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Abstract: Testing accuracy is an essential factor in determining the manufacturing accuracy of
aspheric mirrors. Because of the complexity of the null compensation test, the coherent stray lights
generated by multiple reflections and transmissions between optical elements and the crosstalk
fringes generated by the multi-beam interference of the reference light, test light, and stray lights are
superimposed on the interference fringes, resulting in reduced testing accuracy. Focusing on this
problem, a simulation analysis method for crosstalk fringes based on ray-tracing and multi-beam
interference in interference testing is proposed. The coordinates, amplitudes, and phases of the test
light and stray lights on the transmission sphere are traced, and the crosstalk fringes and interference
testing fringes and their positions, sizes, and intensity information are simulated via multi-beam
interference. The influence of crosstalk fringes on interference fringes is determined. An experimental
optical path is built to verify the correctness of the crosstalk fringe simulation method.

Keywords: interference compensation testing; coherent stray light; crosstalk fringes

1. Introduction

Compared with a spherical optical element, an aspheric optical element has more
degrees of freedom and has the advantage of expanding the field of view in an optical
system, improving the dynamic MTF (modulation transfer function) and imaging quality
of the system, thus simplifying the optical system structure and reducing the system
weight. With the development of space-to-earth observation and deep space exploration,
higher requirements have been put forward for the resolution of imaging systems, so
the requirements for the aperture and surface accuracy of optical components have also
increased [1–4]. A convex aspheric optical element is more difficult to test than a concave
aspheric mirror, and the processing time of the compensator required to manufacture a
meter-level aspheric mirror is extremely long [5]. Therefore, feasibility analysis when
designing the compensator is crucial. Simulating and analyzing the feasibility and stray
lights of the testing method in the method design stage can reduce the risk of engineering
development and improve efficiency significantly.

Stray lights in interference testing refer to the lights repeatedly reflected and transmit-
ted between optical elements in the interference testing optical path. The crosstalk fringes
formed by the interference of stray lights, the reference light, and the testing light are
superimposed onto the interference testing fringes, leading to decreased testing accuracy.
Interference testing cannot be performed when the crosstalk fringes are significant. Many
studies on incoherent stray lights in optical systems and related simulation software have
been conducted [6–9]; however, no simulation software is available for the interference
compensation testing of coherent stray lights [10]. There is little research in this field, and
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existing studies have been unable to obtain specific information on the size and intensity of
crosstalk fringes. The feasibility analysis of the compensator cannot be based on this specific
information, and, due to the increasing demand for aspherical aperture and accuracy, the
impact of crosstalk fringes on the testing results cannot be ignored. Therefore, this study
proposes a simulation method for crosstalk fringes in interference compensation testing.

The remainder of this paper is structured as follows. In Section 2, the optical path in
interference compensation testing, based on the improved stigmatic null testing method, is
introduced. Section 3 presents the number model of the interference compensation testing’s
stray light paths, which is suitable for the null compensation test. Section 4 discusses the
simulations of crosstalk fringes based on the principle of ray-tracing and the amplitude
and phase information of the testing light and stray lights, followed by an analysis of the
results of crosstalk fringes generated by multi-beam interference and interference testing
fringes. In Section 5, the experiment of the crosstalk fringe simulation method is developed,
and the correctness and precision of the simulation method are verified by comparing the
experimental results with the simulation results. Section 6 discusses the proposed method
concerning aspects of the simulation and the experiment.

2. Introduction to the Hindle Shell Method

When the test mirror is a quadratic cone surface, the null compensation test can be
realized using the stigmatic null-testing method [11]. The reference sphere used to test
the convex surface is also called a Hindle sphere. When using the stigmatic null-testing
method to test convex aspheric mirrors, the Hindle sphere must have a larger aperture than
those of the test convex aspheric mirrors, and the optical path has a central obstruction
limit [12].

The improved stigmatic null-testing method replaces the reflected Hindle sphere
with the transmitted Hindle shell to solve the problem of central obstruction and reduce
the reference sphere’s size. Therefore, the Hindle shell testing method makes testing
large-diameter convex aspheric mirrors possible.

