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Abstract. The software configurable optical test system (SCOTS) is an efficient metrology technology based on
reflection deflectometry that uses only a liquid-crystal display and a camera to measure surface slope. The sur-
face slope is determined by triangulation using the co-ordinates of the display screen, camera, and test mirror.
We present our SCOTS test results concentrated on high dynamic range measurements of low order aberra-
tions. The varying astigmatism in the 910-mm diameter aspheric deformable secondary mirror for the large bin-
ocular telescope was measured with SCOTS, requiring no null corrector. The SCOTS system was designed
on-axis with camera and screen aligned on the optical axis of the test mirror with the help of a 6-inch pellicle
beam splitter. The on-axis design provides better control of the astigmatism in the test. The high dynamic range
of the slope provided a measurement of astigmatism within 0.2-um root-mean-square accuracy in the presence
of 231-um peak-to-valley aspheric departure. The simplicity of the test allowed the measurements to be per-
formed at multiple gravity angles. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.53.8.085106]
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1 Introduction

Interferometry has served as an accurate noncontact optical
metrology technology for a long time. The wave nature of
light gives this technology subwavelength precision and
accuracy; however, it typically has a small dynamic range.
Traditional null testing interferometry can only measure
the surface departures within a few wavelengths from refer-
ence shapes. For measuring aspheric or freeform optics,
interferometry usually requires compensation optics such
as a computer-generated hologram. Sometimes a stitching
process is also required for measuring large aspheric optics,
which makes interferometry testing costly and inflexible. In
addition, interferometry requires a normal incidence that
leads to tedious alignment and calibration to perform accu-
rate testing.'* The software configurable optical test system
(SCOTS), a slope measurement technique based on deflec-
tometry, provides a contact-free, high dynamic range, full
field metrology method with easy system setup and align-
ment. It is able to achieve high dynamic range slope mea-
surements by using computer-controlled large displays such
as liquid-crystal display (LCD) monitors. The camera in
SCOTS provides a full-field of view of the test optics and a
2-D surface map can be obtained within one measurement,
thus, no stitching is needed. The performance of SCOTS
has been successfully demonstrated in testing many large
astronomy telescope mirrors and precision x-ray mirrors.””’

In this paper, we show SCOTS test results for a 910-mm
diameter aspheric deformable secondary mirror for the large
binocular telescope (LBT).*® The observatory noticed an
elevation dependent astigmatism in its secondary. A compact
SCOTS system was taken to the observatory to further

*Address all correspondence to: Run Huang, E-mail: rhuang @ optics.arizona
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investigate this aberration. A series of tests demonstrated
that the SCOTS accurately measured the astigmatism to sub-
micrometer accuracy in the presence of a 231-um peak-to-
valley aspheric departure.

The paper is organized as follows. In Sec. 2, we describe
the principle of SCOTS as a Hartmann test in reverse. In
Sec. 3, we provide a detailed discussion of the system design,
expected performance, alignment procedures, and test results.
Conclusions are given in Sec. 4.

2 Principle

SCOTS uses deflectrometry to measure slopes by triangula-
tion. It works like a Hartmann test'® but in reverse. Figure 1
shows the schematic comparison of Hartmann and SCOTS
tests. In a Hartmann test, a point source of light is placed near
the center of curvature of the test mirror, and a plate with a
number of holes is centered just in front of the test mirror.
The point source illuminates the entire test mirror, but only
the light passing through the holes is reflected. One or more
images are recorded for slope calculations. In SCOTS, the
detector in Hartmann test is replaced by an LCD screen and
the point source is replaced by a camera focusing on the test
mirror to detect the light reflected from the display.

When testing a polished optical surface, we are usually
interested in the surface departure of the testing surface
from its ideal shape. We approximate the wavefront slopes
to be equal to Eq. (1) based on the transverse ray aberration
model"’
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Fig. 1 Schematic setup of (a) a Hartmann test and (b) a software configurable optical test system

(SCOTS) test. SCOTS traces rays in reverse.

