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Abstract. The absolute shape measurement of large aperture optical flats usually requires a standard mirror
with the same or larger aperture as the element to be measured as the reference surface for calibration.
However, the large aperture standard mirror is difficult to process, and the measurement resolution is limited.
To solve this problem, a method of measuring the absolute surface shape of a large aperture optical flat is
proposed. The aperture optical flat is divided into several sub-apertures using the sub-aperture stitching
method. The reference mirror shape is obtained by the odd and even function four-step absolute measurement
method and separated to obtain the absolute surface shape of the sub-aperture. The immune algorithm is
optimized and applied to the adjacent sub-aperture stitching to obtain the complete absolute surface shape.
The 210 mm long flat crystal was measured, and the closed-loop self-test was designed to verify the
correctness of the obtained reference mirror shape. The peak and valley value (PV) of reference mirror B is
53.64 nm, and the root mean square (RMS) value is 9.96 nm. The results of the closed-loop self-test are
58.63 nm and 10.86 nm, and the data are basically consistent with the surface shape diagram. The surface
shape test results pass the closed-loop self-test. The absolute surface shape results after stitches are compared
with those measured by a large aperture interferometer. The deviation of the PV value is less than A/135
(A=632.8 nm), and the deviation of the RMS value is less than A/75. The measurement resolution is 11 times
that measured by a large aperture interferometer, which fully proves the accuracy and high resolution of the
method.
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1. Introduction
Large-diameter high-precision optical planar mirrors are widely used in major national

optical systems for aerospace, extreme ultraviolet lithography, and laser inertial
confinement fusion prototype devices [1-3], and the quality of their facet shape directly
affects the quality of wave-front output from the optical system, so it is necessary to measure
the facet shape of the large-diameter optical planar mirrors to ensure that it meets the
technical specifications of the optical system. Optical interferometry [4] is widely used as a
non-contact surface shape measurement method, which uses a standard mirror of the same
or larger aperture as the element to be measured as a reference mirror to perform the
measurement. Since the surface shape information measured by interferometry has the
surface shape information of both the standard mirror and the optic element to be measured,
it is necessary to determine the surface shape of the reference mirror and separate it to
achieve absolute surface shape measurement. The three-surface mutual inspection method
[5-7] is usually used for the absolute surface shape measurement of large-diameter optics. Lu
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[8] conducted a comparative analysis of different three-surface mutual inspection methods
and measured an optical flat crystal with an aperture of 300 mm. Zhao [9] realizes the
absolute measurement of a 400 mm caliber optical flat crystal by adding dual displacement
sensors based on three-sided mutual inspection method based on the measurement method
of reverse co-axiality. These methods require three-sided mutual inspection with standard
mirrors of the same size or larger size of the component to be measured, and the standard
mirrors of large aperture have a long production cycle, difficult processing, and high
transportation costs. The sub-aperture splicing method [10-12] saves costs by zoning the
optical elements with a small-diameter interferometer and splicing them to obtain the
relative face shape of the large-diameter optical elements. To obtain the absolute face shape,
Li [13] proposed an algorithm to suppress the higher-order term error of the reference
surface for sub-aperture splicing, and Li [14] separated the reference surface error by an
algorithm by deriving the expression of the cumulative error of the reference mirror splicing.
These methods calculate the reference surface error by algorithm, which increases the
complexity during measurement.

For the large aperture planar absolute surface shape measurement, we propose a sub-
aperture splicing method based on absolute measurement, which does not require a large
aperture standard mirror as a reference mirror, and carries out absolute measurement by
using a reference mirror with the same caliber of a small aperture interferometer, and obtains
the information of the reference surface and separates it through the four-step absolute
measurement of parity function[15, 16], and then reconstructs the tilt and translation of the
surface shapes of the sub-aperture through the immune-optimized splicing algorithm to obtain
the complete absolute surface shape under the unified same coordinate system. Through the
immuno-optimized splicing algorithm, the tilt and translation of each sub-aperture face shape
are reconstructed, and the splicing is unified under the same coordinate system to obtain the
complete absolute face shape. While guaranteeing the measurement accuracy, it reduces the
measurement cycle and cost, and obtains the absolute surface shape with a resolution several
times larger than that of the three-plane mutual inspection method.

