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Fabricating and Testing of the Large Off-axis Convex Aspheric Surface
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Abstract: The testing method combining systemic wave aberration testing with subaperture stitching
interferometry was proposed for measuring large off-axis convex aspheric mirror. The basic principle and
process of the technology were analyzed and researched, and the stitching mathematical model was
established. When the large convex surface is polished very well and the primary mirror and tertiary
mirror of the optical system are fabricated by computer controlled optical surfacing and magneto
rheological finishing, the three mirror astigmatism system can be aligned and adjusted. The wave
aberration of each field can be tested by aligning and calibrating the optical system successively, and the
phase map of the whole aperture can be calculated by the synthetical optimization stitching algorithm and
interpolation. With engineering examples, a three mirror astigmatism optical system with a large convex
aspheric mirror with the aperture of 292 mm X 183 mm was fabricated and tested by the method. At last,

the root mean square of the surface error is 0. 0170 (1=632. 8 nm).
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. aberration of optical system, improve the image
0 Introduction quality, boost the performance and reduce the weight

Aspherical surfaces can balance and correct and complexity of the system at the same time,
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therefore, aspherical elements are increasingly used in
tracking,
other

deep space exploration, photoelectric

observation, and
[1-3]

astronomical many
optoelectronic devices

Especially in the field of space optics, since the
off-axis Three Mirror Astigmatism (TMA) system has
many advantages, such as less components, long focal
length, wide field, wide band and high modulation
transfer function, larger aspheric surface has been
widely used in space remote sensing™*’.

The second mirror of the TMA system is a convex
aspheric mirror, sometimes it is an off-axis convex
aspheric surface. There are many difficulties in
fabricating and testing of large convex aspheric mirror.
The Computer Controlled Optical Surfacing (CCOS)
method is one of the most common methods for

81 But for large mirror, the

fabricating asphere
efficiency of CCOS is low, and it is very difficult to
control the edge effect of the surface. The classic test
method of convex asphere is by means of the large
Hindle sphere, but for large off-axis convex aspheric
surface testing, the Hindle sphere has several times the
size of the tested mirror, manufacturing large and
precise Hindle sphere is very difficult and expensive,
and because of the center block, the central area of the
asphere can’t be measured. At present, the improved
classical Hindle testing which is called Hindle-shell
method can test the convex aspheric surface very well,
but fabrication and measurement of the Hindle-shell
lens are very difficult ',

Using null lens or diffraction optical element
Computer Generated Hologram (CGH) can test small
convex aspheric surface directly"*'’. But the null
compensation of convex asphere is very difficult and
complicated, because it also contains aspheric lens
itself, it should design and fabricate a set of
compensating elements for the null lens'. Using
CGH can well realize the test of mild convex asphere,
but for deep convex aspheric surface, the holographic
line frequency density is very high, the existing
lithography equipment cannot be realized. In addition,
in order to accord with measured surface, the incident
wavefront from the interferometer need to be gathered,
so the aperture of the interferometer, null lens and
CGH should be larger than the size of the tested
mirror. At present, manufacture of large null lens and
CGH is very difficult, and the price of the large
interferometer is much high.

Subaperture Stitching Interferometry (SSI) can
test each small area of large mirror one by one, using
the subaperture stitching algorithm can reconstruct the

[16-18]

phase map of large asphere . But for large and deep

aspheric surface, there are many subapertures so that

the analysis and calculation are very complicated, and
the erroneous transmission and accumulation will be
introduced™**",

In order to overcome the above difficulties, we
fabricate the large convex aspheric mirror by CCOS and
Magneto Rheological Finishing ( MRF Y™™, the
efficiency is high, and the edge effect can be controlled
very well. The surface is tested by system aberration
measurement combined with subaperture stitching
technique, the full surface map of the large mirror can
be obtained by testing and stitching wave aberration of
every field of optical system. Because each subaperture
testing is a null testing and the number of the
subaperture is very little, the stitching algorithm can
be simplified, the

erroneous transmission and

accumulation can be reduced and controlled.

