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ABSTRACT

Collimated phase measuring deflectometry (CPMD) is an optical metrology technique developed to improve upon traditional phase measuring deflectometry (PMD).
CPMD utilizes telecentric imaging and collimated structured light illumination to eliminate the height-slope ambiguity present in traditional PMD measurements.
After the publication of the first CPMD paper, efforts began to optimize the optical layout of the CPMD system. The first proposed change, and the one detailed in
this work, was to move the Fourier transform (FT) lens closer to the surface under test (SUT). Moving the FT lens closer to the SUT meant that for a given FT lens
diameter, a larger range of surface slopes on the SUT could be measured. This change to the optical layout was not trivial and introduced at least two concerns that
had to be addressed: telecentricity in the imaging path and possible ghost reflections from the re-located FT lens. In this work, we examine how these concerns were
addressed and present results showing that the revised optical layout is capable of measurement results at least as good as the original CPMD optical layout. We also

demonstrate the increased slope measuring range of the revised optical layout.

1. Introduction

In traditional phase measuring deflectometry (PMD) systems, precise
calibration of the camera is critical to making error-free measurements
[1-7]. This calibration relies heavily on precise knowledge of the rel-
ative positions of the components in the system in order to accurately
map between screen pixels and camera pixels. Any errors in compo-
nent positioning lead to camera calibration errors which lead directly
to measurement errors. The technique of collimated phase measuring
deflectometry (CPMD) introduces telecentric imaging to greatly reduce
errors in the camera calibration process. The camera rays in a CPMD
system are parallel to the optical axis and their lateral coordinates on
the surface under test (SUT) are not affected by sample depth [8].

Additionally, traditional PMD measurements are subject to the prob-
lem of height-slope ambiguity [9-15,1]. This height-slope ambiguity is
present because different slopes placed at different sample depths can
yield rays that land at the same location on the screen. With CPMD, a
Fourier transform (FT) lens is used to mitigate the height-slope ambigu-
ity. An FT lens maps the field angle of rays before the lens to distinct
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positions in the image plane. This means that surface slopes can be
uniquely determined, even if the SUT is placed at a depth different from
the reference plane [8].

The CPMD system described in [8] utilized the optical layout that is
represented in Fig. 1(a). In this layout, FT lens is placed on the screen
side of the beamsplitter. This arrangement worked well and allowed the
illumination and imaging paths to function without sharing optical com-
ponents. However, as the slope range of the surfaces under test became
larger, the FT lens became the limiting aperture of the system. In order
to increase the slope measuring range of the system without needing to
increase the size of the FT lens, a change to the optical layout of the sys-
tem was proposed. In the new layout, shown in Fig. 1(b), the FT lens
is moved to the other side of the beamsplitter and thus closer to the
SUT. In this work, we examine how this change to the optical layout
increases the slope measuring range, we address the challenges associ-
ated with the optical layout change, we compare measurement results
between the two optical layouts, and finally, we present results demon-
strating the increased slope measuring range.
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Fig. 1. (a) Original and (b) revised CPMD layouts. The revised layout features a
reduced distance, d,,,,,, between the surface under test and the Fourier transform

(FT) lens. This increases the measurable slope range of the CPMD system by
increasing the acceptance angle of the FT lens.

2. CPMD system re-design

In order to increase the slope measuring range of the CPMD system,
a change to the optical layout of the system was proposed: move the FT
lens closer to the SUT. If we consider a fan of rays leaving the SUT, as
the distance from the SUT increases, the diameter of the fan of rays also
increases. The FT lens must capture all of these rays in order to measure
the full SUT, so as the separation distance between SUT and FT lens
is increased, the minimum diameter of the FT lens must also increase.
In the case of a spherical concave mirror, we can state the relationship
between the separation distance and the minimum diameter with the
following equation:

2dtan(8) — Dgyp, ifd>2fsyr
Dlens =

otherwise

1
Dsyr, @
where D, is the FT lens minimum diameter, d is the separation dis-
tance between the SUT and FT lens, 6 is the max field angle (twice the
maximum slope), D, is the diameter of the surface under test, and
fsyr is the focal length of the SUT. The FT lens diameter, D,,,,, in all
cases must be equal to or greater than the SUT diameter, D, due to the
use of telecentric imaging. In the original CPMD layout, the minimum
distance between the FT lens and the SUT is 185 mm due to the space
required by the beamsplitter and the mechanical mounting hardware of
the beamsplitter and FT lens. In the revised CPMD layout, the minimum
distance between the FT lens and SUT can be less than 10 mm.

