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Methods using the single-shot transport-of-intensity equation (ssTIE) commonly require capturing
multiple intensities in one plane. In this work, the introduction of a lateral-displacement-beam-splitter
module provides another solution for ssTIE. This technique eliminates the need for multiple acquisitions
at different focal positions, thereby accelerating the imaging process and avoiding mechanical transla-
tion. For implementation, the module is placed after a bright-field microscope. After implementation,
we validated the system by applying it to the imaging of mammalian nerve fibers and red blood cells.
This approach holds promise for biological and medical research.
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L. INTRODUCTION

The transport-of-intensity equation (TIE) is a determin-
istic, noninterferometric quantitative phase imaging (QPI)
technique that relies on obtaining multiple defocused imag-
es for phase measurement. It was first derived with Green’s
function as a solution to phase retrieval [1]. Other solutions
in deriving this equation have been explored using the
Poynting vector [2], using Zernike- and fast Fourier trans-
form (FFT)-based solutions [3, 4], until the generalized TIE
in phase-space solution [5]. With its versatility, the applica-
tion of this technique ranges from optical microscopy [6] to
X-ray imaging [7] and diffraction tomography [8].

Implementation of TIE requires defocusing. A standard
procedure for data acquisition is by manual translation of
the stage to achieve defocusing, then obtaining two defo-
cused images and one focused. This can be implemented
with a common bright-field microscope, where three im-

ages are recorded [9]. Such work has also led to the cus-
tomization of the microscope to perform automated defo-
cus [10]. While the standard procedure for this technique
requires three images, using just two images is also pos-
sible. On the other hand, the FFT-based solution requires
only two images: One defocused and one focused images
[11]. This solution enables the use of stacks of images that
are evenly spaced and higher orders for the TIE. Multiple
stacks of images taken from different positions can be uti-
lize for phase measurements [12]. However, acquiring three
images is time-consuming, which may be a challenge for
real-time imaging. Also, considering the higher orders for
multiple images may be computationally expensive.

These challenges have led to research that solves the
translation problem. With this, single-shot methods have
been presented; This technique mainly captures multiple
planes in one camera, which is more efficient and can
be practical. In 2010, the first attempt at the single-shot
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transport of intensity equation (ssTIE) method was demon-
strated. In this attempt, the quantitative-phase methodology
was employed in a volume-holographic microscope. This
technique produces laterally separated images coming from
different focal planes due to the volume hologram, and the
resulting images are used for phase recovery using the TIE.
Furthermore, five multiplexed images may be produced
with gratings in one hologram [13].

The main goal of implementing ssTIE is to capture
multiple images from different axial locations at once,
avoiding the mechanical or electrical translations of the
conventional TIE. From here, various ssTIE methods have
been implemented. A system can be built with a common
bright-field microscope with a module that is Michelson-
based in configuration, using a mirror and a spatial light
modulator (SLM) in its paths [14], or with a retroreflec-
tive mirror to produce two images that are flipped relative
to each other [15]. Moreover, a simplified version of the
Michelson-based technique has been implemented using
two mirrors, where one of the mirrors is tilted to generate
laterally separated beams [16]. On the other hand, this tech-
nique has also been implemented by phase-mask encoding,
and by designing a diffractive optical element to split the
beams. First, multifocal planes can be captured all together
for real-time QPI, as a result of programming a phase-mask
encoded in the SLM [17]. In a method for doing so, Greek-
ladder sieves were designed to simultaneously produce
biplanar images at a single recording plane [18]. Similarly,
a diffractive optical element placed on the Fourier plane of
the sample to produce two defocused intensity distributions
using polarization multiplexing was reported [19]. These
various ssTIE methods have advanced the capabilities of
QPI, offering efficiency in image acquisition from differ-
ent planes simultaneously. However, SLM is known to be
expensive because of its technology, and designing optical
elements may be complicated.

Our proposed method offers a novel approach to single-
shot QPI by utilizing a lateral-displacement beam splitter
(LDBS) to capture displaced images with different focal
planes simultaneously. This method eliminates the need for
multiple measurements that require manual translation, as
is necessary in conventional TIE techniques. By avoiding
manual translation, this approach simplifies data acquisi-
tion and reduces the effort needed for imaging. As a result,
the overall imaging process becomes more efficient. Our
findings demonstrate the efficacy of this approach in both
quantitative phase targets and biological samples, highlight-
ing its potential for faster QPI.

