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1. Introduction

Active and adaptive optics have been used for several
decades in many scientific disciplines, including astronomy,
laser physics, X-ray microscopy, and X-ray diffractometry.
Active and adaptive optics supplement each other —
they are combined by a common idea — elimination of
non-regular distortions resulting from the distribution of irra-
diation in heterogeneous medium with the use of controlled
optical components. Unlike passive optics with fixed, pre-
polished surface profiles, active and adaptive optics can be
deformed to fit different experimental problems. From a
semantic point of view, the use of these terms is somewhat
arbitrary and has led and still leads to some confusion.

The concept of adaptive optics was first introduced by
Kh.W. Babcock [1] and V.P. Linnik [2] in connection with
the problem of improving the quality of images of celestial
objects obtained by Earth-based telescopes. For ground-
based telescopes, it has been proposed [3] to use the term
»adaptive“ to describe wavefront distortion correction by
atmospheric turbulence and the term ,active to describe
how wavefront distortion caused by mechanical, thermal and
optical effects in the telescope itself can be controlled.

However, the X-ray telescope (like other X-ray instru-
ments) does not face the problem of atmospheric turbu-
lence. Therefore, here we will understand by the adaptive
optics the one that compensates wavefront distortions
created by downward (preliminary) and upward optics (for
example, mirrors, monochromators, slits and apertures in
the case of experimental stations on synchrotron radiation
(SR) beam). Optics correcting wavefront distortions caused,
for example, by defects in the shape of the reflecting mirror
surface will be called active.

The phase change of Ag in reflection from a protrusion
on the surface of the mirror with a height h is [5]

Ag = (4ath/21) sin 6, (1)

where 6 — slip angle, A — radiation wavelength. Therefore,
defects of X-ray-optical elements can be analyzed by their
influence on the wavefront of radiation. Therefore, the
review will consider not only X-ray adaptive and active
optics, but also metrology in situ to characterize and
optimize optical elements.

2. Executive mechanisms

An X-ray microbeam — is an effective tool for character-
izing a substance with wide possibilities of use: from mate-
rials science and biomedicine to environmental science and
astrophysics [6]. Any kind of focusing when reflecting X-
rays can be achieved only with a curved reflective surface.
The full external reflection mirror focusing system is one of
the most promising methods for producing nano-focused X-
ray radiation due to its high efficiency and energy-adjustable
focus.

Since full-external reflection optics is achromatic over a
large energy range and retains a reflectivity close to one, it
should be recognized as the most promising way to focus
the X-ray under the condition of a small sliding angle 6
(0 < 6¢). The value of limiting angle 6. (mrad) is given by
the approximate formula:

0. = (28)"? ~ 2.34A(Zp/A)V?, (2)

where § — decrement of the refractive ratio n (n = 1-4),
p (g/em®) — material density, Z and A — its atomic number
and weight, respectively, 1 (A) — X-ray wavelength.
High-quality optical surface and good bending character-
istics are necessary to ensure accurate X-ray beam focus.
High-quality optical surface can be obtained by polishing
methods such as ion bundle polishing [7] and elastic
emission treatment (EEM) [8]. Active and adaptive optics
can provide the necessary good bending characteristics. The
main bending mechanisms should be considered mechan-
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ical, electrostatic, piezoelectric, electromagnetic, thermal.
Each of them has its advantages and limitations [9].

2.1. Mechanical bending devices

The design principle underlying bending optics is based
on the simple theory of beam elasticity. It is well known
that a flat beam of uniform cross-section can be bent by
applying two independent bending moments to its ends.
Typically, an elliptical or ellipsoid surface of a mirror or its
close approximation is used to avoid or minimize aberration.
For the required aspherical (elliptical) profile, the radius
of curvature R(x) of the curved mirror varies in length
depending on the coordinate X. Using mechanical beam
theory, the local curvature 1/R(x) can be calculated as
follows [10,11]:

1/R(x) = 8%u/dx?> = M(x)/El (x), (3)
1(x) = W)t (x)/12, (4)
where u — vertical mirror offset, X — mirror point

coordinate, M (x) — local bending moments, E and | (X)) —
mirror elastic modulus and local inertia moment, W(x) and
t(x) — its local width and thickness respectively. For the
rectangular prism |(X) is constant. To obtain the shape
of an elliptical cylinder, the usual practice is the use of
a trapezoid profile, i.e., a linear variation of the width
of the substrate W(x) along the mirror. To correct the
shape errors, the profiles of more complex width should
be used (quadratic and above) [12]. For the ease of
manufacture, the thickness of the substrate t(x)remains
constant over the length of the mirror. This analytical
approach is valid if one assumes that only bending moments
are applied to the mirror. The use of an iterative modeling
procedure [13] allows optimizing the mirror width profile for
a particular optical configuration [14]. Mechanically curved
X-ray mirrors are used successfully, in particular, at many
synchrotron experimental stations [15-18].

Although mechanical bending optical systems success-
fully focus X-ray to sub-micron dimensions, it should be
noted that they have some practical limitations [10]. First,
they are sensitive to the adjustment of the bending device.
Second, they are bulky. Finally, in practice, mechanically
curved mirrors cannot correspond to the exact shapes
providing focal spots of nanometer size [19,20).

2.2. Electrostatic actuators

Electrostatic actuators have become more widespread due
to their high compatibility with microtechnology processes,
low power consumption, simple design and short response
time.

The basic principle of an electrostatic deformable mirror
(DM) is the use of an attraction force between two parallel
plates when applying different voltage to each plate. The
electrostatic drive can only have pulling (attractive) force.
The electrostatic force created by applying the voltage
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Figure 1. Construction of continuous (@) and segmented (b)
electrostatic actuators I — lower electrode, 2 — upper electrode
of the executing mechanism, 3 — mirror.

between the 1st layer (bottom electrode) and 2nd layer
(electrode of the executing mechanism) pulls the membrane
of the executing mechanism (Fig. 1). As a result, the front
surface of the mirror (3rd layer) is deformed according to
the actuator movement.

