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Abstract: This paper addresses the issue of reduced image quality due to annular turning marks
formed by single-point diamond turning (SPDT) during the processing of metal-based mirrors
and infrared lenses. An ideal single-point diamond turning marks diffraction action model to
quantitatively analyze the impact of turning marks diffraction on imaging quality degradation is
proposed. Based on this model, a fast estimation algorithm for the optical modulation transfer
function of the system under turning marks diffraction (TMTF) is proposed. The results show that the
TMTF algorithm achieves high computational accuracy, with a relative error of only 3% in diffraction
efficiency, while being hundreds of times faster than rigorous coupled wave analysis (RCWA). This
method is significant for reducing manufacturing costs and improving production efficiency, as it
avoids the problem of being unable to compute large-size optical systems due to computational
resource and time constraints.

Keywords: turning marks; grating diffraction; image quality; stray light; single-point diamond
turning

1. Introduction

The traditional processing of optical materials uses optical cold processing, which
has disadvantages such as tedious processing steps and long cycles, and can only process
rotationally symmetric surfaces. Moreover, the consistency of processed lenses is poor,
which is not conducive to quality control for mass production. Ultra-precision turning
technology can completely overcome the shortcomings of traditional processing. By using
diamond tools for single-point cutting, infrared materials (such as germanium and silicon)
can be directly machined into mirror surfaces with shapes that meet the requirements of
various infrared optical applications, significantly improving the production efficiency and
precision of infrared lenses [1,2]. The development of ultra-precision turning technology for
infrared optical parts, non-spherical metal-based reflectors, and other precision metal opti-
cal components has a milestone significance for the development of the defense industry.

However, single-point diamond turning leaves residual turning marks on the surface,
which may introduce diffraction effects that could degrade the imaging performance of
the optical system. Tan et al. [3] completed the equivalent modeling and verification of a
high-steepness and lightweight elliptical aluminum mirror, and Zhang et al. [4] realized
the whole process of manufacturing aluminum mirrors with composite surface additive
manufacturing, and found that when the diamond tip passes through the pits on the surface
of the mirror blank, vibrations occur and leave tiny scratches, which cause strong scattering
of incident light, reducing the signal-to-noise ratio of the system. The traditional method
used to eliminate this effect is polishing, but for a flat mirror with a diameter of ®100 mm, it
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takes nearly a day to roughly remove the turning marks. Therefore, research on the imaging
quality of systems under diffraction caused by turning marks on surfaces machined by
single-point diamond turning has significant implications for improving efficiency and
reducing the cost of optical material processing.

In order to explain the influence of high-order diffraction light on the imaging quality
of mirror surfaces machined by SPDT, researchers have made great efforts in both theory
and experiments. In 1975, Church et al. [5] believed that the residual surface roughness
of diamond-turned optical surfaces contains important periodic components, and they
used Rayleigh—Rice vector scattering theory to explore the performance of diamond-turned
optical devices. However, this theory is only applicable to periodically rough surfaces
with vertical amplitudes far less than the wavelength of light. Wu et al. [6], based on
vector diffraction theory, characterized the diffraction optical properties of diamond-turned
surfaces and revealed the distribution characteristics of diffraction spots using the finite-
difference time-domain method. They demonstrated that the height and spacing of nano-
scale surface morphology have different effects on the intensity and angle of diffraction
spots. In 2019, Harvey [7] proposed and developed a general Harvey—Shack surface
scattering theory based on linear system theory. They suggested that low spatial frequency
components, i.e., shape accuracy, cause wavefront aberration, while high spatial frequency
components, i.e., surface roughness, redistribute radiation energy through wide-angle
diffraction effects. Zhou et al. [8] studied the reduction of optical performance caused by
contour errors transferred from molds during precision glass molding. They qualitatively
analyzed the effect of mold turning marks on optical defects and demonstrated that turning
marks can cause diffraction fringes. Yang et al. [9] proposed a mathematical model to
reveal the relationship between the diffraction efficiency of harmonic diffraction optical
elements, tool radius, feed rate, and other factors for evaluating the diffraction efficiency of
diamond-turned harmonic diffraction optical elements. Meanwhile, some scholars have
conducted research from the perspective of medium spatial frequency errors. In 2000,
Youngworth et al. [10] proposed a method for viewing surface errors as perturbations
to the nominal surface profile. The methods enabled simple, rough predictions of the
impact of spatial frequency errors on various optical property measurements. Two decades
later, Liang et al. [11,12] studied the scope of application of the perturbation method,
proposed an error estimation method, and obtained a rule of thumb for the accuracy of the
perturbation method.

