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ABSTRACT

Dual-wavelength interferometry is widely used in optical measurement, including the of great significance phase
imaging of transparent samples. Here, we present a dual wavelength real-time phase imaging system based on
off-axis interferometry with two cameras for recording complex fields transmitted through transparent samples
in a wide-field and non-intrusive manner. The method of phase unwrapping based on combing dual wavelength
with Fourier transform was derived in detail. The advantage of the proposed system is, compared with single-shot
dual wavelength holograms methods, that it can easily extract the complex fields at both wavelengths without
consideration of spectrum overlap or needing extra optic device to create lateral shearing. For phase noise, we
calculated and removed the phase signal without sample in Fourier domain, which can also ensure the mea-
sured phase accurately. Experimental results on standard sample (polystyrene microspheres) demonstrated the
efficiency of this imaging system. Implementation in quantitative imaging of living cells showed the time of
single-shot acquisition of samples was only 0.025s, which indicated that the system can be applied to real-time

and label-free identification of phase objects.

1. Introduction

Digital holography (DH) is a well-established technique for optical
imaging and tomography measurements [1]. By replacing the photo-
chemical procedures of traditional holography with an electronic imag-
ing sensor, this technique enables the numerical reconstruction and pro-
cessing of both discrete data and digital images using a computer [2].
In recent decades, thanks to its fast reconstruction speed, high axial res-
olution, and low cost, DH has been widely used in quantitative phase
imaging [3,4].

In conventional DH microscopy, the holograms of target objects are
recorded with a single wavelength, which is especially effective for ob-
jects with induced optical path delay (OPD) of less than one wavelength.
However, ambiguities exist in their reconstructed phase maps which is
called phase wrapping. To address this problem, phase unwrapping al-
gorithms can be used by evaluating fringe orders of the wrapped phase
map [5]. However, these algorithms are usually computationally slow.
Moreover, they cannot correctly unwrap the phase maps when the ac-
tual phase differences between two adjacent pixels is greater than 2z.
To overcome these problems, dual-wavelength digital holographic tech-
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niques (DWDHT) have been proposed [6-16]. In DWDHT, by selecting
two appropriate distinct wavelengths, two wrapped phases can be ac-
quired from single-wavelengths holograms. Through direct numerical
subtraction of the two wrapped phases, an optical unwrapped phase map
of the measured sample at a synthetic wavelength can be achieved. How-
ever, the synthetic wavelength, usually in the micron order, is longer
than either of the two single wavelengths, which significantly expands
the unambiguous phase range. However, previous DWDHT [6,8-12]
could not record two holograms simultaneously, limiting their applica-
tion in dynamic imaging. Although this problem can be resolved by us-
ing the four-step phase-shifting method [16], which involves recording
four dual-wavelength holograms with a phase shift of z/2. However, this
process is time-consuming and cannot be applied for real-time imaging
of living cells or fast-moving objects. Several real-time dual-wavelength
digital holographic recording systems have been proposed [17-22,18],
wherein it is preferable to record interferograms of two wavelengths si-
multaneously. In Ref. [17-19], interferograms at two wavelengths were
captured in a single shot using a device with a color charge-couple de-
vice camera, the limitation of which is that two wavelengths cannot be
selected at freely. Therefore, monochrome cameras are more commonly
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used to record multi-wavelength holograms. In [20-22,18], to improve
measurement stability and solve frequency-domain overlapping, these
systems were employed with extra optical devices, such as a diffractive
element [20], grating [21], parallel glass plates [22], dichroic mirrors
[18], which resulted in the experiment setup more complex and high
cost.

Here, to solve the above problems, we present a dual-wavelength
real-time simultaneous phase imaging system based on off-axis interfer-
ometry. In this configuration, two types of filters were employed to sep-
arate different wavelength beams resulting in two different holograms
in separated cameras. Additionally, two identical cameras were inserted
in the optical path to receive the processed data. Notably, there was no
frequency-domain overlapping to resolve as shown in Fig. 1B-C, when
Fourier transform (FT) was used on the holograms. For phase noise,
we first acquired the background phase without a sample and then the
phase caused only by the sample could be computed by subtracting the
background phase. Subsequently, to verify the feasibility of the imaging
system, we performed experiments on polystyrene microspheres and liv-
ing cells, using the concept of phase volume to quantitatively describe
the change in the overall sample phase within 2 h, and used the gradient
operator to further describe the speed of this change.

