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Abstract—Synchrotron radiation incident on a block of multilayer X-ray mirrors of a two-mirror monochro-
mator heats a silicon substrate, which leads to thermal deformation and an increase in the angular error of the
surface shape. The work examines the heating of a block of multilayer X-ray mirrors by a synchrotron beam
with a power of up to 200 W with an energy in the range of 8–36 keV at grazing angles of incidence in the range
of 0.5°–1.3°. Using SolidWorks software, the silicon-substrate parameters for mirrors with grooves on the end
surface are calculated at which the root-mean-square deviation of the angular error of the substrate’s surface
shape is about 1 μrad for a grazing angle of 1.3°, and for smaller angles it is less than 1 μrad. Heat is removed
from the substrate surface by water using copper radiators. Reducing the beam aperture at the monochroma-
tor output makes it possible to obtain rays reflected from the surface of mirrors, which has a standard devia-
tion of the surface shape of an order of 0.5 μrad, while maintaining 88% of the initial beam power at a grazing angle
of 1.3°. The use of a piezoelectric actuator to correct the substrate’s surface shape makes it possible to reduce the
root-mean-square shape error to 0.1 μrad and 0.05 μrad at grazing angles of 0.9° and 0.5°, respectively.
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INTRODUCTION
At the fourth-generation synchrotron radiation

(SR) source SKIF, which is being developed at the
Siberian Branch, Russian Academy of Sciences, it is
planned to use multilayer X-ray mirrors (MXM) for
various applications. In particular, at the experimental
Station 1-1 Microfocus [1, 2] (Fig. 1), for SR mono-
chromatization it is planned to use a double-mirror
monochromator (DMM) with a tunable X-ray wave-
length [3, 4]. Station 1-1 Microfocus will take advan-
tage of generation 4+ synchrotrons and will allow
high-energy coherent diffraction tomography with a

resolution of less than 5 nm, conduct static studies of
the states of substances at pressures of up to several
million atmospheres and at temperatures of up to
thousands of degrees, and solve a number of other
problems.

An important factor limiting the working range of
grazing angles is the high SR power f lux density, espe-
cially on the first block of the DMM mirrors [5–7],
leading to its heating and deformation. To reduce the
root-mean-square deviation (RMS) of the angular
shape error of mirrors (which is numerically equal to
the derivative of the deformation profile along the
S233

Fig. 1. Optical diagram of experimental Station 1-1 Microfocus [1, 2].
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Fig. 2. Photon fluxes in the horizontal (a) and vertical (b) directions. Curves were calculated using the SPECTRA program [16–20].
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mirror) which occurs during the manufacture of their
silicon substrates, the technology [8] is used, which con-
sists in the machining of grooves of certain sizes on the
end surface of the substrate, which leads to a decrease in
the angular error of the shape of the mirrors.

In a number of experiments at Station 1-1 Micro-
focus, it is necessary to use a double-crystal mono-
chromator at the output of a double-mirror mono-
chromator (DMM). This imposes restrictions on the
root-mean-square beam divergence at the DMM out-
put, which should not exceed 1 μrad.

This paper presents the results of optimizing the
DMM parameters in order to minimize the angular
error in the shape of the mirrors that occurs when the
substrate on which the MXMs are located is deformed
due to heating by a SR beam with a given photon flux
and emission spectrum.

MODELING THE GEOMETRICAL 
PARAMETERS OF MIRROR SUBSTRATES 

OF A DOUBLE-MIRROR MONOCHROMATOR
Modeling of the External Dimensions and Grooves 

of the First DMM Block
To reflect the maximum power of incident SR,

deposition of the largest possible mirrors is required.
The maximum MXM size along the incident SR beam
is limited by the silicon-substrate manufacturing tech-
nology developed at the Institute for Physics of Micro-
structures, Russian Academy of Sciences, with a value
of 250 mm. Considering the longitudinal size of
exposed area on the substrate (Fig. 2a), the MXM with
a length of 250 mm will receive from 78.5 to 100% of
the power for grazing angles from 0.5° to 1.3°, respec-
tively.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
Taking into account the transverse f low distribu-
tion (Fig. 2b), a 4-mm-wide MXM makes it possible
to capture 99.9% of power.

Thus, the 250 × 4-mm MXM captures from 78.4 to
99.9% of the incident power for grazing angles of
0.5°–1.3°.