Research on analyzing the diffraction characteristics of diamond turning surfaces
has been carried out from experimental perspectives. In 2010, Li et al. [13] studied the
properties of diamond machined surfaces and found that the normalized primary diffracted
light was caused by turning marks, which decreased as the machining marks degraded.
Additionally, they indicated that slow tool servo technology could achieve high-quality
optical surfaces. In 2014, Fang et al. [14] theoretically analyzed the relationship between
surface cleanliness, optical defects, and turning conditions for a turning reflector mirror
using interference and integration methods. In 2015, Yin et al. [15] directly polished an alu-
minum mirror surface to remove turning marks, thereby improving the surface accuracy at
the cost of longer polishing time. Wang et al. [16] analyzed the spiral sine trajectory airbag
polishing removal of SPDT turning marks, proposing a spiral sine polishing trajectory. The
surface form accuracy PV value changed from 0.449 um before polishing to 0.35 um after
polishing, but the efficiency requirement decreased while the trajectory control accuracy
requirement increased. Furthermore, in 2021, Du et al. [17,18] investigated the surface
roughness evolution mechanism during ion beam sputtering on aluminum-based optical
surfaces, combined with ion beam sputtering and smooth polishing, and achieved efficient
removal of machining marks. They reduced the surface roughness from 4.3 nm to 3.7 nm
while doubling the removal efficiency, although it still required multiple iterations over
several hours. Chen et al. [19] proposed a model for predicting the surface roughness, R;,
in single-point diamond turning based on the analysis of relative motion and expansion
effects. Compared with previous models, this model is closer to the actual turning process
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and shows higher surface roughness prediction accuracy. In 2018, He et al. [20] established
a three-dimensional surface morphology model for single-point diamond turning, and
simulated the diffraction effect of SPDT caused by tool edge ripple using rigorous coupled
wave analysis in 2019. They proved that as the tool edge ripple worsened, the diffraction
efficiency of mirror-like light decreased, but high-order diffracted light was horizontally
concentrated on the receiving screen [21]. They also proposed a new method to directly
eliminate the diffraction effect in diamond turning by controlling tool edge quality, material
defects, and processing parameters [22,23]. Sheng et al. [24] obtained the relationship be-
tween scattering theory and the micro-topography model of turning surfaces and adjusted
the turning parameters to control the primary diffraction intensity to be less than 0.01% of
the incident intensity, thereby producing an “effect-free” optical surface.

At present, related researches mainly focus on the analysis of the three-dimensional
morphology and diffraction characteristics of turning marks, as well as experimental
verification of turning marks removal. However, there is currently no related research that
provides quantitative estimates of the image quality degradation caused by turning marks
diffraction. The impact of turning marks textures on the imaging quality of optical systems
can only be addressed after processing by blindly polishing the surface using methods such
as airbag polishing, which not only increases processing costs but may also cause secondary
damage to the surface. If the impact of turning marks on image quality degradation is not
severe, the polishing process can actually be omitted, saving a significant amount of time
and cost.

To address the lack of analysis methods for turning marks diffraction-induced image
quality degradation, this paper uses the linear theory of optical systems [25] and takes
advantage of the local linearity of turning marks gratings, estimating the impact of turning
marks diffraction on image quality from the worst-case scenario where the turning mark
structure perfectly matches the theoretical residual height, forming defect-free diffractive
gratings with shape features. We develop a turning marks MTF (TMTF) algorithm, which
can quickly estimate the maximum impact of SPDT turning marks diffraction on MTF
image quality degradation. This allows us to obtain processing tolerances that meet
specified image quality requirements during the design phase, integrating turning marks
diffraction-induced tolerances into the optical design process [26].

2. Methods
2.1. Modeling of Turning Marks Diffraction

In order to quantitatively analyze the effect of turning marks diffraction on the degra-
dation of imaging quality, an ideal single-point diamond turning marks diffraction model is
established in this paper. Based on the linear theory of the optical system, the local turning
marks annular grating is regarded as a linear grating, and the phase polynomial is used
to characterize it. Then, the incident light is diffracted to the corresponding order and the
diffraction efficiency is calculated.

