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Surface Roughness of Stainless Steel Bender Mirrors for

Focusing Soft X-rays

Valeriy V. Yashchuk, Eric M. Gullikson, Malcolm R. Howells, Steve C. Irick,
Alastair A. MacDowell, Wayne R. McKinney, Farhad Salmassi, and Tony Warwick
Lawrence Berkeley National Laboratory, Berkeley, California, USA
James P. Metz and Thomas W. Tonnessen

InSync Inc., Albuquerque, New Mexico

We have used polished stainless steel as a mirror substrate to provide focusing of soft x-
rays in grazing incidence reflection. The substrate is bent to an elliptical shape with large
curvature and high stresses in the substrate require a strong elastic material. Conventional
material choices of silicon or of glass will not withstand the stress required. The use of
steel allows the substrates to be polished and installed flat, using screws in tapped holes.
The ultra-high-vacuum bender mechanism is motorized and computer controlled. These
mirrors are used to deliver focused beams of soft x-rays onto the surface of a sample for
experiments at the Advanced Light Source (ALS). They provide an illumination field that
can be as small as the mirror demagnification allows, for localized study, and can be
enlarged, under computer control, for survey measurements over areas of the surface up to
several millimeters. The critical issue of the quality of the steel surface, polished and

coated with gold, which limits the minimum achievable focused spot size is discussed in



detail. Comparison is made to a polished, gold coated, electroless nickel surface, which
provides a smoother finish. Surface measurements are presented as power spectral
densities, as a function of spatial frequency. The surface height distributions measured
with an interferometric microscope, and complemented by atomic force microscope
measurements, are used to compute power spectral densities and then to evaluate the
surface roughness. The effects of roughness in reducing the specular reflectivity are

verified by soft x-ray measurements.
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1. Introduction

Shaped mirrors are commonly used in pairs'® for focusing x-rays into experiments at
Synchrotron Radiation facilities. These mirrors typically reflect horizontally and vertically, each
focusing in one plane. They are often used at high de-magnification to generate a small x-ray
spot and tangentially should have an elliptical surface. Bending mechanisms for this type of
mirror have been extensively studied.”’ > They must provide a tuned bending couple at each end
of the mirror substrate. This would give a linear variation of curvature from one end of a uniform
substrate to the other. The required correction to achieve an elliptically bent shape is generated
by varying the width (or thickness) of the substrate as a function of its length. The effects of
gravity can be made negligible by a second iteration of this variation.”” The resulting optical

systems have been reported to deliver illumination spots limited by the polished quality of the



substrate." If they are used at short working distances the x-ray spot can be smaller than 1 pm.*
To keep the mirrors short, they should be used with grazing angles as large as the x-ray
reflectivity will allow. For soft x-rays with energy below 2 keV the grazing angle may be 1.5° or
larger. An undulator beam can easily be collected at the end of a typical 30 m soft X-ray
beamline by a mirror 300 mm long. The required bending radii may be as small as 20 m and the
stresses then exceed the capabilities of conventional glass and silicon substrates. Metal is
preferred, both for its strength, and for its ease of attachment, in systems that must be baked for
ultra-high vacuum and must necessarily be ultra-clean. We have used copper in the past,"> with
an electroless nickel surface for smooth polishing. Stainless steel is stronger and can be polished
directly. However, it is not clear, how smooth the finished steel surface can be. These mirrors
require an optical coating, usually gold or platinum, but at the proper thickness this coating
conforms to the finish and figure of the underlying polished surface.

In this paper we report on the finish achieved on a suite of three stainless steel mirrors
recently installed at beamline 11.0.1 at the ALS. The mirror surface roughness was higher than
desired, but the mirrors were smooth enough for successful installation and use. One of these
three steel mirrors was coated with electroless nickel after the steel failed to polish sufficiently
smooth. This extra production step provided a surface that could be polished smooth while
retaining the strength of the underlying steel. We show measurements of roughness, scattering,
and reflectivity, both from gold-coated polished stainless steel and from gold-coated polished
electroless nickel and report on the performance of the benders and the ultimate properties of the

x-ray spot at the focus of the beam line.