2. Materials and methods
2.1. Experimental setup

The experimental setup used for dual-wavelength real-time simul-
taneous phase imaging based on off-axis interferometry is depicted in
Figure 1A. The source comprised two continuous wave (CW) lasers op-
erating at wavelengths of 11 = 650 nm (MRL-III-650L, Changchun New
Industry Optoelectronics Technology Co., Ltd., China) and A2 = 721
nm (MRL-III-721L, Changchun New Industry Optoelectronics Technol-
ogy Co., Ltd., China). The collimated light from the sources was cou-
pled in the first non-polarized beam splitter (NPBS) and then both were
separated by the second NPBS into two paths of an imaging Mach-
Zehnder interferometer. An objective (GCO-213 40x, Daheng Optics,
NA = 0.60) was used to collect and image the sample that was placed
on a three-axis displacement table to a scientific complementary metal-
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Fig. 1. (A) Experimental system setup. M:
mirror; NPBS: non-polarized beam splitter;
L1 and L2: Fourier lenses; P: pinhole; S:
sample stage; OB: objective lens; F1 and F2:
filters of various types; sCMOS: scientific
complementary metal-oxide-semiconductor
camera; (B) and (C)spatial spectra of the
holograms containing the sample at a wave-
length of 650 nm and 721 nm, respectively.
(D) spatial series of quantitative phase im-
ages acquired through the imaging system;
(E) phase along the profile shown in (D);
(F) time series of quantitative phase images
acquired by this imaging system; (G) phase
at the blue point shown in (F). o, and o,:
spatial and temporal standard deviation of
recorded phase.
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oxide-semiconductor (sCMOS) camera (pco.panda.4.2, PCO, Germany).
To distinguish the sample beams produced by the two different light
sources in parallel, two filters (ET665lp and ET700sp-2p, Chroma Tech-
nology Corp, Vermont, U.S.A.) were placed in front of the camera to
simultaneously acquire the holograms of different wavelengths. The
sCMOS was placed on the imaging plane where an exact (magnified)
replica of the sample field could be formed. The acquisition rate of the
sCMOS is 40 frames/s at the full resolution of 2048 x 2048 pixels and
with pixel size of 6.5 um. To produce a clean reference beam, spatial fil-
tering was performed using a small pinhole with 30 um diameter, which
was placed within the reference path in the focal plane of the conver-
sion lenses (L1 and L2) with focal length f=125 mm. We used achro-
matic lenses to minimize chromatic aberration. The reference beams
were slightly tilted to the object beam and interfered, forming uniform
fringes in sSCMOS with an exposure time of 20 ms. Concretely, the typ-
ical holograms with dual-wavelength and their Fourier spectrum are
shown in Fig. 1B and 1C, with the real and virtual images components
for each wavelength interferogram and orthogonal fringe regimes. By
selecting the higher-order information in the spectrum to fundamental
(as shown by arrows in Fig. 1B and 1C) and performing inverse FT, the
wrapped phases directly related to the sample could be obtained. Con-
sidering that the absolute value of the phase is not meaningful, the phase
recorded by this imaging system has a relative variation induced by the
samples and surrounding environment, which means that only one in-
terferogram without samples is initially acquired. However, when the
phase distribution is not between -z and =, it is necessary to unwrap the
true phase resulting from the sample. The true phase signal of the sam-
ple can be solved by dual wavelength algorithm based on FT described
below. A quantitative way to experimentally assess the phase stability is
by performing successive measurements of a stable sample (or no sam-
ple). Temporal and spatial sensitivity were used to evaluate the phase
measurement accuracy of an imaging system, as shown in Fig. 1(D)-
(G), Specifically, the spatial stability of the system could be assessed by
measuring the standard deviation of the phase values of 300 pixels in
a phase image, as shown in Fig. 1(D)-(E), and the system’s time stabil-
ity was assessed by continuously measuring the standard deviation of
the phase values of the same points in 300 phase images, as shown in
Fig. 1(F)-(G).
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Fig. 2. Phase measurement results of polystyrene microspheres. (A) Hologram image at wavelength of 721 nm; (B) hologram image at wavelength of 650 nm; (C)
wrapped phase image at wavelength of 721 nm; (D) wrapped phase image at wavelength of 650 nm; (E) unwrapped phase image at synthetic wavelength; (F) phase
profile of horizontal direction curves at the location indicated by the white dashed line shown in (E). Scale bars: 2 pm.