In the example illustrated in Fig. 2, a 50 mm diameter concave mir-
ror with a 100 mm radius of curvature and total slope range of just over
+ 260 mrad serves as the SUT. Using the equation above, we can see that
measuring this mirror with the original CPMD optical layout would re-
quire an FT lens with a minimum diameter of 164 mm. With the revised
setup, this same measurement could be made with a 50 mm diameter
Fourier lens.

2.1. Potential issues with re-design

We can consider the CPMD system as consisting of two optical paths:
the illumination path and the imaging path. The illumination path con-
sists of the screen, FT lens, beamsplitter, and SUT. The components in
this path do not change when the FT lens is moved, so this path is not
affected by the proposed change to the optical layout. The imaging path
in the original CPMD layout consisted of the camera, telecentric lens,
beamsplitter, and SUT. Moving the FT lens to the other side of the
beamsplitter means that the FT lens is now in the imaging path. The
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fundamental principles of CPMD require that the camera rays in the
imaging path be collimated [8]. Previously, this was achieved by the
use of a commercial telecentric lens. We must consider how adding an
optical element to this path affects telecentricity and ensure that the
imaging path remains telecentric and thus the camera rays remain col-
limated. Additionally, placing the FT lens in the imaging path means
that there is a direct path for ghost reflections from the lens to travel
back to the camera. These ghost reflections could influence the ability
to make measurements and must also be addressed. Finally, we must
consider that having the FT lens in both the illumination and imaging
paths means that any aberrations introduced by the FT lens will now be
present in both optical paths.

2.2. Addressing telecentricity

A telecentric lens has the entrance pupil, exit pupil, or both located
at infinity and these three types of telecentric lenses are referred to as
object space telecentric, image space telecentric, or bi-telecentric, re-
spectively. The result of having the pupil at infinity is that the chief
rays in the respective space are parallel to the optical axis and can be
considered collimated [16].

As an example, we can consider an object space telecentric lens. With
the entrance pupil located at infinity, the object space chief rays are
parallel to the optical axis. An object space telecentric lens will see no
magnification change as the object distance is changed. Object space
and bi-telecentric lenses are often used in machine vision inspection
applications where the sample depth of the part being examined may
vary from part to part [17]. CPMD utilizes object space telecentricity to
make the lateral coordinates of the camera rays on the SUT independent
of the placement of the SUT along the optical axis.

The original CPMD layout used an off-the-shelf bi-telecentric lens
from Edmund Optics (EO #55-348). The camera rays leaving this tele-
centric lens were collimated, and practically no change in magnification
could be seen when the SUT was moved along the optical axis. The pro-
posed re-design moves the FT lens to a location between the telecentric
lens and the SUT. Moving the FT lens to this new location results in
the loss of telecentricity because the FT lens will bring the collimated
camera rays to a focus.

To avoid losing telecentricity and maintain collimated camera rays,
we proposed replacing the telecentric lens with a traditional imaging
lens and using it along with the FT lens to form a compound lens. By
spacing the FT and imaging lenses properly along the optical axis, it is
possible to place the combined focus of the FT lens and the front half of
the imaging lens at the location of the aperture stop in the imaging lens.
We constructed a Zemax [18] model to determine the optimal spacing
and placed the elements onto an optical table at the prescribed spacing.
We then performed measurements to refine the spacing and to confirm
telecentric imaging.

2.2.1. Modeling telecentricity

To model telecentricity in the imaging path, we created a Zemax
model which consisted only of the object, FT lens, imaging lens, and
image. We created a merit function that minimized the angle between
the optical axis and the chief rays leaving the object by adjusting the
spacing between the FT lens and imaging lens. To choose the lenses,
two main factors were considered.

