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Abstract: Extensive research has been devoted to spiral phase contrast imaging because of its notable
capacity to enhance the edges of both phase and amplitude objects. We demonstrate a setup using
ferroelectric liquid crystal (FLC) fork grating (FG) to enable switchable spiral phase contrast imaging
within sub-milli-second responses. This system enables the electrical toggling between images
featuring edge enhancement and those without it. The specially designed FLC FG generates a
vortex beam while in a diffractive state and transmits a Gaussian beam when in a transmissive state.
Using a two-step photo-alignment method, the produced FLC FG exhibits exceptional efficiency at
approximately 35% and impressively rapid switching at around 307 us. By introducing this method,
we expand the potential applications of spiral phase contrast imaging, particularly in fields such as
bio-sensing and photonics.

Keywords: ferroelectric liquid crystal; spiral phase contrast imaging; photoalignment

1. Introduction

Optical vortices characterized by distinctive spiral phases have proven to be highly
advantageous across various applications, such as micromanipulation [1,2], optical commu-
nications [3,4], laser processing [5,6], imaging, and detection [7-9]. Among these applica-
tions, spiral phase contrast (SPC) imaging has gained significant attention. This technique,
sensitive to both the phase and intensity gradient of objects due to the spiral-shaped phase
profile of vortex light [9-11], has become a focal point. Considerable strides have been made,
both theoretically and experimentally, to enhance the edges of phase or intensity-based
objects using SPC imaging. These advancements include directional enhancement through
modified or superimposed vortex filters [10,12], gradual enhancement using fractional
vortex filters [13], and the incorporation of nonlinear optics to achieve edge-enhanced
imaging with concealed illumination [9]. However, there has been little consideration for
scenarios where the detection and recognition necessitate both the edge-enhanced images
and the original images, particularly concerning moving objects or weak signals.

The primary approach to attaining SPC imaging involves positioning spiral phase
filters onto the Fourier plane within the optical 4f system. These filters can exist in passive or
active forms. Passive variants like vortex phase plates [9] or g-wave plates [14] are compact,
boasting relatively high transmittance, yet they exhibit limited flexibility. On the other hand,
active spiral phase filters, typically performed by widely used spatial light modulators
(SLMs), excel in executing computational transfer functions [7,15]. However, SLMs are
burdened by bulky size and weight, along with constraints in resolution. Metasurface
spatial filters [16-18] could achieve switchable imaging between SPC and bright-field
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imaging modes in high resolution and miniature size by controlling the polarization states,
which have also become the current research focus.

This study presents an adaptable approach to achieve electrically switchable spiral
phase contrast imaging by employing a photo-aligned ferroelectric liquid crystal (FLC)
spiral phase filter. Leveraging the rewritability and robust anchoring properties of a
photosensitive azo-dye aligning layer [19-21], the FLC demonstrates flexible and high-
quality spiral phase filtration. The designed FLC spiral phase filter is switched between
diffraction-on and -off modes with a response time of sub-milliseconds, facilitating the
capture of both the contours and images of phase or amplitude-based objects. Specifically,
a switching time of 630 us is achieved with a driving voltage of 5 V, which further reduces
to 307 ps when using 10 V. This innovative method demonstrates significant potential for
immediate use in imaging and bio-sensing applications.

2. Material and Methods

The key optical element in our approach is the adaptable spiral phase filter. Specifically,
our proposed FLC fork grating (FG) comprises an FLC layer positioned between two ITO
glass substrates whose conducting surfaces have been performed with ozone treatment for
20 min in UV-OZONE, with one substrate coated with a photo-sensitive command layer
in a spin coater with 500 rpm for 5 s and 3000 rpm for 40 s. The command layer utilizes
0.4% mass fraction azo-dye material SD-1 (from JCOPTIX, Nanjing, China) solution with
DMF (N,N-Dimethylformamide) as solvents to establish the original alignment orientations
for the FLC helix. The two-step exposure process for obtaining the fork grating pattern
is illustrated in Figure 1. Initially, a uniform aligning direction is exposed using linearly
polarized UV light for 3 min. Subsequently, the UV light’s polarization is rotated by
90 degrees, and a fork grating mask is placed on the substrate for the second step of 3 min
exposure. Leveraging the SD-1 aligning layer, which furnishes a preferred FLC helical
orientation perpendicular to the polarization of UV light, the fork pattern is successfully
transferred onto the FLCs.
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Figure 1. The two-step exposure process. (a) The first exposure step for homogeneous alignment.
(b) The second exposure step using a graphical lithographic mask. (c¢) Configuration of FLC FG cell;
the helical axis in the adjacent region is perpendicular to each other.