2. Bender mechanism and substrate stress



Here we discuss one of the three mirrors, focusing with a large demagnification factor of
43 and a working distance 0.5 m. Figure 1 shows the required surface curvature. The dashed line
is the best fit with two tunable couples. The desired elliptical shape is then achieved by varying
the width of the mirror along its length. Figure 2 shows the bender mechanism with the substrate
in place. The substrate is 17-4PH stainless steel, 350 mm long, 50 mm wide, and 20 mm thick.
The 7 mm stainless steel (17-4PH) main spring has a deflection W/’ / (BEI) with I =wt’ / 12. (W
is the pulling force, up to 1000N. w, ¢ and / are the width, thickness and length along the
substrate, £ is the elastic modulus of the material). The deflection at the end of the spring is
about 7 mm. The maximum stress at the fixed end Wit/(21) is 4.5x10° Nm™ (or 60 ksi). This is
just acceptable, as the practical limit against plastic deformation is around 90 ksi. The mirror
stress is one fifth of this. The use of 17-4PH stainless steel for the mirror substrate ensures that

the polished shape (flat) converts properly into an ellipse even when stressed at this level.

3. Measured surface roughness

The surface roughness measurements were performed with two different instruments and
techniques available at the Lawrence Berkeley National Laboratory (LBNL). An interferometric
microscope (Micromap-570>") with five inter-changeable objectives (2.5%, 5%, 10%, 20%, and
50x%) at the ALS Optical Metrology Laboratory (OML) covers a range of spatial frequencies
from 4-10%pum™ to 2 um™ (see section 3.1). An Atomic Force Microscope (AFM) (Digital

Instruments 3100°® at the Center for X-Ray Optics (CXRO) Nano-Fabrication facility provides



investigation of the mirror surface finish over an area from 5 x5 um’ to 100 x 100 um?,
covering the spatial frequency range from approximately 0.1 pm™ to 50 um™ (see section 3.2).
For a more sophisticated characterization of the mirror finishes, the surface height distributions
measured with these microscopes were transformed into two-dimensional (2D) power spectral
density (PSD) functions.”’ The roughness values were estimated based on the obtained 2D PSD
distributions.

X-ray reflectivity and scattering measurements were performed at the CXRO
Reflectometry and Scattering beamline 6.3.2 at the ALS. Such measurements can also be
converted into PSD spectra for the spatial frequency range from 0.1 um™ to 100 um™ for 100-
1000 eV x-rays.”**! This frequency range almost coincides with the AFM range. At the lower
frequencies, 0.1 um™ to 2 pm™, the range overlaps with the Micromap-570 interferometric
microscope measurements. It is possible to cross-check these PSD measurement techniques and
eliminate the effects related to the modulation transfer function (MTF) of the instruments.

A 2D PSD function is a Fourier decomposition of the two-dimensional surface height
distribution into harmonic basis functions.”” Its use is preferred to the characterization of the
surface finish by the parameters of rms roughness and correlation length.’* X-ray scattering
calculations based on a 2D PSD can be used to reliably evaluate in-plane and out-of plane
distributions of the X-rays scattered by the optics; whereas, due to the dependence of the rms
roughness and correlation length parameters on the instrumental bandwidth, the corresponding
scattering calculation is less reliable and only the evaluation of the integrated scattering can be

performed.



A. Interferometric microscope measurements

The Micromap-570 interferometric microscope is a basic metrology tool for measuring
micro-roughness of X-ray optics. The instrument in the LBNL OML has demonstrated
measurements of sub-angstrom surface roughness. The measurement is in the form of a height
distribution on a two-dimensional surface grid that sets the maximum spatial frequency
consistent with the magnification number of the objective used for measuring. A number of
available objectives with magnification from 2.5% up to 50x% allows for measuring roughness
over a spatial frequency range from 4-10™ um’1 to 2 um'1. In order to suppress instrumental
errors, the measurements were performed in “super smooth mode”. In this mode, an output

height distribution 7, , is the result of two successive measurements over two different regions