Heat can be removed from the substrate using liq-
uid cooling via the substrate ends [9]. Let us set the con-
vective-heat-transfer coefficient equal to 3 kWm–2 K–1,
which is used in similar calculations and is confirmed
by the coolant temperature measurements at the
monochromator inlet and outlet in similar systems
[10–12]. The coolant (water) temperature is set
slightly above room temperature (25°C).

It is planned to use 3 MXMs, separated by a dis-
tance of 1.5 mm and tuned to various subbands of pho-
ton energies in the range of 8–36 keV [2].

Grooves are applied from the lower boundary of
the radiators (Fig. 3) and should not pass under the
MXMs, because the surface above the grooves may be
deformed during manufacturing, which will lead to
additional angular error not associated with DMM
heating. The depth of grooves was chosen such that the
standard deviation of the angular error at a grazing
angle of 1.3° was about 1 μrad. With this approach, the
angular error for smaller grazing angles turns out to be
less than 1 μrad.

The block of mirrors of the DMM and the f low dis-
tribution have a common symmetry plane, perpendic-
ular to the block surface, so numerical modeling was
carried out only for half of the block of mirrors. Sub-
strate deformations were calculated in the SolidWorks
program for isotropic silicon. The SR power-flux den-
sity distribution incident on the surface of the block of
TRON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023
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Fig. 3. Scheme of the DMM first mirror. A silicon wafer
with grooves and three MXMs on it. The first mirror is
located at the substrate center and neighboring mirrors are
located on the sides at a distance of 1.5 mm. The mirror is
cooled in the upper and lower parts by water f lowing
through copper radiators. Between the radiators and the
substrate there is an indium gasket 0.2 mm thick. In the
diagram, all dimensions are given in mm.
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mirrors was obtained using XRayTracer [13, 14], tak-
ing into account the reflection curves of mirrors that
are optimal for the selected range of radiation energies
[2], which were calculated using Multifitting [15].
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Fig. 4. Surface-deformation profile (1), angular error (2), and stan
and 0.5° (b).
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Comparing the surface deformation profiles at dif-
ferent grazing angles, it can be seen (Fig. 4) that at a
grazing angle of 1.3°, the deformation profile has a
derivative close to zero in the range from 0 to 60 mm,
which sharply increases in the range from 60 to
113 mm. This behavior of the deformation curve is due
to the fact that the parameters of the grooves were cho-
sen optimal for a grazing angle of 1.3°, for which the
standard deviation of the angular error is 1.08 μrad. At
grazing angles of 0.9° and 0.5°, the deformation pro-
file has a parabolic shape with a “hook” near the edge
of the mirror (inflection on the right), and the stan-
dard deviation is 0.34 and 0.21 μrad, respectively.

METHODS FOR CORRECTING 
THE DIVERGENCE OF A SYNCHROTRON-

RADIATION BEAM AT THE OUTPUT 
OF A DOUBLE-MIRROR MONOCHROMATOR

Reducing the Beam Size

At a grazing angle of 1.3°, the main contribution to
the beam divergence comes from deformations near
the mirror edges. If we reduce the beam aperture at the
DMM output (Fig. 4a, Table 1), then we can eliminate
the rays reflected from the mirror edges and retain the
rays reflected from the mirror area with a standard
deviation of the angular shape error of less than 1 μrad
at a relatively small, about 20%, loss of radiation power
reflected from the first DMM mirror.

At grazing angles of 0.9° and 0.5°, this method does
not significantly reduce the divergence of beams at the
DMM output due to the linearity of the derivative of
the parabolic deformation profile. However, they are
at a fairly low level, less than the typical width of the
reflection curve of a crystal monochromator.
RON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023

dard deviation of the angular error (3) at grazing angles of 1.3° (a)
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Table 1. In the cells corresponding to one grazing angle, the first line shows the standard-deviation values of the angular
error (μrad); in the second, the power-flux percentage of incident SR passing through the aperture at the DMM output

Grazing angle
Aperture, mm

250 200 180 160 140

1.3° 1.08 0.52 0.32 0.19 0.12
100% 88% 80% 70% 60%

0.9° 0.34 0.32 0.29 0.26
100% 80% 72% 64%

0.5° 0.21 0.19 0.18 0.17
100% 80% 72% 64%
Using a Piezoelectric Actuator
The deformation profile of a silicon substrate at

grazing angles of 0.9° and 0.5° has the shape of a
parabola (Fig. 4b) with “hooks” near the mirror edges.
By reducing the beam aperture after the DMM, it is
possible to eliminate the rays reflected from the DMM
edges, which makes it possible to consider in further
modeling only the area with a parabolic form of sur-
face deformation.