The pattern of the fork-grating mask was designed according to the equation T =
2[1 + cos(kx — 16)], where 8 = tan~!(y/x) is the azimuthal angle, and [ is the topological
charge [21,22]. Following the two-step exposure process, this fork-grating pattern transfers
onto the photo-aligning SD-1 layer. Subsequently, two glass substrates are assembled
into a cell, with spacers inserted between them. The FLC material used FD4004N (from
DIC, Japan) is introduced into the FLC cell via capillary action. An asymmetric boundary
condition is adopted for two primary reasons. Firstly, it enhances alignment quality by
preventing competition between two aligning directions, thereby avoiding even slight
mismatches [23,24]. Secondly, it enables the proposed FLC spiral phase filter’s rewritabil-
ity [20,25]. As the azo-dye SD-1 remains optically active both before and after filling the
liquid crystals, the FLC spiral phase filter can be encoded with any desired topological
charge following fabrication and sealing. However, an erasing process of the previous
pattern is necessary before rewriting the filter with a new configuration.

The schematic diagram of the spiral phase contrast imaging system is illustrated in
Figure 2. A He-Ne laser emitting light at 632.8 nm serves as the primary light source.
To achieve linearly polarized incidence, a polarizer is positioned behind the laser. The
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beam undergoes collimation via a beam expander and is directed onto the object. For the
transmitted or reflected target, either Illumination module I or Illumination module II can
be employed, respectively. The object beam, carrying information about the target, passes
through the initial lens within the 4f optical system. This lens possesses a focal length of
400 mm, facilitating Fourier transformation. Positioned on the Fourier plane of Lens 1, the
FLC FG functions as a spatial frequency domain filter. An analyzer, positioned subsequent
to the FLC FG, serves to eliminate any stray light. Lens 2, with a focal length of 200 mm, is
utilized for the inverse Fourier transform. Ultimately, the resulting image is captured using
a CCD camera.
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Figure 2. Schematics of spiral phase contrast imaging system with switchable FLC FG. Illumination
module I and Illumination module II are designed for transmittive and reflective objects, respectively.

Let us explore the diffraction model concerning the binary phase FLC FG. When
linearly polarized light aligns parallel to either of the direction of FLC FG domains, the
incident beam’s phase is encoded with the equation:

w[0(x,y)] = alb(x, y)] exp{il[6(x, y)| } exp (ikx) 1)

Here, a(0) is the amplitude, 6(0) is the phase, and k = 2t/ A, where A is the grating
pitch. w(P) is a periodic function of 8 with a period of 27; therefore, it can be expanded into
a Fourier series:

w(f) = i C exp(ilmé) exp(imkx) 2)
1 27 . . .
Cpy = E/o a(0) explild0] exp(ikx) exp(—im@)de ©)

Thus, the diffraction pattern generated by this binary phase fork grating consists of
a series of vortices positioned at p = mk, with a topological charge of ml, comprising the
intensity determined by |Cy, |2 [26]. Here, the amplitude function a(f) is a constant, and the
phase function of the binary fork grating is given by:

0 o<
6(0) = { 2nAnd/A <0 <21 ()

The intensity of the primary diffraction orders m = 0, and +1 of the binary phase fork
grating is given by:
Col” = cos?[(1—e)] (5)
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Here, e is a constant related to the modulation depth. From Equations (5)—(7), it is
indicated that, for binary phase diffraction elements with phase values of 0 and 7t, when
e = 0.5, theoretically, the diffraction efficiency of the Oth order is 0, and the diffraction
efficiency for £1 orders is with the maximum value of 40.5%.