on the surface. The indices m and n count the pixels. The measured height distributions are
subtracted one from another and renormalized in order to preserve the rms roughness
(dispersion) of the resulting surface to be equal to the surface roughness of a single

measurement:

s = (b, =, )2

The standard output of the Micromap-570 includes the values of roughness averaged over
a specified area and averaged along a specified line. However, the two dimensional distribution
of the surface height contains more information about the quality of the surface, and can be used
to derive a PSD distribution. The procedure and the software developed for converting the 2D
surface height distribution measured with the Micromap-570 into a 2D PSD distribution are

described elsewhere.” Here we present the basic relations necessary for further consideration.



The 2D PSD function S, may be viewed as a Fourier decomposition of the 2D surface

height distribution /(x, y) into harmonic basis functions:**

2
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where L, and L, are the tangential and sagittal dimensions of the measured surface region,

A=L_L ; u and v are the spatial frequency variables corresponding to the tangential x and

x Ty
sagittal y coordinates. In the case of discreet measurements with pixel dimensions Ax and Ay,
M and N pixels in the tangential and sagittal directions respectively, the 2D PSD distribution can

be evaluated from the height distribution /, via equation

m,n

S,(.k)=M N x| )

where F;, are the elements of the Fourier transform matrix
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The corresponding estimates of the tangential and sagittal one-dimensional (1D) two-
sided PSDs S/(/) and S/(k) can be obtained by summing over rows (k) or columns (/),
respectively. Here 0</< M —1 and 0 <k < N —1, and prime signifies a two-sided PSD. These
are then converted to one-sided (positive frequency only) just like the ones calculated from lines

on the surface directly



§(D=25/()g(l) and (k) =25,(k)g(k), 4)

where 0<I<M/2, 0<k<N/2; g(l)=1/2 at I=0,M/2, g(k)=1/2 at k=0,N/2, and
g(l)=1 and g(k)=1 otherwise. The reader is directed to reference” where the details of the

procedure are given.

In order to transform the area distribution of the residual surface heights available from
the measurement with the Micromap-570 into a 2D PSD distribution of the surface height, a
measured 2D height distribution is first detrended with a best-fit 2D toroidal surface. The general

expression for the toroidal surface is given by the expression:
S(x,y): koot ke igx + koo X? + kg y + ko pt ke xy ko xty kot ke g,xty? (5)

Second, correction for the resolution asymmetry of the Micromap-570 interferometric
microscope between the tangential and sagittal directions is performed. This asymmetry
originates from the CCD camera read-out through two independent channels with unbalanced
amplification. In order to eliminate the related distortion of measured height distributions, the
usual practice is to average the height distribution over two adjacent pixels in the sagittal
direction. This averaging leads to a resolution asymmetry in the instrument, which is clearly seen
when comparing the tangential and sagittal 1D PSD spectra of a mirror with isotropic finish.
The asymmetry correction, based on a simple one-parameter analytical model,” allows us to
account for the major effect of the averaging in the sagittal direction.

The dependence of instrument sensitivity on spatial frequency, which is usually
characterized by a Modulation Transfer Function (MTF),* leads to distortion of the measured
PSD distribution compared with the PSD distribution intrinsic to the surface. Such a distortion is

seen in a 1D PSD spectrum as a high frequency roll-off (see Fig. 3). The PSD data presented



throughout the present section are not corrected for this effect. In section 4, comparison of the
PSD measurements, using the different techniques is shown to provide a method for finding the
MTFs of the corresponding instruments. The effectiveness of the procedure developed for PSD

3336 .
~° with a

presentation of the Macromap-570 measurements has also been demonstrated in Refs.
number of different X-ray optics including mirrors and a grating.

We should mention that the correction implemented leads to hook-like artifacts in the
corrected 1D PSD spectra appearing at highest spatial frequencies (see Fig. 3). For practical
purposes these artifacts can be ignored, because of their very small magnitude (they are
noticeable in Fig.3 due to a log-log scale). It should be noted that a similar artifact was
encountered in the early development of phase-shifted Fizeau interferometers. Special methods
for calibration of the modulation transfer function were proposed.37 Unfortunately, no
investigation of the origin of the artifact was reported.

