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ABSTRACT
The surface quality of x-ray mirrors is a major constraint on optical performance at synchrotron light and free electron laser facilities. A
limiting factor for creating state-of-the-art optics is the accuracy of metrology data to deterministically guide the polishing tool to correct
surface errors. The “MooNpics” (Metrology On One-Nanometer-Precise Optics) collaboration aims to improve optical metrology capabil-
ities at European facilities to enable reproducible measurement of long or curved optics with height errors <1 nm rms and slope errors
<100 nrad rms. Three challenging x-ray optics were measured by several labs using a variety of instruments. The mirrors, chosen to chal-
lenge and explore different aspects of optical metrology, were as follows: a 1 m-long, ultra-flat (radius of curvature R > 100 km); an ellipse
with added parabolic arcs; and a strongly curved sphere (R ∼ 9.3 m) with an added spatially varying chirp. This study highlighted calibra-
tion issues with several instruments, which were subsequently corrected. In this paper, we present results about the ellipse mirror. Based
on metrology data provided by the collaboration, two cycles of ion beam figuring improved all aspects of the mirror, including correct-
ing the ellipse parameters, reducing high- and mid-frequency spatial polishing errors, and refining the shape of the parabolic arcs. Overall,
the slope and height errors were improved by a factor of ∼10. We also show how the round-robin measurement exercise helped refine
“best practice” procedures for mounting optics, alignment, and data acquisition and analysis methods. It is hoped that this collabora-
tive project will ignite further improvements in the production quality of x-ray optics to benefit many scientific communities around the
world.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0287341
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I. INTRODUCTION
Optical quality of x-ray mirrors and grating substrates1–3 lim-

its the performance of many beamlines at synchrotron light (SL) and
free electron laser facilities (XFEL). State-of-the-art x-ray optics with
height errors <1 nm rms are typically finished using deterministic
polishing techniques, such as ion beam figuring (IBF),4–7 fluid jet
polishing (FJP),8 elastic emission machining (EEM),9,10 differential
deposition (DD),11–13 or magnetorheological finishing (MRF).14–16

A significant challenge for deterministic polishing is acquiring accu-
rate metrology data to guide the polishing tool to correct residual
errors on the optical surface.

There are currently only a few suppliers around the world who
can produce the highest-grade optics required by third and fourth
generation accelerator-based light sources. In recent years, for eco-
nomic reasons, several companies no longer produce such optics,
instead concentrating on high-budget projects for EUV lithography,
military, space, and astronomy applications. To mitigate the supply-
chain risk for procuring x-ray optics, many SL and XFEL facilities are
now developing in-house fabrication infrastructure and capabilities,
including polishing and coating technologies.

In synergy with this approach, it is important to support com-
mercial suppliers to improve their metrology and polishing capa-
bilities. The “MooNpics” project (Metrology On One-Nanometer-
Precise Optics),17 funded as part of “HORIZON 2020” CALIPSO-
plus, is a collaboration between several European manufacturers of
x-ray mirrors and optical metrology labs at SL and XFEL labs. The
goal of the project is to enable the production of enhanced quality x-
ray mirrors, by improving metrology reproducibility and accuracy.
One of the main tasks of the MooNpics project was a “Round-Robin”
measurement exercise, whereby three, challenging x-ray optics were
characterized at various facilities using a range of different metrol-
ogy instruments. The shared optics were as follows: a 1 m-long,
ultra-flat mirror, an elliptical mirror with added parabolic arcs, and a
strongly curved sphere (radius of curvature R ∼ 9.3 m) with an added
spatially varying chirp. Each optic was chosen to challenge and
explore different aspects of metrology. Such instruments, which are
broadly representative of usage within the optics testing community,
include slope profilometers, such as the nanometer optical mea-
surement (NOM) systems and long trace profilers (LTP);18–24 sub-
aperture stitching Fizeau- and micro-interferometers;25–34 wave-
front sensors; and x-ray “at-wavelength” techniques.35–38 To put this
challenge into context, accuracy is required over a dynamic range
greater than 1 × 106 (i.e., ratio between resolving angle changes
of a few nanoradians over a measurement range of several millira-
dians). Unfortunately, many factors reduce the accuracy of optical
metrology and compromise the final production quality of x-ray
mirrors. Such errors include systematic instrumental errors; fluctu-
ations in air temperature, pressure, and humidity; mechanical strain
induced by the opto-mechanical holder; gravity sag caused by posi-
tional errors of the support points; and numerical errors during data
analysis, such as artifacts from sub-aperture stitching. All such errors
need to be carefully controlled to improve overall accuracy. Studying
the same optics using different instruments also provides valuable
information about the limitations and strengths of each metrology
device.