When diamond tools are used to scratch glass or metal surfaces, the cutting tool
generally moves along an Archimedean spiral, forming grooves with concentric circular
rings. The feed rate of the tool is very slow, and for aluminum, the feeding amount is
usually 2~3 pm, while for infrared glass such as germanium the feeding amount is usually
0.5~1 um, which is comparable to the grating period. In an ideal state, when a circular
arc edge single-point diamond cutting tool for ultra-precision machining is used, contour
peaks and valleys will be formed on the machined workpiece surface. The expression for
the maximum distance, h;;qx, between the contour peaks and valleys is as follows:

FZ
hinax = 87R (1)

where F is the cutting feed amount, R is the radius of the tool tip’s circular arc edge, and
hmax represents the theoretical residual height or theoretical roughness. The process of
leaving turning marks on the surface during cutting is shown in Figure 1.
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Figure 1. Theoretical residual height.

Constructing the turning marks profile, the height distribution of the turning marks in
the radial direction is given by:

h(r) = (1= (r % F))hpax )

where r = /x? 4+ y? > 0 represents the radial coordinate of the machined surface, and
% denotes the modulo operation. Clearly, this type of turning marks profile forms a ring
grating structure on the substrate with a certain curvature, similar to a concave grating
structure, and the grating locally can be regarded as a linear grating. When light is incident
on the optical surface, according to the grating equation, under the diffraction effect of the
turning marks, the light will produce diffracted rays on both sides of the specular ray with a
certain angle deviation. When the diffracted rays continue to propagate to the image plane,
they will cause interference and degrade the imaging performance of the optical system.
An optical system can be regarded as a linear system, i.e.,

L{arfi(x) +azfa(x)} = a181(x) + a282(x) 3)

as a result, the image formed by an optical system under turning marks diffraction can be
decomposed into a linear superposition of the ideal image and the diffracted image formed
by the local linear grating at different wavelengths and orders. This decomposition allows
for the separation of the ideal image from the effects of turning marks diffraction, which is
a crucial step in accurately characterizing the performance of optical systems. By analyzing
the contribution of each component, it is possible to optimize the design of the system and
mitigate the negative impacts of turning marks diffraction. Its effectiveness highlights the
importance of understanding and properly accounting for turning marks diffraction in the
design and evaluation of optical systems.

Consideration of turning marks diffraction should be carried out after completing the
initial structural design and image quality optimization. Based on the optimized design of
the optical system, the surfaces that may cause turning marks diffraction are modeled as
phase gratings on the optical surface. The annular grating on the entire optical surface can
be locally regarded as a straight grating, in which fixed phase differences are introduced
between adjacent periods. When there is no significant change in the gradient of the optical
surface, it can be approximated that the grating introduces a small tilted phase relative
to the Oth order diffracted light, which is equivalent to adding +1st order diffracted light.
Therefore, the additional phase caused by the turning marks diffraction on the incident
light can be expressed as

¢ =f(r) (4)

where f() is the function that describes the effect of the grating on the phase. It is possible
to consider a lens with turning marks on its surface as a phase grating with turning marks
diffraction effects on a smooth lens surface. Since the feed speed of the turning tool is in
the range of only 0.5~2 pum, it can be assumed that the diamond tool advances uniformly
in each circle. This means that the radial period of the annular grating remains constant.
However, in reality, the tool mark surface can be modeled as a case where the grating
period changes along the radial direction, or even a case of non-rotational symmetry. This
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approach is useful when dealing with surfaces where the sagittal height changes drastically.
For the sake of simplicity, we assume a constant radial period in this study. When the plane
wave is incident along the optical axis, the additional phase introduced is

¢=Cr 5)

where C is the coefficient of the phase polynomial and is a constant that is related to the
machining feed rate.

As shown in Figure 2, the local annular grating caused by turning marks diffraction
can be treated as a linear grating, which introduces a fixed phase difference between
adjacent periods,

P = 2%Tng(sin 6; £sinb,,) (6)

where A represents the wavelength of the incident light, # is the refractive index of the
medium in which the optical surface is immersed, typically air (n = 1), g is the grating
period, 0; and 0, are the incident and diffraction angles, respectively, and m is the diffraction
order. The positive diffraction order is used for the case where the incident and diffracted
rays are on the same side of the grating, while the negative diffraction order is used for the
case where they are on opposite sides.

In three-dimensional Cartesian coordinates, the diffraction effect of the grating on an
incident light ray can be expressed as:

zx’zzx—i—ia—q)

27 dx
B=pt o2 ”

N 271 Ay

where « and B are the direction cosines of the incident ray, while «’ and p’ are those of
the outgoing ray. Due to the rotational symmetry of the turning marks grating, only
a one-dimensional direction needs to be considered. Here, the x-direction is taken as
an example.