Finally we reproduce the expressions giving the surface rms roughness values from the

tangential and sagittal 1D PSDs

M)2 % N/2 %
Rx={2Sl(l)Afx} and Ry{ZS,(k)AJg} : (6)

In (6), Af, and Af are corresponding spatial frequency intervals, Af, =1/(M Ax) and
Af, = 1/(N Ay). Note that the expressions (6) differ from an analogous formula in Ref.” by

factor of +/2. The difference is due to the difference between definitions of the 1D PSD
distributions as two-sided 1D PSD used in Ref.*’ and as one-sided 1D PSD given by (4).
Figure 3 shows an example of the 1D PSD spectra extracted from the 2D PSD

distribution of the nickel coated steel mirror measured with the Micromap-570 with the 20x



objective. The spectra are averaged over measurements of five different regions of the mirror
surface. The close similarity of the tangential and sagittal 1D PSD spectra presented in Fig. 3 is a
characteristic property of the three stainless steel mirrors: M103 with a nickel coating, M104 and
M105 without (we adopt the mirror labeling used on the corresponding ALS beamline). The
isotropic mirror surface finish is observed using all objectives on the Micromap-570, as well as
with the AFM (see section 4). The tangential 1D PSD spectra of the nickel coated steel mirror,
measured with different Micromap-570 objectives, are presented in Fig. 4. Each spectrum is the
result of a convolution of the corresponding averaged 2D PSD distribution. The 2D PSD
measurements with different objectives extend the available spatial frequency range. A
noticeable feature of such an extension is that the higher spatial frequency roll-off observed with
a lower resolution objective is corrected when measuring with a higher resolution objective.

Compared to the nickel coated steel mirror, the 1D PSD spectra measured for the mirrors
with stainless steel substrates polished directly have systematically larger magnitudes (see Fig. 5
and Fig. 6). The difference between the 1D PSD spectra of the two mirrors with stainless steel
substrates polished directly is significantly smaller.

Table 1 summarizes the result of the Micromap-570 measurements on the mirrors with

the stainless steel substrates polished directly in the term of rms surface roughness S, , which is

the standard deviation of the height values of the measured area from the best fit second order
polynomial surface. The values of the roughness presented in the table are the Micromap-570

output parameters generated with the instrument’s software.

B. Atomic force microscope measurements

10



The surface finish of two of the mirrors was investigated using an Atomic Force
Microscope at the LBNL CXRO Nano-Fabrication facility. These measurements were made on
the nickel coated steel mirror and on one of the mirrors with a stainless steel substrate polished
directly. A series of AFM scans were performed using a Digital Instruments 3100 instrument
with the NanoScope software.”® The AFM instrument operates with an atomically sharp tip
oscillating at resonance above the surface to be measured. The amplitude of the oscillation is
adjusted to bring the maximum excursion close to the surface, as the tip is raster-scanned over
the region of interest. By reflecting laser light off the back of the tip-cantilever and into a
detector system, the AFM instrument is able to resolve sub-nanometer changes in oscillation
amplitude corresponding to changes of the height of the surface. Ordinary etched silicon
cantilever tips with 15 nm to 20 nm tip diameters were used with response frequencies of
approximately 290kHz. The AFM provides surface height distributions that can be converted,
with the built-in software, into 1D PSD spectra and 2D PSD distributions. The instrument allows
PSD measurements for the spatial frequency range approximately from 0.1 ym™ to 50 pm™,
which correspond to a measuring surface area of up to 100 x 100 um?” with 512 x 512 elements.
In order to produce an accurate characterization of the entire mirror surface, multiple
measurements were carried out over different surface regions and averaged PSD spectra were
calculated (see Fig. 7). The 1D PSD spectra measured on the M 104 mirror with a stainless steel
substrate polished directly are plotted in Fig. 8. These data were obtained in just a single
measurement over each of the regions. As a result, the spread of data is increased. The lowest
spatial frequency artifacts in the 1D PSD spectra measured with this mirror are due to the
detrending procedure with subtraction of a residual surface described by a third-order

polynomial. Table 2 summarizes the result of the AFM measurements with the two mirrors in
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terms of the rms surface roughness S, . The values of the roughness presented in the table are the

AFM output parameters generated with the instrument’s software.

