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Introduction

Sources of synchrotron radiation (SR) and X-ray free
electron lasers (FEL) are unique instruments that ensure
extremely bright X-ray radiation allowing for visualization
of the matter with atomic spatial resolution [1]. Synchrotron
light sources consist of circular electron accelerators with
SR output from rotary magnets and undulators. X-ray
FEL systems are based on linear electron accelerators and
generate more coherent and shorter pulses suitable for time-
resolved experiments.

The current strength and pulse duration is the main differ-
ence between the two types of systems: while synchrotrons
have peak currents per electron bunch of the order of
10 A and pulse duration of tens of picoseconds, X-ray FEL
systems generate kA peak currents with pulse duration at
the femtosecond level.

FEL generate radiation with significantly higher power
levels and a lower energy bandwidth than SR systems: while
X-ray FEL can generate pulse energy at the mJ level with a
relative bandwidth of 10~#, synchrotrons generate nJ pulse
energy and a much larger relative bandwidth. In general,
the peak brightness of the radiation produced by X-ray
FEL is much higher than peak brightness of radiation of
synchrotron systems. For example, the beam of the new
source ,,Sirius”“ at the Brazilian Synchrotron Light Labo-
ratory (LNLS) reaches the first crystalline monochromator
with a power of less than 7 W and a size of 1.5 x 2.6 mm.
The power density is less than 2.5W/mm? at an almost
normal drop [2]. At the same time, the FEL of the
Linac Coherent Light Source (LCLS) of the SLAC National
Accelerator Laboratory has a pulse energy of about 2mlJ, a
transverse spot size of about 150 um and a pulse duration of
about 100fs. The calculation of the average absorbed heat
flux during the pulse provides the value 4 - 10'* W/m? [3].

Nevertheless, synchrotrons have their advantages: firstly,
they provide a much higher repetition rate than X-ray FEL,
which is beneficial for many experiments. The differences
of the average brightness become much less pronounced
than the difference of the peak brightness values taking
into account the higher repetition rates and longer pulses
at synchrotrons. Another advantage of synchrotrons is
related to accessibility for users. It is much easier to
access synchrotrons than X-ray FEL since the number of
synchrotrons (more than 50 worldwide) is much greater
than the number of X-ray FEL systems (from 5 to 10), and
since each synchrotron has more channels (up to about 50)
than X-ray FEL (up to about 10).

It is possible to say that both synchrotrons and X-ray FEL
are invaluable research tools capable of visualizing matter
with a spatial resolution at the atomic level [4].

However, the thermomechanical deformation of optical
elements caused by a large thermal load is one of the
obstacles to delivering a large flow of SR photons to the
experimental station with minimal loss. The purpose of the
review is to describe methods for compensating thermal
deformations.

1. Thermal loads

Often, the first optical element subjected to a powerful
thermal load is a monocrystalline monochromator.

Three different types of distortions occur in the crystal
due to high thermal loads. Firstly, there is a general
curvature of the crystal caused by the thermal expansion
of the upper part of the crystal in a direction parallel to the
surface. Secondly, a thermal bump is formed caused by the
thermal expansion of the crystal in a direction perpendicular
to the surface. The third type of distortion is a change in
the distance between the planes of the crystal at its surface
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Figure 1. [Illustration of the effect of thermal distortions on
the intensity of a doubly diffracted beam (/ — polychromatic
SR beam, 2 — ideal first monochromator crystal, 2° — the first
monochromator crystal with thermal ,hump®, 3 — the second
crystal is a monochromator) [6].

due to thermal expansion. This results in a change of the
energy of diffracted photons [5].

The first crystal selects the desired X-ray energy in a
typical two-crystal monochromator at the SR station, and
the second crystal redirects the formed beam in the direction
of the experimental station (Fig. 1). In this case, the first
crystal absorbs most of the incident power of polychromatic
radiation.

The strongly collimated incident X-ray beam will diverge
after reflection as a result of thermal distortions created by
temperature gradients in the first monochromator crystal,
so that photons of different energies will have different
directions, and the second crystal will no longer be able
to simultaneously reflect all X-rays diffracted on the first
crystal (Fig. 1).

Consequently, the throughput of a two-crystal monochro-
mator will be reduced by one or two orders of magni-
tude [7]. Therefore, the task is to find an engineering way
to a solution capable of minimizing intensity losses caused
by thermal deformations of the monochromator. However,
first of all, it is necessary to be able to measure these
deformations.

2. Metrology

The change of the shape of the crystal surface because
of the thermal deformations and distortion of the crystal
volume (thermal stress) can significantly change the diffrac-
tion properties of the crystal in the case of high thermal
load and, consequently, result in a broadening of the X-ray
rocking curve. Therefore, most of all studies of crystals
under high thermal load were carried out by modeling the
deformation field in a thermally distorted crystal using the
finite element method (FEM) and comparing its results
with the rocking curve of a double monochromator crystal,
which is a convolution of the rocking curves of the first
distorted crystal and the second perfect crystal [8-11].
This convolution gives an integral over the area of the
beam footprint with the loss of all details of the complex
distribution of thermal distortions.

The measurement of the surface shape of a distorted
crystal in situ under high thermal load is significantly
simplifies the solution of the problem.

There are several approaches to visualizing distorted
surfaces. The flatness of the reflecting surface can be
estimated up to microradian over a large area using optical
methods such as long-trace profiling (LTP) [12]. This
method provides excellent accuracy in determining the
shape of the surface, but it provides information only
along the line. Therefore, obtaining information about the
wavefront formed by X-ray diffraction on a crystal subjected
to thermal shock is a more effective way to determine
thermal deformations.

The wavefront sensor is one of the most effective
elements of the metrology system. Its task is to measure the
curvature of the wavefront and transmit these measurements
to the processing device. There is a wide variety of
wavefront sensors [13]. They include Shack-Hartmann
sensors [14], as well as sensors based on the Talbot
effect [15], X-ray speckles [16] and ptichography [17]. For
example, the effect of heat stroke on the characteristics of a
two-crystal silicon monochromator was studied in [18] using
a two-dimensional Talbot interferometer.

The wavefront sensors listed above, as a rule, provide
wavefront measurement only periodically and usually in-
vasively, interrupting the experiment and wasting valuable
time. Non-invasive measurements can be performed in
various ways. For example, the authors of [19] proposed
a method for mapping the three-dimensional distortion of
a crystal under the impact of heat shock. The method is
similar to the Shack-Hartmann method and is based on the
idea that a distorted reflective surface corresponds to its
distorted image. The metal mask 2 (Fig. 2) has a series of
evenly spaced holes that create an array of light points using
a flat light source located behind the mask. The light from
the array of dots is reflected from the crystal surface and
recorded by a CCD camera 3. The holes in the mask in
the experiment had a diameter of 0.3 mm and were spaced
at a distance of 1.5mm from each other on an area of
100 x 100 mm. Image frames 4 were analyzed using the
Centroid [20] program. This program calculates the position
of the center of gravity of each light point in the image.

