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1. Introduction

Over the past three decades, a large number of publica-

tions have appeared devoted to the non-destructive study of

condensed mediums using X-ray microbeam [1].

The condensing optics used to form the X-ray microbeam

is traditionally a large-diameter Fresnel-zone plate with tens

of thousands of zones [2]. The Fresnel-zone plate has

a limited bandwidth, which can be useful in applications

where it is necessary to isolate a certain spectral line from

a laboratory X-ray source, but is a disadvantage when

synchrotron radiation (SR) is used. Besides, the Fresnel-

zone plates are fragile and have low efficiency.

Recently, alternative types of condenser (concentrator)
based on hollow glass capillaries have been developed.

Focusing capillaries use the effect of total external reflection

(TER) of X-rays from the inner walls of channels having the

shape of an ellipsoid or a paraboloid of revolution. These

optical elements are achromatic and therefore do not act as

monochromators as in the case of Fresnel-zone plates. Such

capillaries provide uniform illumination of the sample with

a hollow cone of X-rays and the formation of a focal spot

with size of ∼ 1µm [3].

Capillaries have a number of advantages over Fresnel-

zone plates used as a condenser [4]: 1) they are more

accessible, 2) allow energy tuning using a monochromator

without the need to move the condenser when the X-

ray energy changes, 3) their efficiency is by 3−15 times

higher than the efficiency of zone plates in the absence of

undesirable high diffraction orders, 4) they are more reliable,

more durable, 5) are resistant to thermal load or mechanical

damages, 6) do not require a diaphragm installed near the

focus to form the necessary bandwidth and, thus, do not

limit the size of the sample holder and the ability to control

it.

Capillaries bent in a special way make it possible to create

multiple reflection systems capable to control the direction

of X-ray propagation. By bringing together a large number

of capillaries, curved with different radii of curvature, and

arranging them in such a way that they direct radiation to a

single point, an effective X-ray lens can be created.

However, ellipsoidal surfaces are characterized by serious

off-axis aberrations. Therefore, capillar optics is not imaging.

But for the condenser, the defocusing of off-axis radiation

does not matter as long as the source is small enough, and

the illumination distribution at the corners is the same over

the area of the sample.

The situation changes when it is necessary to create

efficient X-ray imaging optics, used, for example, in X-

ray orbital telescopes. In order to reduce aberrations, they

usually use composite grazing-incidence mirror systems,

known as Voltaire I systems [5,6], in which radiation is

successively reflected from two aspherical surfaces. To

increase the effective collection area of the telescope, several

coaxial and confocal mirrors are used, tightly nested in each

other. However, density increasing of the mirrors packing

leads to increased weight of the optics, which makes it

difficult to put the equipment into a near-Earth orbit. Porous

optics makes it possible to significantly reduce the telescope

weight while maintaining the density of reflecting surfaces,

and, hence, its efficiency [7].
One of the directions in the development of focusing

porous optics is based on the use of silicon wafers with

stiffeners. The wafers are stacked on top of each other,

forming channels of a square profile of submillimeter size.

This design can successfully replace densely packed mirrors

in Voltaire I optics, providing unexampled light weight and

rigidity of the structure.

Another direction in the development of focusing porous

optics is based on the use of a spherically curved glass

microporous plate, and the use of square profile channels

for X-ray focusing can become the equivalent of the so-

called optics of
”
lobster eye“ [8].

2. Focusing capillar X-ray optics

At present X-ray capillar optics is an independent

direction in optics [9]. Capillar X-ray optical systems
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Figure 1. The path of rays in a monocapillary of multiple (a), single (b) reflection and in a conical capillary [17] (c) (see text).

make it possible to effectively form X-ray beams of the

required configuration in a wide energy range; they are also

simple in design and manufacturable. A very important

property of capillar optical elements is the fundamental

possibility of obtaining a greater luminosity compared to

other optical focusing elements in the X-ray range, which

makes it possible to use capillar systems as effective X-ray

concentrators. Unlike conventional methods of X-radiation

focusing, the capillar optics makes it possible to actually

control X-ray beams [10–13].
The problem of cutting off the hard part of electromag-

netic radiation is a problem in radiation physics. The hard

part of the X-ray spectrum can be filtered using capillar

systems. The filtering mechanism is related to the fact

that X-rays propagate inside the channels, reflecting from

their walls, provided that the grazing angle θ (θ ≤ θc) is

small. The value of TER critical angle θc is given by the

approximate formula:

θc(mrad) ≈ 2.34λ(Zρ/A)1/2, (1)

where ρ (g/cm3) is density of the material, Z and A are

its atomic number and weight, respectively, λ (Å) is X-ray

wavelength.