Aiming at a convex hyperboloid secondary mirror, the zero-compensation interference-
testing optical path crosstalk fringes, based on a Hindle shell, are researched. The optical
path is shown in Figure 1. For the surface label in the testing optical path, the front surface
of the Hindle shell is recorded as 1⃝, the back surface of the Hindle shell is recorded as 2⃝,
and the aspheric mirror to be tested is recorded as 3⃝. Each type of stray light is named
according to the serial number of the reflective surface.
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Figure 1. Hindle shell optical path. The blue arrow is the light emitted, and the red arrow is the light
reflected back by the test aspheric mirror.

The optical path is composed of the interferometer, Hindle shell, and test aspheric
mirror. After passing through the Hindle shell, the testing light is reflected between the test
aspheric mirror and the rear surface of the Hindle shell. Then, it returns to the transmission
sphere to interfere with the reference light. The spherical shell parameters are shown in
Table 1, and the test convex aspherical surface parameters are shown in Table 2.
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Table 1. Hindle shell parameters.

Parameter Diameter Convex Asphere
Radius

Concave Asphere
Radius Material

Hindle shell 300 mm 500 mm 1400 mm Silica

Table 2. Test convex aspherical surface parameters.

Parameter Diameter Radius K A6/A8/· · ·
Test asphere 300 mm 2858.183 mm −1.4617 0

K is the constant of the quadratic surface, and A6/A8· · · are the aspherical coefficients of each order.

3. Number Model for Stray Light Paths

In the interference compensation test optical path, the single-reflection stray lights are
reflected once between the optical elements, the triple-reflection stray lights are reflected
three times, and so on. The intensity of the stray lights decreases with the increase in the
reflection times. Low-intensity stray lights have little effect on the interference fringes;
therefore, this study only researched single-, triple-, and quintic-reflection stray lights.

The number of compensation mirrors in the interference compensation testing optical
path determines the number of stray light paths. The number of single-, triple-, and quintic-
reflection stray lights with different numbers of compensation mirrors m were analyzed, as
shown in Table 3.

Table 3. Number of stray lights with different numbers of compensation mirrors m and reflection
parameters.

Parameter m = 1 m = 2 m = 3 · · ·
Single-reflection 3 5 7 · · ·
Triple-reflection 5 30 91 · · ·

Quintic-reflection 13 216 371 · · ·

For the data in Table 3, the mathematical models for the number of compensation mir-
rors and the number of single-, triple-, and quintic-reflection stray lights were determined
using the “inductive method”, as shown in Formula (1):

single re f lection : f (m) = 2m + 1;

triple re f lection : f (m) = 4m2 +
2m−1

∑
n=1

n2;

quintic re f lection : f (m) =
2m
∑

z=1
z × (

2m
∑

n=1
n2 −

2m−z
∑

y=1
[y × (y + z)]).

(1)

where m denotes the number of compensation mirrors; f (m) denotes the number of single-,
triple-, and quintic-reflection stray lights; and z, n, and y denote temporary variables in the
equation. This model, which yields the number of stray lights, is suitable for the refractive
null-compensation-test optical path. There are 3 types of single-reflection stray lights,
4 types of triple-reflection stray lights (not including the interference test optical path), and
13 types of quintic-reflection stray lights, totaling 20 stray lights as the subsequent stray
light simulation object.

4. Simulation of Interference Testing Fringes and Crosstalk Fringes

The optical paths of the 20 stray lights and the testing light were simulated as described
in Section 3, and their coordinates, amplitude, and phase information were traced for the
simulation. Simulations of the interference testing fringes and crosstalk fringes were carried
out, and the simulation results were analyzed.
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4.1. Coordinate and Phase Simulation of Stray Lights and Testing Light

The simulation process is shown in Figure 2. First, the testing light path and all stray
light paths were simulated. Then, the coordinate and phase information of the testing
light and stray lights on the transmission sphere were obtained via ray-tracing. Finally, the
obtained data were integrated.
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4.1.1. Simulation of Testing Optical Path and Stray Light Paths

The testing light path was simulated as shown in Figure 3, and the stray light paths
were simulated as shown in Figure 4. A hole was introduced at the focal point to simulate
the spatial filtering effect inside the interferometer so that the simulation result would be
closer to the actual situation. The subsequent stray light analysis was conducted on the
transmission sphere, which was the evaluation surface. Due to the complex structure of the
transmission sphere, a paraxial surface was used to simulate the effect of the transmission
sphere, which corresponded to the last surface of the transmission sphere in the experiment.
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4.1.2. Simulation of Coordinates and Phases of Testing Light and Stray Lights