First, the focal length of the FT lens was chosen to be around 500
mm. This was driven by the illumination path. The mapping between
the field angle of rays reflected from the SUT and their position on the
monitor displaying the fringe patterns is:

y=ftanf (2

where y is the position on the monitor, f is the focal length of the FT
lens, and 0 is the field angle. To ensure that we could map the total
proposed slope range of + 200 mrad to the monitor, we selected an
FT lens (Edmund Optics 86084) with a focal length of 494.72 mm. If
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Fig. 2. Measuring a 50 mm diameter SUT with 100 mm radius of curvature using the original CPMD optical layout would require a 164 mm diameter FT lens. The
revised CPMD optical layout is able to perform this same measurement with only a 50 mm diameter FT lens.

Imaging lens

Fig. 3. Photograph of the experimental setup used to test telecentricity in the imaging path. A calibration chessboard is placed on a translation stage which is moved
along the optical axis to positions + 15 mm from the home position. The telecentricity of the FT lens + imaging lens combination is calculated by comparing the

location of the chessboard vertices in images captured at both locations.

we consider a 50 mm diameter concave mirror with maximum surface
slopes of + 200 mrad (giving maximum field angles of + 400 mrad),
the maximum screen positions are approximately + 184 mm from the
center of the screen. The monitor used to display the fringe patterns in
our experimental setup is 693 mm x 393 mm, so we are able to measure
the full slope range and avoid any possible effects from the edge of the
monitor.

The second consideration was to utilize as many of the camera pix-
els as possible. To achieve this goal, we needed to select an imaging lens
with a field of view slightly larger than the FT lens when the two lenses
are optimally spaced for telecentric imaging. This required iterating be-
tween telecentricity model mentioned above and a second Zemax model
that determined the object height for a given image height and separa-
tion distance. The camera in the CPMD setup uses a sensor that is 7.8
mm x 7.8 mm, so we fixed the image height to 7.8 mm and spaced the
object and image at the separation distance determined by the telecen-
tricity model. With the image height and separation distance fixed, the
object height could be determined to provide the field of view informa-
tion required. Ultimately, we selected a lens with a fixed focal length of
50 mm (Edmund Optics 59873).

With both lenses selected, the optimal spacing between lenses was
determined to be around 494.7 mm. We placed the lenses on an optical
table at approximately the correct distance and performed the measure-

ments described in the following section to maximize the telecentricity
of the imaging path.

2.2.2. Measuring telecentricity

To confirm that the camera rays of the revised optical layout were
indeed collimated, we measured the change in magnification as a target
was moved along the optical axis. For this measurement, a calibration
checkerboard was placed on an axial translation stage at the location
where a SUT would be placed. The translation stage was moved + 15
mm along the optical axis from the home position and images of the
checkerboard were captured at each end location. A photograph of the
experimental setup used to measure telecentricity is shown in Fig. 3.

Using OpenCV [19] and Python, the vertices of the checkerboard
were identified in the captured images and the positions of the ver-
tices at the two axial distances were compared. The measurement was
performed first using the commercial telecentric lens from the original
CPMD setup and then repeated with the FT lens + imaging lens from
the revised optical layout. For the FT lens + imaging lens, the spacing
along the optical axis between the two lenses was adjusted to minimize
the change in magnification. Both measurements showed the locations
of the checkerboard vertices varying by less than one camera pixel. The
maximum pixel error for the commercial telecentric lens was 0.76 pix-
els and for the FT + imaging lens, the maximum error was 0.08 pixels
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Telecentric Lens
Max Pixel Error in X: 0.76 pixels
Max Pixel Error Y: 0.68 pixels
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FT Lens + Imaging Lens
Max Pixel Error in X: 0.075 pixels
Max Pixel Error Y: 0.1 pixels
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Fig. 4. Plot comparing the change in magnification as a checkerboard target is translated 30 mm along the optical axis. The locations of the checkerboard vertices
are identified in images taken at either end of the translation and the difference in pixels is measured. Results are shown for the commercial telecentric lens (a) and

for the T lens + imaging lens (b).

as shown in Fig. 4. The experiment demonstrated that the FT + imaging
lens combination offered equivalent, or even slightly improved telecen-
tricity when compared with the commercial telecentric lens used in the
original CPMD setup. The slightly improved telecentricity is likely due to
having a smaller aperture in the imaging lens compared to the commer-
cial telecentric lens. The range over which the telecentricity was tested
(+ 15 mm) is far greater than the range needed for mirror measure-
ments, so the difference is not likely to affect or improve measurement
results.

