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The swing arm profilometer (SAP) has been widely used
to test large aspheric optics by measuring the asphericity
from its best-fitting sphere (BFS). To further improve the
test accuracy, we propose a pose-varied test mode for the
SAP with a shorter-range probe to measure off-axis aspheric
surfaces with stronger asphericity. In contrast to the classical
SAP mode in which the air-table is fixed in a stationary posi-
tion during measurement, we adjust the pose of each scan
arc to match the local BFS and the measurement range of
the probe decreases to half that of the global asphericity. To
verify the effectiveness, we conduct experiments on an off-
axis asphere with a diameter of 3 and 2 m. Compared with a
classical SAP mode, it achieved an improved performance of
50% higher repeatability and 32% higher accuracy. ©2021
Optical Society of America

https://doi.org/10.1364/0L.435200

The swing arm profilometer (SAP) test was originally proposed
by Anderson ez al. from the University of Arizona [1]. They
built a profilometer based on the geometry of a sphere gener-
ator. It was first used to achieve highly accurate and efficient
measurements for convex aspheric optics. The test accuracy
was approximately 1 micron with a single arc detected [1,2].
Over recent years, numerous studies on improving the testing
accuracy of SAPs have been conducted. The Arizona group
applied self-calibration on an air-table using a dual-probe shear
test; they realized a root mean square (RMS)-based calibration
accuracy of 3 nm for a convex test sample with a diameter of
350 mm. They also reported on the calibration of a sensor for
measuring an aspheric ground surface with a diameter of 1 m
and reported an RMS-based accuracy of approximately 100 nm
[3,4]. Numerous other studies have been conducted on the
calibration of SAP parameters, such as the measurement of arm
length and the error separation of air-bearing. In these studies,
the RMS-based test uncertainty of the SAP setup was reported
to be approximately 0.5 um [5-7].

In our laboratory, we used an SAP to test optics with a large
diameter and guide surface grounding prior to the polish-
ing process. Because a higher-accuracy SAP test for mirrors,
especially those composed of silicon carbide (SiC), will observ-
ably help improve fabrication efficiency [8], the study in this
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Letter aimed to achieve the highest possible accuracy of SAPs.
Therefore, we propose a hanging SAP with a short arm to
achieve an RMS-based test accuracy of 0.1 um by conducting
tests on an aspheric mirror with a diameter of 2 m. We also
conducted tests using a stitching SAP to maintain high test
accuracy for larger optics [9,10]. Moreover, we demonstrated
calibrations, such as probe correction and air-bearing calibra-
tion. In a classical SAP mode, the measurement range of the
indicator should be larger than the asphericity of the global
best-ficting sphere (BFS). For larger aspheric optics, the test
accuracy decreased as the measurement range increased. This
aspect is a limitation for improving test accuracy. It would be
optimal if the aspheric surface with a higher departure could be
measured using a probe with a shorter range.

In this Letter, we devise a concept for achieving this goal. We
propose an approach for generating a pose-varied SAP (pvSAP)
test and minimize the measurement range of scan arcs to half
that of the asphericity.

First, we introduce the classical pose-fixed SAP (pfSAP)
test principle. Secondly, we conduct a simulated SAP test and
calculate the tilt and piston value in each scan arc. Considering
the degrees of freedom of the SAP setup, we determine the pose
of the SAP setup for each scan arc to compensate for the tilt and
piston. Using the above, we build a pvSAP test model, and the
required probe measurement range decreases compared to the
pISAP test. Lastly, we implement a pvSAP test on an off-axis
aspheric mirror with a diameter of 3 m to verify enhanced test
accuracy.

The principle of the classical pfSAP test is presented in
Fig. 1(a). A probe was mounted at the end of an arm, which
was fixed on a high-accuracy air-table; the rotating axis of the
air-table was tilted and passed through the center of the BES of
the asphere under test [9]. The aspheric mirror was placed on
a worktable. During measurement, the air-table was fixed in a
stationary position, and the probe was rotated about the axis of
the air-table to complete arc scanning. After the arc was scanned,
the worktable was rotated by an angle . The probe then swung
across the mirror to complete the next arc scanning. By rotating
the worktable, multiple scans were obtained showing a three-
dimensional profile, as presented in Fig. 1(b), where the firstarc
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Fig.1. (a) Schematic diagram of the SAP test. (b) Profiling pattern
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Fig.2. (a) Relative position of the off-axis surface. (b) BES from the

off-axis surface in a coordination system of the SAP.

is marked in red. The tilt-angle 6 of the air-table and the rotated
angle o of the worktable are expressed as follows:

0=sin"" (L/ Ru) , (1)

a=2n/ N, (2

where L represents the distance between the probe tip and the
rotation axis of the air-table, and Ry represents the radius of
curvature of the BES. N represents the number of scan arcs.

The position of an off-axis aspheric surface in the
coordination system of the parent mirror is shown in Fig. 2(a).
The asphericity differs according to different definitions.
Considering the rotational symmetry of the SAP test, the center
point O, of the BFS of the aspheric surface is set on the geo-
metric centric axis of the mirror [9], as shown in Fig. 2(b). The
asphericity mentioned in this Letter is defined as the mini-
mum departure from the BES in the peak-to-valley (PV), and
the coordinate system of the SAP test is the (Oy, Xi, Y1, Z;)
coordinate system as displayed below.