In this paper, we describe a study of a three-lane elliptical mir-
ror with parabolic arc surface modifications. To ensure repeatability
of alignment and test conditions at the participating facilities, a

series of fiducial marks were added to the mirror. This proved to be
highly beneficial for precise alignment of measurement and analysis
regions. As an extension to the project, and a clear demonstration of
how accurate metrology can aid the production of improved qual-
ity x-ray mirrors, two cycles of ion beam figuring were shown to
improve all aspects of the optical profile.

II. EXPERIMENTAL
A. Round-robin

Round-robin measurement exercises39–41 have previously pro-
vided valuable information about x-ray optics and metrology instru-
ments, including standardization of measurement and analysis tech-
niques. Commercial partners involved in the MooNpics project
were WinlightX (now Bertin-Winlight) (France) and ZEISS (Ger-
many). SL and XFEL labs represented were Diamond Light Source
(UK), ALBA (Spain), ESRF (France), European-XFEL (Germany),
HZB (Germany), PSI (Switzerland), and Soleil (France). The round-
robin was coordinated by the European-XFEL. Three phases of
measurements were conducted on the elliptical mirror before ion
beam figuring (initial state), after first cycle of ion beam figuring
“IBF1” (intermediate), and after second cycle of IBF “IBF2” (final
state). Table I summarizes which instruments measured the mirror
throughout the process.

B. Optical specification
The three-lane ellipse mirror is the result of a previous R & D

project to create expanded x-ray beams with a homogeneous cross-
sectional profile.42 The mirror, as described in Table II, was orig-
inally manufactured in 2015 by ZEISS with three “lanes,” each
polished to the same elliptical profile (radius of curvature ∼264 m
at the center of the mirror). Lane 1 is a pure ellipse, while lanes 2 and
3 have additional parabolic arc height modulations to expand the x-
ray beam. Figure 1 shows Fizeau interferometry of the optical surface
(after removal of best-fit ellipse), demonstrating the two periods of
parabolic arcs on Lanes 2 and 3.

C. Opto-mechanical support
Gravitational sag can play a significant role on the nanome-

ter scale for vertically focusing optics.43 To mitigate this issue, for
instruments measuring the optic with its surface normal facing

TABLE I. Summary of optical measurements of the x-ray mirror.

Facility and
instrument Before IBF

After first cycle
of IBF (IBF1)

After second cycle
of IBF (IBF2)

ALBA-NOM ✓
Diamond-HDX ✓ ✓
Diamond-NOM ✓ ✓ ✓
ESRF-LTP ✓ ✓
HZB-NOM ✓ ✓
PSI-LTP ✓
Soleil-LTP ✓
WinlightX-Fizeau ✓
XFEL-Fizeau ✓
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TABLE II. Specifications of the elliptical x-ray mirror.

Parameter Value

Material Single-crystal Si(100)
Coating None
Dimensions 160 (L) × 90 (W) × 50 (H) mm
Active length/clear aperture 100 mm
Distance from source to center of the mirror, p 46 m
Distance from the center of the mirror to focus, q 0.40 m
Angle of incidence at the center of the mirror, θ 3 mRad

Peak-to-valley of two periods of parabolic
arcs added to ellipse profile

Lane 1 = 0 (pure ellipse)
Lane 2 = 25 nm
Lane 3 = 50 nm

upward, the optic was supported on 3× stainless steel balls posi-
tioned at the Bessel points (separated by 0.559 times the length
or width of the mirror). For consistency, the support balls were
shipped with the mirror to each facility. For sideways-facing mea-
surements, the optic was supported on a flat plate or soft cloth (e.g.,
TEXWIPE) to minimize point-load Poisson distortions or anticlas-
tic bending.44 Typically, x-ray mirrors are mounted and measured in
their beamline opto-mechanical holders. Soft clothes are only used
on the rare occasion when opto-mechanics cannot be dismounted
from the vacuum vessel/motion systems.

