown in Figure 9. Then
we change the sample to the clearly transparent solution of
NaCl. The concentrations of the molar concentration are from
1 to 6M, for which there are six samples. Through
experiments and calculations, the refractive index of the NaCl
solution in the 633 nm wavelength light, the data distribution
of each concentration of the sample are shown in Figure 10.

REFRACTIVE INDEX OF TRANSPARENT SOLUTIONS IN 20°C

. Wavelength

; St 543 nm 633 nm
Sample S
pure water 1.33484 1.33184
silver colloid solution 1.33411 1.33179
gold colloid solution (N/A) 1.33214
pure water. REF.[12] 1.33553 1.33268
1.33220
1.33215 |
133210
1.33205 |
% 1.33200
<
=
= 1.33195 * Water m
L3319 ® Sliver Colloid |_|
Gold Colloid
133185 . . . . - - - .
133180 - = w = = ] w =
1.33175
0 2 Times6 8 10

Figure 6. Refractive index with 633nm wavelength laser
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Figure 7. Refractive index with 543nm wavelength laser

REFRACTIVE INDEX OF TRANSLUCENT SOLUTIONS IN 20°C

T~ Wavelength
S:\m|i|-l:‘.~."“"-~-~_‘_~_ 543 nm 633 nm
100 nm 1 1.33476 1.33159
300 nm 1.33475 133151
500 nm 1.33462 1.33150
900 nm 1.33457 1.33148
AVG 1.33467 1.33154
pure water 1.33484 1.33184
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Figure 8. Refractive index of particle solution with 543nm wavelength laser
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Figure 9. Refractive index of particle solution with 633nm wavelength laser

REFRACTIVE INDEX OF NACL SOLUTIONS (1M) BY TWO WAVELENGTHS

‘-"“'m_‘_ Wavelenoth .
. e, 543 nm 633 nm
Samnle B O
NaCl,y 1.34622 1.34453
NaCly,. REF.[10] 1.34687 1.34400
1.380
*
1.375
1370 *
1.365 -
»®
S 1360
S .
1355
*
1350
1345 - * NaCl (a)|
1.340 ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6
Concentration (M)

Figure 10. Refractive index of NaCl solution with 543nm wavelength light
source

CONCLUSION

This study used a horizontal rotary platform with superior
angular resolution and automatic measurement to avoid the
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defect of vertical rotary platforms. The application of laser
diffractometers is extensive, and measuring the refractive
index of liquid is effective and accurate by using LD. Unlike
other refractometers of interferometry and critical angle, this
measurement principle is based on the Littrow configuration,
in which a reflective diffraction beam coincides with an
incident beam. The wuse of optical components is
uncomplicated and substitution of measurement equation is
simple. The measurement repeatability is higher than other
systems. This study has presented the diffraction angle
detection and diffractometry for measuring the refractive
index of liquids.

As depicted in Tables 1 and 2, there are eight kinds of
liquids. In experiments, lasers of different wavelengths shoot
in those liquids. Refractive indices of transparent solutions
will change between 0.0007 and 0.0008. By contrast,
refractive indices of translucent solutions remain the same as
that of pure water.
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