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Abstract. A quantitative expression for residual errors and mid-spatial-
frequency errors of the aspherical surface finished by computer con-
trolled polishing (CCP) is discussed in terms of the power spectral den-
sity model. The relationship between the magnitude of these errors and
the CCP parameters is investigated using experimentation. An optimized
CCP process is presented to reduce the residual surface errors. By prop-
erly choosing the polishing parameters such as tool size and lap material
the residual errors can be removed. The final surface error of a hyper-
bolic mirror has reached 0.038 wave rms with residual errors less than
0.018 wave rms. © 1997 Society of Photo-Optical Instrumentation Engineers.
[S0091-3286(97)03412-0]
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1 Introduction

Computer controlled polishing~CCP! has been proven a
efficient process to produce aspherical surfaces. In this
cess, the desired material removal is accurately achieve
allocating the proper tool dwell time on the workpiece s
face with respect to the surface error height. Since the
cess is controlled by the computer, it is more accurate
time-saving than the conventional polishing process, wh
depends heavily on the optician’s skills and experience

However, since a small tool rather than a large too
used, the CCP process presents some problems whic
not encountered in the conventional polishing process.
surface error structure, for example, is different from th
of the surface finished by conventional polishing in which
large tool is employed. It is found that optical surface p
ished by CCP may contain higher ‘‘mid’’-spatial-frequen
errors than the surface polished in a conventional w
These errors span the gap between the ‘‘figure’’ and ‘‘fi
ish’’ errors and degrade the achievable resolution of m
imaging system.1 These errors must be removed ev
though the conventional optics specifications such as
and P-V have met the requirements.

A lot of attention has been paid to the optimizations
CCP parameters and machine configurations.2,3 Also, the
power spectral density~PSD! theory and its application in
optical measurement have been extensively studied
others.4–6 The purpose of this paper is to link the PS
model with the CCP process, to investigate and better
derstand the relationship between the magnitude of ‘‘mid
frequency errors and the CCP parameters. Two major
tors, tool size and tool material properties, which a
closely related to the ‘‘mid’’- and high-frequency error
are discussed. Based on experiments, an optimized pa
eter collection is given to reduce the ‘‘mid’’- and high
frequency errors. As an application, a hyperbolic mir
~fused silica! was polished with the modified CCP param
3386 Opt. Eng. 36(12) 3386–3391 (December 1997) 0091-3286/97/$
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eters. Both rms, ‘‘mid’’- and high-frequency errors of th
finished surface have met the requirements.

2 Representation of Wavefront

2.1 Zernike Polynomial Model

Most of the commercial interferometers employ optic
phase shifting technique to calculate the phase.6 The detec-
tor usually has a dimension of 5123512 or 2563256 pix-
els. The intensity at each pixel of the detector has the
lowing form:

I ~x,y!5a1bcos@w~x,y!1a#

wherea is a constant,b is the fringe contrast,f(x,y) is the
phase at the point (x,y), anda is the initial phase. Gener
ally, the ‘‘four-step algorithm’’ for phase calculation i
briefly expressed as:

I 1~x,y!5a1bcos@w~x,y!10#

I 2~x,y!5a1bcosFw~x,y!1
p

2 G
I 3~x,y!5a1bcos@w~x,y!1p#

I 4~x,y!5a1bcosFw~x,y!1
3p

2 G
then the phase at each pixel is given by:

w~x,y!5arctanS I 42I 2

I 12I 3
D . ~1!

The phase can be converted into the height variations
10.00 © 1997 Society of Photo-Optical Instrumentation Engineers
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Wmeasured~x,y!5
l

4p
w~x,y!. ~2!

Keep in mind that the height values given by Eq.~2! are
discrete over the optical surface. To aid in the interpretat
of the test results, wavefront shape has been expresse
fitting those discrete values in terms of Zernike polynom
als:

Wfitted~x,y!5 (
n51

k

anUn~x,y! ~3!

whereWfitted(x,y) is surface error distribution function,an

is Zernike coefficients,Un(x,y) is Zernike polynomials,
andk is the number of terms, usuallyk536. It is agreeable
that Zernike polynomials correctly express the low-spat
frequency errors commonly recognized as ‘‘shape’’
‘‘figure,’’ of which the spatial wavelengths range fromD
down to approximatelyD/12, whereD is the diameter of
the workpiece. However, the mid-spatial-frequency err
~‘‘ripple,’’ spatial wavelengths range fromD/12 to D/40)
and the high-spatial-frequency errors~spatial wavelengths
are shorter thanD/40) are expressed only as ‘‘residuals’’ o
the polynomial fit.6 The rms value of these residual erro
can be expressed as:

rmsresidual5A 1

N3M (
n51

N

(
m51

M

~Wd~xn ,ym!2S!2

Wd~xn ,ym!5Wmeasured~xn ,ym!2Wfitted~xn ,ym! ~4!