D. Fiducial markers
Deterministic polishing relies on carefully positioning the cor-

rection tool relative to surface errors. A general rule recommends in-
plane positional accuracy better than 10% of the diameter of the pol-
ishing tool. Various technologies are used to determine the location
of the polishing tool relative to the substrate, including vision sys-
tems with a zoom lens and CCD camera; on-board metrology instru-
ments;45 mechanically contacting the mirror against hard-stops,

FIG. 1. Fizeau interferometry of the mirror showing the surface errors and height
modulations of the three lanes (after removal of the ellipse profile). Lane 1 is a pure
ellipse, whereas lanes 2 and 3 have added parabolic arcs to create expanded x-ray
beams with a homogeneous cross section.

which have been surveyed into position using a coordinate measur-
ing machine (CMM); direct imaging of the ion beam’s location using
in situ diagnostics such as a Faraday cup; and post-processing using
an external metrology device.

In preparation for the MooNpics project, several sets of fidu-
cial markers were added outside the clear aperture of the mirror by
ZEISS to aid dimensional alignment. Figure 2 illustrates these fea-
tures, which include inscribed lines on the end faces of the substrate
to indicate the location of each lane; laser-etched cross-hairs; and
strategically positioned dots and lines created using ion beam fig-
uring. In synergy, the markers provide a fixed coordinate system to
uniquely locate features on the optical surface to a precision better
than 100 μm. This enables accurate alignment of the mirror relative
to each metrology instrument, thereby improving reproducibility of
measurement and selection of surface data for comparative analysis.
The various fiducial markers were chosen to be visible to different
types of metrology instruments. For example, the cross-hairs pro-
vide visible feedback for positioning the optic relative to the encoded
translation scan stages of stitching micro-interferometers and to aid
careful extraction of 1D analysis lines from 2D Fizeau interferometry
scans. Correspondingly, the ion beam dots (depth ∼200 nm, width
∼2.3 mm FWHM) and ion beam lines (depth ∼50 nm, width ∼2 mm)
help align instruments that only record 1D line scans, such as slope
profilometers.

E. Data analysis
To achieve experimental reproducibility,30,31 the same region of

interest must be measured and analyzed by all. This is imperative for
aspheric surfaces, such as an ellipse, since variations in selection will
influence the best-fit parameters. The center of the analysis region
was defined to be equidistant between the pairs of fiducial lines and
dots, which are at nominal distances of ±60 and ±70 mm from the
center of the optic, respectively. Calculating the spatial derivative of
the slope profile, d2z/dx2, provides a more precise method to locate
fiducial features to define the central 100 mm “clear aperture” anal-
ysis region of the mirror. The fixed distance between the pairs of
fiducial features also helps calibrate instrument magnification fac-
tors. For example, a lateral scaling factor was applied to stretch the
data to correct small discrepancies in the zoom factor of Fizeau-
or micro-interferometers to <0.1%. The upper and lower rows in
Fig. 3 show the second derivative of height for three instruments
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FIG. 2. Series of fiducial markers were
inscribed on the optical surface to repro-
ducibly locate the polishing errors and
guide the correction tool. The upper
image shows a plane view of the optical
surface, including: the three lanes, cross-
hairs, and fiducial lines and dots added
by ion beam figuring. The lower plot
shows a 1D slope error scan along the
pure ellipse Lane 1 before (blue curve)
and after (green curve) the fiducials were
added.

before and after small translations (typically a few tens of microm-
eters), respectively, and scaling corrections were applied to align all
datasets. For this study, the spatial sampling of the Diamond-NOM,
HDX Fizeau, and Bruker GTX micro-interferometer were 100, ∼45,
and 7 μm, respectively. The location of the residual polishing defects
on the optical surface also provides a convenient verification of the
positioning and stretching of datasets.