The coordinates of the testing light and stray lights passing through the hole were
traced and the step size was set, as shown in Table 4. The coordinate of the light that
passes through the hole’s edge is called the edge coordinate; the coordinates here refer
to the normalized coordinates of the entrance pupil. The entrance pupil of the optical
path refers to the effective aperture of the incident beam, which is the image formed by
the aperture diaphragm on the optical system ahead. The aperture diaphragm of this
interference compensation testing optical path is the test aspheric mirror. The entrance
pupil of the stray light path is approximately the same as that of the testing light path, so
this paper considers them to be consistent. Normalized coordinates refer to the position
coordinates of a ray on the entrance pupil surface divided by the maximum entrance pupil
radius. The ray was traced according to the edge coordinate and step size. The phase and
coordinate information of the ray to the transmission sphere through the optical path were
obtained. The coordinate and phase information of the testing light were integrated with
those of the stray lights to provide data for the simulation of subsequent crosstalk fringes
and interference testing fringes. Since the optical path is a rotationally symmetric optical
path, only the coordinate and phase information of the lights on the x-axis were simulated,
and the coordinates and phase information of the lights on the circle where each point on
the x-axis was located could be obtained. The simulation time was significantly shortened
compared with full-aperture ray-tracing.
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Table 4. Edge coordinates and step values of testing light and stray lights.

Test/Stray Number Reflective
Surface(s)

Edge
Coordinate Step

Test Test 3⃝ 2⃝ 3⃝ 0.99 0.01

Stray

1 1⃝ 0.0005 0.000005
2 2⃝ 0.0017 0.000005
3 3⃝ 0.0031 0.000005

4 2⃝ 1⃝ 2⃝ 0.001 0.000005
5 2⃝ 1⃝ 3⃝ 0.00038 0.000005
6 3⃝ 1⃝ 2⃝ 0.00075 0.000005
7 3⃝ 1⃝ 3⃝ 0.00057 0.000005

8 2⃝ 1⃝ 2⃝ 1⃝ 2⃝ 0.00031 0.000005
9 2⃝ 1⃝ 2⃝ 1⃝ 3⃝ 0.0009 0.000005
10 2⃝ 1⃝ 3⃝ 1⃝ 2⃝ 0.0006 0.000005
11 2⃝ 1⃝ 3⃝ 1⃝ 3⃝ 0.00049 0.000005
12 2⃝ 1⃝ 3⃝ 2⃝ 3⃝ 0.00145 0.000005
13 3⃝ 1⃝ 2⃝ 1⃝ 3⃝ 0.00059 0.000005
14 3⃝ 1⃝ 3⃝ 2⃝ 3⃝ 0.00057 0.000005
15 3⃝ 1⃝ 3⃝ 2⃝ 3⃝ 0.00053 0.000005
16 3⃝ 1⃝ 3⃝ 1⃝ 2⃝ 0.00066 0.000005
17 3⃝ 1⃝ 3⃝ 1⃝ 3⃝ 0.00064 0.000005
18 3⃝ 2⃝ 3⃝ 1⃝ 2⃝ 0.00067 0.000005
19 3⃝ 2⃝ 3⃝ 1⃝ 3⃝ 0.00053 0.000005
20 3⃝ 2⃝ 3⃝ 2⃝ 3⃝ 0.0001 0.000005

Edge coordinate and step are a normalized value with a range of [0, 1]. The “Test” in the table denotes the
testing light, the “Stray” in the table denotes the stray lights. 1–3 are the single-reflection stray lights, 4–7 are the
triple-reflection stray lights, and 8–20 are the quintic-reflection stray lights.
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4.2. Simulation of Crosstalk Fringes and Interference Testing Fringes
4.2.1. Simulation of Amplitude and Phase of Full-Aperture Testing Light and Stray Lights

The complex amplitude parts of the testing light and stray lights were simulated,
followed by a simulation of the amplitude and phase information in the four quadrants,
establishing a corresponding relationship between the coordinates and amplitude. The
lights emitted from the interferometer were uniformly distributed. Based on the minimal
residual aberration of the optical design, the testing light was still uniformly distributed
when reaching the transmission sphere after passing through the testing light path. In
contrast, the stray lights were unevenly distributed when they reached the transmission
sphere after passing through the stray light paths. Therefore, the light densities of the
testing light and each stray light on the transmission sphere differed. The amplitude of
light was inversely proportional to the light density, and the light density represented the
amplitude part of the complex amplitude.