Figure 2. Schematic diagram of heat shock measurement: 7 —
X-ray beam, 2 — metal mask, 3 — CCD camera, 4 — mask
image [19].
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3. Methods for compensation of thermal
stresses on SR sources

As mentioned above, the effect of an intense SR beam
on an X-ray optical element can lead to the appearance of a
thermal ,hump® on its surface. Its curvature x at the vertex
does not depend on the thickness of the irradiated element
and is given by the expression

x ~ aQ/k, (1)

where a — coefficient of thermal expansion (K—1), k —
thermal conductivity [W-cm™!-K~!] of the X-ray optical
element, Q — the energy density of the SR beam absorbed
by the element [W-cm~2]. In this case, the slope angle
of the reflecting planes Af,.r averaged over the ,hump™
(usually called the slope error) will be

AByer ~ 2AL, ()

where AL — the length of the thermal ,hump“ in the
diffraction plane.

Subbotin et al. [21] showed for a simple model (a crystal
block heated from above and cooled from below) in which
all power is absorbed on the surface that the error of the
slope of the surface A is given by the formula:

AOuyer = F (C(/ k) (T)Q’ (3)

where F is a constant depending on the diffraction geome-
try, the size of the beam trace and the cooling method [22].

The reduction of the slope error can be achieved in
several ways according to the formula (3):

1) selecting the material of the X-ray optical element with
the minimum ratio value a/k;

2) selecting the optimal cooling mode for the X-ray
optical element;

3) reducing the density of the absorbed power of the SR
beam by an X-ray optical element.

3.1. Selection of materials

It was proposed in 1986 to use the special thermal
properties of diamond-like semiconductors, such as silicon
and germanium, in which the coefficient of thermal ex-
pansion at low temperatures passes through zero (Fig. 3),
and thermal conductivity increases significantly at cryogenic
temperatures (Table. 1) [23,24]. Both of these changes in
properties are favorable for optics at high thermal loads and
represent a real gift from nature to the naturalist [7].

Silicon and germanium are successfully used in X-ray
optics. Silicon single crystals are attractive because they
have an almost perfect crystal lattice and are commercially
available in large quantities [25].

However, many applications (for example, monochroma-
tization of FEL radiation with very high average and peak
power) require greater efficiency than silicon can provide:
transparency for X-rays, resistance to radiation damage, me-
chanical strength, high X-ray reflection coefficient in Bragg
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Figure 3. Coefficient of thermal expansion of silicon and

germanium. The coefficient of thermal expansion of silicon is zero
at 125 K[7].

Table 1. Properties of diamond Ila, Si and Ge, important for
X-ray applications [25]

Material Diamond Ila Si Ge
Atomic number Z 6 14 32
Absorption coefficient, u, 14 143 350
(E = 8keV) (cm™!)
Thermal conductivity, «, 20-25 1.5 0.64
at 297K (W-ecm™1. K1)
Thermal conductivity, «, 150 3.25 232
at low temperature (80K) (80K) | (100K)
(W-em™'. K1)
Coefficient of thermal 1 24 5.6
expansion, @ 297K
(W-em™'. K1)
Quality indicator, 36—250 0.44 0.03
100 x k/ua at 297K (MW)

geometry and thermal conductivity. In such cases, diamond
is the preferred material, since it surpasses silicon with
its unsurpassed radiation resistance, orders of magnitude
higher thermal conductivity [26], low coefficient of thermal
expansion [27] and almost 100% reflectivity in the field of
Bragg diffraction [28] (Table 1).

Both high modulus of elasticity and fracture strength are
additional favorable properties of diamond. The average
value of the elastic modulus of diamond is 1035 GPa
compared with the average elastic modulus of silicon of
191 GPa. The Young modulus of diamond is fairly constant
with an anisotropy coefficient of 1.21 in all directions
(the anisotropy coefficient of silicon is 1.44). This unique
combination of outstanding properties makes diamond the
most promising material for transparent, elastic components



V.V. Lider

of high-resolution X-ray optics that preserve the wavefront,
which is necessary for a bright and highly coherent next-
generation light source such as FEL [29].

The absorbed X-ray power (P,) is defined as follows
for the symmetric Bragg case: P, = Poexp(—ut/sinfg),
where P, — incident crystal power, u —linear absorption
coefficient, t — crystal thickness, 6g — Bragg angle.
Therefore, the quality indicator characterizing the immunity
of the crystal to thermal loads can be defined as «/(au),
which is listed in Table 1 for various materials. This quality
indicator at room temperature, for diamond is two orders of
magnitude higher than quality indicator of silicon.

Most single crystals of natural diamond belong to type
Ia with a nitrogen concentration of several tens to several
hundred parts per million, while single-crystal diamond of
type Ila has a small amount of nitrogen (less than ten
parts per million). A single crystal diamond of type Ila
is extremely rare in nature; it probably accounts for less
than 2% of existing natural diamonds [30]. Currently,
synthetic materials are structurally superior to the best
natural materials by several orders of magnitude [31].

In recent years, single crystal diamond has not been the
preferred material for X-ray optical elements because of
its low perfection and small size. The size of an optical
element (for example, a monochromator) can determine
the cross-sectional area of the X-ray beam produced by
it and, therefore, limit the size of the studied object.
Therefore, despite the attractive properties of diamond,
silicon is mainly used for the production of most X-ray
optical elements.

3.2. Selection of coolants

The most common way to prevent thermal stresses in
optical elements such as monochromators and mirrors is to
cool them with liquids. The cooling mechanisms are based
on the convective heat exchange of the liquid flow with the
surface of the X-ray optical element.

The water cooling is currently the most common method
of removing heat from X-ray optical components. The use of
liquid metals as a refrigerant for X-ray optics components is
an alternative approach. Liquid metals ensures a significant
improvement of the cooling efficiency compared to water
because of their thermal and physical properties. Liquid
metals, as a rule, have high thermal conductivity, high
volumetric heat capacity and a wide range of operating
temperatures. Bismuth, tin, lithium and indium are excellent
coolants, especially lithium, with its very high thermal
conductivity and very high specific heat capacity per unit
volume. However, these four substances were rejected due
to their moderately high melting points. The next two,
sodium and potassium, are also very good coolants. Their
operating temperature ranges are smaller than operating
temperature ranges of the previous candidates, but still
quite high, and they would be the first candidates for the
role of preferred coolant if there was no better option.
Their main disadvantage is that they strongly interact with

oxygen and water and, for this reason, pose a possible fire
hazard and require special handling procedures. Liquid
rubidium has all the necessary characteristics to create
an excellent coolant, and it could be considered if it
were not so expensive. Gallium and caesium have quite
acceptable melting points, just above room temperature, and
good thermal conductivity. Gallium was chosen instead of
caesium because of its much higher specific heat capacity
per unit volume, better operating temperature range, much
lower vapor pressure, and its much less reactive nature
in case of exposure to oxygen and water. Low steam
pressure is very important for operation in a high vacuum
environment. Mercury was rejected because of its poor
thermal conductivity, low operating temperature range and
very high vapor pressure. Leakage in the mercury cooling
circuit will be serious even at room temperature and very
serious at elevated temperatures.