C. X-ray scattering and reflectivity

The X-ray scattering and reflectivity measurements were performed with the

Reflectometry and Scattering beamline 6.3.2°%*°

at the ALS. The scattering measurements can
be converted into the PSD spectra for the spatial frequency range from 0.1 pm™ to 100 um™ for
100-1000 eV X-rays.

Figure 9 shows the reflectivity versus angle at 92 eV for the directly polished stainless
steel mirror M104. The smooth-surface reflectivity is shown by the dashed line, while the solid
line is a fit to the data using a Nevot-Croce factor and a roughness of 1.8 nm. Figure 10 shows
measured reflectivity for the M104 steel mirror and the M103 nickel coated steel (both gold-
coated). The reflectivity versus energy of the stainless steel mirror follows very closely the
theoretical reflectance curve of the Nevot-Croce model and with an rms roughness of 2 nm
consistent with the measurement of figure 9. The measured reflectivity of the Ni coated steel
mirror is close to that of a smooth surface. Note that with a high quality surface finish such as
that found on the nickel coated steel mirror, the reflectance measurement is rather insensitive to
the surface roughness.*

The rms roughness deduced from the reflectivity measurements describes the reflectance
loss due to x-rays scattered out of the acceptance of the detector. It is therefore related to the high

spatial frequency roughness. The exact frequency range depends on the incident angle, the

angular acceptance of the detector and the photon energy. For example at 500 eV, integrating

12



the PSD of the M104 mirror over the frequency range which scatters light out of the 1.2-degree
half angle detector acceptance gives an rms roughness of 21 A consistent with the value obtained
from the reflectivity measurements.

The angle dependent scattering was measured for the M104 mirror with a stainless steel
substrate polished directly. Scattering measurements were performed at X-ray beam incidence
angles of 1.5° and 5° and photon energy of 92 eV. The PSD spectra deduced from the scattering

measurements on the M104 mirror are shown in Fig. 11.

4. Power-law approximation of measured PSD distributions

Figures 12 and 13 present the 1D PSD spectra obtained from the polished nickel mirror
M103 and from the directly polished steel mirror M104, respectively. The measurements
performed with the three different techniques are shown. The AFM spatial frequency range
almost coincides with the frequency range of the X-ray scattering experiment. It also overlaps at
the lower frequencies with the Micromap-570 interferometric microscope measurements. This
allows for crosschecking the techniques.

The main conclusion from the crosscheck is that all three techniques provide essentially
consistent results. Moreover, for both mirrors the PSD spectra in the range of spatial frequencies
from 3-10™ pum” to 10 um™ can be approximated with a power-law dependence, which is a
straight line in the log-log scale used in Figs. 12 and 13. The same power-law approximation has
been found to be applicable to the PSD spectra of the high quality X-ray mirrors made of
4142

polished glass-ceramics (SiC) and metals.

The power-law approximation has two parameters, spectral intensity S,(1) and spectral

index y,

13



S,(1)
MU= , 6
(f.) 7 (6)

where f is the tangential spatial frequency, and index / is used to emphasize that S, ( fx) is 1D
PSD function; S,(1) is a constant equal to S,(f,) at f, =1 um™. The power-law parameters

found for the mirrors measured here are presented in Table 3. The values of the parameters are

given assuming that all dimensional quantities are expressed in microns, [S1 ( f. )]me3 ,

_ -1

[/, J=pm ™.
The spectral indexes found for the mirrors under investigation in the present work are too
small to be consistent with the concept of fractal surface finish.'® A fractal profile (with spectral

power between one and three) has statistical properties that stay the same under scaling along the

6‘2(7*1)/2

surface by a factor & and under scaling of height by a factor . This can be thought of as

an absence of internal length scales for the fractal profile determined by the polishing process.'®
In our case, the investigated spatial frequency range extends to frequencies high enough that the
scale of the polishing process is important, leading to spectral indices smaller than one.

