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The paper considers the possibility of using the diamond-silicon carbide
composite Skeleton™ with a technological coating of polycrystalline silicon as a
substrate for X-ray mirrors used with powerful synchrotron radiation sources
(third+ and fourth generation). Samples were studied after polishing to provide
the following surface parameters: root-mean-square flatness >~ 50 nm, micro-
roughness on the frame 2 um x 2 um o =~ 0.15 nm. The heat capacity, thermal
conductivity and coefficient of linear thermal expansion were investigated. For
comparison, a monocrystalline silicon sample was studied under the same
conditions using the same methods. The value of the coefficient of linear thermal
expansion turned out to be higher than that of monocrystalline silicon and
amounted to 4.3 x 107°K™!, and the values of thermal conductivity (5.0 W
ecm ' K™') and heat capacity (1.2 K ' g™) also exceeded the values for Si.
Thermally induced deformations of both Skeleton™ and monocrystalline silicon
samples under irradiation with a CO, laser beam have also been experimentally
studied. Taking into account the obtained thermophysical constants, the calcu-
lation of thermally induced deformation under irradiation with hard (20 keV)
X-rays showed almost three times less deformation of the Skeleton™ sample
than of the monocrystalline silicon sample.

1. Introduction

With the development of powerful synchrotron radiation (SR)
sources and of free-electron lasers, the problem of manu-
facturing precise optical elements for X-rays that are resistant
to large (up to several kilowatts) amounts of radiation and
thermal loads has become acute. Currently, monocrystalline
silicon is primarily considered as a substrate material for
mirrors operating under powerful radiation beams (Belure et
al., 2020; Assoufid & Graafsma, 2017; Wang et al., 2022). Other
materials, including Zerodur, SiC and metals (copper, alumi-
nium and beryllium) (Belure et al, 2019; Khounsary et al.,
2002; Chkhalo et al., 2019; DiGennaro et al., 1988), are inferior
to silicon in either cost, polishability or thermophysical char-
acteristics. Since silicon’s thermal conductivity increases about
tenfold when the temperature changes from ambient to
cryogenic, liquid nitrogen cooling of the substrate is always
used for efficient heat transfer. A considerable disadvantage
of cryogenic cooling of X-ray mirrors is the overall complexity
of the design. Besides that, increased mirror vibration caused
by boiling coolant can negatively affect the spatial stability of
the reflected beam. These are all reasons to continue the
search for an alternative substrate material with high thermal
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conductivity at room temperature, which can be effectively
combined with a simple and reliable water cooling system.
Monocrystalline diamond has the best characteristics in this
sense but there are difficulties in obtaining it with dimensions
of tens of centimetres (Shvyd’ko et al., 2021).

As an alternative to monocrystalline silicon, we offer
Skeleton™, a diamond-silicon carbide composite (DSCC)
(Kataev et al, 2011). The microstructure of the DSCC
Skeleton™ is formed by diamond grains bound into a single
composite with a silicon carbide matrix. The material is
inferior only to monocrystalline diamond in its physical-
mechanical properties (Kataev et al., 2011); however, unlike
diamond, it allows the formation of samples of almost arbi-
trary size and shape (the ‘net-shape’ technology — chemical
reactions within the volume of the sample) and thus allows
manufacture of an extended surface to the reverse side of the
substrate to increase heat transfer for liquid cooling. The cost-
effective nature of this material should also be noted. )

The high degree of hardness and rigidity of the Skeleton™
composite introduces extreme complications for direct
mechanical processing, including grinding and polishing. To
solve this problem, a thin (0.5 mm) technological coating of
polycrystalline silicon was deposited on the studied samples of
Skeleton™ using the chemical vapour deposition method.
Such a coating allows polishing, yet, due to its small thickness,
it should not noticeably reduce the thermal characteristics.