Liquid gallium is most promising liquid metal coolant
identified to date, which appears to have all the desired
properties and the least number of undesirable properties
of the liquid metals studied. A very low vapor pressure
over a broad range of operating temperatures makes liquid
gallium an ideal coolant for use in high vacuum conditions
in addition to the special properties of liquid metals that
make them good heat carriers [32].

Liquid gallium has relatively good physical properties
compared to water, which makes it attractive for use as
a coolant. Moreover, gallium becomes liquid at 29.8°C, and
its melting point decreases to 16°C when it is fused with
indium to its eutectic form (76 mass.% Ga—24mass.% In)
and it becomes liquid at room temperature. Further fusion
of gallium with Sn and Zn (61 mass.% Ga, 25mass.% In,
13 mass.% Sn and 1mass.% Zn) reduces the melting point
to 10°C [33].

The main differences for different coolants in the calcula-
tions of diffraction crystal distortions are related to different
values of the heat transfer coefficient h. The amount of heat
that is transferred by the coolant per unit area of a solid per
degree of temperature is described by this parameter that
depends on the cooling model describes [7]:

h = Alk/d + A2(k0'6C8'4/d0'2v0'8)V0'8, (4)
where kK — thermal conductivity of the coolant, C, —
volumetric heat capacity, V — coolant velocity, v —

kinematic viscosity, d — a distance similar to the hydraulic
diameter of the cooling channel, A;, and Ay — coefficients
allowing empirical consideration of the geometry of the
cooling channels.

The first term is a constant depending on the thermal
conductivity of the liquid and the shape of the cooling
channels. The second term is a function of many variables
and has an almost linear dependence on the velocity of
the liquid. The very low thermal conductivity of water
compared to gallium makes h very small for water at low
flow rates; thus, water is a poor coolant at low flow rates.
The second term dominates at high flow rates, but even

Technical Physics, 2024, Vol. 69, No. 1
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Table 2. Comparison of heat transfer properties of liquid gallium,
water, liquid nitrogen and liquid propane

Substance k [W/(cm:K)] | Cy [J/em®] | k*6Cv%4 /03
Ga(50°C) 033 222 90.0
H,0(20°C) 0.006 4.19 534
N»(—170°C) 0.0014 1.60 4.57
C3;Hg(—170°C) 0.0020 1.40 1.38

Note. k —thermal conductivity of the coolant, C, — volumetric specific
heat [5].
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Figure 4. RMS error of the temperature slope 6 of a silicon
crystal cooled with liquid nitrogen under variable thermal load P
at different Bragg angles 6g (/ — 23.1 °, 2 —20.1 °, 3 —16.0 °,
4—123°,5—102°,6—94° 7—6.6°). A— linear region,
B — transition region, C — nonlinear region (see explanations in
the text) [10].

here h continues to be noticeably higher for gallium than
for water.

Table 2 lists important thermal properties for gallium,
water, liquid nitrogen and liquid propane. Gallium is by
far the most efficient coolant in this group. Liquid nitrogen
and liquid propane are cooling liquids at sufficiently low
temperatures and they can be used to cool silicon down
to 125K. The coefficient of thermal expansion of silicon
passes through zero at this temperature, and the thermal
conductivity increases fourfold. The silicon crystal is very
resistant to thermal distortion at temperatures of about
125 K and can remove a large amount of heat from its
surface with small thermal gradients. Fig. 3 illustrates
these features for both silicon and germanium crystals.
The main difference between liquid nitrogen and liquid
propane as refrigerants is their useful operating temperature
range. The range of 14K (63—77K) of liquid nitrogen at
1 atm is significantly less than the operating range of 145K
(86—231K) of propane. This difference is very important if
large thermal loads need to be removed.

The efficiency limits of a cryogenically cooled sili-
con monochromator have been studied theoretically using
FEM [10,30,34]. The dependence of the RMS error of the
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thermal slope of a silicon crystal on the absorbed power at
various Bragg angles was plotted (Fig. 4) for the experimen-
tal beamline UPBL6 of the European Synchrotron Radiation
Facility (ESRF) [10]. It is easy to determine where the
working points of a silicon crystal are located at an electron
beam current of 200 and 300 mA.

Three areas of radiation power can be defined [10,30,35]:

1) linear area: the temperature slope error is linearly
proportional to the power consumption in this area. The
crystal temperature is less than 125 K.

2) transition area: the temperature of the Si crystal, at
which the coefficient of thermal expansion is zero, is about
125 K. In this case, the thermal slope error is minimal.

3) Nonlinear area: the thermal slope error increases
rapidly with power, and the crystal temperature is more
than 125K [30].

The results obtained are convenient for the development
and optimization of a monochromator on a silicon crystal.
The idea is not to operate in the non-linear area.

The surface of the cryogenically cooled silicon crystal
is concave at low thermal load (which corresponds to the
negative values of the parameter @ in Fig. 4), it is convex
at high thermal load and has a complex shape, almost
flat in average under the medium thermal load [11]. The
detailed shape of a thermally deformed silicon crystal
significantly affects the wavefront of the beam at the
output of the monochromator. A parallel X-ray beam
can become convergent (divergent) when the crystal is
thermally deformed into a concave (convex) shape [10].

There are two ways of interaction of the coolant with
the X-ray optical element such as direct and indirect. The
liquid directly cools the element in case of direct (internal)
cooling; the heat generated in the element is removed by
cooling units in contact with it in case of indirect (contact)
cooling.

3.3. Direct cooling methods for crystal
monochromators

The three most common direct cooling geometries are
shown in Fig. 5. Cooling of the lower surface of a flat plate
(geometry of a flat plate) (Fig. 5,a) is the simplest and
most common approach used when thermal loads are only
a few W/cm?. For example, the first crystal of a two-crystal
monochromator was subjected to direct cooling in [36,37]
(Fig. 6). It consists of a thin-walled silicon ,,box“, the
bottom of which is glued to a stainless steel water collector;
water is supplied through jet tubes directed perpendicular
to the back of the crystal.