The asphericity of an off-axis parabolic mirror with a
diameter of 3 m and an off-axis displacement of 2000 mm is
approximately 1300 um in the PV, as shown in Fig. 3(a). The
arc marked in red indicates the relative pose of the first arc from
the perspective of the sphere base and its asphericity mainly
consisting of tilt. We considered that the pose of the red arc
could be adjusted to remove the tilt and fit the local asphericity,
as the blue arc displayed. Thus, the measured asphericity would
decrease significantly. Figure 3(b) shows the simulated probe
readout of the arc. The red curve corresponds to the readout
of the first arc in the classical pfSAP mode. The blue dashed
curve represents the readout of the first arc with the tilt removed,
corresponding to the local asphericity. Based on this, we can vary
the pose of the scan arc to remove the local tilt and retrench the
measurement range. This allowed for the use of a probe with a
shorter range, as well as higher precision. Therefore, a higher
accuracy of measurement could be achieved.
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Fig. 3. (a) Departure from the BFS of an aspheric surface with a
diameter of 3 m. (b) Probe readout of the first arc.
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Fig.4. Simulative profile test of a perfect off-axis mirror with work-
table rotated by 0°, 90°, 180°, and 270°. (a) Probe readouts of the scan
arcs and (b) probe readouts with the tilt and piston removed.

A classical pfSAP test for the off-axis mirror with a diameter
of 3 m was simulated when work-table was rotated by 0°, 90°,
180°, and 270° separately. The probe readout of typical arcs was
presented in Fig. 4(a); the range of readouts was within 1.3 m.
The values of the tilt and piston from the probe readouts can be
extracted using Eq. (3), as follows:

S=a-L-cos(B)+6-L-sin(B)+ec, (3)

where S represents the probe readout, L represents the scan
radius of the arc, B represents the scan angle of the arc, 2 and
b represent the fit coefficients of tilt about the axes Y, and X,
and ¢ represents the piston fitted along the axis Z,. Axes X3, Y»,
and Z, are presented in Fig. 2(b). The probe readout after the
local tilt and the piston are removed is presented in Fig. 4(b),
where the range of the probe readout is reduced to half that of
the asphericity.

For the pvSAP test, the tilt and piston from each scan arc
in the pfSAP mode were removed by the varying poses of the
air-table. During a measurement, the SAP setup was mounted
on the gantry numerical control machine tool (GNCMT) to
allow 77 situ measurements. The degrees of freedom of the SAP
setup are the tiltaround the Y; axis and movementalong the X,
Y;,and Z; axes of the coordinate system (O1, X, Y1, Z;) shown
in Fig. 2(b). For an aspheric surface test, compensation for the
free tilt of the air-table around X; can be achieved by moving the
piston along Y; instead [9]. Hence, the pose compensation for
of the air-table for the scan arcs can be extracted as follows:

S =tan(Tiltyx) - L - cos(B) + tan(Tilty) - L - sin(B) + Pist,
4)

Pisty = Ryg - tan(Tilty), (5)

where 77/ty and Tilty represent the tilt angle of the air-table
around the Yy and X; axes, respectively, and Pisty and Pist,
represent displacements along the Y; and Z; axes, respectively.
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Fig. 5. Simulated tilt and piston of 144 scan arcs for the aspheric
surface with a diameter of 3 m.

Table 1. Parameters of the Typical Inflection Points
Marked on the Pose Curve Shown in Fig. 5

Serial Tilt Tilt Piston Piston
Number of around Axis around Axis Alone Axis Alone Axis
Scan Arc Y; (°) X; (®) Y;/mm Z,/mm
2 0.034 0.002 0.604 1.141
23 0.000 0.047 12.021 1.424
39 —0.021 0.026 6.641 1.680
48 —0.016 0.007 1.925 1.720
61 0.004 —0.004 —1.022 1.666
73 0.016 0.004 0.963 1.623
85 0.003 0.011 2.944 1.693
100 —0.022 —0.005 —1.173 1.776
107 —0.025 —0.020 —5.251 1.746
124 —0.002 —0.045 —11.701

To analyze the characteristics of the varied pose, the tilt angle
and piston of 144 scan arcs were simulated, and the results are
shown in Fig. 5. Ten inflexion points on the curves were marked,
and the corresponding poses of arcs are presented in Table 1.
The tilt angle of the air-table around the Y; axis ranged from
— —0.025° to +0.034°. The dilt around the X; axis ranged
from —0.045° to 0.047°, where the equivalent piston displace-
mentalong Y ranged from —11.701 to 12.021 mm. The piston
displacement along Z; ranged from 1.141 to 1.776 mm to the
best fitinto the center range of the probe readout.

