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We studied the use of morphometric variables (maximal curvature, minimal curvature, mean curvature,
topographic index, etc.) for study of the surface of X-ray optical elements. We performed calculations on digital
elevation models of a spherical concave substrates: primordial and smoothed digital elevation models, before and
after technological operations (mechanical lapping, axisymmetric surface shape correction, ion beam figuring). We
have demonstrated a visual display of weakly expressed topographic inhomogeneities, incl. which are not displayed
on the maps of the original digital elevation models. The consideration included the study of both the measured
samples and the errors in the formation of the digital elevation model (artifacts from the recording system and
from the inhomogeneity of the medium), as well as the features of scale decomposition when using the universal
spectral-analytical method.
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Introduction

In the manufacturing of X-ray optics, much attention
is paid to the control of the shape of the manufactured
reflective elements. The accuracy of the shape of the
manufactured surface determines the resolution of X-ray
mirrors [1].

A large number of works by various scientific groups [1-
8] are devoted to the formation of the surface of a given
profile, or, in other words, the control of the local curvature
of the surface of optical elements [1-17]. The shape
correction process is iterative and requires at each stage of
correction the measurement and analysis of the shape of the
surface [2]. The specific required volumes of technological
impact are calculated using the generated surface map, for
example, the parameters of the ion beam (size, current,
energy, local angle of incidence of ions on the surface,
etching rate, etc.) to develop an optimal etching algorithm
that allows forming the required surface shape [2].

Many hundreds of papers are devoted to issues related
to approaches to the study of the topography and shape
of objects. However, the direction dedicated to multilevel
surface analysis (large-scale decomposition) should be sin-
gled out separately. Such a technique can be useful for
selecting objects of a given size, for example, detecting the
location of filler particles in the medium when processing
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atomic-force microscopy (AFM) data [18,19]. In the study
of the digital elevation model (DEM) of the surface acquired
using AFM in the paper [18] it was represented by the
sum of two topographies: a slowly changing topography
of low curvature (the surface of the macro level of the
material) and a topography of high curvature (the surface
of the nanoscale of the material) —an integral filter was
used for separation. The separation of the initial topography
into three components with curvature of different scales
is considered also for the DEM acquired using AFM by
analogy in the paper [19]. On the other hand, large-scale
decomposition can be used for broader tasks related to the
study of technological processes that led to the final form of
the studied object. For example, a large-scale decomposition
of the submarine topography (Sea of Japan) was performed
in the study of [20] using the method of two-dimensional
singular spectrum analysis for comparing with the tectonic
features of the region over a long time period to interpret
the stages and scales of tectonic processes determined by
the geometry and extent of the selected folded deformations.

One of the most effective methods of studying the
features of the surface topography is the application of mor-
phometric variables, widely used in the study of the Earth’s
surface in geomorphometry. Geomorphometry is a scientific
discipline with a developed physical and mathematical
theory and a powerful apparatus of computational methods,
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the subject of which is mathematical modeling and analysis
of topography, as well as the relationships between it and
other components of geosystems [21]. The international
research experience in the field of geomorphometry is
summarized in a series of analytical reviews and books [21-
31]. The initial data for modeling are DEMs.

A morphometric value is an unambiguous bivariate
function describing the properties of a topographic sur-
face. Each morphometric variable characterizes a certain
feature of the local geometry of the surface under study,
ie. it has its own physical and mathematical meaning.
Morphometric variables are calculated from the DEM using
finite-difference methods or using specialized algorithms. A
fairly complete list of morphometric variables, as well as
calculation formulas and algorithms are given in [21,32,33].

Earlier, some of the authors of this paper considered
the application of geomorphometry experience to study
the shape of wafers and structures based on them [34-
37], including round thin-film membranes [34]. DEMs
acquired by optical profilometry [34-36] and AFM [37] were
processed. This study includes the further development
of this direction and the application of geomorphometric
approaches to study the shape of elements of X-ray optics.

The objective of the article is to study the surface features
of X-ray optics parts using morphometric variables; to
determine the list of information that can be obtained with
such an analysis in comparison with standard methods of
analyzing topographic maps.