3. Results and Discussion

After being exposed a with fork-grating pattern, the glass substrates are assembled
to form an FLC cell, with 5 um spacers positioned between them, allowing FLC FD4004N
(DIC. Japan) to be introduced into the FLC cell via capillary action. The distribution of the
FLC director in two domains is observed through a polarizing microscope, as shown in
Figure 3. The molecular orientations in adjacent areas have angles with the polarizer of 20
and 90° — 20, respectively. Here, 0 represents the 22.05° tilt angle of the smectic layer in the
employed FLC material. Applying 5 V positive and 5 V negative voltages to the cell using
a signal generator produces the textures of the ferroelectric liquid crystal, as depicted in
Figure 3a,b.

Figure 3. Microphotographs of proposed FLC FG under crossed polarizers. (a) —5 V driving
voltage. (b) +5 V driving voltage. (c,d) are transmission pattern and diffraction pattern of FLC FG.
(e) Configuration of FLC molecules under electric field in transmission mode and diffraction mode.

For swift transitions between the transmission and diffraction modes of the FLC FG,
the incident light’s polarization must form an angle 6 with either of the two orientation di-
rections of the FLC FG, as depicted in Figure 3e. Under this configuration, applying positive
and negative voltages to the FLC FG enables the switching between two oriented regions.
In Figure 3e, red and blue colors indicate positive and negative voltages, respectively.
Assuming blue represents the positive voltage, when the phase delay between the adjacent
regions of the FLC FG is nearly equal, it results in the transmission mode, displayed in
Figure 3c. Upon reversing the driving voltage polarity, as the molecular arrangement of the
ferroelectric liquid crystal in the adjacent regions of the fork grating aligns, as shown in
the red distribution in Figure 3e, the phase delay reaches its maximum due to the tilt angle
of the ferroelectric liquid crystal being close to 45° (20 = 44.1°), leading to the diffraction
mode and producing the diffraction pattern seen in Figure 3d. Under a driving voltage of
10 V, the diffraction efficiencies for £1 are approximately 35.4% and 34.7%, respectively,
closer to the theoretical values of 40.5%.

FLC FG offers another benefit in its rapid switching capability between the diffraction
and transmission modes. The FLC FG operates under the influence of a square wave with a
10 V amplitude, as shown in Figure 4a. The response waveform of the FLC FG demonstrates
opening and closing times of 307 us and 303 s, respectively. Figure 4b illustrates the
relationship between the switching time of FLC FG and the voltage amplitude ranging
from 5 V to 10 V. It is evident that the switching speed of FLC FG is associated with the
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applied driving voltage. The fast response characteristic of FLC FG in switchable imaging
stays consistent with that shown in Figure 4.
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Figure 4. Electro-optical response of the FLC FG. (a) The response waveform by applying a 10 V
voltage. (b) The voltage-dependent switching time at 200 Hz.

When the FLC FG is positioned on the frequency spectrum plane within the 4f optical
system, the resulting image shows the amplitude of the input image field and undergoes
filtration through the convolution [27]. Utilizing the FLC FG having a topologic charge of
1, the diffracted light of 1 orders carry vortices with the phase function exp(+if). The
function of radial symmetry effectively enhances the intensity across all directions along
the object’s edges [28].

Using Illumination Module I, experiments were conducted on a transmitted amplitude-
type target labeled “BUAA”, where the area with letters are transparent, and the rest
are opaque. Figure 5a displays the bright field image obtained with the FLC FG in the
transmission mode, whereas Figure 5b exhibits the +1-order edge-enhanced image achieved
by driving FLC FG in diffraction mode.

(a)

(b)

Figure 5. Experimental results of spiral phase contrast image. (a) Bright field image of an amplitude
object of Illumination module I. (¢) Bright field image of a pure phase object of Illumination module
II. (b,d) are the edge-enhanced spiral phase filtered images.

By using Illumination Module II, we showcase a pure phase target featuring a panda
by projecting the phase pattern onto the reflective SLM. The phase difference between
the panda’s inner and outer areas is 7. Similarly, Figure 5c shows the bright field image,
revealing a grayscale difference between the inner and outer regions. Figure 5d presents
the image displaying +1-order-enhanced edges.