According to the grating equation, when the light ray is normally incident on the grating,

gsinf = mA (8)

by combining Equations (7) and (8), the following relationship is obtained:

sinf = mh
©)
A dg
cost = Ax = 77 x
Therefore, the coefficient C of the phase polynomial is given by:
09 [|§2—m2A%| 4m?
C_M_¢g2'ﬂ 10)

which provides a 1st order coefficient for the phase polynomial that describes the character-
istics of the turning marks grating.

After assigning grating properties to the surface of interest, it needs to be analyzed as
part of an optical system. Since high-order diffraction energy is extremely low, only the
—1st, Oth, and +1st orders of diffracted light need to be considered. Among them, the Oth
order is in the same direction as normal reflection or refraction light, while the —1st and
+1st orders are slightly deviated. For the diffraction surface characterized by phase, the
outgoing ray direction after passing through the diffraction surface can be calculated using
Equation (7).
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Figure 2. Phase tilt introduced by gratings.

The coefficient of the grating phase polynomial determines the direction of light
rays, while another important parameter is the diffraction efficiency of the grating. The
diffraction efficiency, which is the percentage of diffracted light at a specified order, is a
function of wavelength and depends on the incidence angle or position in the field of view.
The diffraction efficiency of the grating can generally be changed by adjusting the grating
structure function. The theoretical residual height of turning marks grooves in the radial
direction can be modeled as a periodic triangle function, A(2x/F) [27]:

hmax(1 = |x]), |x| < (F/2)

0, |x|> (F/2) (11)

A(2x/F) = {

After diamond-tipped scribing of the substrate material, a glittering grating is formed

on the groove surface [28], which diffracts incident light into many different orders. At

this point, not only the design of the diffraction order, but also the light distribution in

other diffraction orders needs to be considered. The energy of light in different diffraction

orders depends on the phase introduced by each small facet on the glittering surface. The

maximum diffraction efficiency occurs when the specular ray direction and the diffracted

ray direction coincide. For the specific wavelength and field of view, an optical system

containing a grooved surface can be designed to achieve a diffraction efficiency approaching
100%, with the diffraction efficiency of the mth order given by the following equation:

o = 2RI .

(Tt —m)

where T = (Hyax (111 cos 01 — np cos 6;)) /A, ny is the refractive index of the incident medium,
ny is the refractive index of the diffracted medium, A is the wavelength, 6, is the angle of
incidence, and 6, is the diffraction angle. If Ao/m = g, the diffraction efficiency is equal
to 100%.

2.2. Proposed MTF Calculation Method for Turning Marks Diffraction

MTF is commonly used to evaluate the image quality of imaging optical systems. It
provides information on the minimum structure size that can be expected to be imaged
well by giving the image contrast as a function of spatial frequency in object space. In order
to quantitatively analyze the degradation effect of turning marks diffraction on imaging
quality, based on the ideal single-point diamond turning turning marks diffraction model
established in this paper, a fast algorithm for estimating the optical modulation transfer
function of the system under the influence of turning marks diffraction, TMTF, is proposed.

A grid of N x N rays uniformly distributed on the entrance pupil of an optical system
is traced, and the wavefront aberration for each ray from the entrance pupil to the exit pupil
spherical surface is recorded. The wavefront aberration for the mth order at wavelength A,
is denoted as OPD};,

OPD! = %7 n;0PL; (13)
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where S is the number of surfaces in the optical system, #; is the refractive index in front of
the ith surface, and OPL; is the optical path length between the (i — 1)th and ith surfaces.
The amplitude spread function (ASF) on the image plane can be calculated as

ASF!" = ff{exp ii”ong} (14)
w

where ASF]! represents the amplitude spread function at the image plane for the mth order
and the wth wavelength, and .7 { } denotes the two-dimensional Fourier transform [29],

Fem = [ [ fluye ey (15)

however, the ASE]} obtained by Equation (14) is not normalized and only represents the
amplitude distribution within the corresponding order, not the corresponding energy
contribution. Therefore, it is necessary to normalize the ASF with the diffraction efficiency,
1., for the corresponding wavelength and diffraction order, i.e.,

m
ASEy = m)‘:‘&% X 1ty (16)
where ASF! is the normalized ASF of the mth order of the wth wavelength.

