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Abstract

Advanced metrology methods are continually being developed and refined to meet the demanding quality standards
of high-performance X-ray mirrors. Among these, interferometric techniques are the most widely used for measuring
the height maps of optical surfaces. However, they often encounter limitations when applied to strongly curved or
freeform surfaces, primarily due to high fringe density caused by steep slope. To address these challenges, we have
developed a laser Speckle-based Curvature Optical Metrology instrument (SCOM) for measuring the two-dimensional
surface curvature maps. This technique offers an alternative for characterizing complex optical surfaces by using a
digital image correlation algorithm to extract curvature information from the speckle pattern, which effectively acts as
a set of wavefront markers. We have demonstrated the effectiveness of this method for measuring strongly curved
mirrors with a radius of curvature from 10 m down to 100 mm. Additionally, we have applied this technique to online
deterministic figuring of optical surfaces, in-situ stress measurements during multilayer deposition processes, and the
characterization of deformable mirrors. This technique shows great promise not only for high precision metrology of
X-ray mirrors used in synchrotron radiation facilities, free-electron lasers, and space and astronomical observatories, but

also for freeform optical components in advanced industrial applications.

Introduction

The high-precision metrology of mirrors plays a crucial
role in advancing the performance and capabilities of
modern X-ray optics, particularly in scientific applications
such as synchrotron radiation, X-ray astronomy, and
X-ray microscopy." For instance, to exploit optimally
modern high-brilliance X-ray sources, experiments
increasingly require high accuracy reflective optics with
peak-to-valley figure errors of the order of 1nm over
spatial periods from 0.1 mm up to tens of centimetres.
This is particularly the case for X-ray instrumentation
seeking to exploit the spatial coherence of the X-ray
beams. Correction of figure errors at these scales is pos-
sible using deterministic figuring techniques such as
elastic emission machining, computer controlled robotic
polishing, differential coating and ion beam figuring.>~”
Nevertheless, all figure correction methods depend on
accurate metrology information to determine the neces-
sary corrections to the surface topography.®*~!

Coordinate Measuring Machines (CMMs) use
mechanical or optical probes to map surface geometry in
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three-dimensional (3D) space to provide high geometric
accuracy over large areas with flexible probe types, but
this approach suffers from low speed and throughput.'?
Interferometric metrology is an instantaneous method for
the measuring the two-dimensional (2D) height map of
the surface under test (SUT) relative to the Fizeau’s
transmission reference optic. Fizeau interferometry (FI) is
suited for planar and spherical surfaces, depending on the
transmission optic which is used.'*'* However, dedicated
and careful calibration of the optical system errors from
the reference optics and, if applicable, a Computer-
Generated Hologram (CGH) is required.">®

The field-of-view (FOV) of conventional interferometric
systems often limits the ability to fully capture the surface
of large mirrors. To overcome this limitation, Fizeau- and
micro-interferometer stitching techniques are increas-
ingly being developed to extend the measurement cap-
ability of interferometers to large apertures while
maintaining high resolution.'”~** This technique involves
taking multiple interferometric measurements across
different sub-apertures of the mirror surface and then
using computational algorithms to merge the data into a
single, high-resolution surface map. A complex stitching
process involves measuring overlapping regions of the
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surface using sub-aperture interferometers and applying
digital alignment techniques to correctly align the sub-
apertures by minimizing the systematic errors such as
piston, tilt, and lateral offsets. However, their imple-
mentation for both shorter radius and strongly aspheric
surfaces is non-trivial, which has led to the development
of so-called relative angle determinable stitching inter-
ferometry (RADSI).>> This approach improves perfor-
mance of stitching interferometry for strongly-curved
mirrors, but requires a reference mirror during the mea-
surement and employs advanced algorithms and sig-
nificant computation to accurately determine relative
angles and stitch data. Furthermore, digital holographic
microscopy (DHM) is a fast, non-invasive interferometric
technique with high phase-measurement accuracy,
enhanced recently by deep learning, and widely used for
surface-profile measurements.”*">® The main challenge in
current DHM is that traditional aberration-compensation
methods are inadequate for large-aperture measurements,
making precise, efficient characterization of high-
Numerical Aperture (NA) objects difficult.*”

Nanometer Optical Component Measuring Machines
(NOM) and Long Trace Profilers (LTP) are widely used in
X-ray metrology for measuring moderately curved mir-
rors, and provide 1D slope profiles with lateral resolution
limited to 1-2 mm due to the pencil beam size used in
scanning.”®* "> Although the NOM can measure the full
surface by combining with sagittal and diagonal traces,
this is a time-consuming process, and the extended
duration requires a stringent measurement environment
and minimal instrumental drifts. Recently, a Speckle
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Angular Measurement (SAM) approach has been devel-
oped to retrieve both slope and curvature information by
utilising an advanced sub-pixel tracking algorithm for the
speckle images.*®> While 2D slope and curvature maps can
be measured by analyzing subset speckle images, the
sagittal FOV is limited to just a few millimetres due to the
smaller camera. Additionally, an autocollimator must be
used to correct for pitch errors in the carriage slide.