The use of the DSCC Skeleton™ to generate substrates for
X-ray mirrors operating under powerful synchrotron radiation
beams makes it possible to switch from the treatment of
difficult-to-process monocrystalline materials to the use of
traditional technology for finishing, shaping and polishing as
used on substrates of fused silica, Zerodur, sitall etc. This
approach combines lapping and deep grinding/polishing, as
well as finishing ion-beam correction of local shape errors
(Chkhalo et al., 2020). Based on the requirements for the
surface of X-ray mirror substrates, at the manufacturing stage
it is necessary to achieve subnanometre precision in shape and
roughness. To preserve the diffraction quality of wavefronts at
the reflection of X-ray radiation with a wavelength A from a
mirror, the permissible root-mean-square (r.m.s.) error in the
shape of the mirror, according to the Marechal criterion,
should satisfy the inequality r.m.s. < A/14 (Born & Wolf, 1999).
Taking into account the grazing incidence of X-ray radiation at
a grazing angle 6, this relation can be rewritten as

r.m.s. < (1/14)[sin(6)] . 1)

If we substitute the characteristic values of the parameters
into (1), for example from Morawe et al. (2013) (mirror
W/B,C, A = 0.1 nm, 6 = 1.4°), we obtain the permissible shape
error at the level of 0.3 nm.

To ensure high reflectivity of multilayer mirrors, the micro-
roughness of the substrates must be less than the interlayer
roughness, which, in the case of W/B,C, is about 0.2 nm
(Andreev et al., 2003). In the case of mirrors with a single-
layer reflective coating, these requirements are reduced by
three to four times but they remain at the level of 1 nm.

This paper investigates the thermophysical properties of the
DSCC Skeleton™ material with a technological coating of
polycrystalline silicon, and the possibility of using standard
polishing techniques. For determining the reliability of the
measurements of the thermophysical characteristics, a sample
of monocrystalline silicon was also studied under the same
conditions and using the same methods.

2. Investigation of the DSCC Skeleton™
2.1. Microstructure of Skeleton™

Two plates (SK1 and SK2) with a diameter of 40 mm and a
thickness of 4.4 mm (4 mm of Skeleton®™ + 0.4 mm of tech-
nological silicon) were used as experimental samples. The
structural parameters of the material and the technological
coating were investigated using X-ray diffraction (XRD) and
Raman spectroscopy. Wide-angle X-ray diffraction is an
integral method, allowing the composition of the sample to be
determined using XRD data. The studies were carried out on a
Bruker D8 Discover X-ray diffractometer (Cu Ko, A =
0.154 nm) and signals from the front and reverse sides of the
sample were recorded. Fig. 1 shows the measured diffracto-
grams in momentum-transfer (Q) scale,

O = 2sin(0) 277[ , 2)

where 6 is the grazing angle and X is the wavelength. The solid
line represents the experimental X-ray diffraction curves,
while the vertical lines represent the positions of peaks
corresponding to different phases of the material, as given by
the Crystallography Open Database (COD) (https:/www.
crystallography.net/cod). Thus, according to the XRD data,
the phase composition of the DSCC Skeleton™ (the reverse
side of the sample) is: C (diamond) 79.7%, SiC 18.8%, Si 1.4%
and C (graphite) 0.2%, while on the technological coating (the
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Diffractograms of sample SK2 (A = 0.154nm), (a) from the reverse
(DSCC Skeleton™) side and (b) from the front (polished Si) side.

1180

Alexey E. Pestov et al.

+ The diamond—silicon carbide composite Skeleton™

J. Synchrotron Rad. (2024). 31, 1179-1188


https://www.crystallography.net/cod
https://www.crystallography.net/cod

research papers

front side of the sample) there is only nanocrystalline silicon
(nanocrystallite sizes are about 2 nm).