2.3. Addressing ghost reflections

In the original CPMD optical layout, the FT lens was not within the
field of view of the camera. In the revised layout, the FT lens lies fully
within the field of view of the camera. The reflectance of uncoated glass
is around 4% which means that both the front and back surfaces of
the FT lens could potentially reflect the fringe patterns displayed on
the monitor back towards the camera. Images of the first order ghost
reflections can be captured by the camera by placing a dark background
behind the lens in place of a reflective SUT. These images of the ghost
reflections can then be subtracted from subsequent measurements of the
SUT. The second order reflections, however, include reflections from
the SUT and change based on the SUT and cannot be subtracted. With
sufficient intensity, these second order reflections can introduce errors
into the CPMD measurements.

We can calculate the relative intensity of the ghost images reflected
from the surfaces of the FT lens. When light is reflected from the lens,
we multiply by the reflectance of the lens, R,,,, to obtain the relative
intensity of the reflected light. For each transmission through the glass,
Ty1ass> we multiply by 1 — R, We also need to take into account the
reflectance of the SUT, Rgyr, in order to consider higher order ghost
reflections. In the example that follows, we used a mirror from Edmund
optics with an enhanced aluminum coating which has an average re-
flectance, R,,;, o> Of > 95% [20].

For an uncoated FT lens, the relative intensity of the first order re-
flections from the front (the side of the lens facing the camera) and rear
of the lens are, respectively:

Ifront,lst =1 Rlens =0.04 3

4

The second order reflections from the front and rear of the lens, respec-
tively, are then:

1,

rear,1st

=1- Tlens ! Rlens ! Tlens =0.037

2 2
Ifrant,2nd =1 Tlens “Riirror * Tiens * Riens * Tiens * Runirror - T1gn5 =0.028 (5)

Table 1

Relative intensity of 1st and 2nd order
ghost reflections from the front and rear of
both uncoated and AR coated FT lenses.

Surface Order Uncoated  Vis 0°

Front 1st 0.0400 0.00400
Rear 1st 0.0369 0.00397
Front 2nd 0.0283 0.00352
Rear 2nd 0.0307 0.00355

Fig. 5. Comparison of ghost images captured using the (a) uncoated Fourier
lens and (b) Vis 0° AR coated FT lens [21]. A concentric fringe pattern was
displayed on the monitor and the FT lenses were intentionally misaligned to
separate the front and back ghost reflections. Both images were captured with
the same camera exposure settings.

-T2 =0.0307

lens

=1-T2

lens

1

rear,2nd ‘R : Rlens * R (6)

We can now make these same calculations for an FT lens with an anti-
reflective (AR) coating (Edmund Optics Vis 0° [21]) with a reflectance
of 0.4%. The results are summarized in Table 1 and show that the AR
coating on the FT lens reduces the relative intensity by approximately a
factor of 10.

Initial testing with an uncoated FT lens indicated that the intensity
of the ghost reflections captured by the camera was enough to influence
measurement results. For the first order reflections, background subtrac-
tion was effective in limiting the effect, but the second order reflections
had sufficient intensity to affect the measurement results. To address
the ghost reflections, we replaced the uncoated FT lens with a Vis 0° AR
coated lens. For comparison, we captured images of the first order ghost
reflections from the two lenses using the same camera exposure settings.
Fig. 5 compares the ghost images from the uncoated and coated lenses

mirror mirror
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1.2 (c) RMS of de-tilted height dispersion

20 25 30

Measurement

Fig. 6. Repeatability of CPMD measurements with the re-designed optical layout. (a) X-slope and (b) y-slope are repeatable to a level better than 0.5 prad and (c)

height is repeatable to a level better than 1.2 nm.

and it shows that the intensity of the ghost reflections is greatly reduced.
Subsequent measurements of mirrors demonstrated that the change to
an AR coated FT lens was sufficient to reduce the intensity of the ghost
reflections to a level that no longer interfered with the measurement
ability of the CPMD system when considering reflective optics. For non-
reflective optics such as lenses, the decreased reflectivity of the SUT is
closer to the reflectivity of the FT lens so the relative intensity of the
ghost reflections is increased. For reflective optics, we have shown that
the relative intensity of the ghost reflections is small enough to not inter-
fere with the measurement accuracy of the system, but for non-reflective
optics, we will need to consider the trade-off between slope measuring
range and intensity of ghost reflections.