The cooling channels located directly under the working
surface of the monochromator (Fig. 5,b,¢) are much more
efficient. Such channels should obviously be located as close
as possible to the heated surface. A thin (and therefore
flexible) layer of material known as a hot wall is above the
channels. It has a temperature gradient across it which, if
not compensated, will result in a convex curvature of the
layer. There is a large thick block under the channels, which
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Figure 5. Diagrams of three common direct cooling geome-
tries [5] (see explanations in text).
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Figure 6. The scheme of direct cooling of the first arm of a two-
crystal monoblock monochromator (I — a beam of SR; 2,3 —
the first and second arms of the monochromator, respectively; the
arrows show the direction of water circulation) [37].

should have significantly greater rigidity (thickness) than the
hot wall [38].

It may seem that the use of circular cooling channels
reduces the liquid-crystal surface for heat removal, but such
a geometry actually increases the effective heat transfer
by 57% and reduces AT between liquid and crystal by a
similar amount compared to the geometry of a flat plate.
Channels with a rectangular profile can further increase the
heat exchange area: ,the cooling effect of the ribs™ allows
much more heat to be removed for a fixed AT than in the
case of a flat geometry. The shape of the channels shown
in Fig. 5, ¢ increases the heat transfer coefficient by 5 times.
This approach will help to reduce the amount of the heat
shock by reducing the average temperature in the upper
part of the crystal [7].

The creation of a direct water-cooled monochromator
with 11 small holes (diameter 1.5mm) drilled along the
width of the crystal near its optical surface was reported
in [39].

The channel sizes tend to decrease (formula (4)) for
optimal heat transfer, and the manufacture of channels by
drilling becomes difficult. Therefore, a silicon monochroma-

tor usually consists of two halves: a front panel with cooling
channels and a lower support volume (Fig. 7,a). The mating
blocks are polished after any mechanical treatment to
provide flat surfaces for the subsequent bonding procedure.
The use of water-cooled microchannels (MC) in silicon
X-ray monochromators with dimensions optimized for ef-
fective compensation of thermal stresses was investigated
in [40]. Such channels usually have a width of about
40 um and a depth of 400um. The MC can be cut with
a diamond saw, and the support volume is machined with
diamond end mills and core drills [41]. The two halves
are connected after machining. The compound should have
the following properties for direct-cooled monochromator
applications: minimal deformation caused in the crystal,
radiation resistance for a long service life, and tightness to
prevent coolant leaks into the vacuum system [42].

Several methods of coupling have been reported in the
literature [43,44]. The common feature of all methods is that
they deform the crystal lattice [45]. Significant deformations
can be introduced into the crystal during its manufacture
and connection.

The authors of [46] proposed three new MC designs
and compared them with the ,classical® MC layout. The
designs are shown schematically in Fig. 7. The overall design
strategy is to reduce the deformation created by joining two
silicon blocks. All three MC models show a smaller increase
of the width of the rocking curve.

The design of MC,2+1“ was tested for reducing the
deformation area (Fig. 7,b). The idea of design 2+1 is
to eliminate contacts between two ribs out of every three
and increase the third fin. The reduction of the contact area
between the two volumes reduced the deformation surface.
The increase of the space for the coolant flow between the
ribs is one of the advantages of this approach because it
reduces the need for high liquid pressure (high pressure due

b

ool | e e |

bl HHHHHHF

Figure 7. Proposed geometry of microchannels: a — classical
design, b — 2+1 design, ¢ — ,;sandwich“ design, d — ,,rib-to-rib*
design [46].
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Figure 8. a — diagram of the pin cooling model (/ — upper plate of a silicon monochromator with pins, 2 — lower support volume,
3 — metal holder). The arrows show the directions of the water flow [52]. b — an example of the design of the upper plate of a
monochromator (the arrow indicates the direction of the water flow) [53].

to the flow of the cooling medium can deform the crystal
surface). In addition, two small ribs between the wider ribs
reinforce the monochromator structure.

The second proposed design consists of a classic upper
and lower support volumes. 0.5 mm thick silicon transition
insert was placed between the upper and lower support
volumes to reduce the deformation. The function of this
middle part is to compensate and absorb voltage. The third
MC design employed the ,rib-to-rib“ concept (Fig. 7,d).
The advantage of the ,,rib-to-rib“ design is the small contact
area between the upper and lower volumes of silicon and
the absence of lateral deformation.

From the experimental rocking curves and models con-
structed by the FEM method, it follows that the proposed
MC designs represent a significant improvement. The classic
MC design had an average increase of the rocking curve
by about 8 mrad in case of use of aluminum solder and a
layer of silicon with a thickness of 1 mm above the MC.
The ,rib-to-rib* design reduces this value to 5Smrad, and
by increasing the layer above the MC to 2mm, it can be
reduced to less than 2.5 mrad. However, this increases the
temperature of the working surface because of the lower
cooling efficiency by several degrees [46], while smoothing
out temperature fluctuations.

Water [40,43,46,47)] or liquid gallium [33,48,49] is used as
coolants for controlling thermal stresses of monochromators
with MC; cryogenic cooling is used relatively rarely [50,51].

Pin heat exchangers should also be considered when
water is used as a coolant [42,52,53]. Figure 8 shows a
pin cooling model. The cooling zone is divided into several
cells, including a set of pins. The pins in the cell interrupt
the flow of water and then create a turbulent flow to obtain
a greater heat transfer coefficient.

Technical Physics, 2024, Vol. 69, No. 1

When dividing a large cooling area into small cells of
suitable size, not only a small pressure drop is maintained
due to short water flow paths, but the entire area is
cooled evenly. The effect is that at real pressures, the
coolant flow velocity near the hot wall is an order of
magnitude higher than the velocity that can usually be
obtained in channels with a uniform cross section [38].
The heat transfer coefficient of the pin cell system is 2—4
times greater than the heat transfer coefficient of the MC
system with the same liquid velocity (as follows from the
formula (4), the higher the speed, the greater the heat
transfer coefficient).

The process of manufacturing a crystal with a cellular pin
structure consists of two stages. A honeycomb structure of
pins is fabricated at the first stage, and silicon wafers are
coupled at the other stage. The authors of [52] produced
arrays of pins using sandblasting. This is simple and
inexpensive method for creating shallow channels. The
average diameter of the pins is about 0.3 mm, the height
of the pins is about 0.2mm, the pitch of the pins is
about 0.5mm. Au/Si eutectic was used to bond silicon
volumes.