2.2. Sample surface investigation

The surface roughness was measured using an Ntegra Prima
(NT-MDT) atomic force microscope (AFM)-based stand
(Chkhalo et al., 2015). The method of estimating the value of
the r.m.s. roughness was based on the approach described by
Barysheva et al. (2019), which consists of restoring the PSD
(power spectral density) function of the roughness from
frames obtained with an AFM. In the present work, frames
ranging from 2 pm x 2 pm to 40 pm x 40 pm were taken. The
PSD function was determined using formula (3) and is
essentially a decomposition of the roughness over the
frequencies of the spatial spectrum (Ulmeanu et al., 2000),
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Figure 2

AFM frames of the surface of sample SK2. (a) Frame 2 pm X 2 pm,

02x2 = 0.15 nm. (b) Frame 40 pm x 40 pm, 04940 = 0.7 nm.

where z(p) is the height of the surface at the point given by the
radius vector p and F is the Fourier transform. If L is the linear
size of the scanning areca (AFM frame) and N is the number of
points (pixels), then the modulus of the spatial frequency
vector in which the PSD function is calculated lies in the range
from vy, = 1/L t0 vyax = N/2L.

For a quantitative description of surface irregularities, the
concept of ‘effective roughness’ is used. Effective roughness is
an integral of the PSD function in a certain range of spatial
frequencies,

V,

Ufffz / PSD(v) dv. (4)

Vmin

In our case, the spatial frequency range was v € [2.5 x 10”2 to
6.4 x 10" um™']. This interval covers irregularities with lateral
dimensions ranging from 40 pm to 15 nm, which affect both
the imaging properties of the optical element and the reflec-
tive characteristics of multilayer X-ray mirrors.

Surface flatness measurements were studied using a ZYGO
Verifire 4 laser interferometer (ZYGO Corporation).
According to the measurements, the following surface para-
meters were calculated: PV (peak-to-valley — the span of
heights on the surface) and r.m.s. (the standard deviation of
the surface from the plane).

The measured samples showed similar parameters, in terms
of both the mean-square roughness of the surface and the
flatness. Fig. 2 shows typical AFM surface frames for the
sample SK2.

Fig. 3 shows the PSD function of the surface roughness of
sample SK1, reconstructed from AFM measurements. As can
be seen, PSD functions reconstructed from AFM frames of
different sizes display a gap, which is explained by an increase
in the roughness value due to scratches getting into the frame
when its size is increased. The integral value of the effective
surface roughness was o.¢ = 0.8 nm over the entire range of
spatial frequencies v € [2.5 x 107> to 6.3 x 10" pm™']. The
main contribution to the roughness value is due to the
presence of a large number of deep (depth ~ 10 nm) scratches,

10°F ———PSD function
E 107F 1
=
2 L ]
& G,y,=0.15 nm
10719F G 4oxag=0.7 NM ]
G,~0.8 nm
0.1 1 10
Spatial frequency (um’™)
Figure 3

PSD functions of the surface roughness of sample SK1 (AFM data).
o = 0.8 nm, 05,5 = 0.15 nm and 649,49 = 0.7 nm.
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Figure 4
A map of the surface of sample SK2 (90%): PVge, = 232 nm,
I.M.S.909, = 50.4 nm.

whereas the areas between the scratches (frames 2 um x
2 um) show good surface smoothness (05,5, 2~ 0.1 nm).

Measurements of the surface shape showed the following:
the maximum height span was more than 0.75 um, with a
standard deviation of the surface shape of more than 100 nm.
The maximum unflatness is observed at the edges of the
sample, while in the central region (90% of the radius) the
surface characteristics are much better (Fig. 4).

The spreads of parameters for both samples were g = 0.8~
1.0 nm, PVgyo, = 230-250 nm and r.m.s.gge, = 50-60 nm. Such
spreads of the roughness and flatness parameters of the
surface indicate a proven technology that enables us to obtain
identical surfaces with the parameters indicated above.

2.3. Thermophysical properties of the DSCC Skeleton™

The heat capacity and thermal conductivity of Skeleton™

were studied in comparison with monocrystalline silicon in our
experiments on laser heating the samples in a vacuum, with
the temperature being controlled by thermoresistive sensors.
A CO, laser was used, with a power of 8 W and a beam size of
5 mm. The samples were mounted using nylon clamps in order
to minimize heat sinking to the metal holder. The studies were
conducted in a vacuum to exclude convection cooling.
Thermoresistive sensors were glued with heat-conducting glue
at the center of the back faces and on the edges of the samples.
Photos of sample SK2 with glued sensors and mounted on a
holder in the vacuum chamber are shown in Fig. 5.