Axscreen = Xmeasured — Xideal Ay screen — Ymeasured — Yideal»

(©))

where W (x, y) is the wavefront aberration and d,,5 creen 1S the
distance from the mirror to the display. The measured x and y
positions (Xpeasured ANd Ymeasurea) are determined by phase
shifting or line scanning techniques.® The ideal x and y
positions (Xijgey and y;qe) are determined by ray tracing for
the case of an ideal optical surface. From these slopes, a
wavefront map is reconstructed by zonal integration.

3 SCOTS Test for a Large Deformable
Aspherical Mirror

3.1 On-Axis SCOTS

As mentioned in Sec. 1, the LBT secondary mirror is an
f/1.1 deformable ellipsoid with a 910-mm diameter and
a 231-um aspheric departure. Although SCOTS allows an
off-axis configuration as shown in Fig. 1(b), sensitivity to
alignment errors can be reduced by maintaining coaxial
alignment of the camera, display, and test mirror for meas-
uring axisymmetric mirrors. The dominant aberration in
the LBT secondary is astigmatism and it can be described
using Seidel sums as'?

1
Wapp = ESHI’ 3)

— N2yt 4
N Z y <n>’ “)
A = nii + nyc, (%)

Camera aperture

LCD screen

Fig. 2 Ray tracing in SCOTS for Seidel coefficient calculation.
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where y is chief ray height, y is marginal ray height, # and
u' are the chief ray angles before and after reflection, and
u and u’ are marginal ray angles before and after reflection,
respectively.

Applying Eqs. (3)-(6) to a SCOTS test, two rays are
traced through the system, the marginal ray for full aperture
(Fig. 2 dashed ray, y = r) and the chief ray (Fig. 2 solid ray,
y = 0) at the maximum field, (i.e., the camera off-axis dis-
tance, h). Using the paraxial approximation, we can get an
astigmatism of

Wop =—5. @)

The sensitivity of astigmatism to the camera off-axis
distance is

0W222 _ 2 hr2
oh R

®)

Equation (8) shows that the alignment sensitivity of astig-
matism to test geometry increases linearly as a function of
the off-axis distance of the camera. Figure 3 plots the sensi-
tivity for LBT secondary mirror SCOTS test. If we use a test
geometry with the camera at a 100-mm off-axis distance (i.e.,
h =100 mm) and have a 0.1-mm uncertainty of camera
lateral position, there will be a 0.5-um uncertainty for
W,,, in the measurement. However, if we use an on-axis
geometry (i.e., # = 0 mm), a 0.1-mm camera lateral distance

o 10° Alignment sensitivity of astigmatism (W,,,)
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Fig. 3 A plot showing the SCOTS alignment sensitivity of astigmatism

due to the camera off-axis distance for the large binocular telescope
secondary mirror.
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uncertainty will only generate a 0.3-nm uncertainty for W,,,
in the test. Therefore, an on-axis design makes the SCOTS
test less sensitive to geometric uncertainty in component
positions and reduces test geometry induced astigmatism
in the measurements.

It is worth mentioning that the coaxial alignments of the
camera, LCD, and the test mirror also makes the camera view
of the test mirror free from perspective distortion which is
a major difficulty with many SCOTS tests and has to be
calibrated out by putting customized fiducial targets on
the test mirror.’

The on-axis SCOTS setup for the LBT secondary mirror
measurement is shown in Fig. 4. A 7-inch mini LCD screen
with a 190.5-um pixel pitch is aligned at the center of cur-
vature of the secondary mirror to illuminate the test mirror;
a 6-inch pellicle beam splitter with a 2-um thickness is set
between the screen and test mirror and is 100 mm away from
the LCD screen. A camera is put into the reflection path of
the beam splitter. The camera lens has a 1-mm external aper-
ture and a 6-mm focal length with a 42-deg field-of-view.
The distance between the camera and the beam splitter is
also set at 100 mm. An alignment laser is placed opposite
to the camera and is used for creating a reference axis in
the alignment, which will be discussed in detail in Sec 3.3.
A beam dump is also used to prevent stray light from enter-
ing the camera.