Consequently, there is significant interest to develop a
metrology system which accounts for large mirror aper-
tures, complex geometries, and steep surface curvatures.
In this paper, we have developed a Speckle-based Cur-
vature Optical Metrology (SCOM) instrument by imple-
menting a large camera for measuring two-dimensional
surface curvature maps. To address the limitations of
restricted FOV, a stitching technique has been used to
merge the data into a single surface curvature map.
Importantly, the diffuser was mounted on a high precision
linear stage, and multiple speckle images have been col-
lected to significantly improve the measurement preci-
sion. In addition, the instrument is highly compact and
portable, making it well-suited for in-situ, on-machine
measurement applications.** We have demonstrated the
use of this technique for the deterministic figuring of
X-ray mirrors, in-situ stress measurement during multi-
layer deposition process and metrology of freeform
mirrors.

As one application example, the first SCOM instrument
is retrofitted on an existing Ion Beam Figuring (IBF)
system, which is used for the final shaping and determi-
nistic figuring of high-precision optical surfaces.’”

| Diffuser
[ iris i
Camera |

i Beam
| splitter

Fig. 1 Schematic representation of the experimental setup for SCOM, which has been installed on an IBF system. a The top view of a 3D
model of the system, where SUT can be translated between ion source and SCOM, and the curvature measurement can be carried out before and
after the IBF process. The SCOM is mounted on a fixed platform and detected the speckled signal from one angled viewport once the SUT has been
transferred to SCOM position. b The optical schematic representation of the SCOM setup for 2D surface curvature measurement of a SUT. ¢ The
acquired stack of speckle images in Cartesian coordinates
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A schematic representation of the IBF system and SCOM
is presented in Fig. 1. The SUT has been mounted on a
motorized four-axis motion stage (X, Y, Z, and 0y), which
can be used to translate the SUT between the ion source
and the SCOM before and after IBF process. The SCOM
is composed of a collimating laser, a diffuser mounted on
a linear stage, an iris, a beam splitter and a camera with a
large FOV. To improve the stability and minimize the
power dissipation, a low-power laser diode (4.5 mW at
405 nm) was used. The collimated light was shone on a
ground glass diffuser to generate the speckle pattern. The
diffuser was mounted on a linear translation stage to
enable multiple speckle images to be collected at different
diffuser positions. Both the spatial resolution and signal-
to-noise ratio can be improved by scanning and averaging
multiple speckle images.

To further improve the spatial resolution of the SUT,
an iris has been installed downstream of the diffuser to
effectively reduce the illumination area of speckle pat-
terns. The mean speckle size (s;) at the camera plane is
given by s; = AL/D, where \ is the wavelength of light, D
is the aperture of the iris, and L is the distance traveled
by the laser beam from the iris to the camera via the
SUT and beam splitter. As expected, the speckle size
decreases with increasing iris aperture but increases
with the distance between the SCOM and the SUT. The
spatial resolution is limited by the large illumination
area on the diffuser, as the mirror surface information is
convolved with the speckle pattern. While closing the
iris can improve resolution, it increases the speckle size,
limiting the speckle window size. Therefore, it is
essential to optimize iris size to improve the spatial
resolution.

After the diffuser, the laser beam passes through the
beam-splitter (50:50) so that part of it projects onto the
mirror surface. The beam path is sealed with a special
designed cage to minimize the air turbulence. The beam
reflected by the SUT, still carrying the speckle pattern, is
recorded by a high-resolution camera with a large FOV. A
VIEWWORKS VC-151MC camera, equipped with a Sony
IMX411 CMOS sensor (active area: 53 mm x 40 mm), was
used to capture a large area of the speckle pattern. The
camera features a resolution of 14192 (H) x10640 (V)
pixels with a 3.76 um pixel size. To reduce raw image size
and processing time, 12 x 12 pixel binning was applied to
all examples presented in this paper. To prevent inter-
ference between the reflected beam from the standard
viewport and the beam from the SUT, a custom angled
viewport was installed in front of the SCOM on the high
vacuum IBF chamber. Data acquisition at a single position
with 51 images in each stack takes around ten minutes.
Using a 5mm coarse step size between positions, a
100mm-long mirror measured at 21 positions along the
length can be measured in around three and a half hours.
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The description of speckle tracking relies on the two
coordinate systems illustrated in Fig. 1. The coordinates
(X,Y) correspond to the tangential (length) and sagittal
(width) directions of the SUT, respectively. In addition,
the coordinates (x,y) represent the horizontal and vertical
axes of the camera image plane, respectively. It is
important to note that, due to the divergence of the
speckle beam, a spatial scaling factor, denoted as ¢, exists
between the two coordinate systems.