1 Theory and principle

The flow chart of fabricating and testing large off-
axis convex aspheric mirror is given in Fig. 1. Firstly,
the large convex surface can be fabricated by CCOS and
MRF alternatively, the surface error of the mirror is
very big, the mirror will be grinded by CCOS which
recur to the numerical control machine FSGJ-2 (which
was designed and developed by our team), as shown in
Fig. 2.

Fig. 1 Flow chart of fabricating and testing large off-axis
convex asphere

In order to meet different processing
requirements, FSGJ-2 contains 6 Degree of Freedom
(DOFs), X, Y, Z for translational degree of freedom,
U, V, W for rotational degree of freedom. It is
established on the basis of CCOS technology and can
grind and polish aspheric surfaces consecutively, the
maximum fabricating capacity of the machine is 1 000
mm. When the Peak to Valley (PV) of the surface

error is less than 2 ym, the mirror will be polished by
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CCOS and MRF alternatively. The removal function of
MRF is more stable and determined than CCOS,
because of its efficient convergence, it often brings
print through and some middle and high frequency error
of the mirror, in order to eliminate the error, the
mirror should be polished by CCOS which using large
tool, after several periods, the surface error can be

well converged.

Fig. 2 Fabricating large convex aspheric mirror by FSGJ-2

Secondly, after the primary mirror and tertiary
mirror of the optical system finished, the TMA system
will be aligned and adjusted by laser tracker, which is
shown in Fig. 3. Laser tracker is a kind of portable
three coordinates measuring equipment with high
precision and large capacity, it contains two rotating
angle encoders and a laser distance measuring system,
so the relative position of each mirror can be measured

and monitored precisely.

Fig. 3 Sketch and principle of testing large off-axis convex
asphere by systemic stitching method

After the optical path well adjusted, the designed
tolerance geometric position errors of the optical
system are more than 20 pm and larc sec, but the
precision of the laser tracker are better than 5 pm and
0. 02 arc sec, which can make sure that all the
geometric position errors are less than designed

tolerance by using laser tracker®™'. Then the phase

map of the central field of the optical system can be
tested by interferometry, the surface error of the flat
mirror is very tiny, and the surface error of the primary
mirror and tertiary mirror can be tested by null
compensation. So the surface error of the second
mirror (convex aspheric surface) can be obtained by
subtracting the surface error of the primary mirror and
tertiary mirror from the half of the wave aberration of
the central field ( because of back and forth twice
reflection). Each field of the optical system can be
tested by aligning the interferometer and the flat
mirror, and the surface error of each subaperture can
be obtained by the proposed method.

Assume that there are M fields of the TMA
system, it should have M subapertures to cover the full
aperture of the large convex mirror. The subaperture
stitching diagram is shown in Fig. 4, there is a certain
overlap between each subaperture, because the full
aperture is bigger than the area superposed by all the

fields, there is a small uncovered area.

Fig. 4 Sketch of subaperture stitching

Generally choosing the central subaperture as a
benchmark, because the aberration of each subaperture
has been compensated and all the geometric position
errors are calibrated by wusing laser tracker, the
misalignment of adjacent subapertures will induce
several aberrations which just contain piston, tilt and
power as

w=w,+ p;+ax,+by, +c (2t +3) (D
where w; is the measured surface error of the 7th
subaperture, w; is the real surface error of the ith
subaperture, p, is the coefficient of relative piston, a,,
b, s c; are the coefficients of the relative X tilt, Y tilt and
power respectively.