Since the angle θc is proportional to the X-ray wavelength,

then, by selecting a certain geometry of the optical system,

it is possible to achieve that the channeling condition

(propagation inside the channel) is violated for the short-

wavelength part of the radiation spectrum, and the through-

put of the system is reduced. On the other hand, in the

region of long wavelengths, the throughput of the system

also decreases due to the increased radiation absorption in

this range. Thus, each specific capillar system has a natural

working bandwidth.

As studies have shown [14–16], the quality of the inner

surface of glass capillaries is quite suitable for use in X-

ray optics. This means that such capillaries can serve

as effective waveguides for X-rays, i. e. to transport the

radiation entering them in a rather wide spectrum with

losses that are significant only for a very large number of

reflections, since losses per one reflection can be minimized

with an appropriate selection of the capillary material and

the quality of its inner surface. For typical grazing angles

θ ∼ θc/2, the roughness height, as a rule, shall not exceed

10−20 Å [9].
Obviously, X-ray capillar optics can be used in all areas

where it is necessary to increase the X-ray flux density, and

where control over their propagation is necessary.

1
2

3

4
5

Figure 2. Scheme of a total field of view X-ray microscope with

an ellipsoidal capillary as condenser: 1 — radiation source, 2 —
plug, 3 — capillary, 4 — lens Fresnel-zone plate, 5 — detector [3].

2.1. Monocapillary X-ray optics

Figure 1, a, b shows the difference between two types

of monocapillar optics: multiple and single reflection. In

the first case, the X-rays after several successive reflections

form a focal spot, the size of which is determined by the

size of the outlet and the properties of the radiation source.

The throughput of the capillary depends on the number of

reflections, the quality of the optics, etc., and usually ranges

from 10 to 80%. Disadvantage is that the focus is in close

proximity to the capillary output: typically, to obtain a small

size of the focus, the sample must be placed at a distance

of 10−100µm for a micron size of the focal spot.

In order to be able to obtain a focus distance from the

outlet equal to millimeters or centimeters, a single reflection

monocapillary can be used (Fig. 1, b). It shows almost 100%

throughput, since the single reflection is very effective in

TER conditions [18].
Note that due to the significant beam divergence at the

capillary output, the focal spot size d f will always be larger

than the capillary output size dout due to the nonzero focal

length f , i. e. from the distance from the capillary end to

the sample [14,19]:

d f ≈ dout + 2 f θc. (2)

Monocapillaries based on single reflection usually have

elliptical or parabolic shape [20]. Using the elliptical

capillary, a point source can be focused if the source is

located at one of the foci of the ellipse. The focal spot will

then appear at the second focus. A parabolic capillary can

focus a parallel beam or transform the X-ray beam diverging

from the point source into a parallel beam. The size of the

focal spot will be determined not only by the manufacturing

accuracy of the optical element, but also by the properties
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200 mm

Figure 3. Micrograph of cross section of polycapillar lens

obtained using scanning election microscope. Channel diameter

∼ 50 µm [55].

of the radiation source [21]. In this paper [22] the X-ray

beam with an energy of 30 keV was focused by means of

elliptical single reflection capillary into the focal spot 15µm

in size.

One of the ways to obtain X-ray beams with submicron

sizes is the use of a conical capillary narrowing according

to the law of ellipse or parabola [17,23–27]. The authors

of the paper [25] obtained a spatial resolution of 50 nm at

E = 5−8 keV. This is the highest resolution obtained with

X-ray monocapillar optics.

In conical capillary (Fig. 1,c) X-rays experience TER

from the smooth inner surface of the capillary at angles

of incidence α smaller than the critical angle θc . The

first reflection occurs at angle α + β, where β is the

half angle of opening of the capillary cone. The second

reflection occurs at the angle α + 3β, and the n-th — at

the angle α + (2n− 1)β . At the angle of incidence greater

than the critical one, the X-rays do not participate in the

focusing process. Thus, the number of effective reflections is

determined by the inequation: n < (θc − α + β)/2β [17,19].
Monocapillar optics is used as X-ray concentrators with

various radiation sources: SR [3,28–31], X-ray tube [32,33],
laser-plasma sources [34,35].
Single reflection concentrator-capillaries support a wide

range of applications, including X-ray fluorescence [36–
40] and tomography [41], X-ray microscopy [3,42–44]
(Fig. 2), small-angle scattering of X-rays [45], diffraction

methods [28,45–48].