1. Materials and methods

The following X - ray optical elements were studied:

e spherical concave substrate with a diameter of 160 mm,
with a radius of curvature of 2974 mm, made of fused
quartz of the KV grade (hereinafter referred to as ,,sample
No. 1) (Figs. 1-3);

e spherical concave substrate with a diameter of 66 mm,
a radius of curvature of 345.4 mm, made of fused quartz of
the KV grade (hereinafter referred to as ,,sample No. 2“)
(Fig. 4).

The studied samples were made using mechanical lap-
ping and ion-beam etching. A blank was formed using
mechanical lapping with the minimum achievable deviations
of the resulting shape from the calculated sphere, and then
the surface shape was etched by ion-beam etching to the
required parameters. Ion beam etching was carried out
in two stages. The axisymmetric errors in the shape of
the surface were corrected by a wide-aperture ion source
through a mask at the first stage. The final correction of
local errors in the shape of the surface was performed by
a small-sized ion beam using a source with a focusing ion-
optical system at the second stage.

Mechanical lapping was carried out on a 3PD-350 polish-
ing and lapping machine using several types of suspensions
based on an aqueous solution of cerium oxide micro-
powders (CeO,) with a sequential reduction of the grit size
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to 20nm. The radius of curvature was monitored using a
SuperSpherotronic HR spherometer.

A wide-aperture ion source KLAN-163M was used
for axisymmetric correction. An axisymmetric part was
extracted from the DEM prior to processing which was
used to calculate the diaphragm cutting the ion beam. The
processing was carried out according to the scheme shown
in Fig. 5,b. A shaped diaphragm was installed between the
wide-aperture source of accelerated ions and the workpiece.
The diaphragm cut off the ion beam in such a way that
when the workpiece was rotated behind it, the material
was removed from the surface of the workpiece with the
required dependence of the etching depth on the radius.

Local correction was performed using the KLAN-12M
ion source with an ion-optical focusing system. This source
formed a beam of accelerated ions with the following
parameters: the ion current density distribution in the plane
of the processed sample is close to Gaussian, the width at
half height d ~ 3.3 mm, the maximum ion current density
up to 95mA/cm?. The processing was performed with
neutralized ions Ar® with energy Eijo,n = 1000eV.

Sample No. 2 was studied at various process stages: after
processing by mechanical lapping [15] (Fig. 4,a, d), then
after axisymmetric correction by a wide-aperture ion source
(Fig. 4, b, ¢) through a special etching mask (Fig. 5, ¢), then
after local correction by a small ion beam (Fig. 4, ¢, f~i) [16].

An interferometer with diffraction reference wave was
used to form DEMs [17]. A specific feature of this inter-
ferometer is the use of a spherical reference wave source
based on a single-mode optical fiber with a subwavelength
output aperture. This instrument has a subnanometer,
RMS < 1nm, accuracy of measurements of the deviation
of the surface shape of optical parts from a sphere with a
numerical aperture to NA = 0.28.

Sample No. 1 was measured when it was fixed on a
turntable in 12 positions (the angle of rotation between
measurements 30 £ 0.5°).

The resolution of the DEM (the size of the DEM) was
reduced by linear interpolation to speed up the calculations.

For the sample No. 1, the DEM size was 1036 x 1036,
the grid size (DEM resolution) was 0.145mm for the
case of the original (non-smoothed) DEM; the DEM size
was 267 x 267, the grid size was 0.563 mm for the DEM
after resolution reduction. The elevation difference (PV)
and mean square roughness (RMS) were PV = 35.5nm,
RMS = 4.5nm.

For the sample No. 2, the DEM size was 374 x 374,
the grid size was 0.176 mm after processing by mechanical
lapping; the DEM size was 377 x 377, the grid size was
0.175mm after axisymmetric processing; the DEM size
was 369 x 369, the grid size was 0.174mm after local
processing. PV = 137.8 nm, RMS = 18.3 nm after mechan-
ical lapping treatment, PV = 78.5nm, RMS = 9.9 nm after
axisymmetric processing, PV =41.2nm, RMS = 3.8nm
after local processing. Calculations were carried out only
for DEM with reduced resolution for sample No. 2.



990 XXVII International Symposium ,Nanophysics & Nanoelectronics”

a 3 b

0.010 2

0.005 !

0
(@]
0 173

=

-0.005 2

-3

—-0.010 4

—0.015 =

—-80 ] ] ] | ] ] ] -6

—-80-60-40-20 0 20 40 60 80

80 8 ¢ 6 d

60 6 4

40 .