The heat capacity and thermal conductivity were estimated
from an analysis of the temporal dependence of the
temperature and of the temperature difference between the
center (heating area) and the boundary of the sample.

The heat capacity was determined at the initial stage of
heating using the following ratio:

cm AT = P, At, 5)

where ¢ is the specific heat capacity (J K~' g ), m is the mass
of the sample, AT is the temperature increment over the time
interval At and P,, is the absorbed power.

a
Figure 5 @
A photograph of sample SK2, (a) with the glued sensors and (b) in the
vacuum chamber. The numbered labels denote 1 — sample SK2, and 2 and
3 — thermoresistive sensors.

To determine the thermal conductivity, equation (6) was

solved:
oT 10 aT
—ﬁ——G—J. 6)
or

E_cvrar

Here « is the coefficient of thermal conductivity and cy is the
heat capacity of a unit volume.

The temperature distribution over a thin thermally insu-
lated disk of radius R and thickness D, locally heated at the
center, was modeled by solving equation (6) for a disk with a
hole of radius Ry (Ry < R), setting the zero radial derivative
of the temperature at r = R. At the same time, at the boundary
of the hole (r = Ry), the value of the temperature derivative
along the radius S, is determined by the power P of the
heating source (located outside the solution area in the hole
area). With the establishment of a stationary distribution of
the radial derivative of the temperature, the solution of
equation (6) approaches the expression

T—a<r2—R21nr)+2aKz+c )
2 R cy ”

where o = Sy Ry/(R3 — R?), Sy = —P/(k2mw RyD) and ¢, is a
constant that depends on the initial conditions. From (7) we
can find the temperature difference between the points r = R,
and r = R:

R2—R? R
AT =a |2 — —R*In=2
2 R

>~ F <lnR—1>. 8)
2 D« R, 2

In the experiment, IR laser radiation was injected into the
vacuum chamber through a ZnSe window. Previously, the
reflection and transmission coefficients of the IR radiation had
been measured in the geometry of the experiment for both
samples to account accurately for the absorbed power. The
results of measurements of the reflection and transmission
coefficients are presented in Table 1. The results of measure-

1182

Alexey E. Pestov et al.

+ The diamond-silicon carbide composite Skeleton®

J. Synchrotron Rad. (2024). 31, 1179-1188



research papers

Table 1

Optical properties of experimental samples at a wavelength of 10.6 um.

D is the sample thickness, L the length of the sample (for Si2 only) and W its width. Ry is the reflection coefficient and T is the transmission coefficient at a

wavelength of 10.6 pm.

Sample Rips(L) (%) T106(L) (%) Ri0.6(20°) (%) T10.6(20°) (%)
ZnSe (vacuum window) 35.0 65.0 - -

Sil (D =3 mm, ¢ = 46 mm) 29.0 30.2 - -

Si2 (D = 4 mm, L = 48 mm, W = 20 mm) 29.5 27.9 28.8 29.6

SK1 (D = 4.4 mm, ¢ = 40 mm) 28.9 0 253 0

ments at an angle of 20° to the normal were subsequently used
to study any thermally induced deformation of the samples
(Section 2.4). The geometric dimensions of the samples are
also presented in Table 1. The absorbed powers for the
samples Sil and SK1 were 2.1 W and 3.7 W, respectively.
The temporal dependencies of temperature for samples Sil
and SK1, plotted from the data of oscillographic measure-
ments of the resistance of the sensors, are shown in Fig. 6.
Let us turn to the readings taken from the thermal sensors
during heating of a silicon sample [Fig. 6(b)]. During heating,
the rate of the rise in temperature of the sample slows down,
which is associated with both the increase in specific heat
capacity that occurs for silicon and the increase in radiative
heat loss. The temperature difference between the center and
the edge quickly reaches a value of about 10°C, but towards
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Figure 6
The temporal dependence of temperature, (a) for the DSCC Skeleton™

