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We propose a non-null subaperture stitching method to measure the convex aspheric surfaces. In the method, the
non-null configuration avoids the introduction of auxiliary optical elements which must be specially designed
and customized, and their compensating effects cannot be independently measured. In order to obtain the full
aperture result, a non-null stitching algorithm based on ray tracing method and least square method is developed
to stitch all phase data together. Both simulation and experimental results justify the proposed method.

1. Introduction

Aspheric optical surface has broad applications for its capability
in correcting aberrations, improving image quality and reducing the
size and weight of the system [1]. Precise and efficient measure-
ment of aspheric optical surface is necessary. Among different sur-
face characterization techniques, interferometry is playing a more and
more important role. In interferometry, null testing using null lens or
computer-generated hologram (CGH) is an efficient test configuration
for small-aperture optical surfaces [2-7]. However, for testing large-
aperture optics, especially convex aspheric surfaces, the null testing to
the aspheric surface is hard because it is difficult and time consuming to
manufacture required large aperture auxiliary elements such as null lens
or computer-generated hologram. Instead, the sub-aperture stitching
(SAS) testing and the non-null testing can be combined to accomplish
the interferometry of the convex aspheric surfaces.

SAS testing has been developed to overcome the aperture size lim-
itations of interferometers. It can obtain the full aperture map without
testing the whole mirror at one time, thus it is widely used in measuring
large flat mirrors, large convex surfaces and aspheric surfaces exceeding
the vertical range of the interferometer. The SAS testing method was
first proposed by Kim in 1982, and significantly expanded the dynamic
range of an interferometer [8]. According to the testing region shape
of the subaperture, there are two major stitching methods: one is the
annular stitching method which is widely used in the stitching testing
for concave rotational symmetric aspheric surfaces [9-12], and the other
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one is the circular stitching method which has better generality and
expandability [13,14].

In this paper, we propose a simple, efficient non-null stitching tech-
nique with circular subapertures to test convex aspheric surfaces. With
the proposed method, we characterized a ¢ 260 mm convex hyperboloid
surface. The stitching accuracy can be evaluated by the simulation and
the experimental results. The paper is organized as follows. In Section 2,
the basic theory of the stitching technique involving the retrace error
calculation and the stitching algorithm is introduced. In Section 3, the
effectiveness of our method is shown in simulation. In Section 4, we
demonstrate the technique by testing a ¢ 260 mm convex hyperboloid
surface. Finally, the conclusion is given in Section 5.

2. Theory
2.1. The principle of the retrace error correction

The retrace error in the non-null testing can be calculated with ray
tracing method. Unlike the null testing, the testing rays in the non-
null testing follow different paths from the reference rays. The resulting
extra aberration between the measured and the real surface maps is the
retrace error. The retrace error should be corrected before stitching as
it is not manufactory surface error but an artificial extra aberration due
to the non-null testing.

Received 6 June 2018; Received in revised form 10 July 2018; Accepted 14 July 2018

Available online 23 July 2018
0030-4018/© 2018 FElsevier B.V. All rights reserved.


https://doi.org/10.1016/j.optcom.2018.07.045
http://www.elsevier.com/locate/optcom
http://www.elsevier.com/locate/optcom
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optcom.2018.07.045&domain=pdf
mailto:yanlisong@hust.edu.cn
https://doi.org/10.1016/j.optcom.2018.07.045

D. Zhu et al.

nonnull retrace error for central subaperture
250 frrir— R

200 _ ..............

160 I

100 ;

11 AN :

200 250

1580

a0 100

Fig. 1. Retrace error for rotational symmetric subapertures.

The wavefront tested by the interferometer includes both the surface
error of the testing aspheric surface and artifacts such as the retrace
error, the alignment error, and the retrace coordinate error [15,16]. So
the wavefront obtained from the interferometer can be expressed as:
W,

inter f erometer

where Wiyor reromerer 1 the measured wavefront from the interferometer,
Wierrace 18 the retrace error, W ey is the alignment error between
interferometer and the testing aspheric surface and W, is the surface
error of the testing aspheric surface. Note that “@” in Eq. (1) denotes
the variables not simply added up. Thus, the total interferometer error
Winter feromerer depends on all of the retrace error, the alignment error, the
retrace coordinate error and the surface error of the aspheric surface.
Assuming an aspheric mirror to be characterized has a subaperture
aperture of D, and a vertex radius of R, the F number of the standard

lens should be:

R
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According to the designed optical testing path, the retrace error can
be calculated in the optical simulation tools such as Zemax or Code V
with ray tracing method.

For rotational symmetric subapertures, the retrace error behaves like
a combination of power and spherical aberrations as shown in Fig. 1. For
the off-axis subapertures, the behavior of the retrace error is shown in
Fig. 2.

After calculating the retrace error of each subaperture with the ray
tracing method, the retrace error and the retrace coordinate error can be
removed from the subaperture testing map at the same time [15,16]. The
alignment error of each subaperture will be separated with the stitching
algorithm introduced in Section 2.2.