Cooled silicon substrates for multilayer optics can also
be manufactured with internal MC [41,54,55]. Tt was
shown that the effect of the coating on temperature and
deformation is insignificant. The thermal stress in multilayer
optics depends on the difference in the coefficient of thermal
expansion K between the layer material and the substrate
material, but does not depend on the difference k between
different sublayers. In principle, in order to minimize
thermal stress, the coating material should have k closer
to K substrates and/or a smaller Young modulus [55].
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3.4. Indirect cooling methods for crystal
monochromators

The development of optical elements with indirect cooling
usually begins with an assessment of their effectiveness
using FEM [30,35,39,56]. The cooling efficiency depends
not only on the heat transfer coefficient, but also on
the contact thermal resistance at the boundary between
the crystal and the cooling unit. The thermal boundary
resistance per unit contact area is defined as the ratio of the
temperature jump at the interface to the thermal power per
unit area flowing across the interface. Thermal resistance is
mainly the result of phonon scattering at the interface due
to the acoustic mismatch between dissimilar materials [57].

The key parameters influencing this thermal contact
resistance are the applied pressure (contact pressure) and
the state of the surface of the contact bodies at the
interface [56]. Optimal conditions for thermal contact
resistance in vacuum at ambient temperature were obtained
in [57,58].

For two mating surfaces, even visually very smooth
and flat, the actual contact area is usually less than 10%
of the total area. It is in these areas that heat is
transferred from one body to another. Therefore, due to
the heat transfer paths, the heat flow in bodies near the
interface is heterogeneous. In foil [59,60] or eutectic In-
Ga [24,59,61-63] is often placed at the boundary between
the crystal and the cooled block for obtaining a good
thermal contact.

3.4.1. Water cooling

The literature contains descriptions of water-cooled
silicon [24,62,64] (Fig. 9), germanium [65], diamond
monochromators [66,67], from the sides of the diamond
monochromator [68], as well as from three sides of silicon
monochromators [24] (Fig. 9).

3.4.2. Cryogenic cooling

The design of a cryogenically cooled monochromator [69]
is usually a simple rectangular silicon block sandwiched
between two copper heat exchangers [34,56,60,70,71]
(Fig. 10).

a b
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Figure 9. Cooling scheme of the back surface of the first arm
of a two-crystal monoblock monochromator (a) and its three-
sided cooling (b); 1 —copper substrate with channels for water
circulation, 2 — eutectic layer In-Ga [24].

The clamping pressure of 5—10 bar is sufficient to obtain
good thermal contact (see [57,58]) and does not cause
significant deformation of the diffracting planes.

Two different methods are used at the boundary between
silicon and copper to obtain good thermal contact: in some
monochromators, an indium foil 0.5mm thick is inserted
between copper and silicon, and this foil can be coated
with eutectic indium. In this case, the copper cooling units
should be nickel-plated so that In-Ga does not diffuse into
the copper. This foil improves thermal contact and, due
to its relatively large thickness, limits the resulting stresses
and strains transmitted to silicon at low temperatures. The
surfaces of copper and silicon are finely polished to optical
quality on other monochromators. For example, the size of
the Si crystal was 50 mm wide, 90 mm long and 35mm
thick in the monochromator module described by the
authors of [72]. Indium sheets were inserted between the
crystal and the blocks for achieving good thermal contact.
The blocks were pressed against the crystal by knife springs,
providing pressure applied to the first crystal, 0.45 MPa.

The design of an indirect cryogenic cooling unit for
a silicon crystal is described in [56] (Fig. 10,a): the
crystal is located between two copper heat exchangers
pressed against it at a pressure of about 0.4 MPa. Liquid
nitrogen flows through 16 rectangular channels inside the
cooling unit with a surface area of about 345cm?. The
crystal dimensions are 60 x 24 x 40 mm. Small and densely
spaced cooling channels can significantly increase the heat
exchange area, but at the same time the flow resistance
increases. Therefore, the correct choice of channel structure
is important for the efficiency of heat transfer, as well as for
the stability of the cooling system (typical channel sizes:
thickness 1mm, height 8 mm [73]). Since the thermal
conductivity of a silicon crystal is very high at 80K (ie.,
twice as high as that of copper), and the heat transfer
coefficient of liquid nitrogen is quite small, large surface
areas are required for heat transfer. Therefore, both the
length and height of the cooling units are usually larger
than that of the crystal. The result of the FEM simulation
showed that such a design contributes to the removal of heat
from the crystal surface [22].

Mechanical vibration is a critical problem for cryogeni-
cally cooled monochromators. It worsens the signal-to-noise
ratio and the effective coherence of the radar beam. The
usual sources of vibrations are sharp bends in the coolant
lines and wavy inner surfaces of flexible tubes, which are
difficult to avoid in practice. Vibrations can be minimized by
rigid fastening of the monochromator, minimizing the flow
rate, using flexible and, if possible, short hoses properly
connected to the monochromator [60,72).

3.5. Direct or indirect cooling methods?

Each approach to the design of optical element cooling
has its advantages and disadvantages [59]. The direct
cooling mode can show better results than the side cooling
mode. However, a comparison of some critical factors

Technical Physics, 2024, Vol. 69, No. 1



Minimization of thermal distortions arising in optical elements under the influence... 13

Figure 10. g — image of a crystal and its cooling blocks [56]; b — example of an assembly of a cooled monochromator. / —
silicon crystal; 2 — copper heat exchangers; 3 — Pt 100 temperature sensor; 4 — stainless steel pipes; 5 — ceramic thermal insulation

plates [71].

such as commercial cost, complexity of the production
process, manufacturing period and problems with micro-
vibration proved that the side cooling mode showed better
technological performance [74,75]. Indeed, an indirect
cooling system has a number of advantages. Firstly, the
manufacturing of crystals with direct cooling is much more
difficult, it is more time-consuming and expensive. Cutting
coolant channels in silicon is a relatively slow process. On
the other hand, contact-cooled crystals are usually simple
rectangular blocks of single crystals of silicon. Secondly,
crystals with direct cooling require vacuum sealing of the
silicon-metal collector connection [48,76]. In[22], the seals
were made of indium foil and metal sealing O-rings of C-
shaped cross section. However, cyclic temperature changes
can lead to loss of seal integrity. In addition, the sealing
installation process itself is unreliable: it usually takes
several attempts before a good vacuum seal is achieved.
An indirect cooling crystal solves the problem of vacuum
sealing, because only metal-to-metal seals are required,
which are easy to perform.

3.6. Thin crystal

There is an approach based on the use of a very thin
crystal. In this case, the thermal load can be limited
by allowing most of the power of the SR beam not
to be absorbed by the crystal. The crystal should be
very thin for use at low energies and should not be
exposed to deformation. The disadvantage of this method
is the manufacturing and engineering problems that can be
encountered in the manufacture and cooling of such a thin
crystal [77].