(SK1) and (b) for silicon (Sil). The black curve is the center of the sample
and the red curve is the edge of the sample.

the end of heating it increases noticeably. This also shows,
firstly, a decrease in the thermal conductivity of silicon with
increasing temperature, and, secondly, an increase in heat loss
due to thermal radiation. Radiation losses near the edge of the
disk should be somewhat more efficient due to the contribu-
tion of the cylindrical surface that bounds the disk along its
outer radius. i

The sample of Skeleton™ behaves similarly when heated.
However, the heating and cooling of this sample are slower
due to the greater heat capacity, and the temperature differ-
ence between the center and the edge of the sample is
noticeably smaller, which is a result of the higher thermal
conductivity. During the whole sweep time of the oscilloscope,
the Skeleton™ sample heats up to a temperature of about
130°C, while the silicon sample heats up to this temperature
much faster, in about half the time. When analyzing the
experimental data in accordance with the model used, it was
discovered that the value of the thermal conductivity of the
Skeleton™ sample (about 5 W cm ™' K™') was almost four
times higher than that of the sample of single-crystal silicon
(1.3 W em ™ K1), The specific heat capacity of silicon turned
out to be 0.9J K~' g™, which is close to the tabulated value.
For Skeleton™ | the specific heat capacity is much higher and
amounts to 1.2JK ' g~'. The noticeably higher thermal
conductivity is due to the composition of Skeleton™, which
includes silicon carbide with a high thermal conductivity and
diamond grains with a very high thermal conductivity.

The coefficient of linear thermal expansion (CLTE) was
determined using a fiber interferometer according to the
scheme shown in Fig. 7. The interferometer and the

Interferometer /'w\ optical fiber
\

A

sample
|Si"ca T \\// |Invar
i
brass o thermocouple

. heater
Figure 7
The setup for determining the coefficient of linear thermal expansion.
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Table 2
CLTE measurement results.

26°C — 70°C 70°C — 26°C 26°C — 70°C 70°C — 26°C
Sample Ad (nm) Ad (nm) Ad (nm) Ad (nm) ADZ™ (nm) a (K™
Si3 (D = 0.6 mm) 385 —397 393 —388 79244.0 (3.0£0.16) x 107°
Si4 (D = 8.4 mm) —690 702 —670 718 1165.0+33.8 (3.1£0.16) x 107°
SK1 (D = 4.4 mm) —358 347 —379 328 823.0+£46.9 (42+0.24) x 107°
SK2 (D = 4.4 mm) —378 396 —368 375 849.2+45.0 (4.4£024) x 10°°
SiO, (D = 5.0 mm) 344 —330 350 —366 347.54+20.2 (5.5+0.33) x 1077

measurement technique are described in detail by Yurasov et
al. (2015) and Volkov et al. (2015).

The sample was mounted on a heating panel with a built-in
temperature sensor. A fiber interferometer sensor fixed on a
thin (0.5 mm) silica plate was mounted above the test sample
on Invar 36H racks, with a height of D™ = 8.9 mm. The CLTE
of Invar is oj,, = 1.2 X 107°K ™" in the temperature range
0-100°C. Thus, knowing the CLTE of the Invar racks and
controlling the gap between the upper surface of the sample
and the lower surface of the silica plate cover, it is possible to
determine the CLTE of the sample under study. The change
in the gap between the sample and the silica plate can be
determined as follows:

Ad = ADinv - ADsamp’ (9)

where Ad is the change in the gap between the sample and the
silica plate, AD™ is the change in the height of the Invar racks
and AD*™P is the change in the sample thickness.

A series of experiments were carried out. The heating panel
was heated from room temperature (26°C) to 70°C (ie.
heating by AT =44°C). This led to the expansion of the Invar
columns by AD™ = a;,, ATD™ =12 x 107° x 44 x 89 x
10° = 470 nm.