On the image plane, the fluctuations of different orders of light with the same wave-
length are correlated because they come from the same source. In other words, interference
can occur between complex amplitudes of the same wavelength [30,31], and therefore
the amplitude spread functions for different orders at the same wavelength should be
coherently added. After addition, the amplitude spread functions for the same wavelength
can be expressed as

ASFS™ =¥, ASFI' (17)

The above algorithms are all coherent calculations at the same wavelength; the flow of
the coherent calculation algorithm is shown in Figure 3.

When designing optical systems, several representative wavelengths are usually cho-
sen as sampling wavelengths within the spectral range. Since electromagnetic frequencies
vary with wavelengths and do not interfere with each other, incoherent addition is used.
According to the Fraunhofer diffraction theory,

g(x,y) ~ hoF (vy, vy) (18)

where v, = % and vy = %, and d is the propagation distance of the light wave,

which refers to the distance from the exit pupil spherical surface to the ideal image point.
F(vx,vy) = Z{f(x,y)}, ho = (j/Ad) exp (—jkd), where k = 27t/ A.

If different wavelengths of light are sampled with equal numbers of rays and equidis-
tantly at the entrance pupil, the spatial coordinate spacing of the Point Spread Function
(PSF) for different wavelengths will be different when the rays propagate to the image plane.
Therefore, when performing non-coherent addition for the PSF of different wavelengths,
high-frequency signals can be submerged by numerical errors, resulting in errors in the
results. As a result, it is necessary to change the sampling strategy at the entrance pupil
and sample fewer rays for longer wavelengths.

K

NR=r/%

(19)
where NR denotes the number of sampling rays for the specified wavelength, K is an
arbitrary constant, and F /# represents the working F-number of the system for the specified
field-of-view and wavelength.
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!
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Figure 3. Flowchart of TMTF coherent part algorithm.

To obtain the PSF for each wavelength, the ASF should be first calculated for each
wavelength, which involves repeating the system sampling process. The PSF can then be
obtained through the following equation:

PSF, = ASES"™ x ASFSi™ (20)

the multi-wavelength PSF can be obtained by performing non-coherent addition of the
monochromatic intensity transfer function by the following equation:

furthermore, the MTF of the optical system can be calculated through the following equation:
MTF = | Z{PSFsum}| (22)

the above algorithms are all incoherent calculations at the different wavelength, and the
flow of the incoherent computing algorithm is shown in Figure 4.
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Begin

!

/ Coherent ASF at different wavelengths /

A 4
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Computes the PSF at the specified wavelength

PSF calculation complete for all wavelengths?

Y
\ 4

Incoherently add the PSF of all wavelengths of the system

v

Calculation of MTF for systems containing Turning mark
diffraction

I

End

Figure 4. Flowchart of TMTF incoherent part algorithm.

By following the above steps, estimation of the worst-case impact of turning marks
diffraction on the PSF and MTF of the optical system for specified machining parameters
have been obtained.

3. Experiments and Results

The VirtualLab Fusion rigorous coupled wave analysis (RCWA) algorithm and TMTF
algorithm were used to compare the diffraction efficiency, MTF results, and the calculation
time of the metal-based mirror system. Then, the mid-wave infrared optical system was
taken as an example to analyze and compare the results and prove the accuracy and speed
of the TMTF algorithm. The computer processor used for the calculations was an Intel(R)
Xeon(R) Platinum 8370C CPU @ 2.80 GHz, and the memory was 256 GB.

3.1. Simulation of Diffraction Efficiency Calculation by TMTF Algorithm and RCWA Algorithm

To validate the simulation results of the scalar TMTF algorithm for evaluating the
impact of groove diffraction on imaging quality, optical simulations were performed using
VirtualLab Fusion 2023 software. VirtualLab Fusion employs Field tracing theory to conduct
physical optics system-level analysis of optical systems and uses the RCWA algorithm to
calculate the diffraction efficiency of gratings. In contrast, the TMTF algorithm calculates
the diffraction efficiency using scalar theory. Accordingly, the diffraction efficiency of
a mid-wave infrared reflective blaze grating was calculated using both VirtualLab and
the TMTF algorithm for different incident wavelengths. The design parameters of the
blaze grating under test are shown in Table 1, and the obtained relationships between the
diffraction efficiency and wavelength is illustrated in Figure 5.
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Table 1. Design parameters of the tested reflective blazed grating.