For the inverse-power-law-like surfaces with parameters given in Table 3, the roughness
values can be calculated from the corresponding discrete 1D PSD spectrum with Eq. (6). The
result of such calculation for the frequency interval and range corresponding to the Micromap
measurements with the 5% objective are presented in Table 3. The roughness values shown in
Table 3 have a good agreement with the magnitudes presented in Tables 1 and 2. However, the
results in Table 3 are considered significantly more reliable, because of the correction of the

error due to the instrumental MTF.
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5. Conclusions

In the present work, we have shown that surface finish of the stainless steel mirror is
significantly improved if, instead of a directly polished steel surface, an additional layer of nickel
is applied and polished. The investigation is based on measured power spectral density spectra
over a broad range of spatial frequencies from 3.10™ pum’ to 10 pm™, available with three
different experimental instruments. The instruments are the Micromap-570 interferometric
microscope, the Digital Instruments 3100 atomic force microscope, and an experimental facility
for measuring X-ray scattering and reflectivity. With all three mirrors investigated, the
instruments provide essentially consistent results.

It was demonstrated that a power-law-like topography gives a good approximation for the
measured PSD spectra over the broad range of spatial frequencies between ~ 3-10* um™ to
10 pm™. The spectral index parameters, characterizing the power-law-like envelopes of the
experimental PSD spectra were found to be smaller than one. One is the lower limit for the
application of a fractal-like description of the highly polished surface.?” This can be thought of as
a manifestation of a length scale related to the polishing process at very high spatial frequencies.

The parameters found for the power-law approximation were used to obtain the values of
the surface roughness, free of errors due to the instrumental modulation transfer functions. The
roughness of the polished nickel surface was evaluated to be about 6.4 A, smaller by factor of
approximately two compared to the directly polished stainless steel surface. This improvement
decreases the scattering of X-rays, as demonstrated with the X-ray reflectivity experiments
described in Sec. 3.

We also emphasize that the AFM and X-ray scattering measurements, which offer higher

spatial resolution than measurements with the interferometric microscope, can be used to
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determine the Micromap-570 modulation transfer function and can be used to correct the high

frequency roll-off of the instrument.*®
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Figure captions

Figure 1: Mirror shape required for perfect focusing, expressed as curvature versus length along

the substrate. The dashed line is the best fit achievable with a uniform substrate.

Figure 2: Schematic of flange mounted bending mechanism showing motorized drives,

spring/pivot components in ultra high vacuum and the mirror substrate to be bent.

Figure 3: 1D PSD spectra extracted from the 2D PSD distribution of the M103 nickel coated
steel mirror measured with the Micromap-570 with the 20x objective. The solid line shows the
tangential spectrum; the dashed line represents the sagittal spectrum. The spectra are the result of
averaging over measurements of five different areas of the mirror surface. The roll-off seen at
higher spatial frequencies is due to the modulation transfer function of the microscope. The
hook-like features at the highest frequencies are the artifacts of the correction of the CCD camera

read-out asymmetry (see text).

Figure 4: 1D PSD spectra extracted from the 2D PSD distribution of the M103 nickel coated
steel mirror measured with the Micromap-570 with all available objectives. Each spectrum is the

result of averaging over measurements of five different areas of the mirror surface.
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Figure 5: 1D PSD spectra extracted from the 2D PSD distribution of the M104 directly polished
stainless steel mirror measured with the Micromap-570 with all available objectives. Each
spectrum is the result of averaging over measurements of five different areas of the mirror

surface.

Figure 6: 1D PSD spectra extracted from the 2D PSD distribution of the M105 directly polished

stainless steel mirror measured with the Micromap-570 with all available objectives.

Figure 7: 1D PSD spectra measured with the AFM instrument over different surface area of the
M103 nickel coated steel mirror. Each spectrum is a result of averaging over four measurements
of different surface spots at the same AFM settings. The AFM measurements are rather
consistent while measuring over areas with different size, from 5 x 5 pm* to 100 x 100 pm?.
However, at lower spatial frequencies, the 50 x 50 um® and 100 x 100 pm® area measurements

systematically give larger 1D PSD values than the measurements over smaller areas.