Due to the radial symmetry of the spiral phase filter, the resulting edge enhancement
is isotropic. When filtered by the radial-symmetric spiral phase filter, the overall intensity
is conserved, redistributing background intensity to the edges of the image. To introduce
asymmetrical transitions, it only requires a slight shift of the FG so that the zero Fourier
order of the image wave is offset from the center of the FG [29]. During the experiments,
the FG was moved by 20 um in the up, down, left, and right directions. Considering only
the +1-order diffraction, the resulting point spread functions of the +1-order diffraction
light and the filtered images are shown in Figure 6a—j.
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Figure 6. Comparison images of the fork grating’s slight shift: (a—e) display the point spread

function for no shift, left shift, right shift, up shift, and down shift, respectively; (f-j) represent the
edge-enhanced images for no shift, left shift, right shift, up shift, and down shift, respectively.

Figure 6a-e, respectively, represents the point spread functions of +1-order diffraction
order without any shift and after left, right, up, and down shifts of the FG. It can be observed
that, without any shift, the point spread function exhibits a symmetrical distribution.
However, when shifted in the left, right, up, and down directions, the symmetry of the
point spread function is broken, and its center shifts, respectively, upwards, downwards,
leftwards, and rightwards. Figure 6f—j displays the edge-enhanced results. With the letter
area transparent and the rest area opaque, the gradient transitions from low to high when
moving from the opaque to the transparent area and vice versa. From the experimental
results, it can be observed that the asymmetrical distribution of the point spread function
due to the slight shift in the FG leads to anisotropic edge enhancement in the output
image. Furthermore, the direction of edge enhancement is related to both the direction
of the gradient change and the direction of the slight shift. Comparing Figure 6g—j with
Figure 6f, it is noticeable that selective edge enhancement occurs in the y-axis direction
when moving left or right along the center of the FG. Left shifted corresponds to the edge
enhancement, where the gradient changes from low to high; right shifted corresponds
to the edge enhancement, where the gradient changes from high to low. Similarly, when
moving up or down along the center of the FG, selective edge enhancement occurs in
the x-axis direction. The experimental results indicate that the direction of selective edge
enhancement reverses when the direction of the slight shift in the FG changes. Also, the
directions of selective edge enhancement are opposite for edges with different gradient
change directions.

The extent of edge enhancement is influenced by the step of amplitude or phase
change. In our analysis, we utilized a phase-type object for an experimental study. We
designed a phase image of a panda, illustrated in Figure 7, with distinct step values along
its edges, specifically 7t/3, 2t/3, and 7. Figure 7d-f exhibits bright field images, indicating
the evident effect that the contrast increases as the phase step increases. The edge-enhanced
images in Figure 7g—i were analyzed for comparison.

The grayscales were extracted along the red solid line in both the bright field and
edge-enhanced images of Figure 7. These values were then subjected to quantitative
analysis to determine the edge contrast, as presented in Table 1. We defined edge contrast
as C = (Lff — Imin)/ (Imax — Imin), Where Lf, Imax, and Inin represent the edge pixel
intensity and maximum and minimum intensity values. It is evident from the phase
contrast images that the edge enhancement is still contingent upon the phase step. A larger
phase step results in more pronounced edge contrast.
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Figure 7. Edge-enhancement experiment results of pure phase panda images with different phase
steps. (a—c) are the phase-type object of panda pattern with phase step of t/3, 2rt/3, and 7 respectively.
(d—f) are the bright field images of (a—c). (g—i) are the edge-enhanced images of (a—c).

Table 1. Edge contrast C of pure phase object with different phase steps.

Phase Step /3 2m/3 1
@ in bright field image 6.3% 30.5% 50.0%
@ in bright field image 16.7% 18.4% 37.9%
@ in edge-enhanced image 33.2% 66.8% 82.4%
@ in edge-enhanced image 32.8% 87.1% 94.5%

4. Conclusions

In summary, we presented a rapidly switchable photoaligned FLC FG through the
application of a mask using the second exposure method. This FLC FG demonstrates favor-
able optical characteristics, including high diffraction efficiency, low power consumption,
and rapid response time, achieving a diffraction efficiency of approximately 35% and a
switching time of around 307 ps at 10 V/um. Additionally, we integrated the FLC FG into
an optical 4f system as a spatial frequency filter to conduct edge-enhancement imaging
on transmitted amplitude-type and reflected phase-type objects under various lighting
conditions. In comparison to vortex phase plates, Spatial Light Modulators (SLMs), and
other devices generating vortex light, FLC FG offers advantages such as straightforward in-
tegration, swift switching between edge enhancement and original images, high efficiency,
a simpler manufacturing process, and cost effectiveness.
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