In a rotationally symmetric optical path, the amplitude and phase of the light were
the same at the same radius, as shown in Figure 5. The rectangular coordinate system
can be converted to a polar coordinate system, in which the coordinate of each ray on
the x-axis is the polar coordinate radius and the angle range is [0, 2π]. The coordinates
of all rays of the testing light and stray lights with their corresponding amplitude and
phase information on the coordinate point could be obtained. The amplitude and phase
information obtained at this time was arranged from inside to outside according to the
radius value of polar coordinates.
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4.2.2. Simulation of the Complex Amplitude of Testing Light and Stray Lights

The complex amplitude distributions of the testing light and stray lights were sim-
ulated, as shown in Figure 6. The complex amplitude established the correspondence
between the size of the transmission sphere and the number of pixels in the interferometer.
The transmission sphere was divided into multiple pixel block regions according to the
interferometer. A pixel block region corresponds to an element of the matrix. The ampli-
tude and phase of the testing light and stray lights were placed in the corresponding pixel
block region according to the coordinate information. Therefore, each pixel block may have
multiple pieces of information, and the pieces of information within the same pixel block
are summed and averaged to obtain the amplitude and phase matrix of the testing light and
stray lights, and then their complex amplitude distributions were obtained. Subsequently,
multi-beam interference was performed based on these complex amplitude distributions.
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Figure 6. Established transmission sphere, pixel number correspondence, and data processing, where
n, m, o, and i denote the number of lights, and p1.p2.p3.p4 denote the sum of amplitude or phase.

4.2.3. Simulation of Testing Fringes and Crosstalk Fringes

The multi-beam interference intensity is derived in Formula (2):
I = (E1 + E2 + · · ·+ En) ∗ (E1 + E2 + · · ·+ En)

∗

=
(

A1ei(wt+Φ1) + A2ei(wt+Φ2) + · · ·+ Anei(wt+Φn)
)
∗
(

A1ei(wt+Φ1) + A2ei(wt+Φ2) + · · ·+ Anei(wt+Φn)
)∗

= [A1(cos(wt + Φ1) + i sin(wt + Φ1)) + A2(cos(wt + Φ2) + i sin(wt + Φ2)) + · · ·+ An(cos(wt + Φn) + i sin(wt + Φn))]∗
[A1(cos(wt + Φ1) + i sin(wt + Φ1)) + A2(cos(wt + Φ2) + i sin(wt + Φ2)) + · · ·+ A3(cos(wt + Φ3) + i sin(wt + Φ3))]

∗

= A1
2 + A2

2 + · · ·+ An
2 + 2A1 A2 cos(Φ1 − Φ2) + 2A1 An cos(Φ1 − Φ3) + · · ·+ 2A2 An cos(Φ2 − Φn) + · · · · · ·

(2)

where E denotes the complex amplitude, A denotes the amplitude, Φ denotes the phase,
w denotes the angular frequency, t denotes the time, and n denotes the number of beams.
The final expression of the multi-beam interference intensity is divided into amplitude
and phase parts [13]. The phase of the reference light is set to zero, and the amplitude is
the same as the testing light. The complex amplitude distributions of the testing light, the
reference light, and multiple stray lights are substituted into the multi-beam interference
intensity formula to obtain the interference intensity matrix. Then, using the maximum–
minimum normalization method to obtain the interference testing fringes and crosstalk
fringes pattern, the normalized parameters are the maximum and minimum values of the
interference intensity of the reference light and the testing light, respectively.