It is time-consuming and inefficient to check the com-
pensated poses of all scan arcs before testing. Hence, only the
practical compensated poses of the tilts and displacements were
checked. The typical pose values of the arcs are given in Table 1.
The approach for checking the compensated poses of the arcs
before testing was presented as follows:

(1) The tilcand piston of each scan arc from the classical pfSAP
test were simulated. Ten typical inflection points on the
pose curves were selected, as shown in the points marked on
the curvesin Fig. 5.

(2) The corresponding tilt and piston for the 10 arcs were
checked by moving and rotating the air-table to minimize
the local tilt value. The data are shown in Table 1.

(3) The-tiltand piston of the rest of the arcs to be compensated
for were generated from the pose curve whose value of
inflexion points were amended from the practical pose data
presented in step 2.

(4) The pvSAP test was started. The air-table was adjusted to
the first position with the pose compensated for; the firstarc
was scanned. After the first arc was scanned, the air-table
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was auto-adjusted to the next position and remained sta-
tionary until the scanning of the second arc was completed.
The same process was followed for the next arc scans.

To verify the effectiveness of the pvSAP mode, we imple-
mented the classical pf SAP test and pvSAP test on the SiC
off-axis aspheric mirror with a diameter of 3 m. The SAP setup
was demonstrated in Fig. 6, where the coordinate system (Oy,
X1, Yy, Z;) and freedom of degrees were displayed. We used a
Micro-Epsilon optical probe (IFS 2401-3) with a measurement
range of 3 mm, linearity of 1.5 pm, and resolution of 0.12 pm.
The initial tilt angle 6 of the air-table was 2.946°. The length of
thearm L was 760.54 mm.

The position data of the air-table for each arc were imported
into the GNCMT machine, and an auto test was started. The
air-table arrived at the first position, and the probe scanned
back and forth twice. Next, the air-table arrived at the second
position, and the work table rotated by 2.5°. The probe scanned
back and forth twice again as did the rest of the arcs. Therefore,
144 arcs were repeatedly scanned four times.

Compared to the classical pfSAP test during which the air-
table was fixed on just one pose, each arc in the pvSAP mode
was posture-adjusted before scanning, and kinematic effects
may exist at the beginning of the scanning process. As shown in
Fig. 7, the arc was scanned from +180° to — — 180° and then
back and forth twice; four sets of repeatedly scanned data were
obtained. There was a little instability during the beginning of
the first scan time.

To avoid disturbances from the kinematic effect, data from
first scan time of each arc were abandoned, data from the
last three times were averaged to reduce the effect of random
noise, and averaged value was used to resolve the surface map.
Figure 8(a) shows the averaged raw data from the classical pfSAP
test, and Fig. 8(b) shows the averaged raw data of the pvSAP
test. The range of the probe reading was decreases from 1.8 to
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Fig. 10. Measurement repeatability of 3 m mirror tested using the

(a)_pvSAP mode and (b) classical pfSAP mode with the piston, tilt,
power, and astigmatism removed.

1.0 mm. It was slightly larger than the simulated value of the
asphericity owing to residuals from assembly.

Two surface maps tested by the pvSAP mode are shown in
Fig. 9. The map results were 7.643 and 7.584 um in the PV
separately, and 1.031 um in RMS. Their test repeatability
was 1.443 wm in the PV and 0.094 pm in RMS, as shown in
Fig. 10(a). The test repeatability of the classical pfSAP test
mode with astigmatism removed was 1.755 pm in the PV
and 0.187 pum in RMS, as shown in Fig. 10(b). Compared to
the classical mode, the pvSAP mode exhibited an improved
performance with a higher repeatability of 50%.

Furthermore, to verify the accuracy improvement of pvSAP
mode, we conducted an accurate test comparison for a ¢2 m
off-axis aspheric mirror (as a standard component), whose
asphericity in full aperture was a 1.1 mm PV and surface error
was /40 RMS (A =633 nm, CGH test results) measured by
the ZYGO Interferometer, as shown in Fig. 1 1.

The surface map was 1.164 pm in the PV and 0.179 pm in
RMS tested in the classical pfSAP modeand 0.988 pm in the PV
and 0.121 pm in RMS tested in the pvSAP mode. Compared
with a classical pfSAP test, measurement accuracy of the pvSAP
was improved by 32% in RMS.

In this Letter, we propose a method to reduce the mea-
surement range to half that of the asphericity by testing the
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Fig. 11.  (a) SAP setup for testing a 2 m standard off-axis aspheri-

cal mirror. (b) Test results from the pfSAP mode, (c) test results
from the pvSAP mode, and (d) surface map measured by a ZYGO
Interferometer with the piston, tilt, power, astigmatism, coma, and
trefoil removed.

local aspheric departure in each arc. Compared to the classi-
cal pfSAP test, the measurement range of the required probe
decreased by 50% directly, and test repeatability was improved
by 50% accordingly. The test accuracy was promoted by 32%.
Alignment before the pvSAP test in the study in this Letter was
based on the pfSAP with a long-range displacement sensor.
Depending on the sensor readout, the poses of 10 typical scan
arcs were adjusted and checked. For general application, there
will be no long-range probes for assistance. Further works will
focus on how to adjust the pose with a shorter-range probe, and
the pvSAP mode would be used directly to achieve the higher

test accuracy.
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