Figure 8: 1D PSD spectra measured with the AFM instrument over different surface area of the
M104 directly polished stainless steel mirror. The lowest spatial frequency artifacts are due to
the detrending procedure with subtraction of a residual surface described with a third power

polynomial.
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Figure 9: X-ray reflectivity versus angle for the M104 directly polished stainless steel mirror
measured at 92 eV. The dashed line shows the theoretical reflectivity of a perfectly smooth
mirror and the solid line is a fit to the measurements using a Nevot-Croce factor to model the

scattering loss and an rms roughness of 18 A.

Figure 10: X-ray energy dependences of the surface reflectance measured with the nickel coated
steel mirror (the open points) the M104 directly polished stainless steel mirror (the filled points).
The solid and the dashed lines represent the theoretical spectra computed from tabulated optical
properties of gold, with a Nevot-Croce treatment of the loss due to surface roughness assuming
the mirror surface roughness of 5 A for the nickel coated steel mirror M103 and 20 A for the
directly polished stainless steel mirror, M104. The steel reflectivity is reduced above 200eV by

surface roughness effects.

Figure 11: The 1D PSD spectra extracted from the X-ray scattering measurements with the M 104
directly polished mirror. The solid line corresponds to the X-ray beam grazing incidence angle of
1.5°; and the dashed line obtained at the beam grazing angle of 5°. The measurements were

performed at photon energy of 92 eV.
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Figure 12: Tangential 1D PSD spectra obtained with the M103 nickel coated mirror. The spectra
at lower spatial frequencies show the measurements with different objectives of the
interferometric microscope (compare with Fig. 4); the spectra at higher spatial frequencies
represent the Atomic Force Microscope data (compare with Fig. 7). The dashed line represents
an inverse-power-low spectrum, enveloping all the measured spectra. Note that the parameters of
inverse-power-low spectrum (Table 3) are the same as for the sagittal 1D PSD spectra measured

with the Micromap and AFM.

Figure 13: Tangential 1D PSD spectra obtained with the directly polished stainless steel mirror
M104. The spectra at lower spatial frequencies show the measurements with different objectives
of the interferometric microscope (compare with Fig. 5); the spectra at the middle spatial
frequencies represent the Atomic Force Microscope data (compare with Fig. 8); the spectra
extracted from the X-ray Scattering measurements cover the higher frequencies available. The
dashed line represents an inverse-power-low spectrum, enveloping all the measured spectra.
Note that the parameters of the inverse-power-low spectrum (Table 3) are the same as for the

sagittal 1D PSD spectra measured with the Micromap and AFM.
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Figure 1: Mirror shape required for perfect focusing, expressed as curvature versus length along

the substrate. The dashed line is the best fit achievable with a uniform substrate.
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Figure 3: 1D PSD spectra extracted from the 2D PSD distribution of the M103 nickel coated
steel mirror measured with the Micromap-570 with the 20x objective. The solid line shows the
tangential spectrum; the dashed line represents the sagittal spectrum. The spectra are the result of
averaging over measurements of five different areas of the mirror surface. The roll-off seen at
higher spatial frequencies is due to the modulation transfer function of the microscope. The

hook-like features at the highest frequencies are the artifacts of the correction of the CCD camera

read-out asymmetry (see text).
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M103 nickel coated steel mirror. Each spectrum is a result of averaging over four measurements
of different surface spots at the same AFM settings. The AFM measurements are rather

consistent while measuring over areas with different size, from 5 x 5 pm* to 100 x 100 pm?.

However, at lower spatial frequencies, the 50 x 50 um® and 100 x 100 pm® area measurements

systematically give larger 1D PSD values than the measurements over smaller areas.