The Least-squares method is used to minimize the
sum of the squared differences in all overlapping areas,

as

min = > > {[(w, +p,+ax, +by, +e 2l +

iNj#0 g¢=1
4Cw, w,

yiz )] - [u”ﬂz + pj + a;x j, + bj.yjrl + Cj (Iil + yi{ )] }2
(2)
where M is the number of subaperture and N is the

number of data point of the overlapping area, Eq. (2)
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can be described simply as

M N
S= > > [Aw+ Ap, + Aax + Aby +

i=1 q=1
Ac;(2* + ¥*) ]* = min (3)
Taking the differentiations of Eq. (3) with respect

to these unknows

oS
aap, C
2S
=0

dha,

“ (4)
s _,
OAb;
oS
OAC; =0

The best stitching coefficients can be calculated by
Eq. (4), then the real surface error of each subaperture
and the stitched surface map can be obtained.

Since the aperture of the mirror is bigger than the
superposition, there are no data points in the uncover
area. The data can be calculated by interpolation of the
existent data points, so the surface error of the full
aperture can be obtained. When the Root Mean Square
(RMS) of the surface error is less than A/50, the large
mirror is finished, if not, it will be fabricated by CCOS
or MRF sequentially.

2 Experiments

Combined with engineering examples, a TMA
optical system with a large off-axis convex aspheric
mirror has been fabricated and tested by the proposed
method, the field of view of the system is 2°, the
aperture of the convex mirror is 292 mm X 183 mm, the
vertex radius of curvature is 1 348. 935 mm, the conic
constant is 4. 387, off-axis quantity is 109. 341 mm.
The primary mirror and tertiary mirror have been well
finished and have been tested by null lens, the RMS are
both less than 1/50), and the amount of geometric
errors ( vertex curvature radius deviation, off-axis
quantity error, etc.) are controlled within the optical
design tolerance range.

Firstly, the convex mirror has been grinded by
FSGJ-2, and the surface error is measured by
Coordinate Measuring Machine ( CMM ), which is

given in Fig. 5, when the PV is less than 2 um, the
mirror is pre-polished and the TMA system is founded
and adjusted by the laser tracker.

Fig.5 Testing convex asphere by CMM

There are five fields of the optical system, five
subapertures are tested to cover the full aperture, the
phase map of each field is shown in Fig. 6, after
subtracting surface error from the primary mirror and
tertiary mirror, the surface error of the full aperture is
obtained by stitching and interpolation, which is given
in Fig. 7, the PV and RMS are 0. 8901 and 0. 0784,
respectively.

It can be seen that the surface is not very well, in
order to save time and converged quickly, convex
aspheric mirror is fabricated by MRF as shown in
Fig. 8, after polishing the mirror for 1 h, the figure
error obtains a very good convergence, as shown in
Fig. 9, the PV and RMS of the surface error were
0.4702 and 0. 031A, respectively. The high efficiency
and convergence could bring some middle and high
frequency errors, so the mirror is transferred on to
FSGJ-2 for polishing by large tool, after polishing one
cycle, the stitched surface map is given in Fig. 10, it
can be seen that the PV and RMS of the surface error
have a little convergence, but the middle and high
frequency error and print though have been reduced.
After polishing the mirror by CCOS and MRF for three
iterations, the final stitched surface map is shown in
Fig. 11, the PV and RMS of the surface error are
0.2851 and 0. 017, respectively.
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Fig. 6 Phase map of five fields

Fig. 10  Surface map after polishing by CCOS
Fig. 7 Surface error of the full aperture after stitching

and interpolation

Fig. 8 Fabricating convex aspheric mirror by MRF
Fig. 11 The final distribution

3 Conclusions

On the basis of summing up conventional testing
and fabricating methods for large convex aspheric
mirror, the manufacture method integrates CCOS,
MRF, systemic wave aberration testing and SSI is
proposed. The basic principle, stitching algorithm and
flow chart are researched. The proposed method
reduces the number of subaperture and eliminates the
accumulation of the stitching error. The surface error
can be decreased swiftly by using CCOS and MRF

Fig. 9 Surface map after polishing by MRF ) ) i
alternatively, and the middle and high frequency error
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is controlled effectively. With engineering examples, a

TMA optical system which contains five fields with a

large convex asphere has been fabricated and tested by
the proposed method, finally, the RMS of the stitched

surface map is better than 1/504A.
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