For consistency, all datasets were analyzed using Diamond’s
standard ellipse-fitting algorithms, based on the exact expressions
for the height z or slope dz/dx profile of an ellipse, as derived by
Sutter,46

z (x, p, q, θ) = (p + q)sin θ
(p + q)2 − (p − q)2sin2 θ

× [2pq + [(p − q)cos θ]

× x ± 2
√

pq
√

pq + [(p − q)cos θ]x − x2] (1)

dz(x, p, q, θ)
dx

= ( (p + q) sin θ
(p + q)2 − (p − q)2sin2 θ

)

×
⎡⎢⎢⎢⎢⎢⎣
(p − q) cos θ −√pq

⎛
⎜
⎝

(p − q) cos θ − 2x√
pq + [(p − q) cos θ]x − x2

⎞
⎟
⎠

⎤⎥⎥⎥⎥⎥⎦
.

(2)

The best-fit ellipse was calculated, using a generalized reduced
gradient (GRG) nonlinear algorithm, by varying θ about its specified
value to minimize the rms slope error. Other fittings were also con-
sidered by varying θ and/or q to minimize height error rms. Prior
experience using synthetic datasets to model the height or slope
errors (e.g., high-order polynomials or Fourier series, with exact
expressions for integral or differential versions) showed that cal-
culation errors from numerical integration or differentiation could
be kept to negligible levels if data acquired by height-measuring
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FIG. 3. Calculating the second differential of height d2y/dx2 enables the centers of the fiducial dots and lines to be more precisely determined, thus enabling better
comparison between different datasets. Upper row: before alignment of datasets from three different metrology instruments, showing small variations in stretching and
positioning. Lower row: after alignment and correction, showing perfect coincidence to <50 μm. The outer columns show a zoomed region around the fiducial markers at
each end of the mirror.

instruments (such as Fizeau interferometers) are fitted using the
height-version of the exact form of the ellipse [Eq. (1)], and data
from slope-measuring instruments (such as a NOM) are fitted using
the slope equation for the ellipse [Eq. (2)]. Numerical integration
or differentiation of slope errors and height errors were then per-
formed using standard in-built algorithms in MATLAB and python.
Characterizing the same optic using the various instruments, and
computing the power spectral density (PSD) of height errors, pro-
vides important information about the spatial sensitivity of each
device, including the point spread function and instrument transfer
function.47–49 This approach guides the choice of Fourier filtering
parameters. After removal of the best-fit or specified ellipse from
the height data acquired by the two interferometers, a low-pass filter
of 2 mm was applied prior to numerical differentiation to match to
the in-plane resolution of the autocollimator of the Diamond-NOM.
Conversely, the unfiltered Diamond-NOM slope error profile was
numerical integrated for comparison with the unfiltered height error
data from the interferometers.

III. RESULTS
A. Phase-I: Before ion beam figuring

Figure 4 shows the slope error of lane 1 (pure ellipse) of the
mirror, as measured by the various instruments at different opti-
cal metrology labs. The left plot shows an “absolute” comparison by
removing the same specified ellipse parameters (as listed in Table II)

from all datasets. The right plot shows a “relative” comparison by
removing a unique best-fit ellipse from each dataset by varying the
angle of incidence θ to minimize the rms slope error.

Figure 5 shows the corresponding “absolute” slope errors for
lanes 2 (left plot) and 3 (right plot). The parabolic arcs in height cor-
respond to piecewise-triangular profiles in slope, with peak-to-valley
(PV) of ∼5 and 10 μrad for lanes 2 and 3, respectively. The inclina-
tion of the slope error curves after removal of the specified ellipse
reveals the mirror consistently has an error of ∼1% in its curvature
across all three lanes (PV deviation of a few microradians compared
to the mirror’s slope range of ∼382 μrad).