Deformable mirrors can be divided into segmented
and continuous mirrors depending on their design. The
segmented DM (Fig. 1,b) consists of a set of compact
mirror segments and their movements are controlled by
corresponding drives. Thus, the correction of distortion
of the mirror surface shape can be achieved at the
expense of individual contribution of each of its segments.
Segmented DM have several advantages, including easy
segment replacement, lack of mechanical cross-linking be-
tween mirror segments, and unlimited aperture by adding
additional segments. However, heterogeneity (spacing)
between segments may inadvertently and uncontrollably
dissipate the incident radiation. The continuous surface
mirror (Fig. 1,a) is created on the basis of a single drive
with a set of actuators. They give a smooth deformation
because they have no gaps. However, the production of
long deformable embedded piezo-mirrors is difficult, as
they require long piezoelectric devices [21]. Deformable
mirrors made using polycrystalline silicon are extremely
light and compact [22], consume very little energy and scale
to masses of thousands of actuators [23]. For example,
the DM model with the array of executing mechanisms
64 x 64 is capable of creating a stroke 3.5 um with a pitch
of executing elements 300 ~ 450 um with a thin silicon
membrane [24]. However, such a DM suffers from high
operating voltage (> 200V) at a strain of ~ 5um due
to the small surface area of the electrode and the rigid
mirror membrane. Moreover, the manufacturing process is
complicated by defects in the material, which are difficult to
repair. Low production is a serious problem. Further, there
is a well-known instability caused by the electrostatic force
between two parallel plates, which occurs at a distance of
2/3 of the opening gap. This is known as the static retraction
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Figure 2. Design of solid shear monomorphic mirror: [ —
mirror substrate, 2 — reflective layer, 3 — piezoceramic layer,
4 — independent electrode system, 5 — grounded electrode [27).

state [25]. Therefore, the gap between the two plates must
be large enough to increase the control voltage [21].

2.3. Piezoelectric actuators

A piezoelectric actuator (piezoactuator) — the device
using piezoceramics ability to expand under the action of
the electrostatic field to generate force and move in the
micrometer range [26]. Piezoelectric actuators use the
reverse piezoelectric effect to convert electrical energy into
mechanical energy or mechanical motion. Thanks to the
advantages of simple design, light weight and quick re-
sponse, piezoelectric actuators are used in microelectrome-
chanical systems (MEMS), microrobots, bioengineering and
medicine, as well as in the fields of vibration and noise
control.

The voltage generated in the mirror by the piezoelectric
layer depends on its Jung module, piezoelectric module dm
and applied electric field. Piezoactuators are divided into
monomorphic and bimorphic. The first can be linear or
shear type. Linear piezoactuators receive a signal applied
parallel to the direction of polarization of the piezoelectric
material and create force and deformation (ds3) in the same
direction. The shear type piezoactuator detects a signal
applied parallel to the polarization direction of the piezo-
ceramic material and creates force and deformation (d3)
perpendicular to the applied voltage [27].

The design of the most common shift monomorphic DM
(mode ds;) is presented in Figure 2. The active layer of
piezoceramic 3 is firmly glued to the mirror substrate 1.
Between the substrate and the piezoceramic layer there
is a grounded electrode 5, and a set of electrodes 4
on the outer surface of the layer. Each electrode is controlled
independently by the supply of electrical voltage. As a

Figure 3. The actuator design using micron-sized fibers and
counter-pin surface electrodes: / — system of parallel piezoelectric
fibers, 2 — polymer matrix, 3 — counter-pin electrodes [47].

result, the transverse piezoelectric effect causes tension in
piezoceramics, leading to the bending of the mirror.

There is also interest in linear piezoactuators [28-30]. It is
explained by the fact that in many perovskite ferroelectric
materials the constant ds; is about twice as much as ds;.
But if piezoactuators in the ds;;-modes have parallel plate
electrodes, then piezoactuators with mode di33 are coated
with interdigital electrodes. In addition, a device in ds;3
mode has a relatively complex structure as compared to d;.

Lead titanate ceramic pervoskite Zir-
conate Pb(ZryTi;_x)Os (LZT) is the most common
piezoelectric product due to its large d-ratio and relatively
low price. The most effective is the composition
with X ~ 0.52.

In contrast to monomorphic DM, a bimorphic bending
device consists of two piezoelectric thin plates with polar-
ization perpendicular to the interface plane. A bimorph
assembled from two plates whose polarization direction is
identical is called a parallel bimorph. A bimorph in which
the polarization of the plates has the opposite direction is
denoted as a consecutive bimorph. During the supply of
voltage due to the reverse piezoeffect, one of the layers
expands, while the other is compressed or remains passive,
causing the piezoactuator to bend [31-37].

Nonlinear hysteresis is one of the inherent characteristics
of piezoelectric materials, which affects the operation
of the piezoactuator. This characteristic has been well
studied and can be compensated by operator or differential
models [38]. Another important characteristic to consider is
the creep [39]. It causes slow drift during the actuator
operation. Hysteresis, as it seems, and the creep [40] can be
loosened with the Prandtl—Ischlinski [41-43] reverse model.
It has also been found that the [44] small residual curvature
drift caused by piezoelectric creep can be easily minimized
by applying small dynamic impulses of corrective voltage to
bimorph electrodes.

The nature of ceramic monolithic piezoelectric materials
makes them fragile and vulnerable to accidental breakage
during manipulation and gluing, as well as during the
scheduled maintenance. In addition, they fit poorly to
curved surfaces. These limitations prompted researchers to
develop alternative methods of piezoceramic production to
make them more suitable for the next generation of piezo-
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electric applications. To solve the problem of unsuitability of
monolithic piezoceramic material for many applications, the
idea of using a composite material consisting of an active
piezoceramic fibrous phase, introduced into the polymer
matrix phase, has been proposed. Typical composite
configuration with active fibers is shown in Fig. 3 and
includes a monolayer of one-axis oriented piezoelectric
fibers embedded in a polymer matrix between two counter-
pin surface electrodes through which the control voltage
is supplied. The advantages of the active fiber composite
configuration are that the electrical field is applied in
the direction of the fibers operation and direction, which
results in the use of the larger piezoelectric ratio ds;.
The introduction of fine fibers typically less than 250 um
in diameter into a polymer matrix also means that the
composite has a certain degree of flexibility and can fit
the shape of irregular structures [45-47]. It has also been
suggested that the combination of interdigital electrodes and
ceramic fibers provides increased toughness and damage
resistance, because the breakdown of individual fibers does
not result in the final failure of a composite with active
fibers.

2.4. Electromagnetic actuators

Magnetoactive materials are a new alternative to electro-
active materials to create bimorphic deformation of the
mirror [48-50]. Magnetostriction is a common phenomenon
in which ferromagnetic materials expand or contract de-
pending on the presence of a magnetic field.

