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Optical imaging systems that operate through atmospheric pathways often suffer from image deg-
radation, mainly caused by the distortion of light waves due to turbulence in the atmosphere. Adaptive
optics technology can be used to correct the image distortion caused by atmospheric disturbances. How-
ever, there are challenges in conducting experiments with strong atmospheric conditions. An optical
phase plate (OPP) is a device that can simulate real atmospheric conditions in a lab setting. We suggest
a novel two-step process to fabricate an OPP capable of simulating the effects of atmospheric turbu-
lence. The proposed fabrication method simplifies the process by eliminating additional activities such
as phase-screen design and phase simulation. This enables an efficient and economical fabrication of
the OPP. We conducted our analysis using the statistical fluctuations of the refractive index and applied
modal expansion using Kolmogorov’s theory. The experiment aims to fabricate an OPP with parameters
D/ry = 30 and r, ® 5 cm. The objective is defined with the strong atmospheric conditions. Finally, we
have fabricated an OPP that satisfied the desired objectives. The OPP closely simulate turbulence to real

atmospheric conditions.

Keywords : Adaptive optics, Air disturbance, Fabrication, Optical phase plate
OCIS codes : (010.1330) Atmospheric turbulence; (220.1080) Active or adaptive optics; (220.4610)

Optical fabrication

I.INTRODUCTION

The quality of images observed through telescopes is
often compromised by the aberration of light entering from
space. This distortion arises when light, emitted by sources
such as stars in the form of plane waves, becomes distorted
while traversing Earth’s atmosphere, resulting in what is
known as air disturbance, as shown in Fig. 1(a). This phe-
nomenon not only affects telescopes but also other optical
instruments using light that has propagated through the at-
mosphere, leading to the degradation of image quality and

source coherence [1]. To address these challenges, adaptive
optics (AQ) technology is employed to correct distorted
waves, thereby enhancing the performance of optical sys-
tems [2]. However, to effectively investigate AO systems, it
is essential to reproduce atmospheric behavior in laboratory
settings, simulating conditions similar to those found in the
actual atmosphere. Over the years, various methods have
been developed to simulate the turbulence effect in labora-
tories as discussed below.

Initially, prevalent methods relied on inducing turbulent
motion in heated air and water as media [3]. However,
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limitations arose due to minimal changes in the refractive
index with temperature, thus requiring a long optical path
length. Additionally, the potential for damage to system
components and difficulties in disturbance prevention made
the use of heat or water impractical for laboratory settings.
The most practical approach to simulate air disturbance
appeared with the use of an optical phase plate (OPP). Fig-
ure 1(b) illustrates a schematic using OPPs in an optical
system as an example. While a deformable mirror (DM)
or spatial light modulator (SLM) can serve as turbulence
compensation devices, it is important to note that these
features can introduce complexities and increase the cost of
the experiment [4]. A common method involves simulating
turbulence through computer simulations based on the Kol-
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FIG. 1. Schematic diagram of (a) effect of turbulence layer
(atmosphere) in the telescope, (b) adaptive optics (AO) system
using an optical phase plate (OPP) as the turbulence layer.

mogorov atmospheric model. This generates a phase screen
with a constant Fried parameter (r,) [S]. However, the real
atmosphere exhibits variations in the Fried parameter due
to turbulence randomness, a characteristic that can’t be cap-
tured by this method.

Various approaches to fabricating OPPs have been
explored. The near-index matching method, creating a
sandwich-like structure with materials of similar but not
identical refractive indexes, is one example [6]. Diffractive
optics, including phase diffusers, molded plastic optics, and
computer-generated holograms, have also been employed
to simulate air disturbance [7]. Transparent materials, such
as multiple layers of hairspray sprayed on glass, have been
used to create variations in thickness and produce optical
path differences [8, 9]. Researchers have developed phase-
screen transmission model algorithms to closely simulate
actual atmospheric conditions [10-12].

This paper proposes a novel two-step process for fabri-
cating an OPP that simulates strong turbulence. We use the
D/r,, where D represents the telescope diameter and r, is
the Fried parameter, to express the strength of atmospheric
turbulence. The Fried parameter, r,, characterizes the coher-
ence length of the wavefront phase distortions due to atmo-
spheric turbulence. Therefore, D/r, serves as a value of the
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FIG. 2. Changes in D/r, with telescope diameter size: (a)
Large, (b) small.
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relative strength of turbulence as seen through telescopes
of varying diameters. Figure 2 illustrates that with the same
Fried parameter, the perceived intensity of turbulence can
vary depending on the diameter of the telescope. Therefore,
using D/r, allows us to communicate the relative intensity
of turbulence. Considering a moderate turbulent condition
with D/r, = 10, OPP should simulate a higher D/r, [13]. We
assumed the strong turbulent condition level by setting D/r,
= 30-40 approximately [14].