S5
1

N3M (
n51

N

(
m51

M

Wd~xn ,ym!.

Note that the information about the mid-spatial-frequen
and the high-spatial-frequency errors is lost after Zern
fitting. In this case Zernike polynomials become less eff
tive and the power spectral density~PSD! is introduced to
analyze the error components with specified frequencie

2.2 PSD Model to Analyze the Surface Error
Structure

The power spectral density~PSD! is a powerful and com-
pact expression of wavefront structure,6 expressing the con
tour of the wavefront ‘‘phase surface’’ in terms of Fouri
component. With this tool one can easily analyze the s
face errors within any frequency range if the data is va
In this paper the discussion will focus on calculating on
dimensional PSD from the profile data provided by a Zy
interferometer~readers are referred to Ref. 4 for the exte
sion from one-dimensional PSD to two-dimensional PS!.

In one-dimension, the magnitude of the PSD at a sp
fied frequencyki is given by:

PSD~ki !5
@Z~ki !#

2

Dk
~5!
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where Z(ki) is the discrete Fourier amplitude at the fr
quencyki , which can be expressed by the Fourier tran
form:

Z~k!5E
0

L

W~x!e2 ikx dx. ~6!

Let N equal the number of sampling points, andDx repre-
sent equally spaced intervals over the total lengthL, then
L5NDx. Dk is the increment between frequencies and
equal to 1/L. As mentioned above, what we are interest
in is the mid-spatial-frequency errors that have a range
wavelengths fromD/12 down toD/40. According to Elson
and Aikens,4,5 it can be shown that the ‘‘area’’ under th
PSD curve in any frequency interval is equal to the squ
of the rms wavefront error of the original line-out over th
same frequency interval, so we have:

rms25~Dk!3(
i 51

N

PSD~ki !. ~7!

With Eqs.~5! to ~7! we are able to calculate the magnitud
of the mid-spatial-frequency errors.

So far we have discussed the method of analyzing
surface error structure. In the following section we w
discuss the relationship between the magnitude of the m
spatial-frequency errors and the CCP parameters and
the optimization of the CCP process to remove these err

3 Optimization of CCP Process to Correct
Mid-Spatial-Frequency Errors

3.1 Characterization of the Optical Surface Polished
in a Traditional Way

Figure 1~a! shows the surface error map of a spherical s
face corrected by conventional large tool polishing. Figu
1~b! is the result fitted by 36 Zernike polynomials. Th
residual rms error calculated by Eq.~4! is 0.015 wave,
where wavelength is 0.6328mm. Based on Eq.~4!, the
standard FFT technique was used to calculate the ma
tude of the mid-frequency errors. Generally, the sampl
lengthL0 is less than 256 when the test is performed o
Zygo interferometer. To increase the resolution in the f
quency domain the actual analyzing length was extende
256 by ‘‘padding’’ M zeros, whereM52562L0 . There-
fore the frequency resolution will be:

Dk5
L0

D3256

whereD is the workpiece diameter.
Figure 1~c! is the graph of normalized PSD versus sp

tial frequency. The rms value of the mid-frequency errors
0.01 wave. This surface has proven to be acceptable in
imaging system.

3.2 Aspherical Surface Corrected by CCP Process

The polishing tool diameter used in the CCP process u
ally ranges fromD/15 to D/8, whereD is the workpiece’s
3387Optical Engineering, Vol. 36 No. 12, December 1997
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Fig. 1 Characterization of a spherical surface polished in a conventional way. (a) Surface error map of
a spherical surface. (b) Zernike fitting result. (c) Graph of normalized PSD versus spatial frequency.
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diameter. In addition, relatively soft lap material is used
allow adequate pitch flow. These two conditions will ma
the tool effectively follow the workpiece shape and corre
the low-spatial-frequency errors efficiently. The schema
drawing of this process is shown in Fig. 2. Figure 3~a! is
the original errors of a hyperbolic mirror with a diameter
200 mm and f number of 1/4. After 30 polishing hours t
errors has been corrected to 0.05 wave rms, as show
Fig. 3~b!. When considering the conventional optics spe
fications such as rms and P-V, this surface has met
requirement. However, one can see it has higher resi
errors than that of the surface polished in the traditio
way. Figure 3~c! shows the Zernike fitted phase map. T
residual errors are 0.045 wave rms. Furthermore, as sh

Fig. 2 Schematic drawing of CCP process.
neering, Vol. 36 No. 12, December 1997
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in Fig. 3~d!, when analyzing the surface structure by mea
of PSD, the magnitude of mid-frequency errors is fou
higher than that of the spherical surface polished with
large tool. These residual errors, as mentioned above,
affect the imaging quality and must be removed. This g
could be achieved by properly choosing the CCP para
eters.