2.2. Stitching algorithm

In order to obtain a full aperture map, a stitching algorithm is
developed to stitch each subaperture map together to a whole map.

Currently there are several types of stitching algorithms such as
maximum likelihood estimation method, the least square method, and
the iteration method. The maximum likelihood estimation method is
mainly used in flat mirror stitching, and can calculate the test map and
the reference map simultaneously [17]. In the least square method, the
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Fig. 2. Retrace error for off-axis subapertures.

full aperture map is reconstructed by compensating the alignment error
of each subaperture [18,19]. The iteration method is based on the three-
dimensional coordinate transformation [20,21].

Different from the above methods, we propose an algorithm combin-
ing the iteration calculation and the least square method.

Our proposed stitching algorithm shown in Fig. 3 is based on the least
square method [18,19]. First according to the subaperture arrangement,
each subaperture is tested with interferometer and non-null errors are
calculated according to the parameters of the vertex radius and the aper-
ture of each subaperture. With the method introduced in Section 2.1,
non-null errors can be removed from each subaperture testing result
and all the coordinates of each subaperture can be unified in a global
coordinate at this time. Then stitching coefficients of each subaperture
except the standard one can be calculated with the stitching algorithm
discussed in Section 2.2. To improve the stitching accuracy, the residual
map of every two adjacent maps is calculated after stitching. If the
RMS of the residual map satisfies the criteria, stitching is accomplished.
If not, two-dimensional cross-correlation between every two adjacent
subapertures is calculated to get a more accurate positioning of each
subaperture and the stitching coefficients of each subaperture will be
recalculated until the residual meets the requirement.

Assuming there are N subapertures in the measurement. We take
the Nth subaperture as a reference, then the ith subaperture can be
expressed as:

L
@(x,)) = (6, ) + Y @y f(x.) 3)

k=1
where @;(x, y) is the ith subaperture testing map, f,(x,y) can be any
predefined functions, a;, is the stitching coefficient and L is the term
number to be fitted. In the non-null stitching, the term number to be
fitted between subapertures is nine and the function f,(x,y) can be
written as:
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Fig. 3. Flow chart of stitching algorithm.

Then least squared method is applied:

inj L
min = YN (@00 + Y agfi(xy)
i=1...N j=1...N k=1
J#
L
= (@;(x, )+ Y ay filx )P @)
k=1
For Eq. (5), it can be transformed to a group of linear equation:
P=0-R ©

where P, O and R are defined as follows:
1. P is a vector in length of (N — 1) X L row. For the ((j — 1)+ L + k)th
row of the vector element, it can be expressed as:
N

Pyoik = 9 O [l ))(@;(x, y) — ®;(x, )
i=1 inj
i#j

)

2. Q is a matrix in size of (N — 1) X L. For the element in the row
(G=1)-L+k), column (( — 1)- L+ k) of the matrix, it can be expressed
as:

N

Y Y LY Sy =1
i=l inj (8)

QG-na-nu) =\ _i%

2 fiey - iy

Jnl

J#I

3. Ris a column vector in length of (N —1)x L. For the ((j—1)- L+k)th
row of the vector, it can be expressed as:

9

After calculating the stitching coefficients with Egs. (3)-(9), the
alignment errors of each subaperture can be removed and the full
aperture surface can be obtained. However, the accuracy of relative
positions between subapertures is usually limited by the mechanical
precision. So the alignment accuracy between subapertures may not
meet the stitching requirements. To achieve better stitching accuracy,

Rij—1k = aji
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the two-dimensional cross-correlation calculation is introduced in the
stitching algorithm.

Theoretically, the phase data should be consistent at the overlapping
areas between every two adjacent subapertures. So it can justify the
alignment accuracy between neighboring subapertures in order to meet
the stitching requirement.

If it meets the requirement, the full map is obtained after removing
the effects of adjustment errors. If not, the relative position relationship
between adjacent subapertures can be described as:

{

where (x|, y;) and (x,, y,) are the pixel coordinates of two neighboring
subapertures respectively, (dx, dy) is the relative coordinate relationship
between these two subapertures, and it is obtained by mechanical
reading. (4x, Ay) is the accurate position relationship between the above
two subapertures which is to be calculated.

(4x, Ay) can be calculated with the two-dimensional cross-correlation
algorithm using the phase data from adjacent subapertures as F #x G
where the position of the peak in the calculation is (4x, 4y).

Xy +dx + Ax
Yo +dy+ Ay

X1
1

(10)

3. Simulation

To prove the concept, we simulate the proposed non-null stitching
method to the convex aspheric surface characterization. For a convex
hyperboloid surface whose conic constant k is —1.8 in 4000 mm radius
of curvature and 300 mm diameter, the original surface in full aperture
is shown in Fig. 4.
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Fig. 6. Retrace errors of subapertures. (a) retrace error for central subaperture (b) retrace error for the off-axis subaperture in the first ring d = 60 mm (c) retrace

error for the off-axis subaperture in the second ring d = 130 mm.
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Fig. 7. Stitching map.