To control the method, samples of Si (0.6 and 8.4 mm thick
plates) and of fused silica glass (5 mm thick plate) with known
CLTE parameters (og; = 2.8 X 107 °K™" and Usior = 5.5 X
107"K™") were studied. The measurement results are
presented in Table 2. Positive values indicate an increase in the
gap Ad, and, conversely, negative values denote a decrease. In
the case of the ‘thin’ silicon plate and the silica glass plate, the
measured gap increases when heated, which is due to the fact
that the thermal expansion of the Invar columns is greater
than that of the samples. In the case of silicon, this is due to the
small thickness of the plate (0.6 mm) and in the case of the
silica plate it is due to its lower CLTE.

As can be seen from the table, there is a good correlation
between the measured CLTE values of the silica sample and
the tabular values, which confirms the adequacy of the
method. For crystalline silicon, a slight deviation of about 10%
from the tabular value is observed, which is apparently due to
the orientation of the sample cut (3° relative to the (110)
orientation). Thus, using this method of interferometric
control of the gap between the heated sample and the inter-
ferometric sensor, the CLTE value was measured for the
Skeleton™ samples and was about ag, = 4.3 X 107K

2.4. Investigation of thermally induced deformation

The experiment used samples of the DSCC Skeleton™ and
monocrystalline Si of similar thickness (SK1, D = 4.4 mm, and
Si2, D = 4.0 mm). The optical characteristics (transmission and
reflection coefficients) of the samples at the wavelength of the
CO; laser (A = 10.6 um) are given in Table 1.

The thermally induced deformation of the samples was
studied using a Zygo VeriFire 4 laser interferometer. The
experimental scheme is presented in Fig. 8. The sample
(labeled 4) was mounted on an adjustable table (5) and the
interference pattern was used to adjust the sample plane
perpendicular to the optical axis of the interferometer (1).
After adjustment, a map of the sample surface was recorded.
The sample surface was then locally heated using a CO, laser
(2). During the heating process, a series of interferograms
were recorded. The deformation map of the sample surface
was obtained from the measurement results by subtracting the
surface map before heating from the surface map during
heating. The stability of the laser operation during the
experiment was controlled by the magnitude of the reflected
radiation using an IR radiation power meter (3).

As follows from the measurements presented in Table 1, the
power absorbed by the experimental samples was: for SK1 P =
6.0 W and for Si2 P = 3.3 W. The resulting maps of the
deformation of the surface of the silicon and Skeleton™
samples are shown in Fig. 9. The deformation of both samples
is similar in magnitude. The ranges of heights according to the
series of measurements were: PVgx = 33.0£2.0 nm and PVg; =
38.242.0 nm. At first glance, the result looks unexpected. The

Figure 8
The setup for measurement of thermally induced deformation. The
numbered labels denote 1 — the ZYGO VeriFire 4 laser interferometer,
2 — the CO; laser, 3 — the power meter, 4 — the sample and 5 — the 5D
table.
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thermally induced deformations of Skeleton™ and Si turned
out to be close, while the thermophysical characteristics of
Skeleton™ are better.

To explain the results of the laser heating experiment, a

simulation of thermally induced deformation was carried out
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Figure 9
(a) and (b) Maps of the thermally induced deformation of the surfaces of
samples (a) SK1, DSCC Skeleton™ and (b) Si2, monocrystalline silicon.
(c) Cross sections of the surface profiles of samples SK1 and Si2.

using SolidWorks software (Dassault Systemes, https://www.
solidworks.com/). As thermophysical characteristics, the
tabular data for monocrystalline silicon and the values
obtained in this work for the DSCC Skeleton™ were included
in the calculation. Fig. 10 shows the simulation results. There is
good correspondence between the measured and calculated
profiles of thermally induced deformations in both samples,
which indicates the reliability of the measured thermophysical
constants of Skeleton™,

The physical reason for the seeming contradiction is that,
firstly, a practically two times greater amount of energy was
absorbed by the Skeleton™ sample — 6.0 W compared to
3.3 W for Si - and, secondly, the heat is absorbed mainly near
the surface of the DSCC Skeleton™, whereas in mono-
crystalline Si, the absorbed power is distributed throughout
the thickness of the plate due to the good transmission of Si in
the vicinity of the wavelength of 10.6 um.

