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Abstract. A feasible way to improve the manufacturing efficiency of large reaction-bonded silicon carbide optics
is to increase the processing accuracy in the ground stage before polishing, which requires high accuracy met-
rology. A swing arm profilometer (SAP) has been used to measure large optics during the ground stage.
A method has been developed for improving the measurement accuracy of SAP using a capacitive probe
and implementing calibrations. The experimental result compared with the interferometer test shows the accu-
racy of 0.068 um in root-mean-square (RMS) and maps in 37 low-order Zernike terms show accuracy of
0.048 um RMS, which shows a powerful capability to provide a major input in high-precision grinding. @ 2017
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: [T 1 77 TOH58:9-0824107]
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1 Introduction

Optics with large apertures provide high-angular resolution
and powerful energy-gathering ability. They are now widely
used in astronomical observation and earth observation sys-
tems. Considering their excellent thermostability, specific
stiffness, etc., silicon carbide (SiC) material has been
selected in more and more optic systems. Fabrication of
large optical surfaces is difficult because of the complicated
tooling needed for all stages of manufacturing and measur-
ing. It is especially difficult for fabricating SiC surfaces,
because this kind of material is so hard to remove. The gen-
eral fabrication process of large optical surfaces includes
milling, grinding, and polishing. For SiC mirrors, the
material removal rate of polishing is much lower than that
of grinding. To achieve a high efficiency of overall fabrica-
tion, it is good to remove as much surface residue as possible
during the grinding process. Thus, a more precise measure-
ment is needed as an input.

A swing arm profilometer (SAP) was first reported by
Anderson et al. from the University of Arizona and has
been used for measuring large aspheric optics with an excel-
lent performance rivaling full aperture interferometric tests
for accuracy of 5-nm root-mean-square (RMS) with the
43 low-order Zernike terms removed during the polishing
process.H In recent years, the Arizona group has developed
SAP to test ground aspheric surfaces with a laser triangula-
tion probe to a precision better than 0.1-nm RMS with astig-
matism, coma, and trefoil removed.B Groups from London
and Chengdu China have also done a lot of good work
on SAP testing; the measurement uncertainty of the proto-
type SAP was reported to be 2.4 ym in peak-valley (PV)
and 0.5 um in RMS.FH The accuracy of other works from
South Koreal or Changsha China~ was reported to be
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microns in PV. The techniques of the SAP test from
Changchun Institute of Optics, Fine Mechanics and Physics
have allowed successful measurement to an accuracy of
0.087 um in RMS for the 37 low-order Zernike terms.T!
Our goal is to achieve a higher accuracy of SAP for SiC mir-
rors during the grinding process.

Recently, we developed an enhanced SAP equipped with
an ultraprocess capacitive sensor to measure the electric con-
ductive reaction-bonded silicon carbide (RB-SiC) optics.
Compared with the laser displacement sensors, the capacitive
displacement sensor achieves higher resolution at the sub-
nanometer level with better stability. In this paper, first
the basic principle of the SAP test and capacitive sensor
is simply introduced in Sec. P]. Then to ensure the accuracy
of the capacitive sensor, we implemented the experimental
calibration on an ultraprecise single point diamond turning
(SPDT) machine as presented in Sec. . There, the dynamic
stability about temperature and the linearity of the capacitive
probe was tested, and error induced from the tilt factor
between the target and probe was discussed. Finally with
those calibrations, an experimental test with SAP was per-
formed to measure an 1100 X 800 mm RB-SiC mirror as
described in Sec. f.

2 Principles

2.1 Principle of SAP

SAP is developed to measure aspheric surfaces with respect
to a sphere reference instead of a traditional plane reference
such as a coordinate measuring machine. In measuring the
deviation from the best-fit sphere (BFS), a higher accuracy
sensor with shorter range can be selected.

The basic geometry of the SAP is shown in Fig. [(a], a
probe is mounted at the end of an arm that is fixed on a high
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Fig. 1 Basic principle of SAP test: (a) geometry of SAP and (b) scan pattern.

accuracy air-table whose rotation axis is tilted and goes
through the center of BFS. By rotating the mirror, a two-
dimensional profile can be obtained with multiple scans
as shown in Fig. [[(b). The tilt-angle € of air-table is
given as

L
0 = sin~! (—), ()
Rbfs

where L is the distance between probe tip and rotation axis of
air-table and Ry, is the radius of curvature of BFS. The sur-
face error is given by AS = S, — S, where S, is the probe
readirlag and S, is the ideal aspherical departure from the
BFsEO

2.2 Principle of Capacitive Displacement Sensor

A capacitive displacement sensor is based on principle of
testing the reactance of the plate capacitor. As shown in
Fig. P, the sensor and the conductive target opposite form
the two plate electrodes. If an AC current with a constant
amplitude flows through the sensor capacitor, the amplitude
of the AC voltage at the sensor is proportional to the distance
between the capacitor electrodes. The reactance X, of the
plate caEacitor that changes strictly in proportion to the
distance

R

S
Ground d
Screening electrode (guarding)
Measuring electrode
gl

Measuring object: electrical conductor
oy

(@) (b)

Fig. 2 (a) Structure of a capacitive sensor and (b) principle of a plate

X, = @

3

Capacitance:C = ¢, - € - 7
where ¢, and g, are vacuum permittivity and relative permit-
tivity, respectively; S is the area of plate and d is the distance
between two plates.