The convex full aperture is covered by fifteen subapertures, including
a central subaperture and 14 off-axis subapertures consist of two rings,
as shown in Fig. 5.

In the testing, a 150 mm interferometer with an F#30 standard
transmission sphere is chosen to test each subaperture. For the central
subaperture and two rings of off-axis subapertures in the testing, the
performances of the retrace error are shown in Fig. 6 (a—c) respectively.

By adding the alignment errors such as tip/tilt to each subaperture
and considering the 2 pm alignment accuracy along X, Y and Z
directions, the non-null stitching algorithm yields the full-aperture map
as shown in Fig. 7. In the simulation, the stopping criterion of the
stitching is that the RMS of the residual map between every two
adjacent subapertures is less than 3 nm. After 3 circles of iteration, the
relative stitching is accomplished. In order to evaluate the performance
of the non-null stitching algorithm, the residual map is calculated by
subtracting the data between the stitching map and the original full
aperture map point by point, as shown in Fig. 8.

It can be seen from Figs. 4 and 7 that the stitching map is in consistent
with the original full aperture map. The PV and RMS of the residual map
between them (Fig. 8) is 0.0454 and 0.0054 (4 = 632.8 nm) respectively
which means that the stitching can be accomplished with our proposed
non-null subaperture stitching method very well.

4. Experimental verification

In the experiment, the effective aperture of the convex hyperboloid
mirror is 260 mm while the aperture is 300 mm. The conic constant k is

107

Fig. 8. Residual map.

Table 1

Description of 5-dof platform.
Axis Range of movement accuracy
X 1000 mm 0.01 mm
Y 500 mm 0.01 mm
z 800 mm 0.02 mm
A 90° 4"
c 360° 10"

—2.2 and the vertex radius of the convex mirror is about 4100 mm. A 5-
dof platform and a 150 mm interferometer with an F#30 standard trans-
mission sphere are applied for the stitching testing as shown in Fig. 9.
5-dof platform include the X, Y, Z, A and C axis. The range of movement
and relative accuracy of each axis can be found in Table 1. Considering
the parameters of test mirror and standard transmission sphere used
in the experiment, the approximate aperture of the subapertures can
be calculated with Eq. (11). According to the size relationship between
subapertures and full-aperture, nine subapertures are designed to cover
the effective aperture of the mirror as shown in Fig. 10 and the measured
subapertures are shown in Fig. 11.

R

~

subNF

% ~ 137 mm

In the testing, for the central subaperture, the retrace error behaves
like a combination of power and spherical aberrations which is added

D,

1D
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5-dof platform

Fig. 9. Experimental setup.

subapertures

test mirror

effective
aperture

Fig. 11. Measured subapertures.

to the testing map as shown in Fig. 12. For the off-axis subaperture, the
behavior of the retrace error is shown in Fig. 13.

After removing the retrace error and retrace coordinate error from
each subaperture testing map, the full aperture stitching map can be
achieved according to the algorithm described in Section 2.2, as shown
in Fig. 14. In the experiment, the stopping criterion of the stitching
is that the RMS of the residual map between every two adjacent
subapertures is less than 5 nm. After 6 circles of iteration, the relative
stitching is accomplished.

Usually the stitching accuracy can be evaluated by comparing the
stitching result with the full aperture testing result. However, it is
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Fig. 15. Self-examine subaperture.

Fig. 16. Residual map.

difficult to get the full map simultaneously for flat or convex mirrors
with large apertures. In this case, to evaluate the stitching accuracy,
another set of subaperture different from the ones used for stitching is
chosen for self-examination, as shown in Fig. 15. The residual map is
calculated by subtracting the data between the stitching result and the
self-examine subaperture result, as shown in Fig. 16.

It is shown that there is no low order aberration in the residual map
and the PV and RMS errors of the residual map are 0.05 4 and 0.006 A
respectively (4 = 632.8 nm). Considering the alignment accuracy in X
and Y direction in the testing and the environmental effect, the residual
is acceptable and the non-null stitching is feasible in the aspheric surface
stitching testing.
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5. Conclusion

A non-null stitching testing method is proposed to measure convex
aspheric surfaces in a non-null configuration. The retrace error in the
non-null aspheric testing is analyzed based on the ray tracing method.
A stitching algorithm based on the two-dimensional cross-correlation
algorithm and the least square method for non-null stitching testing is
developed. Computer simulation results show that the non-null stitching
testing is feasible in testing convex aspheric surfaces. To further justify
our stitching model, we have tested a convex hyperboloid surface in a
comparison experiment. So far the experimental study is only for mild
aspheric surfaces. It is expected that the proposed method can also test
strong convex aspheric surfaces and freeform surfaces.
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