3.3 Relationship Between Residual (Mid-Frequency)
Errors and CCP Parameters

Unlike the conventional polishing, not only the tradition
optics specifications such as rms and P-V, but also the
face residual errors and mid-frequency errors should
taken into account during the CCP process. Equations~4! to
~7! have provided a quantitative means to analyze th
errors. Our purpose is to find out the relation between
residual errors and the CCP parameters, and optimize
CCP process to remove these errors.

In the CCP experiment the mid-frequency errors ha
been found sensitive to two parameters: the tool size
the lap modulus. The total diameter in our experime
ranged fromD/12 to D/4. The experiment was performe
on a FSGJ-1 CNC machine and a Zygo mark IV xp int
ferometer plus null compensator was used to test the
face errors. Figure 4 shows the experiment setup. Base
the discussion in Section 2 and the profile data offered
erms of Use: http://spiedl.org/terms
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Fig. 3 Characterization of hyperbolic surface by small tool CCP correction. (a) Original error map. (b)
Error map after 30 CCP hours. (c) Zernike fitting result. (d) PSD plot versus spatial frequency.
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Fig. 4 Experimental setup.
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Zygo, a computer program was written to calculate the
sidual errors and PSD of the workpiece surface.

First, the smaller tool with diameter ranging fromD/12
to D/8 and lap modulus of 130 bar was used to polish
workpiece. As shown in Figs. 3~a! and 3~b! the surface
error has been quickly reduced from 0.203 wave rms
0.05 wave rms. Continuing to polish the workpiece witho
changing the parameters would not significantly impro
the surface figure, however, as shown in Figs. 3~c! and
3~d!, the residual errors and the mid-frequency errors w
higher than that of the surface polished in the conventio
way. Figure 5 shows the graph of residual errors and m
nitude of mid-frequency errors versus the tool diameter a
lap modulus. It is found that the residual errors or m
frequency errors decrease as the tool diameter increa
but the curve levels off when the tool diameter becom
larger thanD/4. As shown in Fig. 5~b!, the effect of lap
modulus on the residual errors and mid-frequency error
similar to that of the tool size but is less intensive. Th
indicates that larger tool and harder lap have a good ef
on smoothing.7 Figure 6 shows the final result of the hy
perbolic surface finished by varying the tool diameter fro
D/8 to D/4 and the lap modulus from 130 bar to 240 ba
Compared to the data shown in Figs. 3~c! and 3~d!, both
residual errors and mid-frequency errors have been redu
to the same level of the surface polished in the conventio
way.
3389Optical Engineering, Vol. 36 No. 12, December 1997
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Fig. 5 Relation between residual errors and CCP parameters. (a) Tool size role in removing residual
errors. (b) Lap modulus role in removing residual errors.
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The above discussion suggests that the CCP pro
with a small tool (D/10) can be modified to remov
the residual errors and mid-frequency errors. Genera
when the surface errors are worse than 0.05 wave r
a smaller and softer lap is effective to corre
low-frequency errors. In this case the traditional opt
specifications such as rms and P-V will be used to evalu
Optical Engineering, Vol. 36 No. 12, December 1997
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the polishing efficiency. When the surface errors are be
than 0.05 wave rms, however, the mid-spatial-frequen
errors and residual errors become the major factor affec
the CCP efficiency, and a larger and harder lap should
used to improve the surface quality. A diagram of the o
timized CCP process to remove the residual errors is sh
in Fig. 7.
Fig. 6 Characterization of the hyperbolic surface finished by modified CCP process. (a) Final error
map. (b) Zernike fitting result. (c) PSD plot versus spatial frequency.
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4 Conclusions

The CCP process using a small tool produces higher
sidual errors and mid-frequency errors than traditional p
ishing processes, and these errors can be quantitatively
pressed in terms of a PSD model. Based on this mode
relation between the magnitude of the residual errors
the CCP parameters is determined by means of CCP
ishing experiments. This relation provides a guide for pro
erly choosing CCP parameters to improve surface qua
The final surface errors of the hyperbolic mirror finished
the optimized CCP process have reached 0.038 wave
and both residual errors and mid-frequency errors h
been reduced to a level equivalent to a surface polished
traditional way.
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