The fabrication method relies on material properties
without designing a phase screen, making it accessible and
cost-effective for anyone with the required materials. This
simplifies the fabrication process, which is divided into two
parts: The etching-hairspray process and the etching-epoxy
resin process. In the etching-hairspray process, hairspray is
applied to create variations in thickness, resulting in optical
path differences (OPD) and high-order term aberrations.
This process effectively simulates actual atmospheric tur-
bulence by introducing random changes that simulate real
disturbances. In the etching-epoxy resin process, epoxy
resin replaces hairspray to produce high-order term aberra-
tions based on its anisotropic material properties after cur-
ing. This process offers the ability to simulate a high level
of turbulence. The OPPs are then analyzed using statistics
of refractive index fluctuations and modal expansion from
Kolmogorov’s theory.

Ultimately, the fabricated OPPs closely simulate actual
air disturbance by incorporating high-order term aber-
rations through etching and randomness using material
properties [15]. The evaluation of OPPs fabricated with the
two methods deems them suitable for high air disturbance,
and they are compared with the Fried parameter. Section 2
introduces the principles for analyzing the OPP, Section 3
details the experimental method and results, and Section 4
provides a discussion and summary.

Il. THEORY

2.1. Statistics of the Index of Refraction Fluctuations
The body of research on optical propagation through tur-
bulence is vast. However, most of the published literature
is rooted in the efforts of Kolmogorov, Tatarskii, and Fried
[16]. In this section, we focus on Kolmogorov’s work. Kol-
mogorov developed a statistical model of a spatial structure
of turbulent air flows. It is necessary when expressing at-
mospheric turbulence stati,stically. The statistical distribu-
tion, denoted as @, (i), of the size and number of eddies
can be specified by the spatial power spectral density of the
refractive index n,(T), where the variables ¥ and T repre-
sent the spatial wavenumber vector and the three-dimen-
sional position vector, respectively. Kolmogorov’s theory
predicts that this can be expressed in the form of @, (k).
Before introducing the form, it should be noted that the
theory has three regimes [17]. For very small «, i.e., k < 2x/
L,, Kolmogorov’s theory does not predict a mathematical
form of @, (i), where the variable « represents the scalar

wavenumber. The quantity L, represents the characteristic
dimension of the largest turbulent eddies. Inhomogeneities
larger than L, are no longer assumed to behave as if they are
homogeneous. For a very large «, i.e., k > 2w/l,, a mathemat-
ical form of @, (&) is also not predicted by Kolmogorov’s
theory. The quantity I, represents the characteristic dimen-
sion of the smallest turbulent eddies. When « is in the
range of 2n/l, < x < 2m/L,, the form of ®, (i) is predicted
by Kolmogorov’s theory. Within this wavenumber range,
Kolmogorov’s theory finally predicts the form of @, (k) as
follows:

X (x) =0.33C7x ™", 1)

The quantity C? is the structure constant following
changes in the refractive index and represents the intensity
of a change in the refractive index.

At this point, we introduce the structure function of the
random index of a refraction distribution. In systems that
create images through atmospheric turbulence, this struc-
ture function plays a special role as the structure function
of turbulence naturally occurs according to an analysis of
a telescope’s average optical transfer function. The phase
structure function D, (T) of the homogeneous refractive
index is defined here by Eq. (2).

D,(r) = E{In,(r) -n,(ru+ 1)} @

By using the definitions in Egs. (1) and (2), we obtain
the following result:

D,(r)=Cir®, 3)

If n, (T) is isotropic, the structure function depends on
the scalar variable r = |F|. Symmetrically, the structure
function of the phase can be defined by Eq. (1).

D, (AX) =<[; ()~ ¥ (x + AX)F >, (4)

where ; (X) is the phase perturbation at the transverse vec-
tor location X.