2.2. Polycapillar X-ray optics

The simplest element of capillar optics is a straight

cylindrical capillary, which is a hollow glass tube of a

cylindrical shape. With the help of such capillary, a change

L fout

D fD j

S

Figure 4. X-rays focusing scheme with a polycapillar lens (S —
radiation source, 1ϕ — receiving aperture, L — lens length,

f out — focal length, 1 f — focal spot size).

in the direction of radiation propagation can be carried out,

since the X-rays can be kept in a hollow, slightly curved

capillary. When bending the capillary, consider that not all

rays entering the channel will satisfy the condition θ < θc .

Assuming that the inner radius of the capillary r 0 is small

compared to the radius of the capillary bend R (r 0/R ≪ 1)
and taking into account the small TER critical angle for

X-rays, the condition for effective radiation capture in the

mode of radiation transportation by the capillary is written

as

(R/r 0)(θc/2)
2
≥ 1. (3)

Thus, the maximum angle of rotation of the X-ray beam

9max by the capillary with length L is determined by the

expression

9max = (L/r 0)(θc/2)
2. (4)

In the literature the possibility of using capillaries as X-

ray beam control elements was described and substantiated

quite a long time ago [14,49]. It was shown that bent

capillary is fundamentally capable of turning a beam of hard

X-ray radiation through angles up to 10◦ with efficiency up

to 10% [50].
By bringing together a large number of capillaries,

curved with different radii of curvature, and arranging

them in such a way that they direct radiation to a single

point, the X-ray lens can be created. Such system is

polycapillar lens (Kumakhov’s optics) consisting of many

curved channels [51–56]. For each channel, as for mirror,

the radiation capture angle does not exceed double critical

angle, but there are many channels, and the actual capture

angle of lens can reach several degrees, exceeding the

critical angle by tens and hundreds of times.

The condition θ < θc requires the use of small channels,

usually from 2 to 50µm (Fig. 3). Due to the mechanical

limitations of thin-wall tubes of this size production, the

optics are made using a repeated folding and drawing

process of glass fiber optics [57].
The polycapillar system, designed in a certain way,

allows not only to efficiently transport radiation, but also

to increase the radiation density by focusing it into a spot of

micron size 1 f . Therefore, such capillar system works as

focusing lens. Assuming perfect overlap, the focal spot size

is determined by the spot size from each individual channel

capillary, which depends on the channel size r 0, the output

focal length f out (Fig. 4) and the local divergence β [55,58]:

1 f ≈ [r 20 + ( f outβ
2)]1/2. (5)
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Figure 5. X-ray polycapillar optics: focusing lens
”
point

source−focus“ (a); focusing half-lens
”
parallel beam−focus“ (b);

half-lens
”
point source−quasi-parallel beam“ (c) (1 — X-ray point

source) [54].

The divergence at the capillary output β is not equal to

zero, but is approximately determined by the critical angle

and, therefore, depends on the X-ray energy. In general,

the local divergence β is ∼ 1.3θc . The coefficient 1.3 is an

experimentally determined parameter that arises from the

fact that major portion of the beam has divergence less

than the maximum divergence 2θc created by reflection

at the critical angle. The beam local divergence does not

depend on the source size, although large sources cannot

be effectively
”
captured“ by optics. The critical angle θc

for radiation energy E = 20 keV is 1.5mrad. At β = 1.3θc

optics with r 0 = 3.4µm and f fout = 9mm has a predicted

spot size of 18µm [55].
The use of capillar lens makes it possible to increase the

radiation density G, i.e. the ratio of the radiation density in

the focal spot of the lens to the radiation density created

by the source without lens at the same distance from the

source as the focal spot [9]:

G = (L1ϕ/1 f )2T, (6)

where T is transmission coefficient of the polycapillarn of

the system is not small (T > 10%), 1φ is angular aperture

of the polycapillary at the input, L is lens length.