20 o o
€ o 2 3 0o S
- % 2

-20 0~ 2=
—40 5 o
—60

-4 -6
-80

—-80-60 -40-20 0 20 40 60 80

80 e

0.6 f

60 6

40 0.4 5

20 02 o

= 43
E o 0o 3 2
- P 3
—20 02" -
2
40 0.4
60 1
-0.6 !
-80 ~80 L I L ! . |
—-80 —60-40-20 0 20 40 60 80 -80-60-40-20 0 20 40 60 80
mm mm
Figure 1. Sample No. 1 (spherical concave substrate): DEM (@) and calculated morphometric variables (b—f): minimum

curvature Kmin (b), maximum curvature Kmax (c), mean curvature H (d), shape index Shl (e), unsphericity M (f). The number of

expansion coefficients for the approximation: n = 300.

A universal spectral analytical method using Chebyshev
polynomials of the first kind and Feyer summation was
applied to calculate morphometric variables [38]. In contrast
to the Zernike polynomials widely used for processing X-
ray optic DEMs [39], the advantage of using which is the
relationship with the main typical aberration distortions,
this method preserves important topographic features when
processing DEM for developers, such as ring structures

and ,horizontal stripes”, discussed in detail below. In
addition, the method is less costly in terms of computing
time. The universal spectral analytical method is designed
to process regular DEMs within a single scheme, including
global approximation of the DEM, generalization and noise
suppression in the DEM, as well as the calculation of
morphometric variables based on the analytical calculation
of partial derivatives. Calculations were performed in
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Figure 2.

Sample No. 1 (spherical concave substrate): DEM (a—c) and calculated maximum curvature Kmax (d—f): rotation

angle 210° (a, d, g), 240° (b, e, h), 270° (c, f i). The number of expansion coefficients for the approximation: n = 300 (d—f), n = 100 (g—i).

Matlab software environment using the author’s program.
From 100 to 600 expansion coefficients of the initial
elevation function by Chebyshev polynomials were used.

Since morphometric variables are usually characterized
by a wide dynamic range of values, the logarithmic
scale [21,33] is used for displaying to avoid loss of
information about their spatial distribution.

2. Results and discussion

Figures 1—4 shows examples of maps of calculated
morphometric variables for X-ray optics objects. Each
morphometric variable displays the features of the local
topography of the studied objects in its own way, in
accordance with its physical and mathematical sense.

Positive values of the minimum curvature Ky, (Fig. 1,5,
3, 4d—f h) highlight local convex topographic elements, and
its negative values indicate elongated concave topographic
forms.

Technical Physics, 2023, Vol. 68, No. 7

Positive values of maximum curvature Knax (Fig. 1,¢, 2,
4, it g) indicate elongated convex topographic forms, and
its negative values indicate local concave structures.

Mean curvature H (Fig. 1,d) determines the preferred
bending direction. For convex local surface areas H > O,
for concave H < 0, for local flattening areas H = 0.

Unsphericity M (Fig. 1,f) shows the extent of deviation
of the shape of the topographic element from the spherical
shape. On the surface of the sphere, M = 0. Unsphericity
is effectively used to evaluate defects like cracks [36,40].

The shape index Shl (Fig. 1, e) is a continuum expression
of a discrete Gaussian classification of surface forms. Its
positive values refer to convex topographic forms, and
negative vales denotes concave forms; its absolute values
from 0.5 to 1 correspond to elliptical surfaces (hills and
closed depressions), and the values from 0 to 0.5 correspond
to hyperbolic surfaces (saddles) [37].

The calculated data for the sample No. 1 in Fig. 1
demonstrate the applicability of morphometric variables
for assessing the topographic features of X-ray optical
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Figure 3. Calculated minimum curvature Kmin for sample No. 1 (Fig. 1,a): calculation using the initial (uncoated) DEM (q,c, e),
calculation using the smoothed DEM (the DEM after resolution reduction) (b,d,f). The number of expansion coefficients for the

approximation: n = 200 (a, b), 300 (¢, d), 400 (e, f).

elements and show the possibilities of visual detection
of topographic inhomogeneities (local bumps, depressions,
etc.) in accordance with the above-listed physical and
mathematical sense of the morphometric variables used. For
example, a small defect-pit in the lower left part of the figure
corresponds to negative values of minimum curvature Kpyin,
maximum curvature Kmp.x, mean curvature H. Both this

defect and, in general, the areas of the greatest topographic
change are clearly visible on the unsphericity map M (the
highest values of M).