X=¢x=

Here p and P denotes the camera physical and effective
pixel size, respectively. This effective pixel size P can be
determined by tracking a reference feature on the mirror
in x,y as a function of its translation distance X,Y,
described further in the Materials and Methods section
(Fig. 8).

Figure 2 presents a schematic of the extraction process
for speckle displacement (curvature), slope, and height
maps of a SUT. A circular beam removal function (BRF),
defined by a 5 mm diameter aperture, was etched onto the
SUT using the ion beam over 300s.*® With the SCOM
instrument facing to the SUT, a stack of speckle images
Y (x,,u) at position (X, Y) was collected by translating
the diffuser along # across multiple positions. The stack of
speckle image can be written as IX*¥ by omitting (x,y, u)
for clarity. The SUT was then moved to position (X +
AX,Y) by using the scanning carriage with a small step
size AX, here chosen to be 0.25 mm. As a result, the beam
was projected onto different regions of the SUT, and a
second stack of speckle images IX™2%Y are acquired.

In this process, the speckle pattern serves as a carrier of
the SUT surface information. The speckle pattern recor-
ded by the camera undergoes a shift corresponding to
variations in the curvature of the SUT. Speckle displace-
ments in both the x direction and y direction are extracted
from Pearson correlation coefficient generated from the
speckle stacks I'Y and IX+2%Y 37720 and a pixel wise data
analysis was used by applying a sub-pixel image registra-
tion algorithm to generate the displacement maps ¢,, and
&,y (omitting (x,y) for clarity).>*' Similarly, by translat-
ing the SUT to position (X,Y + AY) with step size AY,
the displacements maps ¢, and &, are recovered by
comparing the image stacks I and [*Y+4Y,

From these displacement maps, the curvature (defined
as the second derivative of height) of the surface can be
obtained.*” The curvature x is often expressed as the
inverse of the radius of curvature R, and it can then be
expressed in terms of the derived speckle displacement
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Fig. 2 A schematic illustration of extraction of speckle displacement (curvature), slope and height images of a test mirror. a—c The acquired
stack of speckle images in Cartesian coordinates at various X and Y positions. d-g The extracted speckle displacement along horizontal, diagonal and
vertical direction. (h, i) The constructed surface slope along horizontal (x) and vertical (y) direction, respectively. j The integrated surface height map

maps as:
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Here, /1 and § denote the height and slope of the surface,
respectively, while d represents the distance travelled by
the laser beam from the SUT to the camera. To accurately
determine the distance d, one can retrieve the angular
scaling factor (denoted as 7)*, defined as:

T="— (3)

This can be retrieved by tracking the speckle displace-
ment as a function of the mirror rotation angle, which is
described further in the materials and methods section.
Increasing d and reducing p can improve the signal-to-
noise ratio in speckle-tracking displacement measure-
ments; however, increasing d enlarges speckle size, and
reducing p reduces the field of view. Therefore, a trade-off
is required among distance and detector pixel size to
optimize the field of view and angular sensitivity.

The mean curvature, or equivalently the mean inverse
of the radius of curvature, can be calculated from the
curvature along the x and y directions using the following

equation:

_ Kxx 1 Kyy

1
R 5 (4)

K =

As shown in Fig. 2d—g, the speckle displacement maps
are proportional to the curvature maps along the hor-
izontal, vertical, and two diagonal directions, respectively.
Once the curvature maps are obtained, the slope maps 9§,
and J, can be computed by integrating the curvature map
with the Fourier transform integration method****, using
the following expression:

1 | F[am9) +iEsy (x.9)] (m,n)
6x(x7y) = 25%‘7: ! [ [ ;’ﬂi(miifl)y] :| (x’y)

—1 [ F S (x) Fi)y (2:9) | ()
6}1(96,)/) :25%‘7: 1|: [y gﬂi(myj—in;,] }(x,y)

(5)

where F~1 (F) is the inverse (forward) Fourier operations
and (m,n) represent the reciprocal space coordinates
corresponding to (x,y).

Figure 2h, i shows the integrated horizontal and vertical
slope maps for the BRF. For the horizontal slope, the slope
varies left-to-right, with a dark-to-bright transition indi-
cating increasing slope from negative to positive in the
x-direction. The vertical slope varies bottom-to-top,
showing a similar transition but in the y-direction. Finally,
the height map (Fig. 2j) can be derived by integrating the
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Fig. 3 Retrieved slope and height maps for a test mirror under absolute and differential processing modes. a—-c Horizontal slope, vertical

.

slope, and height maps of the test mirror processed in absolute mode. d—-f Corresponding maps obtained under differential mode processing
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slope maps using the following equation:

F[8:(x,y) + i6y(x,5)] (m, )
2mi(m + in)

h(xay) =PF! (x7y)

(6)

The height map for the BRF shown in Fig. 2j has a
circular, dome-like shape, with a valley at the centre, and
the smooth and symmetric grayscale gradient confirms
the spherical geometry etched by the ion source.