Magnetic ,,smart“ material [51] s applied to the mirror
substrate and covered with magnetic solid material. The
magnetic recording head crosses the rear surface of the
mirror and locally magnetizes the layers, transmitting
deformation to the mirror. Due to the hard magnetic
material, the localized change in DM shape is retained until
it is actively demagnetized, as is the case with magnetic
recording media. These drives are very reliable, practically
do not exhibit hysteresis, aging or creep.

2.5. Temperature actuators

One possible use of adaptive optics in synchrotron and
possibly laboratory X-ray systems is the monitoring and
correction of deformations of the working surface of optical
elements due to thermal load of the beam, gravity or
environmental factors. Thermal distortions are particularly
important, and an adaptive optical system that allows
cooling with dynamic correction is highly desirable.

Optical substrates exposed to X-ray with high thermal
load are usually deformed into convex shape (,,hump*). For
reflective optics, this results in an increased bundle flow,
for refractive optics — to the loss of X-ray bundle intensity.
Therefore, these optical elements need to be cooled to emit
heat, and correct their adverse thermal deformations [52].

By applying spatially-targeted heating and (or) cooling,
it is possible to achieve sub-nanometer control of the DM
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Figure 4. Diagram of the double-crystal diffractometer (a,b)
and X-ray topograms of the bent GaAs crystal with heteroepitaxial
film (¢, d): 1 — X-ray source, 2 — asymmetric crystal monochro-
mator, 3 — bent sample, 4 — photographic plate. a) The flat
monochromator forms a flat wavefront, the diffraction condition
is only fulfilled for the narrow area of the curved sample (c).
(b). The curvature of the monochromator is adapted to the
curvature of the sample, and the diffraction condition is fulfilled on
most of the samples (the structure of misfit dislocations is clearly
visible) (d) [57).

surface shape for X-ray radiation and high power [53]. For
example, in the work [54] compensation of the uneven
thermal load was carried out by introducing an external
source of space-controlled electric heating, which reduced
the temperature gradients causing distortion of the mirror
shape. The electric heaters consisted of a series of cells
arranged along the length of the mirror.

3. Adaptive optics for laboratory X-ray
sources and Sl sources

The characteristics of the X-ray beam can be greatly im-
proved by compensating for the distortion of the wavefront
caused by heat load, optical drift or the contribution of
prior or subsequent optics. Different methods are used to
correct the wavefront using refractive or reflective optics.
The methods fall into two general categories. The first uses
specially designed and manufactured corrective optics for
static correction. The second category uses a deformable
optical element that can be dynamically adapted to provide
a variable correction.

Methods of static correction require the preliminary
measurement of the wavefront or a priori knowledge of its
form [55]. Apparently, the static correction of the wavefront
was first used by the authors of the work [56] in the double-
crystal X-ray topography for the study of homogeneous
curved samples: during the experiment, the curvature of
the monochromator crystal adapted to the curvature of
the sample (Fig. 4). As shown in works [58,59], a static
correction of the wavefront formed by the first crystal
of a double-crystal X-ray monochromator exposed to the
thermal load of a SR beam can be performed by a second
monochromator crystal.
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Figure 5. Experimental installation scheme with wavefront
correction: / — X-ray beam with distorted wavefront, 2 —

adaptive optics, 3 — focusing mirror, 4 — detector. On the insert
a phase compensator is shown: vertical movements of yo and ¢
change the phase and amplitude correction of the wavefront
respectively [55] (see text).

In work [60], compensation of X-ray optical system aber-
rations is carried out by the corresponding X-ray phase plate
located behind the optical system. The phase plate operates
on passage and is based on X-ray refraction. Therefore,
it is largely insensitive to small surface inaccuracies of a
few micrometres in shape. The phase plate can correct
residual aberrations caused by surface errors of reflective
optics, deformations in diffraction optics and accumulated
surface errors in large refractive lens packets.

A deformable mirror can help compensate for shape
errors caused by finite focusing optics that are not produced
with sufficient accuracy. One adaptive element can adjust
the sum of all these effects without having to fully under-
stand the origin of each component. In the work [61,62],
the refractive phase plate was used to compensate for the
residual errors of manufacturing the optical system located
beyond the plate.

However, this corrective optics only works with the
optical element for which it was designed, and therefore has
limited applicability. The work [55] describes a new form
of adaptive corrective optics that allows dynamic correction
of the wavefront. The adjustable corrector consists of a
pair of refractors with a calculated thickness profile, so that
the change in their position allows the precise adjustment
of the wavefront. The length of the X-ray path in each
structure is a sinusoidal profile with a period A, but with

phase two structure shifted by A/2 relative to the first,
when differential translational offset between two structures
¢ = O(Fig. 5). The structures are located close to each other
at a small distance before focusing optics and on the same
line with the X-ray bundle, so the length of the X-ray path
in the structures is

t(y) = 2Asin(2me/A) cos((2/A) (Y — Yo)) + 2(A+to),
(5)
where A — the structure amplitude, ty — the minimum
structure thickness required to strengthen and ensure the
stability of the manufactured structure, yo — the overall
translational offset.

From the equation (5) it follows that the amplitude of
the cosine member can be changed from —2A to +2A
by changing the differential displacement & between two
structures from —A/4 to +A/4, and phase can vary
from —s up to 4+ by moving both structures in the same
direction in the range of yo = —A/2 up to Yo = +A/2.
This provides dynamic correction of the wavefront with a
sinusoidal profile and variable amplitude and phase [55].

The authors of the work [63-66] proposed a dynamic
adaptive optical system in which DM is placed before
focusing optics to compensate for the wavefront errors it
creates (Fig. 6). In this optical system, the angle of grazing
incidence of the compensating mirror be smaller than that
of the focusing mirror. The advantage of this design
is that the required accuracy for the compensator mirror
surface decreases faster than that of the focusing mirror,
proportional to the angle of the sliding down compensator
and focusing mirror (formula (1)). This means that a
less accurate adaptive mirror can easily compensate for the
distortion of the wavefront caused by the very small error in
the shape of the focusing mirror. However, in this adaptive
optical system, a in sifu-phase error distribution assessment
is needed to correct the bending of the compensating mirror.