3.2 Effect of Beam Splitter

As stated in Sec 3.1, the use of a pellicle beam splitter makes
the test components coaxial to reduce the sensitivity of
the test to alignment. However, the beam splitter inherently
adds errors to the measurement due to its thickness and
shape variation. In this section, we will discuss the effects
of these two potential issues in the LBT secondary SCOTS
test.
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Fig. 4 (a) Geometry layout of the on-axis SCOTS test and (b) experiment setup.

To consider the effect of constant thickness, the beam
splitter is treated as a plane parallel plate (PPP), which causes
a lateral displacement of the rays passing through it. For
srrllglll angles, the lateral displacement D can be approximated
as

Drx———=, )

where T is the thickness of the beam splitter and / is the
incident angle on the beam splitter.

When a PPP is used with collimated light, no aberration is
introduced. However, as shown in Fig. 5, and in a SCOTS
test, the beam splitter is used with converging light where
astigmatism, coma, and spherical aberrations arise. To com-
pute the magnitude of this effect in the test, we added 2 ym

V)
“

Screen

Fig. 5 The constant thickness of the beam splitter introduces aberra-
tions when it is used with converging light.
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Interferometer Reference flat

Beam splitter

Fig. 6 Experiment setup to measure the thickness variation of the
pellicle beam splitter.

to the thickness of the beam splitter in the LBT secondary
SCOTS test model using ZEMAX. The ray trace result
showed that it merely generated 3.4-nm RMS wavefront
errors (mainly astigmatism). Therefore, the measurement
error coming from the constant thickness of the beam splitter
can be ignored for this test because it did not require nano-
meter level accuracy.

The thickness variation of the beam splitter was measured
in transmission with a Fizeau interferometer as shown in
Fig 6. The difference map [Fig. 7(a)] shows that there are
low order thickness fluctuations (2 to 4 cycles/aperture)
in the beam splitter. Figure 7(b) is the integrated one-dimen-
sional power spectral density plot [PSD(v)] of the difference
map [Fig. 7(a)]. Using Eq. (10), the RMS value at a certain
spatial frequency can be calculated'*

rms = / " PSD(v)db. (10)
vl

Based on the above experiment and PSD analysis, three
sine shape surface sags at 1, 4, and 10 cycles/aperture with
RMS amplitude of 3, 0.5, and 0.05 nm, respectively, were
added to the front surface of the beam splitter in the LBT
secondary SCOTS ZEMAX model. The ray trace result
showed that the introduced measurement error was on the
level of 1-nm RMS for the wavefront and 1078 rad for
the wavefront slope, which was also negligible.

The experiments and analysis above are general and
may be extended to similar deflectometry systems using a
beam splitter to make an on-axis alignment. It will help to

RMS =12 nm
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-
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-
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PSD,zm2 X mm

Table 1 Tolerance analysis for large binocular telescope secondary
mirror on-axis SCOTS test.

Camera Mirror  Screen  Root
Wavefront lateral Mirror tilt ~ z shift tilt sum
(unit: gm) shift 1 mm 0.35 deg 20 mm 0.3 deg square
Z5 (astigmatism) 0 0 0 0 0
Z6 (astigmatism) 0.005 0.78 0 0.001 0.78
Z7 (coma) 0.011 0.19 0 0.056  0.20
Z8 (coma) 0 0 0 0 0
Z9 (trefoil) 0 0 0 0 0
Z10 (trefoil) 0 0 0 0 0
Z11 (spherical) 0 0.006 0.21 0 0.21

quantify and budget the effect of a beam splitter during
test design.

3.3 System Alignment

The observatory required better than 1-um RMS sensitivity
in the measurement of astigmatism. Therefore, we designed
the mechanics and the alignment procedure based on the
tolerance analysis in Table 1. The tolerance shows that the
astigmatism is very sensitive to the mirror tilt, whereas it is
insensitive to the screen tilt and the longitudinal distance
from SCOTS to the mirror.