Fried expressed the phase structure function as a func-
tion of the Fried parameter:

4r’ ]3/5

r =0.185
o [kzcanzi

: )

where the variables k and Az;. represent wavenumber and
the thickness of the turbulence layer. The structure constant
of the index of refraction fluctuations, C?, is used to char-
acterize the strength of the turbulence. C? has been found
to vary as a function of the altitude, location and time of
day. Several mathematical models have been developed
from experimental measurements of C2. A commonly used
model is the layered model. Because C? varies with the
altitude, the model suggests breaking the C? profile into
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a finite number of layers. Accordingly, the notation Az; is
used to designate the altitude and thickness of the i" layer.
The total thickness of the turbulent layer can be expressed
by the integral of the i layer. In this paper, we assumed
that the phase plate represents one of the layers used when
obtaining r, by Eq. (5). The thickness of the phase plate is
assigned the value of Az;.

2.2. Modal Expansion of Perturbation

In the field of imaging optics, efficiently expressing
wavefront aberration involves using sets of orthonormal
basis functions [17]. Similarly, when studying turbulence
effects, it proves advantageous to conceptualize the turbu-
lence of the optical wavefront as a linear combination of
orthonormal basis functions. This approach provides insight
into the generation of random aberrations resulting from air
disturbance. The general mathematical form of this linear
transformation, often referred to as the modal transform, is
presented as Eq. (6).

VA= DT, ©)

In this equation, f, (X) is the i" functions from the set of
orthonormal basis functions. N is the total number of basis
functions, and a; denotes the weight associated with the i"
basis function.

Zernike polynomials have been widely studied and
used to represent aberrations in imaging optic systems
[18]. Equation (6) can be specifically expressed as a linear
combination of Zernike polynomials. Following a series of
mathematical procedures, the averaged mean square phase
error (¢, (2)) after the removal of the first N Zernike modes
can be calculated using the Fried parameter [19, 20].

I11. FABRICATION AND MEASUREMENT

This section details the fabrication process of the OPP
and outlines the corresponding experimental results. The
objective of the experiment was to create an OPP with a
DIr, ratio of approximately more than 30 with the aim to
simulate air disturbance in a laboratory environment that
closely simulates actual atmospheric conditions, where D
represents the pupil diameter of the telescope used, as de-
picted in Fig. 1(a).

The fabrication of the OPP involved employing an etch-
ing, spraying, and epoxy resin process. After numerous iter-
ations and clarification through trial and error, a successful
methodology for producing the OPP was established.

Before beginning the experiment, careful consideration
was given to selecting the measuring instrument for ob-
serving the results of each process. The chosen instrument
for this study was the Shack-Hartmann wavefront sensor
(SHWEFS). While an interferometer was initially considered
as the measuring instrument, its limitations became appar-
ent during the manufacturing process, specifically when

the Fried parameter (r,) of the OPP was reduced. The inter-
ferometer exhibited a significant data drop that interrupted
thorough analysis. Consequently, the SHWFS was adopted
for its capability to capture a broad range of measurements,
particularly those involving high slopes and wavefronts
with substantial deformations.

Despite the SHWFS having structural limitations that
render it less accurate and lower in resolution compared to
the interferometer, cross-checking with an interferometer
confirmed that the targeted r, level was unaffected. The
cross-checking method is shown in Figs. 3(a) and 3(b).
Measurements were obtained by a commercial 300 mm
Zygo interferometer and the SHWFS (WFS40-14AR; Thor-
labs Inc., NJ, USA) [21]. The results, displayed in Fig. 3(c),
showed minimal differences with a 2 nm root-mean-square
(RMS) value and an r, of 3.5 mm for both instruments.
Based on these findings, the decision was made to use the

@

(b)

©

FIG. 3. Schematic diagram of transmission wavefront
measurement by (a) an interferometer and (b) a Shack-
Hartmann wavefront sensor (SHWFS); (¢) Cross-check data
by those instruments at the same location.
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SHWES instead of the interferometer.

Moreover, the SHWFS can accommodate a circular
aperture of up to 11.26 mm in diameter when capturing a
single-shot image. However, this proved insufficient for
obtaining comprehensive surface data. To overcome this
limitation, a collimator was employed to increase the effec-
tive pupil size to 20 mm (full size = 30 mm, with a margin
of 5 mm from the side). The measurement system is de-
picted in Fig. 3(b), where 12 shots were captured at differ-
ent locations on a 200-mm-diameter OPP. Consequently, 12
transmission wavefronts were obtained for a single OPP, as
illustrated in Fig. 4 for clarification.

3.1. Fabrication Process 1: Etching
To estimate the impact of etching, seven glass plates

FIG. 4. Locations chosen for measurement using a commercial
Fizeau interferometer.