4. Active optics for sources SI

Each SR channel after the ondulator section usually starts
with a mirror used in a sliding fall and directing the radar
bundle to the experimental station. It will adsorb part of
the bundle, causing a heat stroke that will distort the shape
of its surface and wavefront. The thermal impact will vary
depending on the energy of the beam and the angle of
slip, so it is not possible to adjust the situation for one
operating mode. For this reason, the mirror must bend
and deform in a controlled way to correct the deformations
caused by the heat stroke. In X-ray optics, the grazing
incidence configuration means that the bundle illuminates
the mirror on a very long fringe one axis is longer than the
other by two or even three orders of magnitude. For this
reason, adjustments are usually made in this direction only.

The variable beam track (,,footprint“), much smaller than
the mirror length, causes temperature change in tangential
direction. The resulting thermal deformation of the surface
shape, which is formed by the action of the beam, is not
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Figure 6. Concept of adaptive optical system for focusing X-ray
radiation: / — X-ray spherical front propagation direction, 2 —
adaptive mirror, 3 — focusing mirror, 4 — focus. In the top
picture (a) the surface profile of the deformable mirror is flat, and
the wavefront of the X-ray beam reflected by the focusing mirror
is distorted due to errors in the shape — focusing is not ideal. In
the lower Figure (b), on the contrary, the surface profile of the
input mirror is deformed to compensate for the wavefront error.
The result is a perfectly focused bundle X-ray [64].

cylindrical and therefore it is difficult to correct it with a
mechanical bending machine [53]. The idea of the cooling
system REAL [53] is to compensate for the uneven thermal
load by introducing an external source of space-controlled
heating, which will reduce temperature gradients causing
mirror shape distortion. Since the photon beam can vary
in intensity and flow, heaters must provide an adjustable
heating length by adjustable heating capacity. Using a
spatially variable heating profile, sub-nanometer surface
shape control for medium- and high-power X-ray radiation
was achieved.

In another design of the mirror holder [67], the mirror
reflection error is minimized by water cooling of variable
length. The simplified solution uses five cooling circuits
along the beam track. The mirror cools on one side only. It
has a chute located in 5mm from the surface in which the
eutectics Galn is located.

However, most of the grazing incidence DM at exper-
imental SR stations were implemented on the basis of
the controlled bending of the substrate using piezoactua-
tors [34,68-72]. In work [70], an active X-ray mirror is de-
scribed with a substrate size of 35 x 40.8 cm and 10 drives
along the entire length to create variable elliptic profiles.
The mirror, created by the authors of the work [71], had a
length of 40cm, a width of 4cm and was equipped with
13 piezoactuators. An X-ray DM with single crystal silicon
substrate 45cm, height 3 cm, and width 4 cm,is described
in work [72]. Each of the 45 actuators has a length of 1cm,
a height of 3 cm, and a thickness of 0.15cm. The actuators
are evenly arranged every 1cm along the tangential axis of
the mirror. They are fixed with epoxy resin on the side
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opposite to the reflective surface of the mirror. This allows
the mirror to take both concave and convex shape.

The development of a set of optical components that
simultaneously meet the requirements of high flow, high
energy with wide fringe width, and efficient and variable
focus, was a serious problem that could not be solved by
the structures for a long time, used on most SR channels.
In the work [73] the first application of a bimorph mirror
with multilayer coating on the SR channel is described.
To increase the aperture and pass- fringe, the elliptically
curved silicon substrate surface was covered with three
multi-layered fringes (Ni/B4C, W/B4C, Pt/B4C) 1m long.
The thickness of d of each bar was chosen so that the Bragg
angle of the first order of reflection was 4.2mrad in the
center of the mirror. Each fringe selects an X-ray with an
energy of 40.0, 65.4 and 76.6keV. In addition, each fringe
was made with a lateral gradient along the length of the
mirror to ensure high reflectivity of the entire strip. Sixteen
piezoelectric bimorphic drives attached to the sides of the
mirror substrate could adjust the shape of the reflective
surface. This allowed the mirror to vary the focus distance
from 3.6 to 4.8 m and compensate for residual shape errors.
Focal spots with a vertical width of< 15 um were obtained
in three positions in the range of 0.92 m with quick and easy
switching from one focal position to another.

Deformable mirrors with mechanical bending do not have
sufficient deformation accuracy. Piezocontrollable DM do
not have long-term stability due to the drift of piezoelectric
actuators, they also suffer from the coupling effect [74],
which causes deformation errors in the gaps between the
actuators.

The deformable mirrors used in the work [75,76], are
hybrid systems consisting of a piezoelectric bimorph mirror
and a mechanical bending device. In this configuration
piezoelectric actuators on DM make a very small correction
to the shape error after mechanical bending. The me-
chanical bending device approximates the required elliptical
shape of the mirror surface, while the piezoelectric actuators
attached to the mirror correct very small residual shape
errors. The most significant advantage of this system
is that the deformation of piezoelectric elements can be
minimized. Thus, deformation drift, which is proportional to
the deformation, can be significantly reduced. In addition,
the system has the added advantage of being able to use
long DM. Long piezoelectric bimorphic mirrors require
piezoelectric plates of more than ~ 400mm — as long
as conventional piezoelectric bimorphic mirrors. However,
they cannot be manufactured as long monolithic plates, and
therefore multisegmented plates should be used instead.
Since there is no bending moment in the clearance area
between the segmented plates after gluing to the mirror
substrate, significant deformation errors occur. This is called
the transition effect [32]. In contrast, in the hybrid system
this effect is significantly reduced because the bending
moment is provided by a mechanical bending device. Since
the restrictions on the manufacture of piezoelectric plates
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Figure 7. Xray focus system scheme KB: /| — X-ray point
source, 2 — focus, & — slip angle.

will be lifted, it will be possible to manufacture very long
deformable mirrors (> 1 m in length) [76].

It is well known that astigmatism is completely eliminated
by a system with crossed mirrors in which each mirror cor-
rects the astigmatism of the other. Because the simple way
to correct spherical aberration is to use aspherical mirrors,
the most promising full external reflection (PWR) mirroring
system for X-ray microfocusing should be considered a
system of crossed aspheric mirrors (Kirkpatrick—Baez (KB)
configuration [77]). The reflective surfaces of the mirrors
may be in the form of a parabolic cylinder in the case
of a collimating optic or elliptical cylinder in the case of
focusing optics. The simplest focusing KB system is shown
in Fig. 7. It consists of two cylindrical mirrors with the same
radii of curvature and forms a real point image of a point
object.