The designed alignment was separated into two steps. The
first step was the in-lab integration of the SCOTS package
with prealignment of the components. The second step was
the alignment of the test mirror and the SCOTS package at
the observatory.

An alignment laser, placed on the opposite side of the
beam splitter to the camera (depicted in Fig. 8), shot
a collimated beam to the beam splitter with 50% of the
light transmitted and 50% reflected. The laser beam served
as the reference optical axis for the whole system. The first
step of the prealignment (Fig. 8©) was to align the camera’s

Integrated 1D PSD

/ 1 cycles/aperture

4 cycles/aperture

jO cycles/aperture

1 () 1 2 3

10° 10 10 10 10

Spatial frequency (cycles/aperture)

(b)

Fig. 7 (a) Difference map with and without beam splitter in the light path. (b) One-dimensional power

spectral density of (a).
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Fig. 8 Alignment of SCOTS test. The SCOTS package was prea-
ligned before taken to the observatory. The on-axis alignment was
achieved with the help of an alignment laser.

(a)

Fig. 9 (a) A bright cross on the screen was lit up to illuminate the
mirror. (b) Reflected image of the cross on the mirror.

I ——

mirror I 7
T
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aperture and the center of the CCD onto the laser beam.
The camera was translated so that the laser beam with
~1-mm diameter was able to go through the 1-mm external
aperture of the camera. Subsequently, by tip-tilting the
camera and monitoring the centroid of the laser beam inci-
dent on the CCD, the laser beam was positioned at the center
of the camera sensor within a 0.1-pixel accuracy. The second
step of the prealignment (Fig. 8®) was to align the LCD
screen perpendicular to the laser beam by adjusting its tip-
tilt so that the laser beam reflected by the screen went back
through the aperture of the alignment laser. The position
where the laser beam was incident on the LCD screen was
recorded for the second alignment step. With these prealign-
ment steps, the SCOTS package was sent to the observatory.

Once at the LBT observatory, the SCOTS package had to
be aligned with the secondary mirror (Fig. 8®) so that (1) the
mirror was centered on the CCD and (2) the mirror was
perpendicular to the SCOTS axis. The mirror centering
was controlled to ~0.2-mm accuracy by fitting a circle to
the image of the mirror boundary where the center of the
circle could be calculated with sub pixel accuracy. The
major challenge in aligning the secondary mirror normal
to the reference optical axis was the central obscuration
on the mirror, which made it impossible to use a vertex
reflection of the laser beam. Instead, we used a bright
cross [see Fig. 9(a)] produced by the LCD screen at the pre-
viously recorded position. By adjusting the mirror tip-tilt and
having both the mirror and the reflected cross centered on
the CCD, [as shown in Fig. 9(b)], the mirror was aligned
with its vertex perpendicular to the optical axis. Considering
the limitation of the mechanical mounting of the mirror and
the width of the reflected cross, we estimated the mirror tilt
was aligned within 0.1-deg accuracy.

With the two-step alignment procedures, the test setup
was aligned within the tolerance and was capable of meas-
uring astigmatism with submicrometer accuracy.

3.4 Test Results

The performance of the low-order aberration measurement of
this SCOTS was first verified with the secondary mirror
pointing straight down as shown in Fig. 10(a). Intensity

Fig. 10 SCOTS test of the secondary mirror with mirror (a) pointing straight down and (b) at 30-deg

elevation position.
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sinusoidal fringes were displayed on the LCD screen in the
x and y directions and a four-step phase-shifting algorithm
was used to register the mirror pixel coordinates with the
screen pixel coordinates. Figure 11 shows camera captured
raw intensity maps of the sinusoidal fringes reflected by the
mirror and Fig. 12 shows the calculated LCD screen posi-
tion. At this position, SCOTS measured ~0.2-um (RMS)
astigmatism. This 0.2 um (RMS) might be the combined
effect from the alignment uncertainty, the systematic error
in SCOTS, and a small amount of inherent errors in the sec-
ondary mirror.