Results

On-machine metrology enables online monitoring of
surface shape evolution during the IBF process, allowing
for more accurate and efficient corrections. To demon-
strate the application of SCOM for online metrology the
IBF process, as illustrated in Supplementary Information
Figure S1, the curvature of a test mirror was measured
before and after etching with the ion beam. These maps
reveal circular tooling marks on mirror surface, and the
curvature maps are quite distinctive along different
orientations. Using the ion beam, three cross marks were
etched for 60s, 90s, and 120s at a fixed Z-position of
55 mm, while circular beam removal functions (BRFs)
5mm in diameter were etched at varying sample-to-ion
source distances with Z set to 55 mm, 50 mm, and 45 mm.
It should be noted that the curvature measurement with

SCOM were carried out without taking the mirror out of
the IBF chamber.

The previously described working mode for the SCOM
is called the absolute mode, and it measures the curvature
of the SUT from a single stack of images. In contrast, the
SCOM can also be operated in differential mode, which
directly compares two image stacks before and after
etching (I)l(’Y and I?’Y, respectively). Changes in the slope
from etching induce shifts in the speckle pattern, allowing
direct retrieval of the differential slope map before and
after etching. Figure 3 provides a comprehensive com-
parison of the retrieved slope and height maps after ion
beam etching, obtained using the absolute and differential
modes. Figure 3a—c show the horizontal slope, vertical
slope, and surface height maps obtained using the abso-
lute mode, and Fig. 3d—f present the corresponding maps
for the same mirror using the differential mode. For slope
maps, the absolute mode provides smoother and higher-
quality data—especially at the BRF edges—as they are
derived from curvature. In contrast, the differential mode
produces noisier slope maps but yields etching rate esti-
mates that align more closely with FI (Zygo Verifire HDX)
measurements.

A super-Gaussian function was used to fit all BRF
profiles. For instance, at Z = 45 mm, the etching rates are
1.016 nm/s (absolute), 1.031nm/s (differential), and
1.057nm/s (FI); at Z=55mm, they are 1.184nm/s
(absolute), 1.051 nm/s (differential), and 1.165 nm/s (FI),
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confirming increased etching rates when the sample is
closer to the ion source. While both modes show good
overall agreement, low-frequency errors are more evident
in the height maps from the absolute mode due to noise
accumulation during the two-step integration (curvature
— slope — height). In contrast, the differential mode
involves only a single integration (slope — height),
resulting in reduced low-frequency drift. However, the
differential mode poses practical challenges: it requires
precise repositioning of the sample for consecutive scans,
and its data processing is more time-consuming due to
larger speckle displacements. The results confirm that the
SCOM system can reliably capture curvature changes
across different orientations, offering valuable insights
into how the ion beam etching rate varies with etching
parameters. The ability to retrieve accurate slope and
curvature maps using both processing modes highlights
the versatility of the SCOM system, enabling its adapta-
tion to various applications depending on specific
metrology requirements, and its particular value for on-
machine metrology for mirror polishing, shaping, or
coating deposition.

To further demonstrate the capability of the proposed
SCOM system for online metrology in IBF, we conducted
an experiment involving a strongly curved elliptical mir-
ror measured in situ during the etching process. The

target figure for the mirror was a tangential elliptical
surface,”® with the source and image focal points located
at distances of p=45m and q=0.043 m, respectively.
The grazing angle of incidence at the centre of the mirror
was 0 =0.825°. This configuration presents a significant
metrology challenge due to the steep curvature and tight
alignment tolerances, with a sag of around 18 um over the
27 mm-wide active area. As illustrated in Fig. 4a, b, the
curvature maps along the tangential direction of the
mirror are shown for two IBF correction iterations. A
representative line profile extracted from the highlighted
region of the curvature map is shown in Fig. 4c, offering a
clearer view of the surface evolution. During the first
correction, the curvature profile deviated significantly
from the target shape, indicating substantial low-
frequency errors. After further correction by multiple
iterations of IBF, the curvature was significantly improved,
bringing it very close to the target elliptical figure. The
curvature was also compared with a measurement
obtained using stitching FI, with an 0.45mm moving
average window applied to smooth out high-frequency
noise. The SCOM is shown to give excellent agreement
with the FI measurement.