Let us consider the impact of force F(x0) on the
substrate back side (Fig. 5). Deformation of the beam
surface fb(x, z) under the influence of SR incident at
an angle of 0.9° to the beam surface is determined by
the results of the previous simulation. Let us apply a
force such that the deformation at point x0 becomes
zero (Fig. 5a).

According to mathematical-modeling results, the
standard deviation of angular errors of the shape of the
surface of mirrors, from which SR is reflected decreases
from 0.34 to 0.1 μrad and from 0.21 to 0.05 μrad at graz-
ing angles of 0.9° and 0.5°, respectively.

Thus, a multilayer mirror design and methods have
been found to minimize thermally induced deviations
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Fig. 5. (a) Diagram of force application to a rigidly clamped bea
rigidly clamped by a piezoelectric actuator. Deformation of a be
beam deformation under the influence of SR and the piezoelect
piezoelectric actuator (3).
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of the reflected wave fronts to the level required for the
operation of a crystal monochromator.

SECOND DMM BLOCK HEATING
Let us consider heating of the second DMM block

by an X-ray beam reflected from the Mo/B4C MXM
[2], located in the DMM first block, which serves to
reflect photons in the soft energy range of 8–14 keV. In
front of the first DMM block there can be a 500-μm
diamond filter that transmits 53.56% of the incident
radiation power and eliminates two low-energy har-
monics of radiation received at the undulator output
(Fig. 6). The first harmonic is incident under total
external reflection from Mo/B4C in the angle range
0.5°–1.3°. Resonant harmonics of 8100, 10266, and
12210 eV, incident in the soft range, are reflected at
Bragg angles of 1.216°, 0.96°, and 0.806°, respectively.

When SR is incident on DMM mirrors at angles of
1.216°, 0.96°, and 0.806°, the absorption of the second
block without using a filter is 3.75, 4.26, and 3.76% of
the total incident power, respectively; and with a
500-μm diamond filter, it is 1.59, 1.34, and 1.72%,
respectively.
TRON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023

m. (b) Numerical-simulation results of the deviation of a beam
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Fig. 6. Dependence of the photon f lux on energy without
using a filter (1) and with a 500-μm diamond filter (2). Curves
were calculated using the SPECTRA program [13–17].
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Let us consider the resulting angular error in the
shape of the substrate DMM second mirror in the case
when the beam is incident on the DMM at an angle
of 1.3°; the beam power reflected from the first mirror
is 95% of the initial power; the design of the second
block of mirrors is simplified and differs from the first
one in the absence of grooves. If the second block of
DMM mirrors does not have grooves, then with a
decrease in the beam aperture at the DMM output,
the standard deviation of the total angular error will lie
in the range of 0.19–1.58 μrad with a transmission of
60—100% of the power of the reflected rays. If the sec-
ond block of DMM mirrors has grooves, then the
standard deviation will lie in the range of 0.12–
1.13 μrad with a transmission of 60–100% of power of
the reflected rays.

CONCLUSIONS
In this work, the parameters of heating a two-mir-

ror monochromator based on multilayer X-ray mirrors
are calculated. The optimal geometric dimensions of
grooves on the first block of the DMM mirrors were
found, which makes it possible to obtain a monochro-
matic-beam divergence of less than 1 μrad.

Reducing the beam aperture at the DMM output at
grazing angles of 1.3° makes it possible to transmit 70–
88% of the SR power with a beam divergence caused
by thermally induced deformation of the substrate of
0.2–0.5 μrad.

The use of piezoceramics at grazing angles of 0.9°
and 0.5° makes it possible to transmit 94% of the radi-
ation power and reduce the beam divergence from 0.35
to 0.1 μrad and from 0.2 to 0.05 μrad, respectively.

Taking into account the heating of the second
block of DMM mirrors leads to an increase in the
beam divergence to 0.63 μrad without the use of
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROT
grooves on the second mirror and to 0.54 μrad with
their use, when transmitting 88% of power of the
reflected rays. That is, the use of grooves on the sec-
ond mirror does not lead to a significant reduction in
the beam divergence, since only 5% of the SR power
arrives at the second mirror and is therefore effectively
removed by liquid cooling.
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