In the case of X-ray irradiation of the samples, both the
magnitude and the depth profile of the absorbed power will be
close. In this case, it can be expected that the deformation of a
mirror on a substrate made from Skeleton™ will be signifi-

Z (nm)

30.3

27.2
- 243

- 212

(b)

Figure 10

Maps of the thermally induced deformation of the surfaces of samples
due to exposure to CO, laser radiation, (a) DSCC Skeleton™ (PVg =
30.3 nm) and (b) monocrystalline Si (PVg; = 36.6 nm). The calculation
was performed using SolidWorks software.
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Figure 11
A statement of the problem: a sample with water-cooled radiators. Label
1 indicates the substrate and 2 the water-cooled copper radiators.

cantly smaller. To test this assumption, modeling was
performed in SolidWorks. The area exposed to X-rays was
chosen as a long narrow strip, taking into account the typical
application of such mirrors for grazing-angle focusing of
synchrotron radiation. i

The deformation of substrates made of Skeleton™, mono-
crystalline silicon and diamond with dimensions of 200 mm x
25 mm x 25 mm was calculated under the influence of a 200 W
heat flux onto an area of 4 mm x 180 mm. The grazing angle
of the incoming X-ray beam in the numerical experiment was
assumed to be 0.95°. Such conditions are expected on Station
1-1, the ‘Microfocus’ beamline of the Synchrotron Radiation
Facility Siberian Circular Photon Source (SRF SKIF, Novo-
sibirsk, Russia). A value of 200 W is the typical power falling
on the primary optical element. Calculations with this power
value were carried out (Brumund et al., 2021) for the ESRF
synchrotron, which, after modernization, belongs to the fourth
generation. Heat removal is realized via liquid cooling in the
upper part of the substrate with a coefficient of
3kWm 2K ™. Due to the symmetry, let us consider the
thermal deformation of half of the mirror (see Fig. 11).

The orange bars in the upper part of the sample are water-
cooled copper radiators, ie. there is an area in which
convective heat transfer occurs. Thus, forced cooling with
water at a temperature of 22°C was considered in the simu-
lation. Fig. 12 shows 3D models of the calculated thermally
induced deformations and Fig. 13 shows their axial sections.

It can be seen that, with increasing thermal conductivity of
the materials, the temperature difference within the heated
area decreases (silicon PV = 5.5°C; Skeleton™ PV = 1.8°C;
diamond PV = 0.4°C), which leads to smaller deformation of
the substrate surface and, accordingly, smaller deviation of the
reflected rays from the calculated direction. The magnitude of
the thermally induced deformation on the Skeleton™
substrate is noticeably smaller (by more than two times) than
the deformation of the surface of the single-crystal silicon
sample. However, compared with single-crystal diamond, the
deformation is more than 15 times greater. Thus, the DSCC
Skeleton™ is significantly superior to silicon in terms of its
thermophysical characteristics, but is much inferior to single-
crystal diamond. To date, the production of substrates with
dimensions of several tens of centimetres from single-crystal
diamond seems impossible, and therefore the potential for
using the DSCC Skeleton™ as a mirror substrate material for
powerful X-ray sources is obvious.
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Figure 12
Maps of thermally induced deformation and temperature distribution for
(a) single-crystal silicon, (b) the DSCC Skeleton™ and (c) single-crystal
diamond. Heating with hard (E = 20 keV) X-ray synchrotron radiation
(calculation using SolidWorks software).

