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Simultaneous measurement of refractive index
and thickness for optically transparent object
with a dual-wavelength quantitative technique
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We present a new dual-wavelength quantitative measurement approach that can be employed for
simultaneously measuring both the refractive index and the thickness of the homogenous specimen.
This method is realized by dual-wavelength in-line phase-shifting digital holography, and then the
phase images are obtained by using four-phase step algorithm for each wavelength separately.
Based on computer simulation technology, the feasibility and the effectiveness of our proposed
method are demonstrated by comparing our simulation results with the experimental results of the
spherical silica bead and the red blood cell, respectively. Our work will provide some guidance in
the experimental research for transparent phase objects.
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1. Introduction

Dual-wavelength digital holography (DWDH) not only maintains the advantages of
single-wavelength digital holography, such as high sensitivity, high accuracy and non
-intrusive method without injury [1, 2], but can yield a synthetic beat wavelength phase
by the simple subtraction between two wrapped phases of single-wavelength [3-5].
Recently, DWDH has attracted wide attention in engineering and biology, and then
various DWDH techniques have been presented [3—14]. In order to perform a millimeter
contouring of the object, DWDH was first introduced by WAGNER et al. [7] by sub-
traction of two reconstructed phase maps obtained with a scanning dye laser. And then,
KM and co-workers proposed a similar technique within the framework of digital ho-
lographic microscopy to remove the phase ambiguity of digitally-propagated wave-
fronts [3, 4]. Additionally, to perform surface height measurements of the sample at the
beat wavelength, based on polarizing separation, dual-wavelength in-line and off-axis
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digital holographic methods have been presented by ABDELSALAM et al. [8, 9] by the
application of the flat fielding method.

Generally, the measured phase shift depends on the thickness and the refractive
index of a transparent object. To decouple these two parameters, there are two main
methods. One is to combine holography-based quantitative phase microscopy with oth-
er microscopy techniques, such as diffraction phase microscopy [14], confocal micros-
copy [15], and tomographic phase microscopy [16]. Since these additional techniques
require a mechanical scanning process, the combing method is more complicated.
The other is to separate anticipant information from the two phase maps [12, 17], which
are obtained from experiments where two types of surrounding solutions with different
refractive indices are utilized for the same cell.

In this paper, in order to separately measure the refractive index and the thickness
from the quantitative phase images of the optically transparent specimen, a new dual
-wavelength quantitative (DWQ) technique is presented based on in-line phase-shift-
ing DWDH. Our DWQ technique is based on the assumption that the refractive index
of'the phase object cannot be affected by the wavelengths in our experiment. The phase
images are acquired by using four-step phase-shifting algorithm for each wavelength
separately in in-line phase-shifting DWDH. We illustrate the proposed approach with
theory, and prove our method with experimental results of the spherical silica bead and
the red blood cell, respectively, by computer simulation technology. In addition, the
accuracy of refractive index measurement by our DWQ technique depends on the ac-
curacy of the refractive index in our simulation. The current simulation can provide
some guidance for the experimental parameters setting and data processing of trans-
parent phase objects by our DWQ technique.

2. Method of dual-wavelength quantitative technique

The DWQ technique is based on in-line phase-shifting DWDH supplemented by DWQ
analysis. As is known, phase-shifting requires at least three images and in general the
more images the better the results. For this sake, four-step phase-shifting algorithm is
employed to separately obtain both amplitude and phase information of the object at
each wavelength. The intensities in the four fringe patterns can be expressed as

T
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where /, and I, are the intensities of the object and the reference waves, respectively,
@; is the phase corresponding to wavelength 4, (i = 1, 2), and j is the number of the
phase-shifted frames (j = 0 to 3). The phase distribution ¢; corresponding to A; using
the four-phase step algorithm can be described by
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Fig. 1. Schematic of a sphere in a medium.

Suppose that the object is a sphere of thickness /; in the optical axis direction, as
shown in Fig. 1. The sphere is immersed in the solution with thickness of 4. The re-
fractive indices of the sphere and the surrounding medium are respectively setto ;.
and n,, 4 corresponding to 4. The index differences of the medium and phase object
aredefinedas Ang=ny, ; —ny z,andAn.=n, , —n. ; ,respectively. With ahighly
dispersive surrounding, An, can be assumed to be zero for An, << An, in our experi-
ment. Therefore, our DWQ technique is based on the assumption that the refractive
index n, of the phase object cannot be affected by the two wavelengths.

Then, the phase J, induced by the specimen corresponding to A; can be expressed by
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Removing the reference value 2n(n,, ; — 1)hy/A;, which can be conveniently
measured anywhere outside the object, the phase shifting induced by the sphere can
be described by

21
i
In the above equation, n, and /, are unknown and can be obtained by solving Eq. (4)
at each wavelength, respectively. Subsequently, the refractive index n, and the thick-
ness /1; of the phase object can be simultaneously derived by

n nm,/’Ll _nm, A, (5)
n. =n
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3. Numerical simulations

According to the method, the refractive index and the thickness of the homogenous
object can be measured simultaneously from the phase maps, which were obtained by
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Fig. 2. The thickness distribution of the RBC from [16].

DWAQ technique. To demonstrate the applicability and the reliability of this approach,
simultaneous measurements of the refractive indices and the thicknesses for the spher-
ical silica bead and the simulated red blood cell (RBC) are investigated using the sim-
ulation method, respectively.