It is important to note that such strongly curved mirrors
are extremely difficult to measure using conventional
interferometric systems. In this example, the FI
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Fig. 5 Measured curvature and height maps for two strongly curved mirrors using an interferometer and SCOM. a Raw interference fringe
pattern and b measured height map using an interferometer (Fl) for a mirror with a curvature of 0.1 m™. ¢ The residual height error versus the best-fit
sphere. d Retrieved curvature, e height map, and f residual height error using SCOM for the same mirror, demonstrating good agreement with the Fl.
g Retrieved curvature, h height map, and i residual height error using SCOM for a strongly curved mirror with a curvature of 10.0 m™. The scale bar is
5mm for all plots

measurements took 6.5h for a single scan, due to the
small acquisition window and step size required to obtain
accurate data for such a strongly curved mirror. However,
SCOM successfully retrieved detailed curvature maps in
one hour for this case, enabling precise monitoring and
control of the figuring process. Overall, this example
highlights the significant advantage of using SCOM for
online metrology in IBF. By providing immediate curva-
ture feedback during processing, SCOM reduces the need
for iterative cycles of figuring and offline measurements,
which are often time-consuming and resource-intensive.

To demonstrate the applicability of the proposed tech-
nique for characterizing strongly curved mirrors, a second
SCOM system was developed and integrated into a
dedicated gantry platform. The entire setup is housed
within a thermally isolated enclosure to minimize envir-
onmental disturbances. In this configuration, the SCOM
instrument is mounted on an air-bearing linear transla-
tion stage, providing smooth and accurate scanning
motion. The SUT is positioned face-up on a hexapod
stage, which enables precise control of both translational

and angular alignment through six degrees of freedom.
This setup allows for optimal positioning of the mirror
relative to the SCOM optical axis and facilitates accurate
measurements across a wide range of mirror geometries.

As shown in Fig. 5, two spherical mirrors with specified
mean curvatures of x =0.lm !(R=10m) and x =
10.0m !(R = 100mm) were measured using SCOM. To
validate SCOM’s accuracy, the first spherical mirror with a
curvature of 0.1 m™ was also measured using the FL. The raw
interference fringe is shown in Fig. 5a, with the corre-
sponding height map in Fig. 5b, yielding a curvature of
0.086m ' and 0.085m ' along horizontal and vertical
direction, respectively. As shown in Fig. 5e, the height map
for SCOM is nearly identical to the one measured with FI in
Fig. 5b. Notably, The SCOM-retrieved curvature map (Fig.
5d) shows a mean curvature of 0.085 + 0.012 m %, in excel-
lent agreement with the FI result. The sphere fitting has been
applied to the height map, and the corresponding residual
height error for FI and SCOM are shown in Fig. 5c, f),
respectively. The standard deviation between the FI and
SCOM height error is about 5.1 nm, and the major error
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Fig. 6 Voltage and mean curvature map for a deformable mirror using Zernike Tetrafoil modes. a The voltage map of the deformable mirror
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contribution for SCOM is due to the integration error.
Surface artifacts are more clearly visible in the curvature map
than in the height profile. The FI residual height, SCOM
curvature, and SCOM residual height all show good quali-
tative agreement for the measured surface artefacts, with
repeated features clearly visible between all three maps.
The mirror with 10.0 m™ curvature could not be mea-
sured using FI, due to the steep gradients. However, it was
successfully measured using the SCOM, with the curva-
ture and height maps shown in Fig. 5g and Fig. 5h,
respectively. As shown in Fig. 5h, the peak-to-valley value
of the height map is approximately 1 mm over a 20 mm
span, which is very challenging to measure precisely using
many existing metrology instruments. The measured
mean curvature was 10.13 + 0.05 m™, closely matching the
specified value. The curvature map also reveals non-
uniformities introduced during the polishing process. The
residual height error for this mirror versus the best-fit
sphere is shown in Fig. 5i, and the large peak-to-valley of
the height error shows the poor quality of this mirror.
To demonstrate the practical application of the pro-
posed SCOM system for the precise characterization of

freeform mirrors, we conducted a series of experiments
on a piezoelectric deformable mirror. The mirror features
a circular pupil with a diameter of 10 mm and is sus-
pended by biomorph benders, which allow for controlled
deformation in response to applied voltages. The mirror is
equipped with 40 individually addressable actuators, each
capable of receiving voltages ranging from 0V to 200V,
enabling a wide range of surface shape modulations. In
this study, we employed a pre-defined Zernike polynomial
pattern corresponding to the tetrafoil X mode to generate
specific surface deformations. The tetrafoil mode was
varied from +1 to —1, and the resulting voltage dis-
tribution maps applied to the actuators are shown in
Fig. 6a, b. The corresponding mean curvature maps
derived from the SCOM measurements are presented in
Fig. 6¢, d, respectively. These maps clearly show that when
the tetrafoil X value was changed from +1 to —1, the sign
of the mean curvature map was inverted accordingly. This
confirms the system’s sensitivity to both the magnitude
and direction of surface curvature changes. As antici-
pated, an increase in applied voltage deformed the mirror
into a convex shape, producing a surface with negative
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curvature. Conversely, decreasing the voltage reversed the
deformation, resulting in a concave shape with positive
curvature. The measured mean curvature values ranged
from —1.5m™ to +1.5m™, with distinct and sharp tran-
sitions observable across the mirror surface. These sharp
gradients demonstrate the ability of the SCOM system to
capture detailed curvature variations with moderate spa-
tial resolution. Overall, the results demonstrate the
potential of the SCOM for accurate, non-contact char-
acterization of freeform optical components. The system
is particularly well-suited for mirrors exhibiting complex,
non-symmetric shapes that are difficult to measure using
conventional metrology instruments.