A cryogenically cooled monochromator design using a
thin crystal strategy is described in [78,79], which is capable
of operating on SR sources at electron currents in the
storage up to 300 mA. The key to the proposed design is
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the processing of a silicon crystal monoblock, which leaves a
thin silicon plate with a thickness of about 0.6 mm enclosed
between two identical blocks with indirect cooling (Fig. 11).
Since the absorption coefficient of silicon becomes very
small at high X-rays energies, a sufficiently thin crystal will
absorb only part of the power of the incident SR beam.
Another important factor is that the thermal conductivity of
silicon at liquid nitrogen temperatures is so high that silicon
can be cooled by surfaces at some reasonable distance
from the thin part of the crystal. Cooling channels were
drilled in both blocks, allowing liquid nitrogen to flow
across the beam. A special C-ring forms a seal between a
group of seven cooling channels and the coolant distribution
manifold [78,79].

3.7. Inclined geometry of monochromator cooling

The expansion of the area of illumination of the surface
of optical elements by an X-ray beam is the most effective
way to further reduce thermal distortion of optical elements
after selection of one of the possible cooling systems.

The geometry of skew-symmetric diffraction was used
by Hounsari [80] and named ,oblique“ (Fig. 12). The
same geometry was proposed by Hrdi [81]. The angles
of incidence of primary and reflected X-rays are equal
in oblique geometry and the angle between the surface
normal and the diffraction plane is 8 (for symmetric and
asymmetric diffraction f = 0). This means that only part
of the thermal distortion will lie in the diffraction plane.
Therefore, it can be expected that only a part of any
deformation resulting from a high thermal load should
contribute to the broadening of the rocking curve [82].

In the case of oblique geometry, the area of the beam
trace on the crystal surface is defined as A/ cosp sinfg,
where A — the cross-sectional area of the primary beam.
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Figure 11. Cooling scheme of a thin silicon crystal: a — end
view, b — general view of the half of the monoblock, ¢ — cross
section (I — cryogenic cooling channels, 2 — diffracted X-ray
beam, 3 — passed X-ray beam) [77].
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Figure 12. Scheme of formation of a trace of a radar beam in
an oblique geometry on the crystal surface (8 — angle between
the normal to the crystal surface and the diffraction plane, 65 —
Bragg angle) [79].

Consequently, the oblique geometry, compared with sym-
metric diffraction, gives a gain in the area of illumination by
a factor of 1/ cos .

The area of the beam trace can also be increased by
using asymmetric diffraction [83]. However, it should be
noted that the use of asymmetric monochromators entails a

decrease of the range of X-ray energy tuning and an increase
of the photon flux [8].

A more detailed description of the oblique geometry can
be found in [48,61,84-86].

3.8. Mirror cooling methods

Filters and apertures are used for reduction of the power
of the SR beam, if possible, before the beam reaches the
first optical element. In most cases, this optical element is
a monochromator with a high thermal load, usually made
of monocrystalline silicon. The absorbed power and heat
flow can be significant, and the monochromator often has
to be cryogenically cooled. The use of a grazing incidence
mirror as the first optical element is an alternative approach
to designing of a modern testing station [87]. However, this
approach has drawbacks: it entails the design, manufacture
and installation of cooled mirrors, which are usually large
in size, require a long manufacturing time and can be
expensive.

But it also has advantages [87]. Although the ther-
mal power absorbed by the first mirror may be high,
the absorbed heat flux is small, because unlike crystal
monochromators, X-ray mirrors intercept the beam at small
sliding angles. This fact greatly simplifies the thermal control
of mirrors as the first optical elements. In addition, the
use of a mirror approach reduces the thermal load on the
components located behind the mirror, makes it possible to
suppress harmonics and focus the beam, allows choosing
the cut-off energy by using different strips of coating
materials or sliding angles. Thus, if it is possible to develop
simple, reliable and cost-effective mirrors, their advantages
may outweigh their disadvantages. Using a mirror as the
first optical element allows placing a conventional water-
cooled silicon monochromator after it, which is much easier
to manufacture, assemble, maintain and operate than its
cryogenically cooled counterpart [59).

Water cooling is preferred option for most mirrors used
on SR sources as the first optical element [88].

Silicon mirrors cooled with liquid nitrogen are much rarer,
but still exist [89,90].

Thermal deformation can be decomposed into bending
deformation caused by a temperature gradient along the
depth of the mirror, and into ,thermal mapping* defor-
mation [91] created by a temperature gradient because of
uneven heat flow along the length of the mirror. Distortions
of the ,thermal mapping”“ can be minimized by saturating
the entire length of the mirror with an incident beam. When
the power profile of the X-ray beam over the entire length
of the optics is relatively uniform — a condition that can
be fulfilled in many cases, for example, when using a
cooling length less than the length of the beam trace [61.92]
(Fig. 13, a) — the bending of the substrate remains the main
component of distortion.

It is possible to imagine a mirror consisting of three
segments, in which the central segment is heated by a beam,
and the other two segments are cooled at its reflective
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Figure 13. a — side-cooled water-cooled mirror design with ,smart cutouts” [89]; b — cross-section of the mirror with cutouts [91]

(I — a beam of SR, 2 — mirror, 3 — water cooling channels).

surface. The central part deforms into a convex shape,
and the other two segments, colder at the reflecting surface
relative to the back, become concave. It is possible to obtain
a thermomechanically balanced mirror without bending in
case of proper designing. Cooling the reflective surface
essentially creates a thermal moment opposite to that
created by the central segment of the substrate. The authors
of [59] called this scheme and the variations based on it,
restoring the desired symmetry of the system, as the method
of reverse thermal moment. It was found by [63,88,92] that
the cooling units should be located close to the reflecting
surface for providing the necessary reverse thermal torque.
As expected, the location and width of the cooling units
are critical parameters in this design, since they determine
the magnitude of the reverse thermal moment applied to the
mirror.

Studies showed that small ,smart“ cutouts along the
cooled sides of the mirror (Fig. 13,b) can increase the
reverse bending moment [4,88,92,93].

Mirror cooling using a metal bath with In-Ga eutectic is
widely used on SR sources as a heat transfer mechanism
and a floating support without applying a load from the
cooling unit to the mirror and eliminating the impact of
gravity [76,93,94].

Heat transfer from the mirror 7 (Fig. 14,a) can be carried
out through a thin layer In 3 to the cooled units 2, then
through In-Ga eutectic into the bath 4 and finally, into
the coolant, which circulates through the cooling channels
built into the bath [94]. Another method of heat transfer is
the heat transfer through eutectic 3 (Fig. 14,b) and water-
cooled copper plates 4 inserted into two grooves on the
sides of the mirror 1 [76).