3. Conclusion

The diamond-silicon carbide composite Skeleton™, with a
thin coating of polycrystalline silicon, was proposed as a
material for use in manufacturing substrates for X-ray mirrors
operating under high-intensity radiation beams. It has been
shown that the polycrystalline silicon coating makes it possible
to form a surface with parameters acceptable for subsequent
ion-beam polishing and shape correction. The micro-rough-
ness (0,.,) turned out to be at a level of 0.15 nm, which
corresponds to the values obtained with standard substrates
for multilayer X-ray mirrors made of such materials as fused
silica, sitall, ULE and Zerodur (Keller et al., 2009; Chkhalo et
al., 2014; Kurashima et al., 2008; Liao et al., 2014). The rather
large values of middle-frequency roughness observed in the
experiment are associated with the presence of scratches and
with the use of a standard polishing method. We believe that
an improved process of chemical-mechanical polishing using
suspensions of cerium oxide with a grain size of 0.05-0.1 pum,
which our team has developed in recent years, will permit the
achievement of angstrom levels of roughness while elim-
inating scratches (Chkhalo et al., 2022).

The thermophysical constants of Skeleton™ have been
determined for the first time. The thermal conductivity and
heat capacity turned out to be higher than those of mono-
crystalline silicon and amounted to 5.0 Wem 'K ™' and
127K ' g™, respectively. The coefficient of linear thermal
expansion also turned out to be higher than that of silicon:
4.3 x 107° K" for Skeleton™ versus 3.1 x 10" K" for Si.

The reliability of the experimentally obtained constants has
been confirmed in two ways. Firstly, single-crystal silicon
samples were examined by the same methods and under the
same conditions, and the measurement results coincided well
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Figure 13

Cross-sections of maps of thermally induced deformation under exposure
to hard X-ray radiation: (a) monocrystalline silicon (PVy; = 411.1 nm,
std = 5.9 prad), (b) DSCC Skeleton™ (PVg, = 189.6 nm, std = 2.8 prad)
and (c¢) monocrystalline diamond (PVp = 122 nm, std = 0.17 prad)
(calculation in SolidWorks software). The abbreviation ‘std’ (standard
deviation) means the root-mean-square of slope deviation from the plane.

with the tabular data. Secondly, an experiment was conducted
to measure the thermally induced deformation of Si and
Skeleton™ samples under exposure to CO, laser radiation

with a power of 8 W. The results of the experiment and its
modeling using the thermophysical constants that we have
obtained coincided with good accuracy.

Calculation in the SolidWorks software for the case of
heating with X-ray radiation showed that the thermally
induced deformation of the surface of a sample made from
Skeleton™ with a technological coating of polycrystalline
silicon will be almost three times less than that of mono-
crystalline silicon. In general, the thermophysical character-
istics of Skeleton™ lie between those of monocrystalline
silicon and diamond.

Thus, the research we have conducted indicates that
potentially the new material, the DSCC Skeleton™, can be
used as an alternative to monocrystalline silicon for X-ray
mirror substrates when used in conditions of high-intensity
electromagnetic radiation beams, such as free-electron lasers,
third+ and fourth-generation synchrotrons, and ultra-power
laser systems. The material has good polishability, a low cost of
components (micro- or nano-powders) and production (tech-
nology for creating ceramic materials), and no restrictions on
the shape and size of manufactured substrates.

For practical applications, the long-term stability of the
substrate material under the influence of powerful X-ray
beams is important. Unfortunately, there is no such literature
data on this material yet. However, the high-temperature
manufacturing process of Skeleton™, the proven long-term
stability of the components (diamond, silicon and silicon
carbide) of which it consists, the presence of electrical
conductivity, and the absence of any organics allow us to hope
for the high dimensional and temporal stability of this
material.

Further study of the DSCC Skeleton™ with a thin tech-
nological coating of polycrystalline silicon involves obtaining
the required level of surface roughness using mechanical and
chemical-mechanical polishing methods, studying the effect of
ion etching on surface roughness for the purpose of using IBF
technology for surface shape correction, and coating the
treated surfaces with multilayer X-ray mirrors and studying
their X-ray optical characteristics.
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