After the initial measurement, a series of controlled aber-
ration, 1-uym astigmatism (RMS), 1-um coma (RMS), and
1-um trefoil (RMS) wavefront errors were intentionally
added using the deformable secondary mirror and SCOTS
accurately measured these aberrations with submicrometer
accuracy. The wavefront maps shown in Fig. 13 are the com-
manded wavefronts, measured wavefronts, and the differ-
ence. The repeatability of the test is 2-urad RMS in slope
and 98-nm RMS in wavefront, taking measurements at
the same test configuration several times.

After the verification tests with the secondary mirror
pointing straight down, this compact SCOTS system was
then used to measure the secondary mirror at a different
elevation. Figure 10(b) shows the test configuration at a
30-deg elevation (i.e., optical axis at 60-deg from vertical).
Moving the mirror to a 30-deg elevation introduced a large
amount of astigmatism, the value of which is a function of
the path followed (hysteresis). As shown in Table 2, reaching
a 30-deg elevation from the vertical position caused an
~6.2-um RMS astigmatism but only an ~3.7-um RMS astig-
matism when the position was reached from horizon pointing
(i.e., optical axis horizontal). This test result confirmed
previous measurements taken with the unit installed at the
telescope, including the hysteretic behavior of the introduced
aberration. Several other SCOTS measurements were also
done after modifying the secondary mirror hardware con-
figuration in an attempt to determine the causes of this
aberration. Although no direct cause was found, the mea-
surements eliminated several potential causes. The results
obtained will help the observatory design a series of tests
to further investigate the source of the astigmatism.

Fig. 11 Raw intensity images of the sinusoidal fringes reflected by the mirror.
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Fig. 12 Measured liquid-crystal display screen position in x and y directions (unit: mm). Those positions
were calculated by phase unwrapping algorithm. The secondary mirror is an f/1.1 ellipsoid with
231-um aspheric departure, so the measured wavefront was dominated by spherical aberration and
consequently the above patterns show a coma shape (SCOTS directly measures the slopes of

wavefront).
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Commanded, rms = 1.00 um

(@)

Commanded, rms = 1.00 um

(d) - (e)

Commanded, rms = 1.00 zm

(9) (h)

Measured , rms = 0.96 um

(b) (©

Measured , rms = 0.97 um

Measured , rms = 1.00 um

Difference, rms = 0.08 um

Difference, rms = 0.16 um pm

(f)

Difference, rms = 0.15 um

(i)

Fig. 13 SCOTS measurement results with controlled aberration in secondary mirror. Unit: um. (a), (d),
and (g) are commanded wavefront aberrations which are 1-um RMS astigmatism, 1-um RMS coma, and
1-um RMS trefoil, respectively. (b), (e), and (h) are SCOTS measured wavefront aberrations. (c), (f), and
(i) are the differences between commanded and measured wavefront aberrations.

Table 2 Measured astigmatism by reaching 30-deg from zenith posi-
tion and horizon position.

Test sequence Straight down to 30 deg Horizon to 30 deg

Astigmatism 6.21 um 3.75 ym

4 Conclusion

An on-axis SCOTS was successfully constructed to measure
low order aberrations in the presence of a large spherical
departure with submicrometer accuracy. The SCOTS does
not require using a null lens and is very compact, allowing
us to easily measure the aberrations at multiple mirror ori-
entations with respect to gravity. Unlike previous SCOTS
systems, this new on-axis setup does not require perspective
corrections. Furthermore, the use of off-the-shelf products
for the LCD screen and camera makes this system cost-effec-
tive. A detailed study of the beam splitter was presented,
which can help us to budget its effect in future SCOTS tests.

To advance this technology to a higher accuracy level,
careful calibrations related to system geometry, lens imaging
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aberration, stray light, etc., need to be performed. Continuing
research on the SCOTS system calibration is being con-
ducted in our group to improve the accuracy of the test to
a nm or even a subnanometer RMS.
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