(@)

(b)

©

with a 200 mm diameter each were prepared and named
Plate 1 to 7. Hydrofluoric acid etching was conducted on
these lapped glass plates without a predefined phase screen.
A transmission wavefront, illustrating the optical quality of
the initial OPP, was randomly generated. The glass plates
underwent etching without any pretreatment, with each of
the seven plates being etched in minute increments ranging
from 1 min to 7 min.

An upper limit of 7 min was set due to the interferom-
eter’s inability to measure the plate etched for 4 min. To ad-
dress this limitation, a range of 3 min above and below the
4-min mark was established. The results of the experiment
showed that longer etching times resulted in a higher ratio
of Zernike high-order aberrations. However, for the plate
etched for 7 min, data acquisition from the SHWFS was not
possible due to excessively high wavefront deformation.

Following the experimental procedures, we used the
Karhunen-Loeve expansion to analyze the data from the
OPP [16]. This statistical method provides an optimal basis
for modeling the phase of a turbulence-corrupted wave-
front. With this approach, we made a Zernike-Kolmogorov
(ZK) residual error graph to verify whether the wavefront
through OPP fabricated by the randomness of the material
adhered to the modeled turbulence wavefront.

The ZK graph comparing the initial plate with the etched
plates showed a notable increase in the ratio of Zernike
high-order modes for all plates except the one etched for 1
min. Figure 5 demonstrates this trend, indicating that the
initial plate before etching had a small ratio of high-order
modes, as depicted in Fig. 6. Consequently, the ZK graph
follows the etching pattern for 1 min.

Following the determination of optimal conditions based

(d)

©)
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FIG. 5. Zernike-Kolmogorov (ZK) graph after etching: (a) Plate 1 (1 min), (b) plate 2 (2 min), (c) plate 3 (3 min), (d) plate 4 (4
min), (e) plate 5 (5 min), and (f) plate 6 (6 min). The Modeled wavefront is described as a blue solid line based on the Karhunen-
Loeve expansion. Experimental data are presented in the form of a box plot.
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FIG. 6. Zernike-Kolmogorov (ZK) graph before etching: (a) Plate 1, (b) plate 2, (c) plate 3, (d) plate 4, (e) plate 5, and (f) plate 6.
The Modeled wavefront is described as a blue solid line based on the Karhunen-Loeve expansion. Experimental data are presented

in the form of a box plot.

FIG. 7. Box plot for the distributed range of the initial r,.

on the results above, six-phase plates were prepared with
a 1 min etching time and labeled as plates A to F. Three
of these plates were treated with acrylic spray, while the
remaining three were stacked with epoxy resin. The pro-
duction of six OPPs was completed. Figure 7 presents a
boxplot of r, for the 12 locations on the initial plates.

3.2. Fabrication Process 2-1: Acrylic Spraying
Following the etching process, we proceeded with the
next step, which involved the application of Krylon acrylic
spray [9]. This spray was applied to the surfaces of etched
plates named plate A, B, and C, each having undergone a
1 min, and etching process as mentioned previously. The
spraying was conducted in an environment resembling a
laboratory setting. The acrylic spray was evenly applied by
hand on a horizontally placed table for approximately 10
seconds to ensure a thorough and uniform coating across

FIG. 8. Distributed range of the r, after spraying.

the plate’s surface.

A boxplot illustrating the r, values for the 12 locations
on the sprayed plates is presented in Fig. 8. Overall, the
mean r, value for the OPPs after spraying remained around
mean r, = 14.57 cm, with a D/r, ratio generally averaging
10.29. The ZK residual error after spraying was comparable
to the state before spraying, indicating that the spraying
process did not significantly affect the Zernike aberration
changes on the surface. A ZK residual error graph post-
spraying is depicted in Fig. 9.

3.3. Fabrication Process 2-2: Stacking Epoxy Resin
Our second proposed method involves stacking epoxy
resin onto the previously etched OPP. Specifically, Artglory
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FIG. 9. Zernike-Kolmogorov (ZK) graph after spraying:
(a) Plate A, (b) plate B, and (c) plate C. Modeled wavefront
described as a blue solid line based on the Karhunen-Loeve
expansion. Experimental data are presented in the form of a
box plot.