In our experiment, a homogenous spherical silica bead and a simulated RBC are
used as the imaged objects. The refractive indices of the sphere, with the diameter
of 10 um, are setto ne,, 1, = 1.461 and n¢, 1, = 1.457 at 4, = 532 nm and 4, = 632 nm,
respectively. The sphere is immersed in the ethylene glycol, whose indices were
Nm,, 4, = 1.45 and nm, 2, = 1.43 for A, =532 nm and 4, = 632 nm, respectively. For
the spherical silica, An, can be assumed to be zero for An, = 0.004 < An,, =0.02.
The thickness distribution of the simulated RBC is obtained from [16], as shown in
Fig. 2. RBC can be seen as a homogenous object due to the absence of intracellular
organelles such as the nucleus and so on, thus the refractive indices are the same in any
regions of a RBC. The RBC is immersed in a certain perfusion chamber, whose indices
were set to fim,, 4, = 1.34 and nm,, 1, = 1.33 for A4, = 488 nm and 4, = 532 nm. Suppose
that the refractive index of RBC cannot be affected by the two wavelengths, thus its
refractive index can be seen as a constant. Consequently, the index difference of the
RBC An, is zero, which is much less than An, = 0.01. In addition, to simplify the cal-
culation, the refractive indices of the sphere and the simulated RBC for each wave-
length are 1.461 and 1.397, respectively. Both the reference wave and sample wave
are considered as plane waves, and their amplitudes are assumed to be 1.

4. Results and discussion
4.1. Spherical silica bead

To verify the applicability of this method, a spherical silica bead has been considered
as the experimental sample. With the ethylene glycol medium of refractive index
Nm,, 4, = 1.45 and nm, 1, =1.43, we obtain the phase images of the sphere for 4,
=532 nm and 4, = 632 nm, as exhibited in Figs. 3a and 3b, respectively. By using
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Fig. 3. The spherical silica bead. Phase maps for 4, = 532 nm (a) and 4, = 632 nm (b). The calculated
refractive index and the original one (¢). The 2D (d) and 3D (e) thickness distribution maps. The central
horizontal profiles of d and the original one (f).

Egs. (5) and (6), the refractive index and the thickness 2D distribution of the sphere
can be simultaneously measured based on DWQ technique, as shown in Figs. 3¢ and 3d,
respectively. From Fig. 3¢, one can find that the calculated refractive index 1.461
matches the original one very well. Figure 3e is the 3D representation of Fig. 3d, in
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which the shape of the spherical silica bead can be seen clearly. For comparison, the
central horizontal profiles of the original and the calculated thickness maps of the
spherical silica bead are exhibited in Fig. 3f, which shows that the calculated thickness
curve (circle) almost agrees with the original thickness curve (solid line). Through the
analysis, the measured maximum thickness is 9.9996 um, and the thickness deviation
is 0.0004 um, which is possibly caused by the phase shifting algorithm that can intro-
duce the detuning errors [18], compared to the original value.

a b
10 |
f"-.“'ﬂl-
ot
x = 8
o)
E =
9]
£ 3
5 = 4 r
14 m— |deal = w |deal
amas Measured 2+ =mar Measured
0 1 1 1 1
0 2 4 6 8 10
x [um] X [um]

Fig. 4. The spherical silica bead. Experiment results of refractive index (a) and thickness (b) from [14].

In addition, under the same experimental parameters, from Figs. 3¢ and 3d, we can
find that our calculated results of the refractive index and the thickness for the spherical
silica bead are similar to the experimental ones from JAFARFARD obtained by dual-wave-
length diffraction phase microscopy [14], as presented in Figs. 4a and 4b, respectively.
It is noteworthy to mention that the whole work can be carried out by the MATLAB
software.

4.2. Red blood cell

To experimentally demonstrate that DWQ technique is suitable for the quantitative
measurement of the biological specimen, we have applied this algorithm to measure
both the refractive index and the thickness of the simulated RBC. With the medium of
refractive index nm, 4, = 1.34 and np,, 4, = 1.33, the phase images of the simulated
RBC for A, =488 nm and 4, =532 nm are obtained, respectively, as presented in
Figs. 5a and 5b. By using DWQ technique, we can simultaneously acquire both the
refractive index and the thickness distribution of RBC based on Egs. (5) and (6), as
shown in Figs. 5¢ and 5d, respectively. From Fig. 5c, one can find that the calculated
refractive index 1.397 almost agrees with the original one. Comparing Fig. 5d with
the original thickness distribution image shown in Fig. 2, one can see that there is no
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Fig. 5. The simulated RBC. Phase maps for A, = 488 nm (a) and 4, = 532 nm (b). The calculated refractive
index and the original one (¢). The thickness distribution map (d). The horizontal profiles of d and the
original one (e).
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significant difference between them. For further comparison to demonstrate the accu-
racy of this approach, the profiles of the original and the calculated physical thickness
maps of RBC in the horizontal row are presented in Fig. 5e, which illustrates the fact
that the calculated thickness curve (circle) and the original thickness curve (solid line)
are almost superimposed, meaning that the DWQ technique is valid for simultaneously
measuring both the refractive indices and the thicknesses of biological cells.

5. Conclusions

In summary, a new DWQ technique based on in-line phase-shifting DWDH has been
presented in this paper. By using the simulation method, the results show that both the
calculated refractive indices and the calculated thicknesses of the spherical silica bead
and the RBC agree well with the original ones, respectively. Compared to the original
value, the thickness deviation is 0.0004 um for the spherical silica bead. The profile
of the original thickness matches the calculated one very well for RBC. The applica-
bility and reliability of DWQ technique have been verified by our work. Therefore, our
work will take a significant role in the experimental research on transparent objects. In
addition, our work will also provide a technical support for simultaneous measurement
of both the refractive index and the thickness for biological specimen.
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