Indalloy 51 can also be used for heat transfer. This water-
insoluble alloy is a metal with a mass percentage compo-
sition of Ga:In:Sn = 62.5:21.5:16, density 6.5g/cm?, melting
point 10.7°C and with thermal conductivity equivalent to
stainless steel [95].
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3.9. Adaptive cooling

The use of an adaptive X-ray mirror makes it possible to
solve several tasks simultaneously, namely, to compensate
for thermal deformation and variable curvature for focusing
applications.  Due to its inherent flexibility, adaptive
optics can have useful and interesting applications in X-ray
equipment, which makes this method very attractive [96)].

From the rotating magnet of the storage ring, the SR
propagates in the form of a wide fan of rays, which are
collected by the first optical element of the experimental
station. It is useful to increase the length of the mirror for
maximizing the flow, and optical design may require that
the optical surface of the mirror be longer than 1m.

The use of very long mirrors exposed to high thermal
loads poses a serious challenge for the mechanical design
of an effective cooling circuit. The variable beam trace,
significantly smaller than the length of the mirror, causes a
temperature change in the tangential direction.

3.9.1. Temperature actuators

The real cooling system was developed and tested based
on the idea described in the works [63,97]. Several cooling
lengths were used for the variable length of the beam
trace, when the photon energy changes, as well as several
hydraulic valves to turn on/off the water flow.

The simplified solution used five cooling circuits [97]
(Fig. 15). The mirror was cooled only on one side. It
has a trough with Ga-In eutectic located 5 mm from the
surface. A notch 20 mm from the surface is used to reduce
heat shock and hold the mirror.

It may not be so convenient to have multiple cooling units
and multiple hydraulic valves in some cases. Therefore,
the authors of [63] proposed another adaptive method
based on the principle of the use of one long cooling
unit on each side of the mirror with additional electric
heaters between the cooling units and the mirror, which
reduced temperature gradients causing the distortion of
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Figure 14. Mirror cooling schemes using a bath with In-Ga. a: I —mirror, 2 —cooling units, 3 — interlayer In, 4 — bath with In-Ga
eutectic, 5 — direction of water circulation, 6 — SR beam, 7 — X-ray reflected from the lower surface of the mirror [93]; b: 1 — mirror,
2 —SR beam, 3 — In-Ga eutectic, 4 — water cooled copper plate, 5 — electric heater [94].

Figure 15. Real cooling system: mirror on its holder with five
cooling circuits [97].

the mirror shape. The electric heaters consisted of a
series of cells located along the entire length of the
mirror. The method was called REAL (resistive element
with adjustable length) subsequently [76]. Copper ribs
(or blades) inserted into grooves filled with gallium-
indium eutectic laid on the sides of the mirror were used
for cooling. Resistive heaters were connected to the
front of each blade at a safe distance from the eutectic
(Fig. 14,b).

3.9.2. Piezoelectric actuators

A piezoelectric actuator (piezoactuator) is a device using
piezoceramic’s ability to expand under the action of the
electrostatic field to generate force and movement in the
micrometer range [98]. Piezoelectric actuators are used
in microelectromechanical systems (MEMS), microrobots,
bioengineering and medicine, as well as in the fields of

vibration and noise control owing to the advantages of
simple design, light weight and quick response.

The design of an adaptive mirror was described in [99].
The mirror was made of silicon carbide and cooled with
water along its entire length, as shown in Fig. 16. The
shape of its surface can be adjusted at two levels. The first
level is mainly used to obtain the first rough shape and for
focusing, and the second level is used for precise settings
and correction of the temperature angle of inclination. The
actuators can be piezoelectric or magnetostrictive.

The casing of the adaptive mirror described in [100]
was made of graphite and coated with 0.1mm thick silicon
carbide. These two materials provide a good trade off
between thermomechanical properties and surface quality.
The mirror itself consisted of three segments, because
segmentation allows building very long mirrors. The central
segment had a length of 50 cm, the extreme segments had
a length of 25cm. The width and thickness of the
mirror were 10 and 3cm, respectively. Each segment
was independently controlled by a set of piezoelectric
actuators: two rows each comprising three actuators
for both end segments and two rows each comprising
five actuators for the central segment. The use of two
rows of actuators allows for adjusting the slope between

T F-1§ X
7///////////////////////}/////////////////////////////////4
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Figure 16. Diagram of a cooled adaptive X-ray mirror: [ —
reflective surface of the mirror, 2 — direction of water circulation,
3 — first level of correction, 4 — second level of correction [99].
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Figure 17. Adaptive cooled mirror diagram: / — thin plate of
monocrystalline silicon, 2 — water cooling channels, 3 — point
actuators, 4 — peripheral actuator, 5 — axis of symmetry [101].

the segments. The mirror was cooled by two water-
cooled copper units located on both long sides of the
mirror.

The peripheral actuator 4 (Fig. 17) and point actuators 3
attached to the back of the beryllium substrate described
in [101] can change its shape and, consequently, the shape
of the silicon crystal /. The wavefront was analyzed using a
Shack-Hartmann sensor.

4. Methods for compensation of thermal
stresses on FEL sources

Most of the FEL systems operate in the self-amplified
spontaneous emission (SASE) mode nowadays [102]. FEL
radiation comprises pulses with 4 ~ 0.05 — 0.16 nm wave-
length, ~ 10 — 100fs duration and ~ 1 — 3 urad angular
divergence [103]. The pulses are characterized by almost
complete spatial coherence and very mediocre tempo-
ral coherence, resulting in a spectral pulse width of
AE/E ~ 1073 [104]. Self-seeding circuits [106,107] with a
monochromator crystal between two segments of undulators
were proposed for achieving a fully coherent FEL [105].
FEL SASE spectrum is filtered and a narrowband initial
signal is generated when a monochromator is inserted into
the undulator system. This signal then is amplified in
subsequent segments of the undulator. Thus, the self-
selection circuit dramatically improves the FEL spectral
brightness.

An X-ray laser generator on free electrons is another
light source for producing fully coherent pulses of hard
X-ray radiation [108]. Its X-ray pulses circulate in an
optical resonator formed by several reflecting crystals. The
repetition rate of the electron bunch of a resonator of
reasonable length should be about 1 MHz or higher. An
intense X-ray pulses will create a high thermal load on
crystal mirrors with an intracavity pulse energy of about
800 uJ and a beam radius of about 50 um at a repetition
rate at the level of MHz [109].

The heat flux generated by FEL pulses can be several
orders of magnitude higher compared with SR sources. For
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example, a typical FEL of Linac Coherent Light Source
(LCLS) of the SLAC National Accelerator Laboratory, has
a pulse energy of about 2 mJ, a transverse spot size of
about 150 um and a pulse duration of about 100fs. The
calculation of the average absorbed heat flux during the
FEL pulse can provide the value 4 - 10'* W/m?. The existing
cooling methods may not be sufficient to remove residual
heat in the FEL area with such an extremely high heat flux.