34




1D PSD S,(f), pm’

N
=
B

5
3 [ . 2 .
qn area: /100 x100 pm Mirror M104
107° E
6
a
|
2
10° E )
5 F 50 x50 pm
SIE
>
107 E
o [ /
a
i
5>
10°® | / )
i 5 X5 um’—
10_9 I | | R N | | R | ! I A
102 2 3 4567401 2 3 4567 450 2 3 4567 401 2 3 4567 42

Tangential Spatial Frequency f,, um'l

Figure 8: 1D PSD spectra measured with the AFM instrument over different surface area of the

M104 directly polished stainless steel mirror. The lowest spatial frequency artifacts are due to

the detrending procedure with subtraction of a residual surface described with a third power

polynomial.

35



o M104

Reflectance

0 30 60 90
Angle, degree

Figure 9: X-ray reflectivity versus angle for the M104 directly polished stainless steel mirror
measured at 92 eV. The dashed line shows the theoretical reflectivity of a perfectly smooth
mirror and the solid line is a fit to the measurements using a Nevot-Croce factor to model the

scattering loss and an rms roughness of 18 A.
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Figure 10: X-ray energy dependences of the surface reflectance measured with the nickel coated
steel mirror (the open points) the M104 directly polished stainless steel mirror (the filled points).
The solid and the dashed lines represent the theoretical spectra computed from tabulated optical
properties of gold, with a Nevot-Croce treatment of the loss due to surface roughness assuming
the mirror surface roughness of 5 A for the nickel coated steel mirror M103 and 20 A for the
directly polished stainless steel mirror, M104. The steel reflectivity is reduced above 200eV by

surface roughness effects.
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Figure 12: Tangential 1D PSD spectra obtained with the M103 nickel coated mirror. The spectra

at lower spatial frequencies show the measurements with different objectives of the

interferometric microscope (compare with Fig. 4); the spectra at higher spatial frequencies

represent the Atomic Force Microscope data (compare with Fig. 7). The dashed line represents

an inverse-power-low spectrum, enveloping all the measured spectra. Note that the parameters of

inverse-power-low spectrum (Table 3) are the same as for the sagittal 1D PSD spectra measured

with the Micromap and AFM.
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Figure 13: Tangential 1D PSD spectra obtained with the directly polished stainless steel mirror
M104. The spectra at lower spatial frequencies show the measurements with different objectives
of the interferometric microscope (compare with Fig. 5); the spectra at the middle spatial
frequencies represent the Atomic Force Microscope data (compare with Fig. 8); the spectra
extracted from the X-ray Scattering measurements cover the higher frequencies available. The
dashed line represents an inverse-power-low spectrum, enveloping all the measured spectra.
Note that the parameters of the inverse-power-low spectrum (Table 3) are the same as for the

sagittal 1D PSD spectra measured with the Micromap and AFM.
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Tables

Tables 1. The Micromap-570 measurements of the rms surface roughness of the three mirrors.

S, rms (A) 2.5x 5x 10% 20x% 100x%
objective | objective | objective | objective | objective
M103,? nickel coated steel 5.3 5.1 7.3 5.4 5.7
mirror
M104, steel mirror polished 11.2 9.7 13.5 19.2 17.4
directly
M105, steel mirror polished 9.6 10.8 13.1 17.2 13.7

directly

* Here we keep the mirror labeling used on the corresponding ALS beamline.
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Table 2. The AFM measurements of the surface roughness (rms) of two of the mirrors.

S, rms (A) 5x5 pum? | 10x10 um? | 20x20 um? | 50%50 pm? | 100x100 um?
area area area area area
M103, nickel
coated steel mirror 6.8 6.4 6.2 9.2 15.7
M104, steel mirror
polished directly 16.4 15.3 14.9 14.2 18.0

Table 3. Measured power-law parameters obtained for the frequency range from approximately

3.10* um™ to 10 um” and corresponding roughness calculated over frequency range

characteristic for the 5x objective.

Spectral intensity, Spectral Roughness
S, (1) index, y (rms), Sq (A)

M103, nickel coated steel 1.3-107 0.838 6.4
mirror
M104, steel mirror
polished directly 6.5-10 0.75 10.8
M105, steel mirror
polished directly 55107 0.83 13.0
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