2.2. Dual wavelength based on Fourier Transform (FT)

For the temporal coherence imaging system, by adjusting the angle
and intensity between the reference and the object beam, high-contrast
holograms can be obtained at the sCMOS. For wavelength A1 (12 was
treated in a similar manner), the holograms with and without samples
have following forms respectively:

Il: = |U0|2 + |U1s|2 +2|U0||U15|COS<(,01 +(psym + (pn) (1)

Iy = Uy |* + U * + 2|0 ||U} |[cos (@, + @) )

where the |Uy|? denotes the irradiance distribution of reference, |U|?
and |U, |*are the independent irradiance distribution with and without
sample respectively; ¢ is the optical delay induced by the sample; @,
is the tilted phase introduced by the reference with respect to the object
beam and ¢, is the additional phase modulation provoked by the en-
vironment noise. Then, high-frequency information was extracted and
returned to the fundamental frequency via the Fourier transform of
Egs. (1) and (2) as shown in Fig. 1B or Fig. 1C. We can get

x>y

s (ko y) ., = 101 (10 e @rvon)) ®

i (ko) ., = 1017 (103 Gk, ]/ () ) )

where F is the Fourier operator, u,(k,, k), u;(k,, k,) are the FTs of I}
and I, separately. By inverse FTs of u;(k,, k)., and u; (k. k), in the
spectrum back to the spatial domain, the phase of the sample could be
obtained:

@ = arg(r_1 (”h(kxv ky)+1 )'/F_l <u1 (ke ky)+1 )) ©

The arg represents the two-argument arctangent function atan2
which ranges from -z to x. By dealing with background interference,
the influence of coarse fringe is effectively eliminated. Herein, when
the thickness of the sample is larger than the wavelength, the phase ¢,
enabled by samples is called wrap phase (¢, represented the wrap phase
caused by 42). Then, by performing simple mathematical calculations:

2 2@ OPD
A

=p,—p=(ZL -2 )x0oPD=2
P=0—® </11 lz) z

Q)

¢ is the reconstructed phase for the synthetic beat wavelength and
A is the synthetic beat wavelength (A = %). This beat wavelength is
2741

usually tens of times longer than original couple of wavelengths, which
enables to resolve much higher structures by removing the phase ambi-

guity.

3. Results

First, we verified the feasibility and calibrated the system by per-
forming an experiment on a standard sample-polystyrene microsphere
which were about 20 um with refractive index of 1.60. We obtained
holograms of the samples at wavelength of 721 nm and 650 nm, as
shown in Fig. 2(A) and (B), respectively, in Olympus oil medium with
approximate refractive index of 1.52. Fig. 2(C) and (D) show the phase
distributions respectively with FT algorithm in a single wavelength.
In particular, because the phase of the sample is not distributed in
(-, ), the FT algorithm cannot compute the solution of the unam-
biguous phase. By applying above dual-wavelength algorithm, the real
synthetic wavelength phase signal was achieved, as shown in Fig. 2(E);
the diagram shows the spherical structure of the sample. Additionally,
we plotted the phase profile to verify the effectiveness of the proposed
imaging system and phase unwrapping method, as shown in Fig. 2(F).

Thereafter, we imaged ovarian carcinoma cells (OCC) of mice. The
results of the initial phase recovery of the OCC are shown in Fig. 3.
Fig. 3(A)-(B) show hologram images at wavelength of 721 nm and 650
nm, respectively. However, the thickness and refractive index of the cell
sample are not large, which still causes the relative phase induced by
OCC to produce discontinuities, as shown in Fig. 3(C)-(D). By using the
aforementioned method, the synthetic wavelength phase of the cell was
obtained, as shown in Fig. 3(E). The phase details shown in Fig. 3(E)
were further enhanced through gradient calculation (pointed by arrows
in Fig. 3(E) and (F)). Signal to noise ratio and vertical resolution could
be also improved by the phase sum [23]. Next, we further processed the
synthetic phase of the cells and observed some interesting variation.