2. Large caliber face shape splicing error
In the actual measurement process of the sub-aperture method splicing technique, the

interference fringe obtained from the interferometer measurement contains the reference
mirror and the measured elements' face shape information. The reference mirror is not an
ideal plane, so its face shape information cannot be ignored. The presence of the reference
mirror's face shape information can affect the actual splicing results and reduce the accuracy
of the splicing measurement. Fig. 1a shows two neighboring sub-apertures, W; and W;,,,

for splicing, and the shaded part is the overlapping region of the two neighboring sub-
apertures, W;and W, ,, on the measured element. Fig. 1b represents the reference surface
shape W, , where the overlapping region contains the surface shapes of the reference planes

at different positions. Specifically, the sub-region W, includes the surface information of the

left sub-aperture and W,, while the sub-aperture W,; ; includes the surface information of
the right sub-aperture and W.,.
When measuring the plane mirror surface shape by interferometry, the position of the

measured element needs to be adjusted to obtain an accurate plane mirror surface shape.
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Fig. 1. Overlapping regions of adjacent sub-apertures and their corresponding influence on the shape
of reference surfaces: (a) two adjacent sub-apertures; (b) reference surface shape.
Usually, the tilt angle is adjusted by a knob on the carrier stage, and the translation distance
is adjusted using a guide rail under the carrier stage. The adjustments are made to reduce the
number of interference fringes in the measurement range, allowing the interferometer to
measure the face shape accurately. Two neighboring sub-apertures are measured with these
adjustments differently. It can be seen that the tilt and translation errors of different sub-
apertures need to be compensated when splicing the sub-apertures face shapes so that they
are unified under the same coordinate system. Taking two neighboring sub-apertures, W
and W, as an example and establishing a Cartesian coordinate system, the relationship
between W1 and W> can be expressed as:

W,(x,y)=Wi(x —Xg,y - yo)+ax+by +c, (1)
where X is the relative displacement of neighboring sub-apertures in the x-direction, y, is

the relative displacement of neighboring sub-apertures in the y-direction, a is the x-axis tilt
slope, b is the y-axis tilt slope, and c is the z-axis translation. Fig. 2 illustrates the form of
positional errors between neighboring sub-apertures.

- Wo(x.v)=W(x—x,.vy—y,)+ax+by+c

-

Fig. 2. Error diagram of sub-aperture.

3. Sub-aperture splicing method based on absolute measurements

3.1. Four-step absolute measurement of parity functions

In order to eliminate the influence of the face shape information of the reference mirror on
the actual splicing results, the relative face shapes measured by the interferometer are
separated from the absolute face shapes of the reference mirrors by the four-step absolute
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measurement method of the parity function, the operation steps of which are shown in Fig. 3.
The Cartesian coordinate system is established, and the face shape information of the three
plane mirrors is recorded as 4, B, and C. x and y indicate the direction of the plane. The

plane mirrors A and B are used as the measured planes, and the plane mirror A is rotated by
90° to obtain the face shape information Ago. The plane mirrors B and C are used as the
reference planes, and the plane mirrors B and C are flipped along the y-axis to obtain the face
shape information By and C;. Dividing the whole measurement process into four steps, the
three plane mirrors were combined two by two, Fig. 3(b) shows plane mirror B as the
reference mirror and plane mirror A as the measured mirror. According to Fig. 3(c), plane
mirror A has been rotated once relative to plane mirror B, the reference mirror was replaced

3
=
o
il

Fig. 3. Schematic diagram of the four-step absolute measurement of odd and even functions. (a) Three
surface shapes in Cartesian rectangular coordinates; (b) A+ B, ; (c) Agy+B,; (d) A+C,; (e) B+C,.

once in Fig. 3(d), and the measured mirror was replaced once in Fig. 3(e).
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Four sets of measurements M; ,M,,M; and M, are obtained and their expressions are:

M1:A+BX,
M;=A+C,,
M,=B+C,.