Table III shows that the best-fit angle θ (compared to the speci-
fied value of 3 mrad) was within ±0.16% of the average for all but
one instrument. The outlier had a difference in θ of ∼2.4% com-
pared to the average of the other instruments. This round-robin
comparison successfully identified an offset bias with the curvature
of a Fizeau interferometer’s transmission flat, which was subse-
quently corrected, thereby improving measurement reproducibility.
The variation in the slope error rms values after removal of the best-
fit ellipse is dominated by low-spatial frequency errors (e.g., rms for
lane 1 varies between 1084 and 1640 nrad). However, as expected,
improved agreement was observed between all instruments after
removal of the individual best-fit ellipse for each dataset, leading
to tighter clustering of the rms values (e.g., rms for Lane 1 varies
between 454 and 593 nrad). A further point of note is the differences
in high-spatial frequency content measured by each instrument,
which is inherent to the probe/pixel size and the ITF.
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FIG. 4. Slope error of lane 1 of the mirror, before ion beam figuring and after removal of the specified ellipse (left plot) or best-fit ellipse by varying the angle of incidence θ
(right plot).

FIG. 5. Slope error of lane 2 (left plot) and lane 3 (right plot) of the mirror, before IBF, relative to specified ellipse.

TABLE III. Slope error of the three lanes of the mirror, as measured by each instrument, after removal of the specified ellipse and parabolic arc modifications (absolute metrology)
or best-fit ellipse (relative metrology).

Slope error rms (S.E) and best fit value of ellipse parameter θ

Lane 1 Lane 2 Lane 3

Specified ellipse Best fit ellipse Specified ellipse Best fit ellipse Specified ellipse Best fit ellipse

Instrument S.E (nrad) S.E (nrad) θ (mrad) S.E (nrad) S.E (nrad) θ (mrad) S.E (nrad) S.E (nrad) θ (mrad)

ALBA-NOM 1376 454 3.0353 1804 266 3.0485 2244 624 3.0586
Diamond-NOM 1302 456 3.0332 1713 246 3.0462 2159 601 3.0565
ESRF-LTP 1084 464 3.0265 1580 256 3.0422 1854 616 3.0462
HZB-NOM 1308 491 3.0330 1736 284 3.0466 2179 620 3.0568
PSI-LTP 1174 545 3.0283 1814 379 3.0478 2589 752 3.0673
WinlightX-Fizeau 1640 593 2.9585 1098 336 2.9716 912 606 2.9814
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FIG. 6. After removal of identical ellipses
from all datasets, exceptional repro-
ducibility was obtained in the “absolute”
slope error of the mirror as measured
by the three “NOM” slope profiler instru-
ments at Diamond, ALBA, and HZB.
Representative data from Lane 1 are
shown for brevity, with similar levels of
agreement observed for lanes 2 and
3. An average of these datasets was
sent to guide the first IBF deterministic
correction at ZEISS.

Figure 6 demonstrates the exceptional reproducibility in the
absolute measurements made by the three NOM instruments
(which employ the same model of Elcomat3000 autocollimator from
Möller-Wedel Optical, Germany), both in terms of the measured
ellipse parameters and the spatial sensitivity of residual polishing
errors of the mirror. The best-fit ellipse parameter θ for each lane
varied by <0.01% as recorded by the Diamond-NOM and HZB-
NOM. Comparable results were achieved for lanes 2 and 3. 1D-line
profiles were averaged across ∼3.5 mm of the width of the optic due
to the diameter of the aperture defining the size of the autocollima-
tor beam. The average of the three NOM datasets for each of the
three lanes was provided as the input for the first IBF deterministic
correction at ZEISS using their proprietary, height-based, dwell-time

algorithms. Repolishing aimed to improve the low-spatial frequency
errors (ellipse), mid-spatial frequency (parabolic arc shapes), and
high-spatial frequency (polishing errors) of the mirror. NOM data
were chosen to guide the IBF correction, rather than higher resolu-
tion topography acquired by Fizeau- or micro-interferometers. This
is because the ITF of the NOM,50,51 which starts to diminish in sensi-
tivity for spatial periods <2 mm, is similar in dimension to the finest
ion beam used at ZEISS.