To monitor the phase change during natural apoptosis of OCC, we
exposed the sample to a culture medium-free environment and observed
the morphological changes of ovarian carcinoma over 2 h by measuring
the synthetic phase signal of the cells; The results are shown in Fig. 4. It
is evident that the structure of the OCC membrane changed significantly,
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Fig. 3. Phase measurement results of mice OCC. (A) Hologram image at wavelength of 721 nm; (B) hologram image at wavelength of 650 nm; (C) wrapped phase
image at wavelength of 721 nm; (D) wrapped phase image at wavelength of 650 nm; (E) unwrapped phase image at synthetic wavelength; (F) gradient transformation

of (E) along the horizontal direction. Scale bars: 5 um.
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Fig. 4. Results of phase variation tendency measurements in mice OCC. (A) Initial unwrapped phase image at synthetic wavelength; (B) unwrapped phase image at
the synthetic wavelength after 1 h; (C) unwrapped phase image at the synthetic wavelength after 2 h; (D) phase profile of horizontal direction curves at the location
indicated by the white dashed line shown in (A)-(C). (E) phase volume trend and gradient measurement results of mice OCC. Scale bars: 5 um.

as shown in Fig. 4(A)-(C). Specifically, the OCC (Fig. 4(A)) has a narrow
width along the white dashed line in the phase curve shown in Fig. 4(D).
After 1 h, the width along the white dashed line increased, as shown in
Fig. 4(B), and it further increased after 2 h, as shown in Fig. 4(C). To
quantitatively describe this variation in width of OCC along the white
dashed line, we calculated the width values; they were approximately
10 um (L1), 15 pm (L2), and 20 pm (L3), as shown in Fig. 4(D). The
results indicate that the cell membrane morphology changed and apop-

tosis occurred during the process. To quantitatively show the phase vari-
ation of OCC over 2 h, we calculated the synthetic phase volume of the
cells at intervals of approximately 10 s. The specific calculation formula

is as follows:

Vo= / / o(x,y)dxdy )

Where ¢(x, y) is the synthetic phase of OCC and dx and dy denote the
width and height of each pixel, respectively. The phase volume of OCC
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trended to change in one direction nearly and increased constantly, as
shown blue line in Fig. 4(E), which indicated that the cell was expanding
during apoptosis. Moreover, to quantitatively describe the phase volume
variation rate, we calculated the gradient, as shown the purple line in
the Fig. 4(E). The gradient value was small in the first 25 min, indicat-
ing that the cell changed slowly in the beginning. After that, the gradi-
ent value changed dramatically, indicating that the cell’s phase volume
changed relatively quickly. In general, the phase volume grew at a con-
stant rate over the two hours, but not at an increasing rate all the time,
which may be due to the internal structure of the cells and the experi-
mental environment. The dynamic synthetic phase of the OCC was con-
tinuously acquired over 2 h at nearly 60 s intervals, as shown in media
(See Visualization 1).

4. Discussion and conclusions

We presented a new approach for recording two separated holograms
simultaneously to perform phase imaging of transparent objects. For this
purpose, digital hologram imaging device based on the Mach Zundel has
been extended by using different types of filters to separate the interfer-
ograms for the recording process. Then, the acquired hologram could be
processed through method reviewed above. The FT algorithm was used
owing to its particularly advantageous in frequency-domain spectrum
filtering, which can remove the noise and background phase. In the pro-
posed configuration, the time for acquiring single synthetic phase image
was approximately 0.025 s with a field of view of 41.6 pm (256 x 256
pixels), which was primarily limited by the exposure time and data
transmission rate of the camera. The feasibility of dual wavelength
based on FT-based dual-wavelength algorithm was clearly demonstrated
through experiments on objects with different phases, such as standard
polystyrene microspheres and living biological cell samples. Moreover,
we proposed the concept of phase volume, particularly for cell samples,
to quantitatively represent the phase information of the entire sample,
which can accurately reflect the changes of the sample during the apop-
tosis process. Consequently, two (sCMOS) cameras based on continuous
wave (CW) lasers were introduced in the interferometer setup to capture
samples’ phase information, the experimental results verified the ability
of our system for real-time simultaneous phase measurements. we be-
lieve that this work can be helpful to the physiological detection of living
cells.

Data availability
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licly available at this time but may be obtained from the authors upon
reasonable request.
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