In the Cartesian coordinate system, a two-dimensional function can be decomposed into four
functional components:

F(x,y) = Foo(%,¥) + Foe(X, y) + Foo (X, ) + Fpo (%, ¥) , (3)
where F.(xy) is the even-even function component, Fo.(x)y) is the odd-even function
component, Fe,(x,y) is the even-odd function component, and F,,(x,y) is the odd-odd function
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component. The facet information 4, B, and C can be expressed as:
A=A, +A) +A,+4,,
B= Bee + Boe + Beo + Boo' (4)
C=C, +C,+C,,+C,.

The odd-even and even-odd function components of the plane mirrors A4, B, and C are
obtained from M1, M, and Ms:

Ape + 4, :%‘[(M1 +(M1)90)_(M2 +(M2)90)]
Boe+Beozl'(Ml_(M1)90)X_(A06+Aeo)x’ (5)
A +A 2 (M3+(M3)180) (Aoe+Aeo)X'

In Eq. (5), (M;), represents the result of rotating M; by an angle of 6 degrees. The even-
even function components of the three planes can be obtained from Eq. (5):

1
Age :Z~[(ml+m3—m4)+(m1 +m3_m4)x:|’

B, =%'|:(m1+m1(x))_2'Aee:|' (6)

1
C,, :E-[(m3 +m3[X))—2-Aee]
In Eq. (6), (¢), means a certain result has been flipped along the y-axis. m;, m,, and my can
be expressed as:

1

my E (Ml +M1(180)) Aee+Aoo+Bee+Boo'
1

m3 E (M3 + M3(180)) Aee + Aoo + Cee _Coo' (7)
1

my E (M4— + M4—(180)) Bee + Boo +Cee _Coo'

The three planes' even-even function components, even-odd function components, and odd-
even term function components are thus obtained. If the obtained even-even term function
components are subtracted from the above equation, only a new expression containing only
the odd-odd term function components will be obtained, and the new expression cannot
solve the odd-odd term function components because of the linear relationship between the
function components.

In the polar coordinate system, the odd-odd term function component is an odd function
about, so Fo,(xy) can be expressed in terms of the Fourier series:

[FooX: )90 = =2 meodd fom SIN(2MO) + " 11 _oyen for SIN(2MO),
OO(X.y)ZZmesm 2mo),

where odd denotes odd, even denotes even, and f2, is the coefficient of the corresponding

(8)

expansion term. Since the fundamental frequency of F,.(x,y) is 2, Eq. (8) can be expressed as:

Foo = Foo 20 = Foo 20ddo t+ Foo,ZevenH'

9)

[ 00]90 oo 20ddo F, 00,2evend*

InEq. (9) F,

" o2evens AN be expressed as:
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Foo,Zeven9 = Z me Sin(zme) = Z f4m Sin(4m9) = Foo,49'
m=even m=1 (10)

Foo,20dd9 = Z f2m sin(2m9).
m=odd
F,0 20440 €an describe the odd-odd term function component for a standard plane mirror,. By
rotation, it is possible to find the 20dd6 term in the odd-odd term function components of

the plane mirrors 4, B, and C:
'(m1' - mz')'

'I:(mlv)g() _m2l:|’ (11)

Aoo,ZoddH =

N N

Boo,Zodd0 =

Co0,20dd0 :%'[(m4')90 —my +(my")go —my |-
InEq. (11) my’, my’,and m, can be expressed as:

my' =My —(Age + Ape + Agp) — (Bee + Bye + Beo)x'

my =My —(Age + Age + Ao )gg ~(Bee + Boe + Bey )

my =My —(Bge +Boe + By ) = (Cop +Coe +Ceo)x'

(12)

x’

The final information on the three plane mirror shapes is derived, which can be expressed as:
A= Aee + Aoe + Aeo + Aoo,ZoddG'
B= Bee + Boe + Beo + Boo,ZoddG' (13)

C=Cop+Cpe+Cpp+ Coo,ZoddH'

When the sub-aperture is spliced, a plane mirror is selected as the reference mirror for
measurement, and the obtained face shape result is the face shape information of the
reference mirror and the measured element. After the absolute face shape information of the
reference mirror is obtained, the absolute face shape of the sub-aperture is obtained by
subtracting the measurement result from the reference mirror's absolute face shape, and the
reference mirror and the separation of the face shape information of the reference mirror is
realized.