B. Phase-II: After first cycle of ion beam figuring
After the first iteration of ion beam figuring at ZEISS, Fig. 7

shows the slope error of lane 1 (pure ellipse) of the mirror, as mea-
sured by the Diamond-NOM, Diamond-HDX Fizeau,30 ESRF-LTP,

FIG. 7. Slope error of lane 1 after the first cycle of ion beam figuring, relative to the specified ellipse (left plot) and relative to the best-fit ellipse (right plot).
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TABLE IV. Slope errors and best-fit ellipse parameters for each lane of the mirror after the first cycle of ion beam figuring.

Slope error rms (S.E) and best fit value of ellipse parameter θ

Lane 1 Lane 2 Lane 3

Specified ellipse Best fit ellipse Specified ellipse Best fit ellipse Specified ellipse Best fit ellipse

Instrument S.E (nrad) S.E (nrad) θ (mrad) S.E (nrad) S.E (nrad) θ (mrad) S.E (nrad) S.E (nrad) θ (mrad)

Diamond-NOM 470 197 3.0117 615 168 3.0161 875 334 3.0220
Diamond-HDX 597 294 3.0142 664 233 3.0169 952 402 3.0235
ESRF-LTP 364 242 2.9926 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅
Soleil-LTP 598 308 3.0143 729 232 3.0187 923 394 3.0224
XFEL-Fizeau 1136 922 3.0179 1336 846 3.0280 1360 850 3.0286

Soleil-LTP, and Eu-XFEL-Fizeau. The left plot shows the absolute
slope error residual after removing the specified ellipse, and the right
plot shows the relative slope error after removal of a best-fit ellipse
by varying the angle of incidence θ. The comparisons are also rep-
resentative of measurements of lanes 2 and 3, as demonstrated in
Table IV.

Table IV and Fig. 7 show that the curvature of the mirror was
improved (θ closer to 3 mrad: average value after IBF was 3.0195
mrad, compared to 3.0449 mrad), as were the shape of the parabolic
arcs and the polishing marks (slope error rms value reduced for best-
fit ellipse). The best fit value for θ varied by <0.25% and was <0.01%
for several instruments, which is significantly better than the typi-
cal procurement acceptance tolerance of <0.5% error in the mirror’s
curvature. However, despite the overall form improvement, the cor-
rection did not fully correct the slope errors. To investigate why,
the left image shown in Fig. 8 compares what was requested to be
removed vs what was actually removed for each of the three lanes
(i.e., difference between measurements of mirror before and after

IBF correction). There is correlation between the pairs of datasets,
but the ratio between the removal and the requested profiles is con-
sistently ∼0.7 for all three lanes. If this vertical scaling factor is
applied, the right image in Fig. 8 shows a strong correlation between
the requested removal and the actual removal profiles. This suggests
that the ion beam removal rate was 30% less than requested, perhaps
due to a prior miscalibration, or a gradual reduction in effectiveness
during the lifetime of components.

Aside from amplitude scaling issues, there are two further
sources of error that can limit the final quality of the mirror, namely,
lateral shifts and lateral scaling errors between the measured surface
topography and the deterministic correction tool’s motion trajec-
tory. A simple numerical model was developed to investigate how
such issues contribute to non-ideal convergence of surface material
removal. This approach assumes idealized measurements, with neg-
ligible random errors, and constant systematic errors. Two identical
versions of synthetic data were generated by interpolating experi-
mental measurements of the mirror’s slope error profile S(x) to a

FIG. 8. Left image shows the requested slope error corrections for the first cycle of IBF for each lane of the mirror, compared to what was measured to be physically
removed. Curves are offset vertically for clarity. After vertically scaling by ∼0.7, excellent agreement is obtained between the datasets, indicating a miscalibration in the ion
beam removal function.
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finer grid of points (to enable discrete data points to be matched).
Modifications were made to one copy by applying amplitude scal-
ing a, lateral scaling b, and shift c along the length of the mirror (x
axis) to mimic errors with deterministic polishing. The difference
D(x) between the unmodified and modified synthetic slope error
profiles corresponds to the residual errors expected after non-ideal
polishing,

D (x) = S(x) − a × S(bx + c). (3)

For an optical surface with random topography, the magni-
tude of amplitude scaling a will dominate the rms value of the
difference profile D(x), with reduced influence from lateral scaling
b and shift c of the x-axis. However, x-ray mirror surfaces often have
pseudo-periodic “texture” generated by the polishing process. For
textured surfaces, non-unity values for the parameter b can lead to
interference “beats” in the residual error D. While if c is close to a
half-integer value of the surface texture period, constructive interfer-
ence of the two profiles will occur, leading to an increase in the rms
value. In general, the stronger the surface periodicity, the greater the
contribution to D from errors from scaling b and shift c of the x axis.