3. Experimental evaluation

The next step for the validation of the revised CPMD optical layout
was to measure mirrors that were measured with the original CPMD
optical layout and compare the results. As with the original CPMD opti-
cal layout, camera calibration is a critical step that must be completed
prior to making measurements. This calibration process is needed to
accurately convert from camera pixels to distances on the SUT. In the re-
vised layout, the combined FT lens + imaging lens functions in the same
way as the telecentric lens functioned in the original optical layout, so
the camera calibration process is identical and the process was com-
pleted without any difficulties. While making measurements with the
revised optical layout, we found that the boundary between the edge of
the mirrors and the holder that we used for the evaluation created spu-
rious reflections that interfered with the measurements. Because of this,
we reduced the area of interest to a circle of 30 mm diameter instead of
the full 50 mm diameter of the mirror. Nonetheless, the results from the
revised layout described in the following sections compared favorably
to the results from the original layout and we will continue developing
the system using the revised layout including addressing the issues with
the mirror holder.

3.1. Repeatability

The first test we performed was to evaluate the repeatability of mea-
surements made with the CPMD system using the revised optical layout.
We measured a flat mirror and repeated the measurement 30 times. We
then took the mean of these measurements and calculated the disper-
sion from the mean for each of the individual measurements. We found

that both the x-slope and y-slope measurements were repeatable to a
level better than 0.5 prad and the height was repeatable to a level bet-
ter than 1.2 nm. Fig. 6 is a plot showing the results of the repeatability
measurement.

3.2. Sample depth testing

One of the key advantages of CPMD when compared to traditional
PMD methods is its greatly reduced sensitivity to sample depth position-
ing along the optical axis. To evaluate the sensitivity to sample depth
positioning, we measured mirrors at their nominal position along the op-
tical axis and then repeated the measurements as the sample was moved
along the optical axis using a translation stage. Prior to mounting the
mirror on the translation stage, we used the checkerboard from the tele-
centricity test to align the translation stage to the optical axis to ensure
that the motion was along the axis and did not introduce additional er-
rors. Two measurements were made at the nominal position with one
serving as the reference measurement for all other measurements and
the other serving as a comparison to the reference at the nominal posi-
tion. As in the original CPMD publication, the mirrors were measured
at 1 mm increments up to + 5 mm from their nominal position.

A flat mirror was measured first and the results from those measure-
ments are shown in Fig. 7. The maximum x-slope deviation was 2.4 prad
RMS and the maximum y-slope deviation was 1.6 prad RMS. The height
measurement showed a maximum deviation from the reference mea-
surement of 6.4 nm RMS.

A mirror with 200 mm radius of curvature (Edmund Optics #13-069)
was then measured and those results are shown in Fig. 8. The maximum
x- and y-slope deviations from nominal were 8.5 prad RMS and 6.8 urad
RMS, respectively. For the height reconstruction, the maximum devi-
ation from nominal was 19.3 nm RMS. We do see, as in the original
CPMD publication, spherical aberration contributing to the error term
as the mirror is translated along the optical axis. Spherical aberration
cannot be avoided with the spherical, plano-convex FT lens currently
being used, but we plan to address this going forward with a optimized
custom FT lens design to include an aspherical surface.