3.2. Immuno-optimization-based face splicing method
When sub-aperture splicing is performed to compensate for the tilt and translation errors of
different sub-apertures, we propose an immuno-optimization-based face splicing algorithm.
The immune algorithm is an intelligent optimization algorithm artificially constructed by
mimicking the biological immune mechanism and combining the gene evolution mechanism
[17]. When the immune system resists antigens, the relevant cells proliferate and
differentiate to produce a large number of antibodies to defend against them. Suppose the
objective function and constraints are regarded as antigens, and the solution to the problem
is regarded as antibodies. In that case, the solution process of the immunization algorithm is
the process of the biological system resisting antigens. In order to better illustrate the
working principle of the algorithm, the flow of the algorithm is shown in Fig. 4.

The key steps of the algorithm are as follows:
(1) In the immuno-optimization algorithm, the antigen is the problem to be solved, and in sub-
aperture splicing, it is the tilt and translation errors for different sub-apertures: a, b and c.
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[Subaperture original diagram]
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Fig. 4. Flow chart of surface stitching algorithm based on immune optimization.
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(2) Initializing the population means generating N sets of initial solutions containing a, b, and
c to carry as antibodies to the next operations.

(3) Evaluate the affinity of each body solution in the population. Determine whether the
algorithm termination condition is satisfied: if the condition is satisfied, terminate the loop
and output the optimal individual; otherwise, continue to participate in the operation to find
the optimal individual. The affinity “aff* is expressed as the RMS value of the face shape
residuals in the overlap region of two neighboring sub-apertures after the individual
solutions in the population are brought into the compensated adjustment and localization
errors.

aff =\/i22(w—wm)2 (14)

In the equation, t denotes the number of pixels in the overlapping region of two neighboring
sub-apertures, W is the phase residual value of a single pixel in the overlapping region of two
neighboring sub-apertures, and W, is the average value of the phase residual value of t pixels
in the overlapping region of two neighboring sub-apertures.

(4) Calculate the antibody concentration den and the incentive degree sim. The antibody
concentration is an important index to evaluate the diversity of the population. A high
antibody concentration means that there are a large number of individuals similar to each
other in the population, and its existence is not conducive to global optimization. Antibody
concentration is denoted as:

_13
den——ZSi (15)
N3

In Eq. (15), S; is the solution that is more similar in distance to all other solutions in the set,

taking 1 for similarity and 0 for dissimilarity. Antibody excitation is used to evaluate the quality of
antibodies, which is determined by the affinity and antibody concentration together. In this
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paper, the antibody with high affinity and low concentration will get a larger excitation. In
Eq. (16), the m and n are normalization coefficients, indicating the weights of affinity and
antibody concentration, which can be determined according to the actual situation:

sim=m-aff —n-den (16)
(5) Immunoselection is performed according to the antibody's excitability, and the high-quality
antibody is selected for the next step. Antibodies with high excitation in the antibody group are
high-quality antibodies with a higher selection value for cloning and mutation operation.
(6) Cloning and copying the high-quality antibody to obtain the number of copies, mutating
the cloned copies, and replacing the antibody with a lower incentive in the population with
the new cloned antibody to form a new generation of antibodies; this process is known as
population refreshing, and then reevaluating the affinity. If the conditions are satisfied, then
the antibodies a, b, and ¢ with the highest affinity in the population are output and brought
into Eq. (1) to unify the different sub-apertures under the same coordinate system and
complete the sub-aperture splicing to obtain the full aperture face shape information.

4. Absolute surface shape verification experiment
Based on the theory in Chapter 2, we designed the corresponding absolute face shape

validation experiments to measure the reference mirror face shape by the parity function
four-step absolute measurement method. The improved immunity algorithm splices the
absolute face shapes of each sub-aperture. The spliced absolute surface shape results are
compared with the approximate absolute surface shape results directly measured by the
large aperture interferometer to verify the correctness and feasibility of the method
proposed in this paper.

4.1. Absolute surface shape measurement of reference surfaces

To measure the absolute surface shape of the reference plane through the parity function,
the four-step absolute measurement method requires three plane mirrors with the same
aperture. We use 4-inch plane standard mirrors 4, B, and C for measurement (the aperture
equals 101.6 mm). A 4-inch small-diameter digital Fischer phase-shift interferometer, model
HOOL L6400A is used. The laser with a test wavelength of 632.8 nm is used as the light
source. The four groups of measured surface profiles are shown in Fig.5, and the
measurement results are shown in Table 1.