3 Calibrations

In this paper, with the ultraresolution capacitive sensor, our
goal aims to achieve the accuracy of the SAP test to better
than 0.1-yum RMS in the overall shape and 0.5-um PV,
0.05-ym RMS in low-order (first 37 Zernike terms).

The parameters of the capacitive sensor are listed in
Table [l. Although it has excellent resolution and stability,
it has some disadvantages for application. One is that the sen-
sor plate needs to be aligned parallel to the target plate.
Another is that the capacitive sensor may be sensitive to
temperature variation. Moreover, the nominal linearity is
0.5 um, which also needs to be calibrated for higher
accuracy.

To improve the accuracy of the capacitive sensor, we
implemented the experimental calibration on an SPDT
machine shown in Fig. [J. The positioning accuracy of the

Table 1 Parameters of a 1-mm sensor.

Item Parameters
Measurement range 1 mm
Nominal linearity 0.5 um
Resolution 0.75 nm
Diameter of outer cylinder @10 mm
Active measuring area @5.7 mm

capacitor.
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Fig. 3 Experimental setup for sensor calibration on SPDT machine.

Table 2 Calibration budget.

Calibration items Accuracy
Thermal 0.1 um
Linearity 0.1 um
Tilt 0.1 um

SPDT machine in the moving direction was 8 nm. The meas-
urement target was an aluminum plane mirror with flatness
less than 0.05 pm. First, the dynamic stability of the temper-
ature and the linearity of the capacitive probe were tested
using the SPDT machine.

Then error induced from the tilt factor between the target
and probe was discussed. We had formulated a budget for
each calibration shown in Table [, to achieve an ability of
0.3-um PV for low-order terms.

3.1 Dynamic Stability

The probe was fixed on the axes of the SPDT machine in
front of the mirror. The distance between the probe and
the mirror was 500 um in the middle value of the measuring
range. To check the temperature variation characteristic of
the capacitive probe, a large number of long-time measure-
ments were carried out. During a 12-h detection, temperature
drift from 28.5°C to 25.2°C and probe reading changed from
499.8 pum to 501.5 ym. It can be seen from Fig. [ that the
change of rate was —0.7 um/°C. Sampling frequency for the
sensor was 2.8 Hz and for the temperature was 0.1 Hz.
During the SAP test mentioned later in this paper, it
would take about 30 s for a single scan, where the temper-
ature variation was less than 0.1°C. So the errors induced
from temperature variation would be within 0.07 pm.

3.2 Linearity Deviation

To check its linearity deviation, the sensor was carried to go
along the moving direction shown in Fig. | by a step of
10 um. The route was in the range of 1000 ym and it
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Fig. 6 Six sets of linearity deviation for sensor calibration.

was paused 5 s at each step. The sampling frequency of
the sensor was set to be 10 Hz. Probe readout in a single
measurement was displayed in Fig. . Six data sets were col-
lected counting back and forth in the route.

The linearity deviations for six data sets were 1.3 in
1000 ym range shown in Fig. f. Because of vibration and
noise, the uncertainty of the calibration data was 0.01 ym
(in a sigma). The uncertainty of the calibration was defined
by the difference between each set of data and the average
value, as shown in Fig. [].

3.3 Tilt Factor

For a perfect measurement, the target plane and the probe
plane are supposed to be paralleled, while in a practical sit-
uation, it may not be possible. The measurement error
induced from two unparalleled palates is discussed below.
As shown in Fig. B, the capacitance between two plates
that are relatively tilted by @ is given as
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c fodp [ 4

780&4'0;)4 h+pcosatan 8’ @)

where i > (p tan 0)2. The probe readout can be derived as
h R tan 62

hread = 5 |:1 +4/1- (l’l) :|v (5)

where £ is the distance between center of the probe plate and
target plate and R is the diameter of the active measure-
ment area.

According to Eq. (f]), the differences between the probe
readout and center distance were displayed in Fig. [, where
targets relatively tilted by 0.1 deg, 0.2 deg, and 0.5 deg,
respectively, and test distances ranged from 200 to
1000 gm. It is known from the curves that, as center distance
increases, the induced error decreases. So, a far displacement
measurement applied for SAP is suggested. For example, if
the measuring range is within 100 ym, the capacitive probe
is suggested to be mounted with a reading range from 900
to 1000 gm.