The simulation results of the interference testing fringes and crosstalk fringes are
shown in Figure 7, and Figure 8 illustrates the simulation results of the interferometer.
Because the residual aberration of the optical design is minimal, the interference testing
fringes are close to zero. The diameter and position are determined by the number of pixel
blocks in crosstalk fringes and interference testing fringes. According to the simulation
results, the crosstalk fringes are superimposed in the middle of the interference testing
fringes. The ratio of the diameter of crosstalk fringes to interference testing fringes is 1/39.
The maximum normalized intensity of the interference testing fringes is 1, while those of
the crosstalk fringes is approximately 1.5; the intensity of the crosstalk fringes is 1.5 times
the intensity of the interference testing fringes.
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5. Experimental Verification of Crosstalk Fringe Simulation Method

The experimental optical path is shown in Figure 9. The interference fringes and
crosstalk fringes are shown in Figure 10. When the test convex aspheric mirror was covered,
fringes remained in the center. These fringes were mainly generated by the transmission
sphere and the internal light of the interferometer. The experimental results of the fringe
intensity are shown in Figure 11, where 1⃝ represents the fringes generated with the
transmission sphere and 2⃝ represents the crosstalk fringes generated with other optical
components in the interference testing optical path. The simulation in this paper is for 2⃝
in Figure 10.
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Figure 11. Results of the fringe intensity: 2D diagram.

The experimental results were compared with the simulation results, as shown in
Table 5. In the simulation results, the crosstalk fringes were in the center, the diameter of
the interference testing fringes occupied a block of 1073 pixels, and the diameter of the
crosstalk fringes occupied a block of 27 pixels. In addition, the ratio of the diameter of
crosstalk fringes to interference testing fringes was 1/39, and the intensity of the crosstalk



Photonics 2024, 11, 74 10 of 11

fringes was 1.5 times that of the interference testing fringes. In the experimental results,
the position of the crosstalk fringes was below the center, the diameter of the interference
testing fringes occupied a block of 1175 pixels, and the diameter of the crosstalk fringes
occupied a block of 33 (horizontal) by 34 (vertical) pixels. Additionally, the ratio of the
diameter of crosstalk fringes to interference testing fringes was 1/39, and the intensity of
the crosstalk fringes was 1.8 times that of the interference testing fringes.

Table 5. Comparative analysis results of experiment and simulation.

Parameter Simulation Experiment

Interferometer specification 2048 × 2048 2048 × 2048

Number of interference
fringe pixels

Lateral 488–1561 557–1732
Longitudinal 488–1561 533–1708

Number of crosstalk
fringe pixels

Lateral 1011–1038 1159–1192
Longitudinal 1011–1038 1085–1119

Diameter ratio 1/39 1/35

Because the precision of the test aspheric mirror and the wedge angle of the Hindle
shell are insufficient, the interference testing fringes in the experiment could not be adjusted
to zero fringe, and the position and size of the crosstalk fringes differed from those in the
simulation. Furthermore, only the crosstalk fringes generated by single, triple, and quintic
reflections were simulated, so the crosstalk fringe intensity in the simulation was less than
the experimental crosstalk intensity. The experimental results were similar to the simulation
results, which could preliminarily validate the simulation method of crosstalk fringes.

According to the requirements, simulation results, and experimental results of the test
mirror in this experiment, the diameter of crosstalk fringes is smaller than the center invalid
aperture diameter, indicating that the crosstalk fringes are not within the effective aperture
of the test mirror. Therefore, the crosstalk fringes in the interference testing optical path in
this paper have no impact on the testing, indicating that the design scheme is feasible.

6. Conclusions

In this paper, coherent stray light in interference testing was studied theoretically, and
the position, size, and intensity of crosstalk fringes formed by the multi-beam interference
of a coherent stray light with a reference light and testing light were simulated. The
influence area of the crosstalk fringes on the interference testing fringes could be clearly
determined. The feasibility of the compensator design method was judged according to
the simulation results. If the crosstalk fringes were to have no effect on the interference
testing fringes, then the compensator design scheme would have been feasible. If the
interference fringes were to have an impact on the interference testing fringes, it would
have been necessary to modify the compensator design scheme. Ensure the feasibility
of the compensator scheme before manufacturing the compensator to avoid the need for
reprocessing of the compensator due to interference fringes in the future, thereby reducing
engineering risks and improving efficiency. In addition to the simulation analysis, an
experiment was carried out to verify the correctness and precision of the crosstalk fringe
simulation method.
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