To focus the X-ray, a pair of multi-segment bimorphic
mirrors in the KB configuration was used by the authors
of the work [78]. KB mirrors create a minimum focal
spot of 30 x 24 um. Bimorphic mirrors allow the bundle
to refocus both horizontally and/or vertically within minutes
to a bundle size of 150 x 70 um without significant loss
of photon flow. The bundle size can be adapted to the
sample size by adjusting the curvature of bimorphic KB
mirrors. This operation can be performed within minutes
with excellent reproducibility.

The authors of the work [75,76,79] constructed a two-
stage adaptive mirror system KB using four piezoelectrically
deformable DM. The use of four DM allowed the formation
of a collided X-ray bundle with a variable shear section with
a parallelism of ~ 1 urad or focus X-ray with variable focus
size without the need to change the position of the mirror
or sample by simply deforming the four mirrors.

5. Active optics for X-ray telescopes

Many astrophysical objects, such as a galaxy cluster,
black holes in active galactic nuclei (AGN), galactic objects
(supernova remnants, neutron stars), radiate, fluoresce
or reflect X-ray [80]. The Earths atmosphere is an
insurmountable obstacle to X-ray photons, so astrophysical
research in this energy range is carried out directly from
spacecraft. To obtain images, X-ray telescopes must use
grazing-incidence mirrors that reflect the falling photons at
very small angles. High-resolution X-ray mitrors typically

use a Wolter geometry of type I [81] in which the reflection
from the parabolic to the hyperbolic surfaces creates a two-
dimensional focus. Due to small grazing angles (usually 1°
or less) the area of the collection is a small part of the mirror
surface. To increase the effective area of the telescope,
several coaxial and confocal mirrors with decreasing radii
(,,mirror shells) are used, nested into each other like a
Russian nesting doll, with the grazing angle decreasing from
the outer shell to the inner one [82] (Fig. 8).

Space applications require X-ray mirrors to meet a num-
ber of requirements that could compromise the telescopes
optical performance. In particular, they require compliance
with the logistics of the scientific mission, which imposes
limits on the telescopes mass: a large mass is indeed
inevitable when it is required to have a large collection area,
excellent angular resolution, and good thermomechanical
stability of the optics. The practical production of Wolter I
X-ray optics should take into account all these requirements,
which are often contradictory. Low weight and large
collection area are achieved by using several concentric
very thin coating shells with a high atomic number, such
as iridium, for good reflection efficiency. However, the
reduction in the thickness of the mirror shells makes the

Figure 8. The radar stroke in the multilayer Wolter mirror
I. When focusing X-rays (I), reflecting successively from the
parabolic (2) and hyperbolic (3) surfaces of each mirror shell,
are assembled in the focal plane (4) [81].

Figure 9.
consisting of 72 casings [89]. (b) Discrete (piston) surface-normal
drives for adjustment and correction of the shape of grazing-
incidence mirrors, acting radially on the successively nested
shells [87,88].

(a) Geometry of mounting of telescope optics

Optics and Spectroscopy, 2022, Vol. 130, No. 8
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Figure 10. The stages of X-ray mirror production are based on the example of mirror assembly for the observatory Lynx: 37492 mirror
segments (a) are integrated into 611 mirror modules (b), which in turn are combined into 12 meta-shells (¢); 12 meta-shells are integrated

into a full assembly (d) [96].

optics less rigid. Such stiffness decreasing makes the mirror
more susceptible to random loads and distortion, which can
degrade its shape.

X-ray telescopes with a high effective collection area
usually use the integration of a large number of thin mirror
segments in a very compact arrangement [83] (Fig. 9, a).

Segmented mirrors offer several advantages over full
mirror shells. Due to its modularity, segmented design
facilitates mass production. This approach has the advantage
that large mirror assemblies do not require a proportionately
large infrastructure. Perhaps more importantly, due to the
relatively small size of the mirror segments, the segmented
approach allows for very light mirrors and the use of
commercially available equipment, materials and modern
mass production technologies.

To create a lightweight segmented X-ray telescope with
large effective area and good angular resolution, the thin
glass foils [84] produced by high-temperature sediment of
thin sheets of glass [85,86] are successfully used. In essence,
there are two categories of actuators that differ in the way
they apply force to the mirror. For adjustment or for
general or local deformations of the mirror, surface-normal
drives acting as a piston can be used (Fig. 9,5). They are
suitable for the adjustment and correction of some form
errors. Surface-tangent actuators in combination with mirror
substrate act as bimorph for local mirror deformation [87].

Radially adjustable grazing incidence mirrors are a poten-
tially inexpensive approach that significantly improves the
resolution of existing thin mirrors to a few arc seconds
for a moderately efficient visual field. These mirrored
assemblies consist of a precision manufactured lightweight
cylindrical or conical core, on the outside of which a series
of axial rows of electro-shock actuators is attached. Bi-
directional adjustment for the segment set adjacent to the
core is performed first by displacing all the regulators to
their approximate mean points, so that the increased or
decreased voltage causes a radial displacement outside or
radially inward, respectively. After adjusting/regulating the
first shell or set of segments, the next set of controls is
glued to the back sides of the mirror segments, then the
next ,layer of mirror segments is applied. The process
is repeated until all mirrors are successfully mounted and

64" Optics and Spectroscopy, 2022, Vol. 130, No. 8

Figure 11. Array of 7 x 7 piezo elements measuring 10 x 10 mm
applied to a cylindrical glass shell measuring 100 x 100 mm and
radius of curvature 220 mm. In the picture the side reflecting X-ray
is facing down [98].

adjusted, and their lower values are corrected. This process
should lead to a relatively stable structure that would correct
shape errors such as axial slopes and deflections [88].

Active optics should be selected so that it not only
improves the mirror shape, but can also be incorporated into
the mirror module without adding a substantial thickness
or structure to the gap between adjacent nested mirror
shells that would cover the X-ray path. Therefore, it
seems preferable to use surface-tangent actuators with the
possibility of more flexible correction of the shape of mirror
shells [89-95].

Large mirrored assemblies designed for future missions
are typically divided into many wedge-shaped modules, both
radially and azimuthally. This approach has the advantage
of requiring many identical modules of a small size. The
modular X-ray mirror assembly steps are shown in Fig. 10.
The ability to dynamically adjust the shape of the DM
allows you to control the mirror shape after installation or
even after launch (i.e., make corrections in orbit) [96].