31 epoxy resin [22], mixed in a 3:1 ratio with the subject
and curing agent, was applied to three etched plates (D,
E, F). The resin was then allowed to cure at 23 °C for 24
hours. To prevent the resin from flowing down during the
stacking process, a frame was bonded to the etched OPP
before pouring the epoxy resin. Figure 10 illustrates the
process of stacking epoxy resin onto the glass plate with the
bonded frame.

The epoxy resin with 32 g was selected to have a 2-mm
thickness based on some experiments. Figure 11 shows the
averaged phase maps of 12 locations corresponding to each
thickness of resin.

The outcome of the experiment to determine the appro-
priate thickness is depicted in Fig. 11. When the OPP was
measured with the SHWFS, a data drop was observed for
thicknesses exceeding 4 mm. Extrapolated data is presented
in Fig. 11(d). Thicknesses below 1 mm resulted in non-
random phase patterns due to a high proportion of spherical
aberration in each location. Consequently, a thickness of 2
mm was expected to be suitable.

A boxplot illustrating the r, values for the 12 locations
on the epoxy resin plates is shown in Fig. 12. After curing,
the mean r, value for the OPPs remained around r, = 3.58
cm, with a D/r, ratio generally averaging 41.90. It was chal-

@)
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FIG. 10. The process of stacking epoxy resin: (a) Pour the
subject of resin (24 g), (b) pour the curing agent of resin (8 g),
(c) mixing the subject and curing agent, and (d) curing.

lenging to achieve a smaller r, in our case. The ZK residual
error after curing the epoxy resin is depicted in Fig. 13.
Similar to the spraying process, curing did not significantly
affect the Zernike aberration changes. The mean r, for each
process step is summarized in Table 1.

IV. RESULTS AND DISCUSSION

Our objective was to create an OPP that could simulate
air disturbance simulating real atmospheric conditions with
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FIG. 11. Averaged phase map of 12 locations corresponding to each thickness of epoxy resin: (a) 1 mm, (b) 2 mm, (c) 3 mm, and (d)
4 mm (extrapolated data), respectively. Several blank points in each figure are missing data.

FIG. 12. Distributed range of the r, after stacking epoxy resin.

a D/ry level of over 30 and ry around 5 cm. To achieve this,
we aimed to produce an OPP that follows the ZK residual
error graph. As the 1 min etching process was found to
generate aberrations aligning with the ZK graph, three new
plates were generated for both the spraying and epoxy resin
stacking methods and denoted as plates A to F.

For the final results, the r, value of the OPP was ob-
tained as the average value for 12 locations. This approach
aligns with real atmospheric measurements, where the aver-
age r, value over a specific time range is considered [23].
The analysis results for each of the three manufactured

@
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FIG. 13. Zernike-Kolmogorov (ZK) graph after spraying: (a)
Plate D, (b) plate E, and (c) plate F. The Modeled wavefront
is described as a blue solid line based on the Karhunen-Loeve
expansion. Experimental data are presented in the form of a
box plot.
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TABLE 1. Average r, of each process

Average r, (cm)

Plate

Index Initial Etching Hairspray Eepe(;)i(z
A 50.4 93.9 15.9 -
B 160.8 48.2 52 -
C 34.0 34.9 14.5 -
D 50.2 26.8 - 33
E 477 30.9 - 5.3
F 49.9 35.3 - 2.1

@ (®)
(©

FIG. 14. Plate B with the r, close to D/r, = 24 in the etching-
spraying process. (a) Averaged phase map of 12 locations
of plate B measured by Shack-Hartmann wavefront sensor
(SHWES), (b) structure function for 12 locations, where the
red line represents the Kolmogorov theory when r, = 6.35 cm,
and (c) Zernike-Kolmogorov residual error graph of plate B.

OPPs are presented for both the etching-spray and etching-
epoxy resin methods in Figs. 14 and 15, respectively. The
corresponding graphs for Figs. 14(b) and 15(b) represent
the structure function for the 12 locations, with the red dot-
ted line indicating the Kolmogorov theory for the average
r, of the OPPs. These figures show variations in r, around
the mean r, within one OPP, reflecting the expected rotation
of the manufactured OPP when mounted and tested in an
AO system. This simulation mirrors the real atmosphere’s
temporal variations in r, [24, 25].

In the etching-spraying process, plate B exhibited an
r, close to D/r, = 24, with a final mean r, of 6.35 cm at a
wavelength of 532 nm. Variations in r, ranged between 2.7
cm and 9.9 cm across the 12 locations. Figure 14 illustrates
the results for Plate B.