Analysis of data in Fig. 8, using the basic model described
above, calculates a ∼ 0.7, b ∼ 0, and c ∼ 0. This indicates that the
removal rate was 0.7 times the demanded value, and that the ion
beam was well-aligned with surface defects on the mirror. How-
ever, on several past occasions, “beat” frequencies were observed in
the slope error profile of deterministically polished optics from dif-
ferent manufacturers. This is indicative of small miscalibration of
the lateral scaling factor and translation offsets, either caused by an
incorrect zoom factor of the metrology instrument, or systematic
errors in the translation stages of the polishing system. To quan-
tify their influence, the parameters a, b, and c were incrementally

varied, and the rms of D was calculated for each case. To achieve
a slope error D < 100 nrad rms, the following criteria needed to be
met: 0.95 < a < 1.05; 0.998 < b < 1.002; and ∣c∣ < 0.1 mm. These val-
ues are derived from the polishing marks on this specific mirror, but
it is hoped that such analysis provides general order-of-magnitude
estimates for correction of high-quality mirrors. If two or more cor-
rection errors are present, the above-mentioned tolerances become
stricter. Figure 9 shows examples of the additional slope errors intro-
duced for non-ideal: lateral scaling factor, b, and lateral shift errors,
c (left plot); or removal rate, a, and lateral shift errors, c (right plot).

C. Phase-III: After second cycle of IBF
After the second iteration of ion beam figuring at ZEISS, the

mirror was remeasured at Diamond and HZB. Figure 10 shows the
Diamond-NOM, Diamond-HDX Fizeau, and HZB-NOM measure-
ments of the slope error (left image) and height error (right image)
for lane 1, relative to the best-fit ellipse. Table V lists the rms values
for slope error and the best-fit ellipse parameter θ.

Figure 11 shows the comparison between what was requested
to be removed vs what was physically removed for each of the three
lanes. Only very small adjustments were required for the fit para-
meters a, b, and c. This demonstrates that the IBF removal rate
and location were very close to the target values, both for low- and
high-spatial frequency surface errors.

D. Summary of improvements
Based on accurate metrology data provided by the project con-

sortium, two cycles of ion beam figuring improved the height error
and slope error of all three lanes of the optic by a factor of ∼10. Plots
in the left column of Fig. 12 show the slope error for each of the 3

FIG. 9. Vertical axis shows the rms value of the simulated slope error when varying the lateral scaling b and lateral shift c (left image), or the vertical scaling a and lateral
shift c (right image). Such plots can be used to predict likely tolerances required for deterministic correction to achieve a given level of slope errors.
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FIG. 10. Slope error (left image) and height error (right image) for lane 1 of the mirror after the second cycle of ion beam figuring, relative to the best fit ellipse and parabolic
arcs, as measured by the Diamond-NOM, Diamond-HDX Fizeau, and the HZB NOM.

TABLE V. Slope errors and best-fit ellipse parameters for each lane of the mirror after the second cycle of ion beam figuring.

Slope error rms (S.E) and best fit value of ellipse parameter θ

Lane 1 Lane 2 Lane 3

Specified ellipse Best fit ellipse Specified ellipse Best fit ellipse Specified ellipse Best fit ellipse

Instrument S.E (nrad) S.E (nrad) θ (mrad) S.E (nrad) S.E (nrad) θ (mrad) S.E (nrad) S.E (nrad) θ (mrad)

Diamond-NOM 172 148 3.002 41 168 139 3.002 22 205 187 3.001 67
Diamond HDX 220 195 2.997 23 138 120 2.997 72 236 198 2.995 68
HZB-NOM 477 209 3.011 72 452 111 3.011 62 453 192 3.010 49