II. THEORY AND METHODOLOGY

2.1. Transport-of-intensity Equation

The TIE can be derived using the Poynting theorem,
which is the conservation of energy in electromagnetics. By
definition, the Poynting vector S represents the directional
energy flux of an electromagnetic field, described by this

closed integral,

$(S)ds = 0, (M

where the expression in differential form is the divergence
of its time average,

v-(S)=0. Q)

The time-averaged Poynting vector is related to the in-
tensity of flux density and the gradient of the phase,

(S) = +1(x,2)VB(x, 2), 3)

where [/ is the intensity, V denotes the del operator repre-
senting the lateral gradient in the x- and y-directions, and
¢ 1s the phase. When the expression is decomposed into
transverse and longitudinal components, it becomes

—kZED = 7 (12, 2)VO ()], @)
Here the left-hand side of the equation is the axial inten-
sity’s derivative, and the other side is the transverse energy.

Solving for the phase gives us its relationship to the inten-

sity,
3
@ =—Fk2F{v-|I"t-¥ F‘1<k2F(EI)> (5

The phase-retrieval method is a Fourier-transform-based
solution that is used for the intensities. Furthermore, the
intensities as a function of position are the defocused /(x, y,
—z) , focused I(x, y, z) , and average I(x, y, z,) . Two beams
are observed for lateral separation. The intensity of the of
the two images can be used to compute the focused image
by approximately averaging them [20]. Thus,

I(x,y,2y) = w ©
and
A _ p 1eyn)-Ixy2)
oz k 247 . (7)

The intensity derivative is computed by taking the dif-
ference between two recorded images, which are then taken
at different positions along the optical axis. This difference
is then divided by the distance separating the two images.
The average and the intensity derivative are then used to
compute the phase.

2.2. Conventional Transport-of-intensity Equation

The conventional TIE method requires three images:
One focused, one overfocused, and one under focused [9—
11]. This work follows Egs. (6) and (7), where the focused
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and one overfocused image are needed. To implement this
experimentally, manual translation is used via a precision
linear stage (XR25; Thorlabs, NJ, USA) for the camera
mount. The stage allows for a minimum translation of 10
um. This setup enables the acquisition of the focused and
defocused images necessary for phase reconstruction, by
moving the sample along the optical axis.

2.3. Quantitative Phase Target

The quantitative phase target (Benchmark Technolo-
gies, MA, USA), characterized by a nominal height of 350
nm and an estimated height of 374.3 nm according to the
manufacturer, serves as a resolution target for QPI in this
study. The phase values are calculated with the following
expression,

p=—"t (®)

where An is the difference between the index of refraction
of air and the index of refraction of medium, A is the wave-
length of the incident light, and ¢ is the height of the target.
According to the manufacturer, the refractive index of the
target material is 1.52. Following the equation yields a
nominal phase value of 2.19 radians and an estimated phase
value of 2.34 radians.

2.4. Lateral-displacement Beam Splitter

For the controlled defocus, a LDBS is used. In Fig. 1,
the sides of the right-triangle part of LDBS are 10 mm
long. The main function of the LDBS is to split the incident
beam into two displaced parallel beams. When the beam is
inside the LDBS, the propagation of the incident beam nor-
mal to the surface impinges the hypotenuse of the triangular
component of the LDBS, eventually exiting the interface.
Meanwhile, the second beam propagates along the rhom-
boid part and is reflected until it emerges parallel to the first
beam. The second beam propagates 10 mm farther than the
first beam.

2.5. Experimental Setup
An LED is used as a light source, with an aspheric con-

FIG. 1. A lateral-displacement beam splitter (LDBS) for
controlled defocus, with D as the beam separation.

denser lens attached for illumination and collimation. A
green bandpass filter is also attached to the LED. This is
followed by a field iris, field lens of 150-mm focal length,
and aperture iris. The field iris is used for light-intensity ad-
justment, while the aperture iris limits the size of the beam
diameter. The two irises are placed 150 mm before and
after the lens. The light is then focused by a lens with a fo-
cal length of 30 mm. The light is focused where the sample
is placed, with an objective lens having 10x magnification
followed by a tube lens for collimation. Here the lateral-
displacement beam splitter is placed to create two laterally
separated beams that are followed by an optical glass plate
and then recorded using a camera, as shown in Fig. 2.

III. RESULTS AND DISCUSSION

In this study, 10-mm and 20-mm LDBSs are character-
ized to assess their effectiveness and phase reconstruction.
The LDBS is selected for this study due to its original ap-
plication in holography, where it was used to separate the
reference and object beams [21]. This capability of precise
beam separation has inspired its implementation in the TIE
setup, allowing for effective distinction between the fo-
cused and defocused beams that are necessary for accurate
phase reconstruction.