Similarly, Fig. 4 shows the efficiency of using this
technique for processing the DEM of the sample No. 2 at
various stages of processing. It is possible to see ,.beams™
radiating from the center of the sample corresponding to

Technical Physics, 2023, Vol. 68, No. 7
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Figure 4. DEM (a—c) and calculated morphometric variables (d—i) for sample No. 2 (spherical concave substrate) at various stages of

processing: after processing by the method of mechanical lapping (a, d), after axisymmetric processing (b, e), after local processing (c, f—i)

Morphometric variables: Kmin (d—f 1), Kmax (g), H (7). The number of expansion coefficients n for the approximation: n = 100 (d—g),

200 (h, i).

sufficiently extended concave regions on Fig. 4,d based on
the smallest values on the map of minimum curvature Ky,
which, with due experience, can be partially seen on the
DEM map (Fig. 4,a; for example, the largest ,beam™ is
closer to the left boundary of the sample). However, it is
obvious that on the Ky, map the visualization is much more
visual. The extended concave regions are also visible on the
Kmin map in Fig. 4,e (corresponding to their position in
Fig. 4,b — in this case, for extended areas, you can visually
trace the correlation), in addition, it is possible to analyze
the location of local concave regions on extended convex
areas (for example, on a massive hillock on the left side
of the sample), which are on the DEM map (Fig. 4,b) not
visible. However, the most interesting figure is Fig. 4,/ —
in this case, it can be seen that the smallest values of the
minimum curvature Ky, form ,horizontal lines. The same
lines are visible on the map of maximum curvature Kp,x
(Fig. 4,g). However, it is almost impossible to determine
their presence on the DEM map (Fig. 4, ¢).

3 Technical Physics, 2023, Vol. 68, No. 7

In general, important features of the topography, neces-
sary to determine the required parameters of the technolog-
ical process at the initial stages, can be evaluated directly
from the DEM (Fig. 1,a) without resorting to the capa-
bilities of geomorphometry due to the rather large extent
of the irregularities of the topography of the sample No. 1
(Fig. 1,a). Indeed, the maps in Fig. 1,b—f demonstrate a
large number of smaller topographic inhomogeneities that
are not visible against the background of the overall shape
of the DEM structure, but they are not so important at
the current stage of processing. By analogy, the DEM
in Fig. 4,a was used mainly to isolate the axisymmetric
component in order to calculate the required mask for
etching (Fig. 5).

However, all remaining inconsistencies already become
important closer to the completion of the technological
treatments of the substrates and their achievement of the
required shape. In this case, for example, knowing the
position of local bumps, they can be taken into account
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Figure 5. Axisymmetric part of the surface map (a); scheme of the experiment of axisymmetric surface treatment: / — wide-aperture
ion source, 2 — quasi-parallel ion beam, 3 — shaped diaphragm, 4 — workpiece (b); mask for axisymmetric processing (c).

when developing a procedure for local etching of this
sample and subsequently achieve greater surface evenness.
In this case, an example of calculated maps of morphometric
variables for the sample No. 2 after local processing is quite
illustrative (Fig. 4,f g), which show atypical features of the
topography, such as ,horizontal stripes®, unnoticeable on
the DEM (Fig. 4, ¢).

It is important to note that, since a universal spectral
analytical method was used for calculations, before cal-
culating morphometric variables, the DEM approximation
is carried out using Chebyshev polynomials of the first
kind. The location and dimensions of the topographic
patterns displayed on morphometric maps differ significantly
depending on the depth of expansion of the original DEM
used (i.e., on the number of expansion coefficients n used in
the reconstruction of the approximated DEM). The smaller
the n value, the stronger the degree of generalization
(smoothing) of the DEM. Therefore, the use of a different
number of polynomials for approximation makes it possible
to identify topographic patterns related to different levels
of the spatial hierarchy (scale). In fact, this is conducting
a multi-scale analysis similar to the methods described
in [18-20]. This leads to the fact that in practice, when
studying structure DEM, it is necessary to use a different
number of polynomials to identify various features of the
surface topography. In particular, at n = 200, due to the
greater detail of the image (Fig. 4,%), ,horizontal stripes®
become almost unnoticeable (compared to the case of
n= 100, Fig. 4,f). However, a series of concentric circles
is well visualized on the maps from Fig. 4,4,7 at n = 200,
which merge with the general picture in Fig. 4,/ at n = 100.