Table 1. Results of the four-step absolute measurement method of odd and even function.

Surface shape PV, nm RMS, nm
M 69.86 13.39
M; 56.19 11.81
Ms 91.65 19.71
M, 69.86 13.39

PV is the peak-to-valley value, which is the distance between the highest point and the
lowest point on the single plane. RMS represents the root mean square value of surface
topography, which can be used to evaluate the smoothness of a surface. M;, M,, M; and

M, are inputted into the multifunctional analysis software of the interferometer, and the

relative surface shape is separated into the absolute surface shape by the software algorithm.
The obtained face shapes are shown in Fig. 6. The results of the face shapes are shown in
Table 2.
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Fig. 5. Surface shapes of the four-step absolute measurement method of odd and even function. (a) M1;
(b) M2; (c) M3; (d) Ma.

@ (N

Y-axis/pixel Height/nm Y-axis/pixel Height/nm
m 183 m 3

150 200

150

10.0 100

50

50 00

50

0.0 -10.0

-15.0

I 50 i 200

9.4 284
00 2000 400.0 600.0 8000 1000.0 12800 X,axls'plxcl 00 2000 4000 600.0 800.0 1000.0 12800 X -axis. pixcl

(c

~—

Y-axis/pixel Height/nm

[ ]

40.0

I 200

00 2000 4000 6000 8000 1000.0 12600 X-axis/pixel

Fig. 6. Absolute surface shapes of each flat mirror. (a) absolute surface shape A; (b) absolute surface
shape B; (c) absolute surface shape C .
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Table 2. Absolute surface shape results of each flat mirror

Surface shape PV, nm RMS, nm
A 27.71 5.72
B 53.64 9.96
C 80.80 15.34

In order to verify the accuracy of the results obtained by the four-step absolute
measurement method of parity function, a closed-loop self-check measurement test must be
carried out on the measurement results. Closed-loop self-check means the measurement and
calculation results can be matched to achieve the effect of self-check to complete the closed-
loop. The closed-loop self-check measurement experiment principle is similar to the
principle of interferometer measurement of surface shape. It involves subtracting the
absolute surface shape result of one of the faces (which requires flipping the surface shape
result along the y-axis) from the relative surface shape measurement result of the two
planes, yielding the absolute surface shape data for the other face. The theoretical surface
shape for the other face is based on the absolute surface shape data. We then compare this
result with the results obtained by the absolute measurement method. If the surface data
closely matches, the data group achieves closed-loop self-testing. The closed-loop self-
checking test further proves the correctness and feasibility of the absolute measurement
method by verifying the calculated and actual measurement results with each other.

In order to verify the accuracy of the absolute shape of the plane mirrors 4, B, and C, a
closed-loop self-check measurement test is designed for them. Using the relative
measurement results of plane mirror € and plane mirror B to measure each other minus the
difference of the absolute face shape data of plane mirror C after it must be flipped along the
y-axis and compared with plane mirror B's absolute face shape data. If the phase distribution
of the two face shape maps is relatively consistent in terms of position, and both PV and RMS
values are close, it can be proved that the absolute face shape data passes the closed-loop
self-checking measurement test.

B' is the absolute face shape difference between the relative measurements of plane
mirror C and plane mirror B minus the y-axis flip of plane mirror C. As shown in Fig. 7a, its
PV is 58.63 nm, and its RMS is 10.86 nm; Fig. 6b shows the absolute face shape B, with a PV
value of 53.64 nm and an RMS value of 9.96 nm. Comparing with the data of the face shapes,

(a) (b)

Y-axis/pixel Height/nm Y-axis/pixel
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- 254 20
200
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100 700 o
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Fig. 7. The comparison of surface shapes results from a closed-loop self-test measurement: (a) B'; (b)
B'-B.
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it can be found that the two PV and RMS values are close to each other. Fig. 7b shows the
residual plot of the face shape B' and the face shape B, noted as B'- B, with PV of 19.82 nm,
RMS of 3.38 nm, and RMS can reach A4 /150 . By comparing the residual plots, it can be seen

that the difference results in the phase distribution location of B' and the absolute face
shape of the plane mirror B. The phase distribution location of the absolute face shape of the
plane mirror B is more consistent. It shows that the absolute face shape data obtained by the
four-step absolute measurement method of parity function can be tested by closed-loop self-
check measurement, which proves that the absolute face shape data is correct and the
method is feasible and effective.