Digital alignment of the images captured from the mi-
croscope is achieved by selecting a reference point on the
resolution target and identifying its corresponding point
with the duplicated beam. These matched coordinates are
used to accurately align the images, ensuring precise image
processing and phase reconstruction.

3.1. Imaging with a 10-mm Lateral-displacement Beam
Splitter

A 10-mm visible nonpolarized LDBS is used to achieve
lateral separation between images. For this setup, a micro-
scope objective lens (60%/0.85; Newport Co., CA, USA)
and charge-coupled device (CCD) camera (Thorlabs 8051;
Thorlabs) are used. An image is captured to check the mi-
croscope’s ability to achieve separation with defocus, as
shown in Figs. 3(a) and 3(b), which confirm the focused
and defocused states resulting from the use of the LDBS.
Then, the quantitative-phase target’s grating area with a
nominal height of 350 nm is used to validate the micro-

oG Cam

FIG. 2. Experimental setup: A light-emitting diode (LED) is
filtered with an attached green bandpass filter and field iris
(FI). A field lens (FL) follows, with an aperture iris (Al) and
a condenser (C), for illuminating the sample (S). The sample
is magnified by a microscope objective lens (MO) collimated
by a tube lens (TL). The lateral-displacement beam splitter
(LDBS) and optical glass plate (OG) are placed after the
bright-field microscope, with a camera.
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FIG. 3. Laterally separated beams captured using a 10-mm LDBS, where the (a) focused and (b) defocused beams can be observed.
Scale bar: 25 pm. The dashed lines show the cropped areas of the (c) focused and (d) defocused images, and the intensity the average
is shown in (e). (f) The phase reconstruction of the 350-nm grating from the quantitative phase target.

scope’s performance. The cropped areas shown in Figs. 3(c) reconstruct its phase information, as shown in Fig. 3(f).

and 3(d) are used to compute the phase. Figure 3(e) shows

the intensity average of the target, providing additional 3.1.1. Imaging Red Blood Cells

context for phase computation. Hence, the target provides a The microscope is next applied to biological imaging,

structure that allows us to assess the microscope’s ability to specifically red blood cells (RBCs), to assess its perfor-
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mance in biomedical applications. A human-blood-smear
(Readi-Stain® human blood film slide 313152; Carolina
Biological Supply Co., NC, USA) slide is used as a sample.
Captured images are pegged to have dimensions of 145 x
145 pixels. The images are captured, and a single RBC is
specifically selected for processing. Figure 4 shows the ini-
tial results for both techniques.

As shown in Figs. 5(a) and 5(b), the phase is calculated
and the thickness is subsequently computed from Eq. 8.
Next, the line profile is plotted [Fig. 5(c)].

A comparison of the proposed method to the conven-
tional TIE method is conducted using the line profile for the
RBC. In this profile, the ssTIE method (red curve) captures

Intensity Focus

(@)

Intensity Defocus

(b)

Intensity Average

(©)

more pronounced features, compared to the conventional
TIE method (black curve). This suggests that the proposed
method captures more detailed variation in the RBC’s sur-
face profile. Moreover, the method appears to offer slightly
more detail in capturing the RBC’s height variations, show-
ing higher peaks and deeper valleys, which suggests that it
may provide better sensitivity to subtle surface features of
the RBC. On the other hand, the conventional TIE appears
to have a smoother profile.

Both methods are consistent in terms of the overall
shape and position of the features, indicating that they both
accurately reflect the RBC’s basic structure, but the single-
shot TIE shows a higher degree of detail. The comparison
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FIG. 4. Red-blood-cell intensities recorded using (a)—(c) single-shot transport-of-intensity equation (TIE) and (d)—(f) the

conventional method. Scale bar: 5 um.
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FIG. 5. Phase retrieved by (a) the single-shot method and (b) the conventional method, and (c) a line profile comparing the two

methods.

suggests that while both methods are reliable, the proposed
single-shot TIE may offer a more precise reconstruction of
the RBC’s surface.

The resulting images show that the proposed method can
be used for phase reconstruction, which has strong potential
in practical diagnostic applications in fields requiring phase
information. The performance of the LDBS proves its capa-
bilities in the single-shot method, as multiplane beams can
be captured simultaneously, making it more efficient in data
acquisition and providing another solution for the ssTIE
method.