FIG. 11. For the second cycle of ion
beam figuring, the requested slope error
removal was in excellent agreement with
the measured removal for each lane of
the mirror, indicating accurate control of
the deterministic polishing process at
ZEISS. Curves are offset vertically for
clarity.
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FIG. 12. All aspects of the mirror’s quality were iteratively improved by two cycles of ion beam figuring for lane 1 (top row), lane 2 (middle row), and Lane 3 (bottom row).
The three curves in each chart show the optical surface before (blue curves) and after the first (red curves) and second (orange curves) cycles of IBF correction. Slope error
(left column) and figure error (right column), as measured by the Diamond-NOM, are relative to the specified ellipse.

TABLE VI. Summary of improvements to the x-ray mirror after each cycle of ion beam figuring.

Improvements to the slope error (rms) (S.E) and height error (rms) (H.E) throughout
the deterministic correction process relative to the specified ellipse

Lane 1 Lane 2 Lane 3

Phase S.E (nrad) H.E (nm) S.E (nrad) H.E (nm) S.E (nrad) H.E (nm)

Before IBF 1323 16.6 1748 24.5 2190 29.2
After IBF1 471 6.2 615 8.8 875 12.2
After IBF2 172 1.6 168 1.8 205 1.6
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lanes, and plots in the right column show the corresponding height
errors. Note that the parabolic arcs in height correspond to triangu-
lar peaks in slope. Table VI provides a quantitative description of the
improvements.

IV. CONCLUSIONS
This study reports on a rare opportunity for the cross-

comparison of various types of optical metrology instruments used
to characterize x-ray mirrors for XFEL and synchrotron light
sources. Prior to the round-robin measurement exercise, a series of
fiducial markers were added to the optic, enabling it to be aligned to
within <100 μm relative to the coordinate system of each metrology
device. This proved to be highly beneficial for locating surface topog-
raphy features and precise extraction of 1D line profiles from 2D
areal data. The fixed distance between selected pairs of fiducial fea-
tures also helped cross-calibrate instrument magnification factors.
For example, stretching the data to correct small, dimensional dis-
crepancies in the zoom factor of Fizeau- or micro-interferometers to
<0.1%.

For consistency, all datasets were analyzed using Diamond’s
standard ellipse-fitting algorithms. However, in the future, unpro-
cessed datasets could be shared throughout the community to
benchmark different analysis techniques, including Fourier filtering
and ellipse fitting. The goal is a community-wide standardization
and transparency of analysis. Ideally, all parties would use the same
freely available, open-source software, such as PyLOSt stitching
software,52 developed as part of the MooNpics collaboration. This
project also provided valuable lessons to guide standardization of
various protocols, including safe packaging and logistics for trans-
portation of fragile optics; improved documentation for inspection
and test reports; and better use of metadata incorporation to record
experimental conditions.

In many cases, excellent reproducibility was achieved between
European optic manufacturers and partnership facilities when each
lab independently and “blindly” measured the mirror. The three
NOM slope profiling instruments, which each utilize the same model
of autocollimator, differed by <0.01% in measuring the ellipse para-
meter θ for each lane of the mirror prior to IBF. A valuable outcome
of the project was the identification of calibration and scaling issues
with several instruments. These problems were subsequently cor-
rected, thereby improving measurement reproducibility within the
optical metrology community.

Guided by high-quality metrology data provided by the col-
laboration, two cycles of ion beam figuring were sequentially
applied to the optic at ZEISS. This process improved all aspects
of the mirror’s quality, including correcting the ellipse para-
meters; reducing the absolute slope error (relative to the speci-
fied ellipse) from ∼1500 to <200 nrad rms; and improving the
shape of the parabolic arcs. It is hoped that future papers will
provide corresponding details about the ultra-flat and spherical
mirrors, which were also part of the MooNpics round-robin exer-
cise. Ultimately, it is hoped that close cooperation with industrial
partners and improved reproducibility of optical metrology will
lead to further improvements in the production quality of x-ray
optics to benefit XFEL and synchrotron light facilities around the
world.
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