4.2. Sub-aperture absolute face splice
As shown in Fig. 8a, the element under test is a 210 mm standard long flat crystal with a
length of 210 mm, a width of 40 mm, and a thickness of 25 mm, and its flatness without self-
gravitational deformation within the working length is -300~0 nm, and "-" indicates a
depression. The system will be placed on the air-float platform, and a digital guide will be
installed so that the measured components are relative to the interferometer for high-
precision lateral movement while ensuring that the interferometer reference mirrors
effective measurement within the aperture. Sub-aperture area planning is shown in Fig. 8b.
The sub-apertures are labeled as numbers 1, 2, and 3. Label 2 is the central sub-aperture,
with its center being the center point of the standard long flat crystal. To the center sub-
aperture as a reference, the centers of the two adjacent sub-apertures are 65 mm apart.

(@ (b)

interferometer long optical flat

____ﬂ A Risa)

I
B

|
65mm

Fig. 8. Sub-aperture measurement diagram of 210 mm standard long optical flat: (a) schematic
diagram of optical path system; (b) sub-aperture planning diagram.

The three sub-apertures were measured sequentially from left to right. The results of 10
sub-aperture measurements at the same location were averaged to ensure the stability of the
sub-aperture information. The difference in RMS between the 10 measurements was Kept
within #2 nm to ensure its repeatability. The measured sub-aperture face shape data is the
relative face shape containing the reference mirror and the element under test. The
measured relative sub-aperture profiles are subtracted from the absolute profile of the
reference mirror to obtain the absolute sub-aperture profile that eliminates the influence of
the reference mirror profile. The relative and absolute surface shapes of each sub-aperture
are shown in Fig. 9, and the surface shape information is shown in Table 3.

Table 3. Surface shape results of each sub-aperture.

PV, nm RMS, nm
Surface shape
relative result  absolute result relative result  absolute result
1 112.48 114.30 14.54 17.90
2 97.55 119.57 16.42 21.06
3 104.63 116.23 15.31 19.34
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Fig. 9. Relative surface shape and absolute surface shape of each sub-aperture: (a), (b), and (c) relative
surface shape; (d), (e), and (f) absolute surface shape.

The three sub-aperture absolute faceted results were derived for saving the phase values of
each element in nanometers (nm) as a two-dimensional array. The central sub-aperture is taken
as the reference sub-aperture and brought into the immuno-optimization splicing algorithm for
calculation. The parameters to be inputted into the immuno-optimization splicing algorithm are
shown in Table 4. Fig. 10 shows the affinity evolution curve when calculated by the immuno-
optimization algorithm, which exhibits the trend of the evolution of the objective function in each
iteration.

The x-axis is the number of iterations, the number of iterations set in this paper is 20, the
axis is the value of the objective function for each iteration, in this experiment, the value of the
objective function is the RMS value of the residuals of the surface shape of the overlapping region
of two neighboring sub-apertures after the single solution in the population is brought into the
compensation of the adjustment error and the localization error, the smaller value indicates that
the two neighboring sub-apertures are more fully compensated for the splicing error, and with
the multiple iterations of the value of the objective function, it finally converges to a stable value,
that is, the optimal solution of the objective function. Finally, it tends to a stable value, which is,
the optimal solution of the objective function is obtained. The objective function values of sub-
aperture 1 and sub-aperture 3 converge rapidly in the first 7 iterations, which shows the high
efficiency of the algorithm, and then converge to a stable value, that is, the optimal solution of the
objective function is obtained, which shows the stability of the algorithm.

Table 4. Key parameters of the immune optimization algorithm.

Name Parameter
Population scale N 50
The number of iterations G 20
Coefficient of affinity m 3
Coefficient of antibody 0.5
concentration n '
Probability of cloning P, 40%
Probability of mutation Py, 20%
Extent of variation e 5%
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Fig. 10. Sub-aperture objective function evolution curve: (a) sub-aperture 1; (b) sub-aperture 3.