As mentioned previously, the diameter of the measured area was
smaller with the revised optical layout due to an issue with the mirror
holder, so we re-evaluated the results from [8] using the central 30 mm
diameter area as the test area. For the flat mirror, the maximum height
error using the central 30 mm diameter in the original setup was found
to be 2.0 nm RMS compared to the 6.4 nm RMS height error seen in
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Fig. 7. Measured dispersions of a flat mirror measured at different sample depths. Measured (a) x-slope, (b) y-slope, and (c) height are largely insensitive to depth
changes along the optical axis.
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Fig. 8. Measured dispersions of a mirror with 200 mm radius of curvature measured at different sample depths. Measured (a) x-slope, (b) y-slope, and (c) height are
largely insensitive to depth changes along the optical axis.

the new setup. For the 200 mm radius of curvature mirror, the original An example of the fringe patterns captured during this measurement is

setup showed a maximum height error of 14.5 nm RMS compared to a shown in Fig. 9 and the results of this measurement are shown in Fig. 10.
maximum height error of 19.3 nm RMS in the revised setup. The slight We were able to measure a total x-slope range of 456 mrad and a total
increase in measurement error is likely due to the decreased diameter y-slope range of 373 mrad with a 75 mm diameter FT lens. For compar-
of the FT lens in the new setup and aberrations present in the yet-to- ison, the original CPMD optical layout would have required a 131 mm
be optimized imaging path utilizing the imaging lens + FT lens as a diameter FT lens to make the same measurement (based on the total
telecentric lens. We are confident that the slight increase in RMS height x-slope range).
error can be reduced with optimization of the system and will proceed For prototyping and testing of the revised optical layout, we re-used
with development of the revised optical layout. the 145 mm X 100 mm plate beamsplitter (Knight Optical BGF14507)
We also wanted to verify the increased slope measuring range of the from the original optical layout. With the revised optical layout, this
revised optical layout by measuring a mirror similar to the one described beamsplitter became the limiting aperture of the system as we increased
in the example given in Section 2. For this, we measured a 50 mm diam- the curvature of the SUT. As the curvature of the mirror is increased, the
eter mirror with 100 mm radius of curvature (Edmund Optics #13-068). fan of camera rays leaving the SUT spreads out faster than it would with
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Fig. 9. An example of the fringe patterns captured by the system during measurement of a mirror with 100 mm radius of curvature. The number of fringes displayed
on the screen for each captured image were, respectively, (a) 1 fringe, (2) 9 fringes, and (3) 81 fringes.
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Fig. 10. A 50 mm diameter mirror with 100 mm radius of curvature was measured using the revised optical layout. The measured (a) x-slope and (b) y-slope are
shown along with the (c) reconstructed height. Re-using the beamsplitter from the original optical layout limited the measurement area to what is shown. Even with
this limitation, the maximum measured slope range was 456 mrad.
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Fig. 11. A freeform mirror with 26 mm clear aperture was measured with the system. The reconstructed height, measured x-slope, and measured y-slope are shown

in the panels from left to right. The maximum measured slope range was 117 mrad.

a flatter mirror, and in the case of the 100 mm radius of curvature mir-
ror, some of the camera rays leaving the SUT followed a path that took
them beyond the extent of the beamsplitter. This was an expected and
accepted trade-off of the optical layout re-design since larger beamsplit-
ters are available as commercial off-the-shelf parts (such as Edmund
Optics #72-502). The FT lens, on the other hand, will ultimately need
to be a custom design to achieve the best measurement results and a
smaller diameter custom FT lens will be less costly and take less time
to manufacture. Even with the limiting aperture of the beamsplitter, we
can see that the slope measuring range of the system has been increased.

Finally, we sought to verify the ability of the system to measure
a freeform mirror that included both convex and concave shapes. The
freeform prescription is proprietary, but we are able to share the results
of the measurement as shown in Fig. 11. The maximum measured slope
range was 117 mrad in the x-direction and 111 mrad in the y-direction.

4. Discussion and conclusion

CPMD is an innovative technique that improves upon traditional
PMD methods by reducing or eliminating both the sensitivity to sample
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depth positioning along the optical axis and the height-slope ambiguity.
This is accomplished by utilizing telecentric imaging to reduce the sen-
sitivity to sample depth positioning and by utilizing a Fourier transform
lens to map the field angles of camera rays reflected from the surface
under test to positions on the screen displaying fringe patterns.

A change to the optical layout of the components in the CPMD sys-
tem was proposed in order to increase the slope measuring range of the
system for a given FT lens diameter. By moving the FT lens closer to the
SUT, the acceptance angle of the FT lens is increased, thus increasing
the range of surface slopes that can be measured by the system. While
changing the optical layout had the potential to increase the slope mea-
suring range, we also needed to ensure that the measurement accuracy
of the system was not affected.