G = 2500 [59] and G = 2970 [60] have been reported

for the glass polycapillary, which is much larger than the

gain of the conical monocapillary (G = 960 at E = 6 keV)
measured by the authors of paper [26].
Along with the polycapillar lens, which makes it possible

to focus radiation from a finite source (X-ray tube), the

capillary half-lens is used, which is capable to focus the

parallel beam (for example, SR beam) or transforming

it into quasi-parallel beam with divergence within double

critical angle (Fig. 5).
It has been shown that polycapillar focusing lens together

with X-ray microfocus tube can be used in medicine [58,61],
X-ray microscopy [62,63], to obtain X-ray phase contrast

image [64], for microdiffraction [65,66], X-ray fluorescence

analysis [60,67–69] (Fig. 6).

Information about the two-dimensional (2D) distribution

of elements can be obtained by raster scanning of the

sample with respect to primary X-rays focused into a

microbeam. Today, this method, often referred to as

scanning X-ray fluorescence microscopy (SXFM), is the

most popular method for research relating the arts and

cultural heritage. However, problems may arise here

due to the large size of the objects of study (for ex-

ample, paintings), which are often difficult to deliver to

the laboratory from museums or repositories. There-

fore, mobile units have been developed using polycap-

illar focusing optics for field studies (in situ). The

demand for such instruments has stimulated the production

of commercial instruments [70]. Bruker Nano GmbH

(Berlin, Germany) consistently developed three options of

experimental units: ARTAX [71], Tornado M4 [72] and

M6 Jetstream [70]. They use microfocus X-ray tubes

and polycapillar focusing optics, which provide a spatial

resolution at least 100µm. The ARTAX system was

developed primarily for local X-ray fluorescence analysis

of cultural heritage; it can also be used for fluorescence

visualization [71], but the scanning area is limited to

5× 5 cm2. Thus, ARTAX is not suitable for study-

ing large objects. In Tornado M4 the maximum size

of the test sample is 20× 16 cm, and for the Bruker

M6 Jetstream, the scanning area reached 80 × 60 cm2;

in this case a stationary sample is scanned with X-ray

beam, which provides possibilities for the massive objects

study. Apparently, this is the reason for its increased

demand [73–78].
Polycapillar half-lens are used for efficient focusing of

a quasi-parallel SR beam with energy in the range of

2−30 keV to small spots (diameter 10−50µm) [79–85].
Polycapillar half-lens are also successfully used in confocal

X-ray optics.

2.3. Confocal X-ray optics

One of the tasks facing the researchers is the need to

analyze objects with a non-uniform distribution of elements

not only over the surface, but also through depth, in

1

2
3

4

56

Figure 6. Scheme of experimental setup for X-ray fluorescence

analysis (1 — anode of microfocus X-ray tube, 2 — polycapillar

lens, 3 — filter, 4 — sample, 5 — detector, 6 — optical

microscope) [60].
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Figure 7. (a) Scheme of X-ray confocal optics using SR: 1 — quasi-parallel SR beam; 2 — focusing polycapillar half lens; 3 —
collimator polycapillar half lens directing fluorescent radiation from the confocal volume 4 to the detector 5. (b) Laboratory fluorescence

spectrometer [101]: A — X-ray tube, B — focusing polycapillar lens, C — sample holder, D — collimating polycapillar half lens, E —
semiconductor detector, F — CCD camera.

the particular case — of objects with layered structure.

To solve this problem, in the early 1990s, Gibson and

Kumakhov [53,86] proposed the method of confocal X-ray

fluorescence spectroscopy (CXFS) [87–90]. The essence

of the method is the use of spatial filtering to cut off

radiation from a part of the sample out of focus (background
illumination). In CXFS, in addition to the optics that

focuses the primary radiation, an additional optical element

is used, installed between the sample and the detector,

which ensures the local selection of fluorescent radiation

from the sample volume. In this case, fluorescent radiation

is recorded, which comes only from the volume determined

by the area of overlap of the optical foci of the X-ray

optics elements , the so-called confocal volume. For

this purpose, the polycapillar lens or half-lens [91] is

usually used, which makes it possible to collect fluorescent

radiation and direct it to the input window of the detector

(Fig. 7, a).
Although the use of SR together with confocal XRF

showed its long-term benefits [92–94], the limited avail-

ability of tools stimulated research in configurations with

laboratory sources [89,95–102] (Fig. 7, b). Desktop X-ray

sources emit much fewer photons than SR sources, which

results in a lower element sensitivity by about one−two

orders [103].
However, the difference in the brightness of the radiation

sources has practically no effect on the method resolution.