In response to demands for high effective area and high
angular resolution, the Smithsonian Astrophysical Obser-
vatory (SAO) developed the concept of using pixel active
components in segmented sliding-drop optics. The variant
of the SAO concept of a bimorphic array of a separate
segment is shown in Fig. 11. The optics contain 8400
segments with a thickness of ~ 0.2—0.4mm, creating 292
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nested shells. Each segment has a thin film of piezoelectric
material applied to the back of a very thin mirror with an
active 40 x 40 mesh of individually addressed actuators. As
a result, with 1600 executive mechanisms in each segment
and 8400 segments, we have ~ 107 of active components,
which greatly complicate the telescope design [97].

To simplify the construction, a line/column addressing
scheme using ZnO (TFT) thin-film transistors applied on
top of the insulating layer on the back of the piezoelements
is proposed in the work [99]. The concept is aimed at
the realization of electrical connections through anisotropic
conductive film, which is used in liquid crystal displays. It is
also proposed to connect the strain gauges to cells that can
be used to determine changes in the voltage/piezomaterial
ratio, which will facilitate any necessary adjustment in orbit.

Wires hanging on the back of the foil will prevent the
penetration of X-ray in tightly packed casings, and because
of their weight the thin sheath will deform. Therefore, the
authors of the work [95] proposed to apply the contacts
directly to the back of the mirror using photolithography
(Fig. 12).

6. X-ray adaptive and active
opticsmetrology

To optimize adaptive and active optics systems, accurate
information on the wavefront of a focused X-ray beam is
required. Therefore, before adjusting the wavefront phase,
it must be measured. Recently, metrology of X-ray optics
in situ is usually carried out using the methods of ,at-
wavelength metrology [101,102]. The wavefront sensor
is one of the elements of the metrology system. Its task
is to measure the curvature of the wavefront and transfer
these measurements to the processing device. There is a
wide variety of wavefront sensors [103]. Among them are
the Shack—Hartmann sensors, as well as sensors based on
the Talbot effect, X-ray specks and ptychography.

6.1. Shack—Hartmann wavefront sensors

One of the most common methods for measuring the
wavefront are the Hartmann and Shack—Hartmann sensors.
They can operate in real time, independent of wavelength,
and work with both coherent and non-coherent sources.
These sensors are achromatic and can be compatible with
different types of X-ray sources.

The Hartmann wavefront sensor consists of a matrix X-
ray detector (usually CCD or CMOS) and a mask with
symmetrical hole pattern. Each hole corresponds to a spot
on the detector. In case of registration of a flat wavefront,
all distances between the spots will be equal, and if the
incoming bundle suffers from aberrations of the wavefront,
in the plane of the image will deform the grid of spots.
The offset of the spot on the detector corresponding to a
certain hole in the mask is proportional to the gradient of
the wavefront [104]. After the recovery of the wavefront

\

Figure 12. System of metal electrodes applied to the reverse
side of the glass shell. You can notice the azimuthal curvature,
previously created by the process of high temperature shell
forming [93].

1 2 3 1 2 3

Figure 13. Shack—Hartmann wavefront sensors The input flat
wave (a) is focused by a grating of lenses, resulting in a grid
of focal spots on the detector. If the wavefront is distorted (b),
the focal spots are displaced relative to the original grid. 1 —
wavefront, 2 — grating of lenses, 3 — grid of focal spots on the
detector [108].

gradient map using the wavefront reconstruction algorithm,
the wavefront itself is restored [105-108]. The main
advantage of the method is that it uses a very simple optical
system, its main drawback is the need to calibrate the
detector [109,110].

The Shack—Hartmann method is a variation of the
classical Hartman method with the difference that instead
of a diaphragm mask, a microlens array is used to break the
wavefront into multiple parts, each forming a separate focal
spot [111] (Fig. 13). There are several possible implementa-
tions of the Shack—Hartmann X-ray sensor. It can be a set
of zone plates [112] or refractive lenses [113,114].

6.2. Talbot interferometer based wavefront
sensors

In 1836 Talbot [115] discovered that if the primary
coherent wave diffracts on a periodic structure, such as
a diffraction grating, behind this structure there is a self-
replication of its image at distances

Lt =2md?/1,

d — grating period, m=1, 2, 3, .... This phenomenon is
called ,,Talbot effect, and distance Lt — ,,Talbot distance®.
Subsequently, the [116] fractional Talbot effect was also
discovered, ie., the self-image of the phase grating could
be observed [117] at distance

Lm = md?/2n°1. (6)
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Interference from the phase grating will always have maxi-
mum contrast at odd orders (m=1, 3, 5,...), at that time
as the amplitude grating will give maximum contrast at
even orders (m=0,2,4,...). n=1 ratio if the grating
is an amplitude or phase grating with a phase shift of /2,
and n = 2 if the grating provides a phase shift for s.

The fractional Talbot distance in the case of a spherical
wave shall be

Lm = Romd?/(2n°RoA — md?), (7)

where Ry — distance from the source of radiation to the
grating,

The grating pitch must be adapted to obtain the allowable
pattern in the detector plane: too small a step will lead to an
unresolved moire pattern, at then time as a large step will
reduce the angular sensitivity of the device. At wavelengths
of hard X-ray radiation, the period d; phase grating should
not exceed a few microns. In this case the interference
fringes will have an interval in the micron range, which is
beyond the resolution of most detectors, especially those
with a sufficiently large field of vision. You can solve this
problem by placing in the detection plane at a distance Ln,
an absorption grating with pitch

dy = di(Ro + Lm)/2Ry.

Thus, a grid interferometer consists of a phase grating acting
as a light divider and an absorption grating acting as a pass
mask [118] (Fig. 14).

As a rule, a grid interferometer is used in the moire
fringes analysis mode, where two grating are tilted relative
to each other at a small angle [119,120]. The analysis
of the distortion of the moire fringes makes it possible
to characterize the aberrations of the wavefront of the
wavelength order. The radius of curvature of the wavefront
of X-ray radiation and its distortion can be accurately
measured from one image [121].

The radius of curvature of the wavefront R is related to
the slope angle of the moire fringe ¥, [120,122]:

R71 = RO_I - d2 tan ﬁm/dmLmy (8)

where dy, — fringe spacing (Fig. 14).