A third SCOM system has been developed for stress
measurements of coated films and mounted on an angled
viewport of the newly developed Multilayer Deposition
System (MDS).** The MDS utilizes direct current mag-
netron sputter deposition for monolayer or multilayer
fabrication and accommodates a total of 8 cathodes along
the carrier’s motion direction. Each cathode, measuring
254 mm x 89 mm, is designed to ensure optimal flux
uniformity. For comparison, a Multi-beam Optical Sensor
(MOS) from k-Space associated is installed on a separate
angled viewport of the same system. The MOS uses a
single laser to produce a 2D array of spots reflected from
the sample surface onto a high-resolution detector. On
flat surfaces, spot spacing remains unchanged, while
surface curvature causes spacing variations due to beam

deflection. By analysing spacing in two orthogonal direc-
tions, the MOS provides curvature data along both hor-
izontal and vertical direction. The curvature of the
substrate can be measured with both SCOM and MOS
before (k;) and after (k) coating process.

The change in curvature (Ak = K; — K») is related to the
film stress (o) by the Stoney equation:

M,H?

—3 A
61— vk

o=

(7)

The other parameters in this equation are the film
thickness (hy), biaxial Young’s modulus of the substrate
(M) Poisson’s ratio of the substrate (v,), and the substrate
thickness (hs).

Figure 7 provides a detailed comparison between the
curvature measurements obtained using the SCOM and
the MOS before and after the coating process. In Fig. 7 a,
the curvature map retrieved from SCOM prior to coating
is shown, capturing the non-uniform surface curvature
distribution across the test mirror. Figure 7b presents the
corresponding line profile comparison between the
SCOM (red line) and MOS (black squares) systems,
extracted along the region marked by the yellow box. The
agreement between the two profiles before coating indi-
cates strong consistency and reliability of the SCOM
measurements.
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The W/B4,C multilayer with periodic thickness of
3.52 nm and number of period N =100 has been depos-
ited, and the deposition power of W and B,C were 100 W
and 400 W respectively. The optimized deposition rates of
W and B,C are 0.1368 nm/s and 0.1748 nm/s, respec-
tively. The multilayers were deposited at a fixed working
gas pressure of 3.1 x 10™> mbar. After the coating was
applied, the surface was remeasured using both systems.
Figure 7c shows the updated curvature map retrieved by
SCOM post-coating, revealing the influence of the coating
process on the mirror’s surface curvature. Figure 7d
presents the line profile comparison after coating, again
extracted from the same marked region. Notably, the
comparison allows for direct observation of any curvature
deviations introduced by the coating layer and serves to
validate the SCOM system’s sensitivity to such changes.
The average curvature changes for MOS and SCOM are
—0.0054 m™ and —0.0076 m™, corresponding to stresses
of —178 MPa and —250 MPa, respectively. These results
indicate that the W/B,C multilayer induces compressive
stress in the silicon substrate. This difference is primarily
attributed to the disparity in spatial resolution: the MOS
measurements are averaged over a 3 mm x 3 mm region,
whereas the SCOM data are processed over a much finer
region of 0.2mm x 0.2 mm. Overall, this measurement
highlights the effectiveness and consistency of SCOM for
detecting the stress changes due to the coating process,
and demonstrates another application of the SCOM to
on-machine metrology.