A thin silicon single crystal is no longer effective under
these conditions, because the 10 extinction lengths required
for maximum Bragg reflectivity are comparable to the length
of photoabsorption in silicon. On the contrary, 10 extinction
lengths are approximately 1/10 of the photoabsorption
length in diamond crystals. Precisely because the extinction
length in diamond is much shorter than the absorption
length, diamond crystals have close to 100% Bragg re-
flectivity even with backscattering and at the same time
have high X-ray permeability [28]. However, it is difficult
to manufacture such ultrathin crystalline components and
handle them without causing any damage and deformation
of the crystal. The solution is to use a monolithic crystal
structure consisting of a thin membrane with a surrounding
solid collar. This design allows for a mechanically stable
installation of the membrane without deformations, while
ensuring the effective heat dissipation [110]. Therefore,
the authors of [111] produced a monolithic two-crystal
monochromator, the first arm of which (P1) carried a thin
membrane (Fig. 18). 5 x 4 x 4 mm monochromator was cut
from synthetically grown type Ila rough diamond.

The described diamond monoblock monochromator can
be effectively used in self-selection systems with a relatively
low pulse repetition rate. The low repetition rate below
the damage threshold provides a relaxation time for the
monochromator sufficient to dissipate the thermal energy
released by the previous pulse and restore its original state
before the arrival of the next FEL pulse. However, the
monochromator does not have sufficient time for relaxation
before the next FEL pulse in FEL systems with a high pulse
repetition rate operating at the MHz frequency level [112].

The relaxation time can be described by the charac-
teristic temperature spreading time due to heat transfer
At [104,113]:

At =ri/4a’ = ricyp/4x, (5)

where ¢, — specific heat capacity, k — thermal conductiv-
ity, p — crystal density, r| — transverse pulse size.

The heat capacity of diamond increases by almost 50
times with an increase of temperature from 100 to 600
K, and the thermal conductivity decreases by 7.6 times
(Table. 3), but the heat transfer (cooling) time 7r also
increases sharply from 2 to 680us. The table shows that
the operation at low temperatures is preferable for reducing
the cooling time 77, since the heat capacity in this case is
small and the thermal conductivity is high [104].

The radiation in the European X-ray FEL comprises a
series of pulses with a duration of &~ 10 — 100 fs. The pulses
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Figure 18. a — diagram of a monolithic double-crystal diamond monochromator with arms P; and P, for X-ray radiation 14.4keV,
reflex (800); b — photo of the monochromator after laser treatment and annealing in air at 630°C for 3h [111].

Table 3. Coefficient of linear thermal expansion ar - 10°, specific
heat cp (J-kg='-K~!), thermal conductivity of diamond type I
(W-m~ 1. K~") [114] and characteristic cooling time 7+ depending
on temperature T

T,K 100 200 300 400 600
ar, K™! 0.05 045 1.0 1.80 3.09
Cp, 29 214 514 854 1342

K 3050 | 1400 900 650 400
T, us 19 310 | 1158 | 2664 | 6802

Note. Wavelength 0.1 nm, reflection (400); pulse energy 557 uJ, transverse
pulse size r| = 480 um, density p = 3.52g-cm™3.

are grouped into packets with a duration of 0.6ms and a
repetition frequency of 10 Hz; the number of pulses in the
packet is ~ 2700, and the time interval between them is
Aty ~ 0.2 us.

Unfortunately, the heat transfer times zr at Tp > 100K
exceed the time intervals Aty between pulses in a packet
by 1-3 orders of magnitude. Therefore, the crystal
temperature will increase during the exposure of the pulse
packet to the crystal, and the heat will have time to
dissipate only in the time intervals between the packets,
since 71 < 0.1s [104,113].

The authors of [115] studied the operation of a cryogeni-
cally cooled double-crystal monochromator Si(111) using
SASE pulses arriving at a repetition rate of 2.25MHz. It
was shown that the transmission of the monochromator
decreases by about two times after ~ 150 pulses (which
in this case corresponded to the total incident energy
~ 50mlJ).

Nevertheless, as the first monochromator, the diamond-
based design with liquid nitrogen cooling seems to be the
most promising. Silicon monochromators can be useful as

secondary optical elements located closer to experimental
stations.

Adaptive methods with variable length cooling and ther-
moregulation along its entire length are used to compensate
for thermal stresses, similar to those described in Sect. 3.9
in case of usage of a mirror as the first optical element in
the FEL beam channel [97,116,117].

Problems of designing a cooling system arise when a
monochromator in self-selection mode is considered [3].
The monochromator can be a thin diamond plate [118]. It
is necessary to implement a clamping mechanism to obtain
a sufficient heat transfer area and tight contact for ensuring
cooling of such a thin plate. Unfortunately, this clamping
can cause severe deformation, which, in turn, can result in
a degradation of the efficiency of self-selection. Cutouts in a
thin diamond plate sacrificing the efficiency of heat transfer
comprise one of the existing solutions (Fig. 19,a) [118].

A thick base is added to the lamellar diamond crystal
in another monochromator design. The thick base acts as
a cooler and also as a stress-free attachment point. The
attachment of a thick base can significantly reduce thermal
resistance. On the other hand, it also ensures strong
resistance to the strains that occurs during clamping because
of its large thickness. Moreover, the greater thickness also
improves the effective thermal conductivity of the base and,
therefore, the cooling capacity. The monochromator has a
trapezoidal shape (Fig. 19,5). It is carefully inserted into
the holder for installation and is sealed from the bottom to
prevent the crystal from slipping out of the holder [119].

Conclusion

It follows from the above that it is possible to successfully
compensate for thermal distortions of optical elements
created by SR sources by combining various crystals,
coolants and cooling methods. The efficiency of such
compensation can be increased by additional use of thin
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Figure 19. Two geometric designs of the diamond monochromator used in self-selection mode: @ —the monochromator has two cutouts
to relieve the stress created by the clamping part of the holder; b — the trapezoidal monochromator has a thick base with a thin tip [3].

crystal or inclined geometry methods, as well as by adaptive
optics.

Moreover, apparently, it makes sense to use adaptive
optics consisting of two elements in some cases: the second
element is designed to correct the distortion of the wavefront
created by the first element [120].

It was shown that the use of cryogenically cooled
synthetic diamond crystal has a good potential for compen-
sating the thermal stresses created by X-ray FEL. However,
there is still a lot of work to be done to develop methods for
controlling distortions of the crystal lattice introduced by a
separate pulse packet, as well as relaxation of the lattice
during the time separating the previous and subsequent
pulses. It is necessary to develop methods for obtaining
diamonds of high structural perfection and large size despite
certain achievements in the growing of diamond synthetic
single crystals [121].
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