Design Parameters Design Value
Blaze wavelength A=4.1pum
Design period g =30 pm
Blaze order mp =1
Incident wavelength 2 um~8 um
Incident angle —89°~89°
Substrate material Aluminum

TMTF +1 order
—%¥— RCWA +1 order
TMTF 0 order
—&— RCWA 0 order

IS4
o
T

IS4
®
T

&
Q

&
EN

S
'

Diffraction Effecience
>
(9]

=
o

S
o

0.1

2 3 4 5 6 7 8
incidence wavelength (um)

Figure 5. The diffraction efficiency as a function of incident wavelength was calculated for the +1st
and Oth orders of the tested grating using both the RCWA algorithm the scalar TMTF algorithm.

As the wavelength changes, the trends in the results obtained using the scalar TMTF
algorithm and vector RCWA algorithm are generally consistent. The maximum deviation
between the two methods occurs at the blaze wavelength, with a value of 0.0525. Due to the
design of the grating structure, the diffraction efficiency calculated through the scalar TMTF
algorithm exhibits a sudden change at 7.5 um. However, the deviation remains within 10%,
indicating that the scalar TMTF algorithm achieves a high level of computational accuracy
compared to the rigorous RCWA algorithm under general broadband requirements. This
suggests that the use of the scalar TMTF algorithm is feasible.

In this study, we conducted incident angle tests on the same grating. The results are
illustrated in Figure 6. Our calculations using the scalar TMTF algorithm and the RCWA
algorithm were found to be quite similar for a range of —40~50°, with an absolute error
of no more than 0.06. However, for larger incident angles, the diffraction efficiency curve
drastically drops to 0 due to the numerical singularity and the grating blaze angle setting
problem. This is a crucial consideration for optical system design, as such high surface
incidence angles can lead to problems such as Fresnel aberration, increased tolerance
sensitivity, and greater processing and assembly difficulties. Therefore, it is generally
advisable to avoid excessive surface incidence angles in design. Nevertheless, our algorithm
still demonstrates high reliability and robustness under a wide range of incident angles.
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Figure 6. The diffraction efficiency as a function of incident angle was calculated for the +1st and Oth
orders of the tested grating using both the RCWA algorithm and the scalar TMTF algorithm.

3.2. Simulation Experiment and Results of Metal-Based Mirror System

The Ritchey—Chrétien (RC) coaxial reflective optical system is one of the simplest
forms of reflective optical systems, widely used in astronomy, defense, and other fields.
The layout of the optical system is shown in Figure 7, and the system parameters are listed
in Table 2. The system’s diffraction efficiency and MTF are calculated through both the
TMTF algorithm and VirtualLab Fusion’s RCWA algorithm, and the results were analyzed
and compared.

Turning marks diffraction surface

Figure 7. Layout of RC coaxial reflective optical system.

Table 2. Design and fabrication parameters of RC metal-based reflective system.

System Parameter Value
Pupil Diameter 4 mm
Central Wavelength 1550 nm
Focal Length 288 mm
Mirror Substrate Material Aluminum
Tool Head Radius 1 mm

Feed Rate 2 um/r

3.2.1. Diffraction Efficiency Calculation

During the actual manufacturing and assembly process, it is difficult to separate
the MTF degradation caused by turning marks diffraction from other factors such as
machining errors and adjustment errors due to their coupling. VirtualLab Fusion calculates
the diffraction efficiency of gratings based on a vector-based RCWA algorithm by using ray
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tracing. However, the vector-based RCWA algorithm requires a large amount of memory
resources for computation, making it more suitable for theoretical studies rather than
practical optical systems. By comparing the results obtained using the RCWA algorithm
with the scalar TMTF algorithm, the effectiveness of the scalar TMTF algorithm can be
demonstrated, which is more suitable for practical optical system simulations.

The grooves formed by the machining tools on the optical surface is locally approxi-
mated as a linear grating, and its diffraction efficiency is the key factor affecting the imaging
quality of the optical system. If the £1st order diffraction efficiency of the grating is too
high, pseudo-images will necessarily form around the Oth order light, which deteriorates
the image quality of the optical system. As shown in Figure 8, the 1st order PSF forms a
ring-shaped PSF due to light deviation from the Oth order light; however, its diffraction
efficiency is relatively low. The scalar TMTF algorithm has an absolute error in calculation
accuracy with respect to the benchmark RCWA algorithm that is less than 3%, and is
much faster in computation speed as compared to the vector-based RCWA algorithm. The
comparison of the diffraction efficiencies and calculation times calculated by the TMTF
algorithm and the RCWA algorithm are shown in Table 3.