In the surface measurement mentioned later in this paper,
the sensor was adjusted to the test range from 500 to 600 ym
shown as the two yellow vertical lines in Fig. f]. And in that
interval, the induced errors are less than 0.03 ym by 0.1-deg
angle tilted, 0.12 ym by 0.2-deg angle tilted, and 0.78 um by
0.5-deg angle tilted. As tilt angle increases, the errors
induced increase rapidly. To clarify the tendency of the errors
induced by different angles tilted, a curve was displayed
shown in Fig. [[J. Hence, in our budget of sensor tilted
error of 0.1 ym listed in Table [}, the probe needs to be
aligned to a tilt angle within 0.7 deg.
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In the calibration experiment, the angle of relative tilt was
assembled to within 0.1 deg. In that case, it would lead to
0.035 um errors in the overall measurement range, which
coupled weakly into the calibration mentioned above and
can be neglected. During the surface test mentioned later
in this paper, the probe was aligned to minimize the relative
tilt to a level of 0.2 deg.

4 Surface Measurement

With those calibrations, an experimental test with the probe
equipped on SAP was performed on an 1100 X 800-mm
spherical RB-SiC mirror. The radius of the sphere is
8870 mm. The measurement setup is shown in Fig. [[].
According to our previous work,3 the SAP system was
assembled strictly to high accuracy. The probe was seated on
the center of the mirror and adjusted on the arm of the SAP to
make sure that the cylinder axis of the probe was
perpendicular to the surface. Papers of 10 ym thickness
were inserted into the gap to check the tilt interval between
the mirror and the probe. The tilt can be modified to a level of

10 ym
e= ,
D

(©6)

where D is 10 mm, the diameter of the probe. So
e =107 rad ~ 0.06 deg, this was within the tilt budget dis-
cussed in Sec. B3.

The sensor to mirror spatial coordinate was established
with a commercial Laser Tracker. The related coordinate
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probe

Fig. 11 Measurement setup of SAP equipped with a capacitive probe.

system was shown in Fig. [[(a)]. Coordinate system OXYZ
and 0,X,Y,Z, are both in the right-hand coordinate.
Since the detecting region of the capacitive probe was a circle
region, the probe readout was defined as the surface depar-
ture at the center of the detecting region. The cylinder axis of
the capacitive probe was tested by a commercial Laser
Tracker and adjusted to the center of the mirror under
test. The sensor to mirror spatial coordinate is established
by measuring the tilt angle € of the air-table and arm length
L shown in Fig. [[(a).

During the surface test, the mirror was scanned in 72
equal arcs. Each profile was scanned four times. The profile
of a single scan ranged from 550 to 575 ym shown in
Fig. [3. The trajectory of each scan arc was shown in Fig. [3.

The surface reconstitution algorithm was based on that
surface heights at an intersection from two scan arcs must
be the same 11 and system error can be removed according
to the crossing height information. The stitched map was
shown in Fig. [[4. The surface test result from the SAP
was 1.126-ym PV and 0.125-um RMS.

A comparison from the interferometer test was 1.262-ym
PV and 0.139-pm RMS shown in Fig. [[3. Only the power
item was ignored in both tests. A direct subtraction of
two maps shows a difference of 0.63 ym in PV and
0.068 ym in RMS in Fig. [[g.

In order to check the test precision of low-order surface
errors, the 37 low-order Zernike shapes from the subtraction
map were shown in Fig. [7. The precision was 0.278-ym PV

[0]
o
o

[$)]
o]
o

[$)]
[o)]
o

o
N
o

Sensor readout/um

520

500

480

-80 60 -40 -20 0O 20 40 60 80
Scan angle/deg

Fig. 12 Raw data of a single scan in SAP test.
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Fig. 18 Difference between SAP and interferometer test result with 37
low-order Zernike removed.

and 0.048-um RMS. A higher accuracy test result was
achieved compared with the test result with a spectrum con-
focal sensor in Ref. [[T], where accuracy for 37 low-order
Zernike terms was 0.548-um PV and 0.087-um RMS. As
for higher order errors shown in Fig. [[§, the environmental
vibration errors and errors from the air-table during the in
situ measurement were the main source which will be studied
in our future work.

5 Conclusion

This paper provides a guide for the ultraprecision capacitive
sensor to be applied on SAP. Notice that the application is
suitable only for electrical conductive optics such as the RB-
SiC mirror. To achieve the goal of test accuracy of 0.5-um
PV, 0.05-um RMS in low-order terms (first 37 Zernike
terms) proposed, the calibration budget was given and a cal-
ibrating experiment proceeded on the SPDT machine. The
errors induced from the temperature variation were within
0.07 pym; linearity deviation of the sensor was calibrated
to within 0.05 um; error induced from unparallel to surface
are within 0.1 um for a tilt angle within 0.7 deg. Other errors
such as signal noise of the sensor, vibration errors from envi-
ronment, and air-table and so on mainly resulted in high-
order aberrations and was not concerned in this paper.

For measuring a 1100 X 800-mm spherical RB-SiC mir-
ror, the accuracy of 0.068 ym in RMS is very encouraging.
As the low-order terms of surface residue are the major
part to be removed during the grinding process, the more
concerning accuracy for 37 low-order Zernike items are
0.278-um PV and 0.048-ym RMS. Compared with the SAP
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test with a spectrum confocal sensor in Ref. D where accu-
racy for 37 low-order Zernike terms is 0.548-um PV and
0.087-um RMS, the capacitive probe shows a more powerful
capability for guiding higher-precision fabrication in the
grinding process.
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