Figure 14. Talbots interferometer scheme (G; and G, — phase
and amplitude grating with a period of d; and d, accordingly) and
the resulting moire painting (dm — distance between the fringes,
Um — moire fringe inclination) [118,119].
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Advanced and specialized analysis of X-ray interferome-
try [123,124] data is required to process information and
obtain real physical results. Phase information can be
recovered either by the Fourier analysis based on the moire
effect [125] or by the step-by-step phase change method
in the lattice interferometry [126]. The use of the Talbot
interferometer to compute wavefront tilt error has already
been reported [102,103,118,121,122,127]. The use of a two-
dimensional lattice interferometer [128,129] for this purpose
was also reported, which allows both horizontal and vertical
gradients of the X-ray bundle phase from a single two-
dimensional raster scanning. Other lattice methods are used,
some of which use a single grating [130-134]. For example,
in the work [131] an interferometer without a second grating
is described, because the fringe pattern enlarged by the
optical system can be recorded directly without the moire
effect. Single grating methods are particularly useful for
assessing the wavefront of highly divergent bundles [130).

6.3. Wavefront sensors based on X-ray speckles

The wavefront and associated aberrations can be ac-
curately measured using a speckle-based method. When
a scattering diffuser consisting of small objects is placed
in a fully or partially coherent X-ray bundle, the speckle
structure of the passing field [135] can be recorded using a
high spatial resolution detector.

One interesting property of short-field speckles
(L < a%/A, where a — the size of the pattern element,
L — the distance between the sample and the detector) is
that the radiation propagation distortion is determined solely
by the wavefront form.

The key idea of the method is that each subset of images
contains a distinct pattern of spots of different size and
shape, which acts as a single marker, and can be tracked
numerically between images taken at different times or in
different planes. In other words, speckle-based methods
use high-frequency random wavefront intensity modulations
whose fine details act as markers to determine the X-ray
trajectory [136)].

The newly developed metrology method, based on X-ray
speckles, has proved promising due to the ease of exper-
imental installation, high angular resolution and moderate
requirements for mechanical stability [137-144].

The advantage of the speckle method lies in its low
coherence requirements and the quality of the wavefront
modulator, such as a piece of sandpaper or biological filter.
The method can be implemented in two modes: ,,absolute®
and ,differential“ [141]. In the absolute configuration the
membrane or sandpaper are placed before the examined
optics (Fig. 15, ), and the first derivative of the wavefront is
calculated. In the differential configuration the membrane or
sandpaper is placed behind the focal plane (Fig. 15, ), and
the second derivative of the wavefront is measured, namely
the value of its local radius of curvature. This mode
takes into account the imperfections not only of the optical
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Figure 15. Experimental installation scheme for wavefront
characterization in absolute (a) and differential () modes:] —
radiation source, 2 — membrane (sandpaper), 3 — bimorphic
mirror (f — its focus distance), 4 — detector, 5 — speckle-

picture [142].

element being tested, but also of any optics before the
measuring point [145].

In the absolute method, correlation analysis is used to
compare speckled pictures obtained with and without the
object. In the differential method, a higher spatial resolution
can be obtained by scanning the phase modulator across
the bundle, as the correlation uses subsets containing more
pixels [144].

Speckle displacement is determined by the algorithm of
mutual correlation of the two signals [146]. If the offset is
calculated, it can be used to derive a vertical gradient of the
wavefront ay (X, y) [147]. Since the first wavefront derivative
is directly proportional to the local phase shift gradient of
the sample ®(X, y), it can be written as

00X, y)/0y = 2m/A)ay(X,y) ~ 2x(Li + Ly + L3)
x v(X, y)u/ALiLs, 9)

where v (X, y) — speckle displacement, y — scanning pitch,
and L, L, and L3 — distance between X-ray source,
sample, sandpaper and detector respectively. It should be
noted here that several (usually 3—5) adjacent pixels of
the reference speckle image are selected to perform mutual
correlation, so speckle displacement can still be tracked even
with strong speckle bias perpendicular to the direction being
investigated. Following the same procedure, a horizontal
scan is performed to obtain a horizontal phase gradient. The

Figure 16. The geometry of the experiment to characterize the
focused X-ray bundle. The diaphragm 2 selects a coherent portion
of the SI 7 bundle that is focused by the examined mirror 3 on
the test object 4. The sample is scanned in a plane perpendicular
to the direction of the bundle propagation. The diffracted radiation
on the sample is recorded by the detector 5 [156].

phase shift induced by the sample is then recovered from
two phase gradients [148].

When the wavefront is slightly inclined ¢ the local radius
of curvature R of the wavefront is defined by the expression

R™! = (A/27)(d*®/dy?) = do/dy. (10)

Here ® — phase wavefront, 4 — wave length, y shows
vertical direction. In the case of the differential mode
the radius of the wavefront R; for pixel i can be calcu-
lated [101,149,150] using the ratio

R/Ri —L)=0c( —j)/si, (11)

where L — the diffuser-detector distance, o — the detector
pixel size,i and j — the indices of the two selected rows on
the detector, and S; — the relevant distance in the diffuser
plane between the bundle falling on pixels in i and j lines.
Assuming that the diffuser is scanned in a linear pitch 7, you
can build two speckle structures out of i and j lines in a
stack of scan images. Using mutual correlation, it is possible
to calculate a linear offset of £ between two drawings, and
then the distance between two rays in the diffuser plane is
equivalent to the diffuser offset: 5; = &7 [150].

The two wavefront gradients, 9®/dx and JP/ay,
are restored by a two-dimensional numerical integra-
tion method [151,152).  Finally, 2D-integration d®/dx
and 9®/dy gives the wavefront ® [153].

6.4. Wavefront sensors based on ptychography

X-ray scanning coherent diffraction microscopy, also
known as ptychography [154], is one of the most important
methods for characterizing X-ray bundle and optics [155].
It can be used to quantitatively determine the complex
wave field of focused X-ray radiation and therefore to detect
errors of the wavefront with unprecedented sensitivity and
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Figure 17. Cooling adaptive mirror system diagram for
synchrotron X-ray radiation / — deformable mirror, 2 — X-ray
source,3 — focus, 4 — visible light source, 5 — Shack—Hartmann
wavefront sensor, 6 — feedback controller, 7 — executing
mechanism, 8§ — visible light node controller [164].

spatial resolution [156,157]. In ptychography, the test object
is scanned across a coherent X-ray beam, providing partial
overlap of illuminated areas corresponding to adjacent
exposures (Fig. 16). In each scanning position in the
distant field (L > a?/4) a diffraction pattern of the object
is recorded. From the recorded diffractograms, the complex
transmittance function of the sample and the complex wave
field of the incoming X-ray beam can be restored using
iterative numerical methods [158-160].