100
1 B 11.2
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—0.5 —0.5
60 0.8
0.6
40
0.5 0.5 04
20
0.2
-1 -05 0 0.5 1 -1 -05 0 0.5 1
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y(mm)
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@) (b)
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Figure 8. PSF of the Ritchey—Chrétien system. Each PSF is normalized to their corresponding
diffraction efficiencies. (a) Oth order diffraction PSF; (b) +1st order diffraction PSF; (c) —1st order
diffraction PSF; (d) superimposed PSF .

Table 3. Comparison of results between TMTF algorithm and RCWA algorithm.

. Order .
Algorithm 0 1 1 Waste Time
TMTF 94.67% 1.23% 2.06% <1 min

VirtualLab Fusion (RCWA algorithm) 97.468% 0.00021379% 0.00021379% ~4h




Photonics 2023, 10, 937

13 0f 18

3.2.2. Calculation of MTF for Metal-Based Reflective Optical Systems

Based on the calculation of the multi-wavelength PSF, the MTF for a metal-based
reflective optical system with turning marks diffraction was further calculated, and the
results are shown in Figure 9. The cutoff frequency of the optical system can be determined
using the formula f; = %, where A represents the shortest design wavelength of the
system, f denotes the focal length, and D corresponds to the diameter of the entrance pupil.
It is worth noting that the RCWA algorithm requires a substantial amount of memory, and
its computational capacity is limited, resulting in calculations being restricted to small
space sizes. Consequently, the application of the RCWA algorithm is hindered; therefore,
limitation is especially relevant when considering the large-aperture system used. The
maximum deviation of the MTF between the TMTF algorithm and VirtualLab Fusion
software based on the field tracing RCWA algorithm is 0.033 at low frequencies, while the
two algorithms essentially coincide at high frequencies.

14
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0.9 - —e—RCWA MTF

sk S\ TMTF
: L Error
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MTF
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Figure 9. Nominal MTF, MTF calculated by RCWA algorithm, MTF calculated by TMTF algorithm
for a metal-based reflective optical system, and error between RCWA and TMTE.

3.3. Experimental Results of Mid-Wave Infrared Optical System

Infrared systems with longer wavelengths are more susceptible to the effects of turning
marks diffraction; as shown in Figure 10, the 1st, 3rd, 4th, and 6th lenses of the system use
silicon, the 2nd lens uses germanium, and the 5th lens uses zinc sulfide material, operating
in the spectral band of 3.7 um to 4.8 um.

Germanium

Silicon

Figure 10. Layout of mid-wave infrared refractive optical system.

The germanium lens utilized in the optical system under examination is fabricated
to its intended shape through single-point diamond turning, following the surface pro-
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file equation. Following this, it undergoes a coating process to acquire favorable surface
properties. Generally, additional polishing is not required beyond this stage. The process-
ing procedure for silicon lenses follows a similar approach as that of germanium lenses.
However, due to the significantly higher hardness of silicon compared to germanium, the
cutting speed is slower. Consequently, it may be necessary to perform further polishing
after processing. Nonetheless, it is important to note that noticeable turning marks are
likely to persist even after the additional polishing step.

The third surface, located on the lens made of germanium, holds the most optical
power in the system. In comparison to the initial lenses crafted from silicon, the germanium
lens exhibits less visible turning marks on its surface due to its lower hardness. The
presence of turning marks on the surfaces of both silicon and germanium lenses can result
in diffraction, which ultimately leads to a reduction in system image quality. To assess the
impact of turning marks diffraction on lens surfaces, a separate analysis of the third surface
was conducted alongside an evaluation of the first, second, and third surfaces combined.
The system design parameters and machining parameters are shown in Table 4.

Table 4. Design and processing parameters of mid-wave infrared refractive optical system.

Parameter Value

Entrance pupil diameter 76.6 mm

Effective focal length 305 mm

Wavelength 3.7 um, 4.1 pm, 4.8 um
Tool radius 1 mm

Feed rate 1um/r

As shown in Figure 11, the germanium lens surface has not been coated after turning,
and the dispersion band phenomenon appears on the edge under the light irradiation. The
MTF test setup of the mid-wave infrared optical system is shown in Figure 12.

Figure 11. Germanium lens surface with turning marks.

In this study, the MTF was measured using an MTF tester. To generate the edge
target, a target generator was utilized. The edge target was then illuminated by a parallel
light emitted by a reflective collimator, which carried the edge information. The light
passed through the optical system and generated an image signal in the detector assembly,
resulting in the Edge Spread Function (ESF). By performing a Fourier transform on the ESF,
the MTF of one direction, either the tangential or sagittal direction, was obtained. To obtain
the MTF of different fields of view, the adjustment stage was rotated accordingly.
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Figure 12. MTF experimental test of mid-wave infrared optical system.