These ring structures are an artifact of measurements
and are caused by the presence of dust particles on the
recording system of the interferometer. It is possible to
see that their location on different maps is the same. For
example, the circle located in the middle between the center
of the sample and its left edge is most clearly visible for the
sample No. 1 in Fig. 2, which on the maps of maximum
curvature Kpax (Fig. 4,d—f) corresponds to its small values.
The position of this defect does not change when the sample

is rotated (Fig. 2). At the same time, the position of another
small defect that was discussed earlier (a small defect is a
pit in the lower left part of Fig. 2, b) changes accordingly
to what is expected (Fig. 2). With a decrease in the degree
of smoothing (an increase in the degree of polynomials n),
ring structures become more clearly visualized (Fig. 3, e).

Continuing the discussion of the features of conducting
multi-scale analysis and artifacts in the DEM, it is worth
noting that the experimentally processed DEMs of real
structures include:

1) information about the studied samples;

2) relatively constant errors and artifacts caused by the
recording system (dust particles, etc.);

3) variable errors and artifacts caused by inhomogeneity
of the medium (air flows, vibrations, etc.).

This leads to the fact that the DEM maps themselves for
the same sample are not identical for different measurements
(for example, the DEM in Fig. 2 do not perfectly correspond
to the models rotated by an angle 30°). Therefore, when
analyzing topographic inhomogeneities using morphometric
variables, it should be remembered that the results obtained
can be both indicators of the characteristics of the sample
under study and the consequence of introduced errors,
including random (not systematic) ones. In the case of
studying X-ray optics objects with DEM with a elevation
difference of about a hundred nanometers or less, this effect
manifests itself at various levels of the spatial hierarchy
(Fig. 2).

This means that in general there is no need to use the
original (non-smoothed) DEM maps for calculations instead
of more convenient from the point of view of the time
of computing of smoothed DEM. Fig. 3 shows the results
of calculating the minimum curvature Ky, of the sample
No. 1 for the initial and smoothed DEM. It can be seen
that for n = 200, the calculated K, maps are practically
indistinguishable (Fig. 3,a,b). Naturally, the situation is
similar with a smaller degree of the polynomial n. The
level of detail increases with an increase of the degree of the
polynomial n and it is already possible to see the differences

Technical Physics, 2023, Vol. 68, No. 7
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(Fig. 3,¢,d) with n =300 and starting with n = 400 they
already become very noticeable (Fig. 3, ¢, f).

Concluding this section, it is worth noting that, in addition
to the morphometric variables described, the following
parameters were also calculated and analyzed: Gaussian
curvature, difference curvature, Laplacian, curve dness,
catchment area, dispersive area, topographic index, etc.
(LandLord 4.0 program was used for the latter three [41]). Tt
was found that the ring structures are most clearly visualized
on the maps of the topographic index; otherwise, the results
repeat those obtained in Matlab.

Conclusion

An approach to the study of the surface topographic
features of X-ray optical elements based on the use of
morphometric variables is proposed. The approach was
tested on two spherical concave substrates: diameter 66 mm
and radius of curvature 3454 mm, diameter 160 mm and
radius of curvature 297.4 mm.

It was demonstrated that these approaches are useful for
the following tasks:

e a more clear visualization of topographic inhomo-
geneities (local bumps, depressions, etc.), which potentially
becomes most relevant closer to the completion of process-
ing stages;

e detection of ,fine“ topographic inhomogeneities that
are not displayed on the maps of the original DEM, in
particular, ,horizontal stripes“ were detected on the maps
of curvatures;

e visualization of measurement artifacts (for their sub-
sequent elimination from the DEM), in particular, ring
structures caused by the presence of dust particles on
the recording system of the interferometer were clearly
manifested.

The provided information is necessary for the developers
of X-ray optical elements to control the supplied technologi-
cal operations and processes in order to achieve the required
shape of the parts.

Also, summarizing the conducted studies, it can be con-
cluded that it is necessary to carry out several measurements
of the same sample to assess the topographic features of X-
ray optics objects. This is necessary for:

1) confirmation that the observed topographic features
are not the result of random errors;

2) determination of systematic errors (for example,
artifacts like ring structures) and their removal from the
DEM under study.
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