Discussion

In summary, we have developed a novel curvature
optical metrology system, which is designed to address the
challenges associated with measuring large-aperture
mirrors, complex geometries, and steep surface curva-
tures. SCOM can produce 2D curvature information,
which can then be used for deriving slope and height
profiles accordingly. The mirror curvature metrology
instrument is versatile and compact, and it can be
installed on an existing mirror fabrication instrument or
metrology gantry. We have demonstrated that it can be
used to measure strongly curved mirrors with a radius of
curvature down to 100 mm, which are challenging for
existing interferometers using flat transmission optics. In
addition to the larger radius range and moderate spatial
resolution, high precision can be further achieved by
collecting the speckle images at multiple diffuser posi-
tions. The calibration procedures for both angular scaling
factor and spatial scaling factor have been proposed. In
addition, a two-dimensional surface curvature map for
larger mirrors can be produced by collecting speckle data
from overlapped sub-apertures and stitching retrieved
curvature data together. The system has been successfully
applied in various advanced optical applications, including
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deterministic figuring of X-ray mirrors, in-situ stress
monitoring during multilayer deposition, and the
metrology of freeform optical components. The applica-
tion of SCOM as an online metrology tool not only
improves efficiency but also enhances precision in the
fabrication of freeform and strongly curved optical sur-
faces. Furthermore, with smaller subset window sizes and
iris aperture sizes, better spatial resolution below 0.2 mm
is achievable. Such flexibility will enable speckle-based
instruments to perform metrology on mirror surfaces
within the most desirable mid-spatial frequency range,
which is crucial for simulating the X-ray beam perfor-
mance®’. Importantly, complex stitching algorithms can
be avoided for stitching the curvature data, since any
parasitic errors affecting the motion only contribute to
piston errors in curvature measurements.

To place the SCOM instrument in context with other
metrology techniques, Table 1 summarizes the key spe-
cifications of several mirror-surface metrology techniques,
including resolution, uncertainty, measurement geometry
and portability. FI and RADSI deliver the highest accu-
racy, achieving sub-nanometre height repeatability and
fine lateral resolution, but they require long acquisition
sequences and are generally less portable. RADSI further
depends on extremely precise angular alignment between
the surface under test and the reference flat, which makes
the system more sensitive to vibration and temperature
fluctuations. CGH-based interferometry can reach high
precision across a wide range of curvatures, but it requires
a custom CGH for different optic, and stitching CGHs for
long mirrors adds processing complexity. NOM/LTP
instruments provide robust long-trace measurements
with excellent repeatability but lower lateral resolution
and are limited to 1D profiles, making them best suited
for flat or weakly curved optics. Although the SAM
instrument attains high-precision pseudo-2D measure-
ments through a 1D scanning method, its overall field of
view remains restricted by the small camera size. In
contrast, SCOM provides moderate resolution and
repeatability while offering much greater flexibility,
enabling 2D measurements on strongly curved surfaces.
Its compact and lightweight form factor—similar to the
SAM—makes SCOM highly portable and well suited for
on-machine metrology, positioning it as a practical com-
plement to conventional high-precision interferometric
methods.

After the demonstration of this instrument of metrology
for various mirrors, we plan to improve the device further
by enhancing its stability, robustness and data acquisition.
In addition, the components, working mode and data
processing of the SCOM can be adjusted to optimize its
performance as required for different operations, granting
it great potential and flexibility. For instance, the present
measurement speed is limited due to the significant time
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Table 1 Summary of the key specifications of several mirror-surface metrology techniques®

Method FI RADSI CGH NOM/LTP SAM SCOM
1D/2D 2D 2D 2D 1D 1D/2D 2D
Measurement Type Height Height Height Slope Slope/Curvature Curvature
Radius of Curvature Range >0.5m >1m >few mm >1-5m >50-200 mm >50-200 mm
Field of View 100-300 mm 100-300 mm 100-300 mm 1-25mm 2-3mm 20-30mm
Lateral/Spatial Resolution ~35-50 um ~35-50 um ~35-50 um 1000-2000 um 100-300 um 100-300 um
Repeatability (rms) 0.1-2nm 0.5-3nm 1-5nm 0.5-5nm 0.5-5nm 5-25nm
Acquisition Time 3h 4h 3h 1h Th 35h

Data Processing Time 05h Th 3h <0.1h 05h 2h
Portability Low Low Medium High High

@Acquisition and data processing times are representative estimates for a single stitched scan of a 100mm-long mirror with high optical quality and the radius of

curvature range for CGH is defined by CGH

taken in using the linear motor for the diffuser in step-
scan mode. The measurement speed can be further
enhanced by applying the advanced fly scan technique®,
This curvature metrology technique can be suitable for
high-precision measurement of strongly curved and
freeform mirrors, and it expands the capabilities of cur-
rent metrology instruments to mirrors that currently
cannot be made because they cannot be measured. In
addition, the 2D curvature maps provide much rich
information about the surface profile of X-ray mirrors.*’
For instance, irregularities in the mirror curvature are
directly linked to distortions in the defocused X-ray stripe,
making 2D curvature maps essential for predicting and
optimizing beam quality.’>*" It can offer unique advan-
tages for metrology of not only X-ray mirrors for syn-
chrotron radiation, free electron laser and astronomical
and space science, but also freeform mirrors in advanced
industrial products.