The MTF of the system was calculated using the TMTF algorithm, taking into account
the effect of turning marks diffraction on the surface of the germanium lens, and then
compared with the actual measured MTF data after assembly and adjustment of the system,
as shown in Figure 13. Due to the effect of system misalignment being included, the MTF
of the actual final system is lower than the MTF calculated by the TMTF algorithm. The
maximum relative decrease in system MTF under the influence of turning marks diffraction
is 0.0428 compared to the designed MTF value, while the maximum relative decrease in
system MTF after assembly and adjustment is 0.1304 compared to the designed MTF value.
It can be seen that the contribution of turning marks diffraction to the decrease in system
MTF is approximately one-third of the total.

Diffraction-limited MTF
0.9 - Nominal MTF
0.8 F ¥ Test Tangential MTF
’ —A—— Test Sagittal MTF
0.7 L —%— TMTF--3rd surface
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Figure 13. Diffraction-limited MTF, nominal MTF, measured tangential and sagittal MTF, and TMTF
of the mid-wave infrared refractive optical system.

4. Discussions

The present study investigates the accuracy and applicability of an algorithm by
analyzing and testing simple blazed gratings, metal-based reflective optical systems, and
mid-wave infrared transmissive optical systems. The algorithm calculates the diffraction
efficiency in the scalar field and can provide reliable results for a wide range of wavelengths.
The variation trend of the diffraction efficiency with the incident wavelength is consistent
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with the results obtained by the RCWA algorithm, with an absolute error not exceeding
0.05. The algorithm can provide reliable results in the range of —40~50°, which is sufficient
to meet the needs of general infrared optical systems. For extreme wide-angle infrared
optical systems, the RCWA algorithm can calculate the diffraction efficiency under different
incident angles, and the MTF calculation under the influence of turning marks diffraction
can be realized by the look-up table method.

The metal-based reflective optical system is modeled in both the TMTF algorithm
and the RCWA algorithm, and the MTF under the influence of turning marks diffraction
is calculated. The scalar TMTF algorithm’s absolute error is less than 0.03 compared to
the accurate RCWA algorithm. For mid-wave infrared transmissive optical systems, cases
where only one surface and multiple surfaces are considered are analyzed separately. For
multiple surfaces affected by turning marks, the diffracted light of different orders emitted
by the previous surface becomes the incident light of the latter surface. Images formed by
multiple £1st order diffractions have lower energy. The first three surfaces of the system
are selected for analysis as surfaces affected by turning marks because the first lens is
made of silicon, which is harder, and the turning marks are more obvious after single-point
diamond turning. The test results show that the decrease of MTF caused by single surface
turning marks diffraction is in line with expectations, while the MTF caused by multiple
surface turning marks diffraction is closer to the actual MTF of the system.

Since the algorithm performs calculations in a scalar region, it is sensitive to the back
focal length of the optical system and the aperture of the surface containing turning marks.
These parameters are related to the F-number or numerical aperture of the optical system.
After testing different systems, it is known that the algorithm can achieve good results in
systems with an F-number of the optical system > 2. Even in systems with larger relative
apertures, the results obtained by the TMTF algorithm are still of reference value.

5. Conclusions

To quantitatively analyze the impact of turning mark diffraction on imaging quality
degradation, an ideal single-point diamond turning marks diffraction model is established.
Additionally, a calculation method based on scalar diffraction theory is proposed to rapidly
predict the TMTF of SPDT turning marks diffraction on imaging quality. This computation-
ally efficient method eliminates the need for RCWA calculations and provides a worst-case
estimation of the effect of turning mark diffraction on image quality within the scalar
theory framework. By incorporating this method into digital modeling during design and
manufacturing, significant cost savings can be achieved by avoiding iterative manufac-
turing and testing stages. Comparing the results of the proposed algorithm with RCWA
algorithm simulations, it is observed that the maximum deviation in MTF calculation is
approximately 3%. The two methods exhibit good agreement at relatively high frequencies,
thus validating the effectiveness of the proposed algorithm. Furthermore, considering the
decrease in MTF caused by machining turning marks during the design stage allows for
the incorporation of image quality degradation resulting from turning mark diffraction in
the image quality analysis. This enables quantitative prediction of optical manufacturing
tolerances required to meet specific image quality requirements during the design phase of
projects. As a result, this approach finds wide applicability in optical system design and
analysis and tolerance allocation and desensitization, as well as optical manufacturing and
related fields.
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