In order to verify the accuracy of the splicing results, we use a 450-mm aperture large-size
interferometer to measure 210-mm long flat crystals, and the absolute face shape of the reference
mirror of the large-size interferometer has been separated by the three-plane mutual inspection
method. Subtract the reference mirror shape obtained from the three-sided mutual inspection
method from the measurement results to obtain the absolute face shape of the full aperture of the
long flat crystal in a single measurement. To ensure the stability of the measurement results, the
average of the measurements taken at a single position is used for comparison. Sub-aperture
splicing obtained after the full aperture absolute face shape and large aperture interferometer
measurements of the absolute face shape of the 2D map and 3D map comparison is shown in
Fig. 11. The phase distribution structure of the two is consistent, with high peaks on both sides of
the long flat crystal and low peaks in the middle position of the long flat crystal, which can
indicate that the absolute facets obtained after splicing in this paper match each other with the
detection junction compared with the absolute facets obtained from the measurement of the
large-diameter interferometer with a diameter of 450 mm.

The data are analyzed and the results are evaluated by the following indicators, APV is the
absolute value of the residual PV value of the two results in nanometers, ARMS is the absolute
value of the residual RMS value of the two results in nanometers, AR is the difference of the
effective pixel value of the two results in pixels, APV, is the ratio of the residual PV value of the
two results in absolute value with respect to that of direct detection method, ARMS: is the ratio of
the residual RMS value of the two results in absolute value with respect to that of direct detection
method, and AR, is the ratio of the residual RMS value of the two results in absolute value with
respect to that of direct detection method. ARMS. is the ratio of the absolute value of the RMS
residuals of the two results relative to the RMS value of the direct detection method, and AR, is
the ratio of the effective pixel values measured by the sub-aperture splicing method and the large
aperture interferometer. Each result is shown in Table 5.

The working plane flatness standard of 210 mm standard long flat crystal is -300~0 nm, PV
is the peak-valley value, which indicates the distance between the highest point and the lowest
point on a single plane, the splicing PV value is 284.39 nm, and the PV value of the direct
detection method is 289.08 nm, which are all in line with the working plane flatness standard of
the 210 mm standard long flat crystal, among which APV value is 4.69 nm, which is within A/135,
the error ratio of PV value is within 2% of APV,, which indicates the correctness and accuracy of
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the splicing results. The effective pixel value of the sub-aperture splicing method is about 11
times of the effective pixel value measured by the large aperture interferometer, which indicates
that the splicing method can obtain higher resolution for the same measured element, get more
information about the face shape, and characterize the full aperture of the face shape more
completely. Value of the deviation of each point on a single plane, reflecting the integrated
deviation of the measured element's face shape and the ideal standard face shape of each point,
the absolute residual value ARMS of the two methods, and the absolute residual value APV, is
within 2%, which indicates the correct and accurate results. The absolute residual value ARMS of
the two methods is 8.03 nm. The error ratio of RMS value ARMSe is 11.1%, which indicates that
the results obtained by the two methods are similar. In the case of obtaining higher resolution,
the RMS value of the sub-aperture splicing method is lower. The full-caliber face information
obtained is smoother and more continuous, which can better express the authenticity of the
detection results of the 210 mm standard long and flat crystals.
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Fig. 11. Comparison of absolute surface shape between sub-aperture stitching and large aperture
interferometer measurement: (a) (b) sub-aperture stitching surface shape; (c) (d) large aperture
interferometer measurement surface shape.

Table 5. Comparison of results between sub-aperture stitching and large aperture
interferometer measurement.