The key to correct reconstructions is a large number of
diffractograms (in work [155], (15876 diffractograms were
collected, each encoding information about the wave field.
Due to redundant information, wavefront recovery is very
resistant to inevitable inaccuracies in scanning positions.
Besides, the test object doesn’t have to be exactly focus.

The method has the advantages: conceptually simple
and not relying on slow converging iterative reconstruction
algorithms, the method works in the case of high-energy
X-rays (> 6keV) [161].

6.5. Wavefront sensors with feedback

The wavefront sensors discussed above generally provide
feedback only periodically and usually invasively [162],
interrupting the experiment and wasting valuable time.
There are in situ feedback methods based on redirecting
part of the X-ray flow to the wavefront sensors, thus
making these photons inaccessible to the experiment [163].
For these reasons in sifu real-time metrology methods
for characterizing the wavefront without interrupting the
experiment are preferred.

Non-invasive feedback can be done in various ways. For
example, in the work [164] a source of visible light was
included in the feedback system. The system consisted
of a silicon mirror with a length of 1m platinum-coated
water-cooled, supported by two rows of piezoelectric drives
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containing 11 elements each (Fig. 17). The shape of the
mirror was constantly monitored by an optical analyzer,
and its measurements were used by the real-time feedback
loop to control the executing mechanism actuators, which
adjusted the mirror shape.

The feedback method proposed in the work [165,166]
is based on the use of a stable independent metrological
frame with absolute position sensors mounted on it, which
measure the deviation of the reflective surface of the mirror
from the desired shape (Fig. 18). The metrological frame
is fixed relative to the surface of the mirror approximately
at the working distance of the sensors. In most rigid X-ray
spectroscopic systems this distance is sufficient to allow an
X-ray beam to touch the surface of the mirror directly below
the front of the metrological frame, allowing the use of
such a system for in sifu monitoring during the experiment.
Signals from the absolute position sensor array are used to
generate feedback, providing real-time control of the mirror
surface shape. Fiber position sensors function in the Fizo
interferometer configuration [167).

AT L1LLL
[_'_._._2_'_._._]

Figure 18. Closed-loop system architecture for active control
of bimorphic mirror shape: / — X-ray beam, 2 — bimorphic
mirror, 3 — piezoactuator, 4 — mirror, 5 — preferable shape, 6 —
metrological frame, 7 — array of absolute position sensors,8 —
signal processing system, 9 — feedback controller [165].

Figure 19. Non-invasive wavefront correction scheme using a
light splitter:/ — distorted wavefront, 2 — DM, 3 — ,,corrected"
wavefront, 4 — beam splitter, 5 — wavefront detector, 6 —
computer providing feedback [168].
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Fig. 19 shows a circuit of active optics using a non-
invasive sensor of the wavefront of visible light together
with a light splitter [168]. The authors of the work [169—
171] showed that a thin single crystal diamond plate can be
used as a light splitter for X-rays.

7. Summary, findings and prospects

Active and adaptive X-ray optics has been used suc-
cessfully for several decades in many scientific disciplines,
including astronomy, laser physics, medicine, materials
science, micro- and nanoelectronics, and the study of
biological objects. Unlike passive optics with fixed, pre-
polished surface profiles, active and adaptive optics can be
deformed to fit different experimental problems.

The use of active wavefront control means with the help
of adaptive optical elements, such as DM, provides precise
control of the wavefront shape. One DM can adjust the
sum of all these effects without having to fully understand
the origin of each component.

This precise and ,,programmable” control, not available
for non-adaptive elements, leads to significant improvements
in many optical systems. This is why adaptive and active
optics are used in a wide range of applications to improve
image quality and reduce aberrations.

In the future, concerted efforts are needed to create and
develop cost-effective and reliable adaptive and active wave-
front correction methods to actually improve existing X-ray
optics. It is also necessary to develop and implement lead-
free piezoelectric materials. Despite the good piezoelectric
ability of lead-containing piezoelectric materials such as
PbyZr; _4TiO3, due to the toxic effects of lead on the
environment in the future, they should be gradually replaced
by piezoelectric materials, not containing lead [172].

To use the brightness of modern X-ray sources effectively,
the beam size must match the sample size. Alternatively, X-
ray beams of variable size probing subdomains of larger
samples can be used. In both cases the variation from
sample to sample means that a different beam size X-ray
may be required for each data collection cycle. Rapid
changes in the size of the X-ray beam are usually made by
changing the width of the apertures that determine the size
of the beam. However, this is detrimental to the photon flow.
The size change of the X-ray beam can also be achieved
by changing the profile of the achromatic reflecting optics
surface. Active optics have already been used to quickly
and smoothly change the size of the X-ray focal spot from
one micron to tens of nanometers [79]. This approach has
the advantage of retaining the full radiation stream directed
to the sample.

Development of high-speed active optics for X-ray radi-
ation can fundamentally change the way of dynamic use
of focusing elements on synchrotron radiation sources and
free electron laser (FEL) and contribute to new scientific
discoveries in the future.

Further development of high-speed active optics should
help to improve in situ metrology, including feedback
metrology.

For X-ray astronomy, in addition to further improving the
technology of individual mirrors, it is important to formulate
a strategy for diagnosing and correcting errors of adjustment
and shape for a large number of mirrors, required for
X-ray large aperture telescope consisting of a number of
mirrored modules, each of which contains hundreds of
highly nested segmented mirrors. To implement this strategy
to determine and improve X-ray optics on the ground
and in space will require the development of sophisticated
control algorithms and auxiliary equipment. Since the
diagnostic and configuration scheme can be complex and
time-consuming, it is important that adjustment in space
is infrequent. This, in turn, will require improved optical
assembly on the ground, as well as excellent repeatability
and stability of the executive mechanisms themselves.

There is no doubt that adaptive and active X-ray optics,
with its flexibility and accessibility, will achieve even greater
use in various fields of science and technology, overcoming
all the difficulties in improving efficiency.
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