Materials and methods

To precisely integrate the slope and height maps for the
mirror surface from the retrieved curvature information,
it is crucial to calibrate both the angular scaling factor and
spatial scaling factor. To demonstrate the calibration
procedure, the SCOM mounted on the IBF system has
been used here. For calibrating the angular scaling factor,
the SUT was mounted on a rotating stage, and the angle
was varied with a constant step size of 100 prad, with the
speckle images were recorded by the camera at each step.
As shown in Fig. 8a, the speckle pattern shifts as the
rotation angle changes. By applying the cross-correlation
algorithm, the speckle displacement with angle can be
tracked with sub-pixel accuracy. The rotation angle is
plotted as a function of the retrieved speckle displacement
in Fig. 8b, and the angular scaling factor can be deter-
mined from best-fit slope of T = 38.5urad/pixel.

Due to the scattering and diffraction of the laser by the
diffuser, the speckle beam is divergent from the diffuser
up to the mirror and the camera. Here, the spatial scaling
factor can be calibrated using a clearly defined feature on
the mirror surface, by moving the mirror in front of the
SCOM and tracking the displacement of these features in
the curvature or slope maps. As shown in Fig. 8¢, e, the
SUT was moved along both the horizontal and vertical
directions with a step size of 1500 um. The cross-
correlation algorithm was used again for the retrieved
slope maps in both scanning directions, and the dis-
placement between the features on the surface—here, a
circular BRF and a cross—can be calculated. Figure 8d
shows the tracked displacement as a function of the
subset window of constant offset, and it confirms that the
speckle beam distributes equally on the detector with the
effective pixel size P = 22.6pum/pixel. This yields the
corresponding spatial scaling factor ¢ =0.50 with the
physical pixel size p = 45.1pm/pixel (after binning).

Figure 9 demonstrates the capability of the SCOM
system to perform curvature map stitching, enabling high-
resolution measurements over large optical surfaces
beyond a single field of view. Figure 9a shows a series of
retrieved curvature images acquired by translating the
mirror in 5mm steps using the motorized stage. Each
image represents the local curvature measured within the
limited field of view of the SCOM, with partial overlap
between adjacent scans to ensure alignment and con-
tinuity. These individual curvature maps are then com-
bined through a stitching algorithm that aligns
overlapping regions and corrects for any angular mis-
alignment between measurements.”> The result of this
stitching process is presented in Fig. 9b, which displays a
continuous and seamless curvature map over a larger
measurement area. A spatially varying chirp with constant
height amplitude of 5 nm and spatial period from 10 mm
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Fig. 9 Demonstration of stitching curvature images. a Multiple retrieved curvature images with stage translation step of 5 mm. b Stitched
curvature map generated from the individual images in (). ¢ Line profile extracted from the stitched curvature map shown in (b) and compared with

down to 0.75mm was created on the surface with IBF
using an 0.75 mm x 8 mm rectangular aperture. The stit-
ched map preserves both low- and high-frequency cur-
vature features, demonstrating the spatial consistency and
accuracy of the SCOM system across multiple scans.

To further illustrate the validity of the stitched data, a
line profile is extracted from the stitched curvature map
and compared the one from FI and SAM shown in Fig. 9c.

Overall, the stitched profile from SCOM agrees well with
the one from FI and SAM for larger period and shows
smooth transitions across boundaries and accurately
captures the surface curvature variation of the chirp
pattern, validating the robustness of the stitching algo-
rithm. The decreasing amplitude at shorter spatial periods
is expected, due to reduced etching efficiency as the
period approaches the size of the removal function. It
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should also be noted that the measured amplitude of the
chirp curvature at short periods is larger for FI than for
SCOM. This is due to the higher spatial resolution of the
FI (around 46 um) compared to the SCOM, which has an
estimated resolution of approximately 200 um based on
its effective pixel size and processing window (w=11).
This demonstration confirms that the SCOM system can
be effectively used for large-aperture optics by acquiring
and combining multiple overlapping measurements. The
stitching approach not only extends the measurement
range of the system but also maintains moderate spatial
resolution and precision, making it suitable for full-
aperture characterization of freeform or segmented mir-
ror systems.

The core of the technique involves tracking the shift of
each pixel between two speckle image stacks. A small
window (typically 5 ~ 11 pixels) centred on each pixel in
the first image stack is compared to a slightly larger
window (with ~5-pixel margin) in the second image stack
using Pearson correlation coefficients.”® The peak of the
correlation map indicates the displacement, refined to
sub-pixel accuracy using polynomial fitting. Given the
computational intensity of performing 2D correlation on
high-resolution images (e.g., 1152 x 886), the algorithm is
optimized for parallel execution on multicore CPUs or
GPUs. Using a Dell Precision 5820 workstation (256 GB
RAM, Quadro RTX 5000 GPU), the processing time for
this dataset with a window size of 11, a margin of 5, and
51 frames is approximately 35 s on a GPU and 4505 s on a
CPU. To obtain the slope and height maps from the
curvature maps, integration was performed using the two-
dimensional discrete cosine transform method,** which
provides very fast computation speed and excellent per-
formance without the need to set additional parameters.
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