Surface PV, nm APV, APV. RMS, ARMS, ARMS. Reso.lutlon, A.R, AR
shape nm nm nm pixel pixel e
Sub-

aperture  284.39 63.95 497086

stitching 469  1.6% 803  11.1% 455286 11
Direct

measure  289.08 71.98 41800
ment
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5. Conclusion
For the large-diameter plane absolute face shape measurement, we propose a sub-aperture

splicing method based on absolute measurement, which reduces the number of
combinations and rotations by the parity function four-step absolute measurement method,
obtains the reference face information, designs the closed-loop self-check measurement test,
and obtains the residual map with an RMS value of /150, which proves the correctness of
the separated reference face shape data. In addition, this paper improves the immune
algorithm to reconstruct the inclination and translation of each sub-aperture surface shape.
We also completed the stitching in the same coordinate system and compared the stitching
results with the measurement results of the large aperture interferometer. The experimental
results prove that this method guarantees measurement accuracy and restores the high and
low-frequency information lost by the large aperture interferometer during measurement,
effectively expanding the surface shape resolution. It provides a cost-effective and efficient
method for measuring large aperture flat absolute surface shape.
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AHomayis. []as sumiprosaHHs a6co10mHoi hopMu nogepxHi onmuvHo20 03epKa.a 3 8eAUKOI0
anepmypoio 3a3gu4aii nompibHe cmaHdapmHe 03epkasno 3 makow e a6o 6in1bwor
anepmypoio, wo U esemMeHm, Wo nidas20€ BUMIPIOBAHHIO, SIK ema/I0HHA NOBepXHsl 05
kanibpysanHa. O0HaK, cmaHdapmHe 03epKa/o 3 8e/UKOI0 anepmypoio 8axcko 0b6pobasmu, a
po3dinbHa 30amHicmb 8uMIPIOBAHHA € oO6MexceHa. [as eupiweHnHs yiei npobaemu
3anponoHo8aHo Memod BSUMIpHBAHHS aAGCOAMHOI opMu nosepxHi eeauxKoanepmypHoi
onmuyHoi naowuHu. OnmuyHa njaowuHa anepmypu po3diseHa HaA Kiavbka nidanepmyp
Mmemodom nidanepmypHozo 3wueaHHs. EmasonHy ¢opmy 0d3epkasa odepxcyroms  3a
donomozor yomupboxemanHoz2o Memody abconHMHO20 8UMIPIOBAHHS HenapHoi ma napHoi
@yHKYii ma eidokpemaioroms 0451 OMPUMAHHS ab6coatOMHOI gopmu nosepxHi cybanepmypu.
ImyHHI anzopummu onmuMi308aHO ma 3acmocosaHo 00 CyciOHIX cybanepmypHux weis, wo6
ompumamu nogHy abcoarwmuy @opmy nosepxHi. Byao eumipsHo nsaockuli kpucman
dosdcuroro 210 Mm, i 6ya0 po3pobaeHo camonepesipKy 3aMKHYmMoz0 Yuk/ay, wob nepegipumu
npasu/bHicms ompumaroi popmu emasioHHO20 d3epkaa. Ilikose ma MiHiMA/IbHE 3HAYEHHS
(PV) emasoHHoz20 0d3epkasa B cmaHosumb 53,64 HM, a cepedHbokeadpamuyHe 3HAYEHHS
(RMS) cmaHnosumbo 9,96 HM. Pesysbmamu camonepegipku 3aMKHymo20 KOHMypy cmaHoe/1simo
58,63 Hm i 10,86 Hm, © yi daHi, 8 ocHoBHOMY, 8idnosgidaromb diazpami opmu nosepxHi.
Pesynomamu nepegipku ¢opMu nogepxHi npoxodsaimbs camonepesipky 3aMKHymoz20 YUK/Y.
Pezysabmamu abcoaromHoi opmu noeepxHi nicas 3WUBAHHS NOPIBHIOIOMbCS 3 OAHUMU,
8UMIpSIHUMU HMepdepomempoM 3 8eauKow anepmypor. BidxusenHsi 3HayenHss PV meHwe
Hixne A/135 (A=632,8 um), a 8idxuseHHs cepedHboK8adpamu4H0o20 3HAYEHHS] MeHue Hixc A/75.
Po3dinbHa 3damHicmb eumipiosarHs 8 11 pasis nepesuwye suMipsHy eeaukoanepmypHuM
iHmepgepomempom, wo nosHicmio nidmeepdicye mouHicms i 8UCOKYy po3dinbHY 30amHicmb
Memody.

Kawuoei caoea: inmepgepomemp, eumiprogaHHsi @HopMu  nNoGepxHi, abCco0MmHe
B8UMIpHBAHHS, CybanepmypHe 3WUB8AHHS, IMYHHUU a/120pumm
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