3.2. Imaging with a 20-mm Lateral-displacement Beam
Splitter

In this section, a 20-mm LDBS is used to achieve lateral
separation between images. For this setup, an objective lens
(10%/0.3; Olympus Co., Tokyo, Japan) and camera (A7 III
ILCE-7M3; Sony Group Co., Tokyo, Japan) are used.

Figure 6 shows two images that are laterally separated
by 20 mm. The original setup makes use of a CCD camera
with an imaging area of 18.13 mm x 13.60 mm, which

FIG. 6. Initial results for the system: Two laterally shifted
beams as a result of using a lateral displacement beam splitter.
The left beam is defocused, and the right beam is focused.
Scale bar: 200 pm.

makes it impossible to images both beams. For this reason,
a camera with 35.6-mm sensor length is chosen to accom-
modate the beams. Upon image capture, the camera is con-
trolled remotely instead of pressing the shutter trigger, to
avoid misalignment. The beams are measured to be 3,445
pixels apart horizontally and 17 pixels vertically from each
other. These coordinates serve as the reference for locating
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the specific point of the resolution target of the duplicated
beam, and for reconstruction.

The NBS 1963A resolution target (Thorlabs) is used to
ensure accurate scaling. Initially the quantitative-phase tar-
get was used for this purpose, but the defocus is too great,
making the resolution target in the defocused beam difficult
to observe.

3.2.1. Imaging Mammalian Nerve Fiber
Initially the goal was to image RBCs using the 20-mm
LDBS. However, during the imaging process it is observed
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that the duplicated beam defocuses excessively, making it
unsuitable for phase reconstruction. As a result, mammalian
nerve fibers are selected for imaging, as larger structure
provides a more suitable sample for this setup.

A mammalian-nerve-fiber slide (Mammal Giant Mul-
tipolar Neurons Slide, Smear, Luxol” Fast Blue #313570;
Carolina Biological Supply Co.) is used as an initial sample
for phase reconstruction. By using the 20-mm LDBS with
mammalian nerve fibers, we are able to effectively cap-
ture both the focused and defocused beams, as shown in
Figs. 7(a) and 7(b). On the other hand, for the conventional
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FIG. 7. Captured images of (a) focus and (b) defocus intensities, and (c) intensity average, using the single-shot method. Scale bar:
30 pum. (d), (e) Phase reconstruction of mammalian neuronal fiber from the two methods.
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method in this setup, translation is performed to 20 pum to
achieve defocus. Figure 7(c) displays the intensity average
of the target, which provides context for phase reconstruc-
tion. For phase reconstruction the data initially range up to
104 radians, but are simplified to the range 0-2=n radians,
as seen in Figs. 7(d) and 7(e). In comparison, both images
show a similar spatial structure or pattern of phase distribu-
tion. Though both images capture variations in the same
region, the conventional method appears to be noisier, sug-
gesting that it may be more sensitive to phase variations,
but at the cost of introducing noise.

The results show that sample selection is important when
choosing the LDBS beam separation. This tells us that
while a 20-mm LDBS may not be ideal for samples like
RBCs, imaging is possible for larger samples like mamma-
lian nerve fibers.

While the ssTIE method using LDBS module demon-
strates promising results for fast and efficient QPI, it does
have some limitations. One key issue is the need for precise
digital alignment of the two images, as even small mis-
alignments can reduce accuracy. Additionally, the camera’s
sensor may not always fully capture both beams, as in the
case of using the 20-mm LDBS, meaning the correct sensor
must be chosen for each setup. Future improvements should
focus on enhancing image alignment and exploring other
beam-splitting techniques.

IV. CONCLUSION

This research aimed to implement a ssTIE technique for
QPI. This was achieved using a common bright-field micro-
scope. The ssTIE method was implemented using a LDBS
that produced two laterally separated beams. The longer
path leading to the hypotenuse of the LDBS was thought to
produce a defocus, which was observed. The technique has
shown its capability as another solution for ssTIE imaging.
The method is advantageous in this case, as it reduces the
data-acquisition time, making it more efficient.

As for any other use of controlled defocus, this method
is limited in its application. This means that sample selec-
tion is important for the beam-splitter configuration. The
10-mm LDBS is suitable for imaging RBCs but not for
nerve fibers, while the 20-mm LDBS works well with nerve
fibers but is not ideal for RBCs.

To further understand the study, exploring alternative
beam-splitting methods, such as using smaller or adjustable
lateral LDBSs, could offer better control over defocus and
improve the imaging performance for a wide range of bio-
logical samples.
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