In order to maintain telecentricity in the imaging path, the com-
mercial telecentric lens used in the original CPMD optical layout was
replaced with a traditional imaging lens. By carefully spacing the imag-
ing and FT lenses along the optical axis so that the combined focus of
the FT lens and the front half of the imaging lens is located at the aper-
ture stop of the imaging lens, we were able to achieve telecentricity at
least as good as, if not better than, the telecentricity obtained with the
commercial telecentric lens.

Another issue with the potential to affect the measurement accuracy
of the system was the introduction of ghost reflections from the surfaces
of the FT lens. If the fringe patterns displayed on the screen reflected
from the surfaces of the FT lens and had sufficient intensity to be cap-
tured by the camera, then the measurement results would be influenced.
We found that using an FT lens with an anti-reflective coating reduced
the relative intensity of the ghost reflections sufficiently to not affect
the measurement ability of the system for reflective optics. If we wish
to measure non-reflective optics, we will need to consider the trade-off
between the increased slope measuring range and the increased relative
intensity of the ghost reflections when compared to the original opti-
cal layout. We also found that background subtraction of the first-order
ghost reflections is possible, but thus far has not been necessary to main-
tain measurement integrity.

We next wanted to verify that the changes to the optical layout did
not affect the measurement accuracy of the CPMD system. We did this
by repeating some of the measurements made in the original CPMD
publication. For these measurements, the slope of mirrors was mea-
sured with the system and the height of the mirrors was reconstructed
from the slope measurements. The first of the measurements verified
the repeatability of the system by measuring a flat mirror placed at the
nominal sample depth position repeatedly. We found that the repeata-
bility achievable with the revised optical layout was comparable to the
repeatability achieved with the original optical layout. The next mea-
surements verified that the system is relatively insensitive to sample
depth positioning along the optical axis. Both a flat mirror and a mir-
ror with a 200 mm radius of curvature were measured at the nominal
position along the optical axis and the measurements were repeated as
the mirrors were translated + 5 mm along the optical axis. Again, the
performance of the revised optical layout was comparable to that of the
original optical layout.

Finally, we wanted to verify the increased slope measuring range of
the system. We measured a 50 mm diameter mirror with 100 mm radius
of curvature and were able to measure a maximum total slope range
of 456 mrad using a 75 mm diameter FT lens. Performing this same
measurement with the original optical layout would have required, at
minimum, a 131 mm diameter FT lens. Overall, the optical layout re-
design achieves the goal of increasing the slope measuring range of the
CPMD system and does so without sacrificing measurement accuracy.

Going forward, we have identified three sources of measurement er-
ror that, if properly addressed, can improve the measurement accuracy
of the system. The first is the presence of spherical aberration mentioned
both in the first CPMD publication and also noted here in the section
discussing the sample depth testing results. Currently, the FT lens is a
singlet, plano-convex spherical lens and spherical aberration cannot be
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avoided when using this lens. Replacing the spherical lens with an as-
pherical lens could address this issue, but it must also be balanced with
the next source of error which is f tan(@) distortion. As shown in Equa-
tion (2), the relationship between the field angle of camera rays reflected
from the SUT and the mapping to pixels on the screen is paramount
to achieving accurate measurement results. Distortion introduces errors
into this mapping relationship with the error increasing as the surface
slope (and thus field angle) increases. Optimization of the FT lens to re-
duce spherical aberration and distortion will increase the measurement
accuracy of the CPMD system. Any optimization of the FT lens must also
consider how the lens and any aberrations introduced by the lens might
affect the imaging path. The final source of error currently being con-
sidered is retrace error. Retrace error decreases measurement accuracy
as rays taking different paths through the optical elements of the sys-
tem will accumulate different levels of error due to both the presence
of aberrations inherent in the optical design as well as the presence of
fabrication anomalies that cannot be avoided. Efforts are underway to
implement retrace error calibration methods similar to those used in co-
herence scanning interferometry [22] in order to reduce the effect on
measurement accuracy.
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