In the etching-epoxy resin process, plate E exhibited an

@ (b)

(©

FIG. 15. Plate E with the r, close to D/r, = 28 in the etching-
resin process: (a) Averaged phase map of 12 locations of plate
E measured by Shack-Hartmann wavefront sensor (SHWFS),
(b) structure function for 12 locations, where the red line
represents the Kolmogorov theory when r, = 5.28 c¢m, and (c)
Zernike-Kolmogorov residual error graph of plate E.

TABLE 2. Individual r, value corresponds to 12 locations

. Average r, (cm)
Location
Plate B Plate E
1 4.6 6.6
2 4.5 6.9
3 2.8 6.7
4 4.4 4.6
5 5.4 6.9
6 6.0 5.4
7 7.4 2.7
8 4.9 8.2
9 3.5 7.2
10 9.0 7.4
11 3.7 9.9
12 6.8 33

TABLE 3. r, for two combinations of fabricated four optical
phase plates (OPPs) (plates A, B, C, and D)

P1 P2 Average r, (cm) DIr,
A B 5.8 25.5
A C 8.4 25.4
A D 3.6 41.6
B C 5.9 18.8
B D 3.0 49.2
C D 3.7 40.5
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FIG. 16. Measuring two optical phase plates (OPPs): (a)
Schematic diagram of the measurement of the r, with a
combination of two OPPs, (b) the optical system with two
OPPs.

r, close to D/r, = 28. The results for plate E are presented
in Fig. 15, indicating a final mean r, of 5.28 cm, with varia-
tions distributed between 2.84 cm and 9 cm, comparable to
the conditions of plate B. Individual r, values for each loca-
tion of plates A to F are detailed in Table 2.

When the OPP is integrated into an optical system, a
combination of two OPPs is employed to enhance random-
ness. Consequently, two combinations of OPPs, plates A,
B, C, and E, were measured. Plates D and F were excluded
due to their low r,. Ultimately, the selected combination
approached the desired approximately D/r, = 30—40. The
average r, of this combination is presented in Table 3. Fig-
ure 16 illustrates the schematic and optical system used for
measuring two OPPs, considering an average data scenario
from 12 by 12 cases, each incorporating the combination of
12 location data instances for each OPP.

In conclusion, our efforts resulted in the creation of an
OPP capable of simulating real atmospheric conditions with
a DIr, level of 3040, which aligned with the ZK residual
error graph. Furthermore, by stacking epoxy resin, we were
able to attain a lower r, value, reaching D/r~40.

V. CONCLUSION

This paper introduces a novel method for fabricating an
OPP capable of simulating actual atmospheric turbulence
under strong conditions, targeting a D/r, ratio of 30-40.
The fabrication process involves etching, hairspray, and
epoxy resin. The etching process creates distortions on the

OPP that simulate the features of a turbulent atmosphere
based on statistical modeling by Kolmogorov. Hairspray
and epoxy resin are employed to modify the Fried param-
eter (r,) by stacking on the OPP. This approach simplifies
fabrication and reduces time and cost by avoiding existing
demands for screen design and machining. Experimental
measurements and analyses were conducted for both pro-
cesses using an SHWFS instead of an interferometer.

The proposed fabrication method eliminates the need
for additional activities such as designing a phase screen,
considering material properties or assessing optical surface
quality. The thickness variation of the hairspray and the
anisotropic properties of epoxy resin are used to introduce
random changes to the OPD. This simplicity and cost-
effectiveness make the proposed method advantageous for
widespread OPP production. Both processes successfully
simulate actual air disturbance by introducing high-order
term aberrations through the etching process. The distinc-
tion between the two lies in the epoxy resin’s ability to sim-
ulate a Fried parameter four times lower than that achieved
with hairspray. If a significantly lower r, under D/r, = 40 is
desired, the epoxy resin process is deemed suitable, while
the spraying process is recommended for achieving a rela-
tively lower r, within D/r, = 30 or less.

However, several considerations must be taken into ac-
count during fabrication. The randomness introduced by
spray and resin does not align with software predictions.
Thus, it is advisable to manufacture the OPP after secur-
ing multiple initial plates. Additionally, when using acrylic
spray, the temperature during spraying should match that of
the storage location to prevent frost formation and water-
related issues on the OPP surface. Future work involves
applying the fabricated phase plate to experiments with an
actual AO system. Further development aims to refine each
process to enhance the similarity of the fabricated phase
plate to actual atmospheric conditions.
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