For example, for optical configuration formed by two

polycapillar lens, for a laboratory instrument [104] the

focal spot size was experimentally estimated as equal to

10µm at energy of 17.4 keV (Mo Kα), and the resolution

through depth varied from 22.6 to 13.7µm as X-ray energy

changed from 5.4 to 11.4 keV, respectively (with energy

increasing the TER critical angle decreases and, thus,

radiation can be collected from smaller volume) using SR

the authors of paper [105] managed to obtain a confocal

volume equal to 15× 15× 20µm3 at E = 17.2 keV. Note

that the lateral resolution and resolution through depth

are determined by the parameters of the focusing optics

installed in front of the sample and the detector, respec-

tively.

The CXFS method has found application in various

fields of researches. Resolution through depth plays a

fundamental role when the sequence of layers consisting

of different elements is unknown, and if, moreover, this

sequence varies along the surface of the sample. Therefore,

the method was used in the study of layer structures,

such as paintings [106–116] and arts and crafts [117–119],

multilayer semiconductor devices [120]. The method can

be used to study mechanism parts [121], corrosion of

metals [122,123], in operando energy converters [124,125],

interfaces
”
liquid/solid“ [126]. The possibility of using

the CXFS method in medicine [127–129], geology [130–

132], archeology [133–135], criminology [136,137], study of

printed goods [138], environmental studies [139], studies of

near-Earth space and outer space [140] is shown, as well as

in pharmaceuticals since the mapping of various complexes

in a tablet is an important problem for manufacturing quality

control, as well as to detect counterfeits. For example, it was

shown [141] that it is possible to measure the distribution

of several inorganic elements (Zn, Fe, Ti, Mn, Cu) down

to a depth of several hundred microns below the tablet

surface, excluding
”
interference“ in the analysis of the tablet

coating, and in the same experiment to measure the coating

thickness.

Sometimes it is necessary to know the thickness and

composition of the outer layer (shell) of the object of study.

For example, in the paper [142] outer layer was found in rice

grains, which is about 80µm thick and enriched in metals.

Therefore, in regions that are affected by heavy metals and

other poisonous pollution elements, the preparation of rice

dishes needs abundant water for rice treatment and cooking.
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3. Focusing porous X-ray optics

3.1. Voltaire I geometry

The idea of using TER for X-ray optics was born in 1960

when R. Giacconi and B. Rossi evaluated the possibility

of creating a truncated parabolic X-ray reflector [143]
capable of focusing a paraxial X-ray beam without spherical

aberration.

The parabolic shape, however, cannot be used to build

TER based telescopes, as they would be affected by strong

coma-aberration; as a result, the field of view of the optics

will be small to create any image in the focal plane.

In 1952 Voltaire demonstrated a double mirror system in

which the X-rays used for image formation were subjected

to two successive reflections from a paraboloid, and then a

hyperboloid [6]. The advantage of a double mirror system

is the reduction of optical aberrations such as coma and

hence the angular resolution improvement. But due to

the remoteness of most astronomical objects the radiation

intensity at the input of the X-ray telescope is, as a rule,

extremely low. Since the grazing angle shall be less than

the TER critical angle, the effective area of a single mirror

is very small. 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 (Fig. 8) [144,145].
High angular resolution comes at a cost: mirrors must

have a precise surface shape with high quality workmanship

and rigid mounting. These requirements lead to thick shells,

high weight and high costs. On the other hand, the transition

to lighter thin mirror shells makes the optics less rigid.

Such stiffness decreasing makes the mirror more susceptible

to random loads and distortion, which can degrade its

shape. Therefore, the manufacturing and assembly of thin

light elements of X-ray focusing optics with high angular

resolution is a significant and unique technical problem for

modern astrophysics [146].
For future X-ray telescopes it is necessary to reduce the

weight and volume density of the mirror shells packing,

while maintaining efficiency, fine alignment, and structural

stiffness.

It has been shown [147] that glass microporous material

and milliporous silicon structures form
”
viable“ components

of X-ray optics. Both technologies are based on com-

mercially available products and technological processes.

Demonstration lens tests have shown that their efficiency

can be acceptable for light, compact glass optics and lens

with higher resolution and efficiency in case of the silicon

optics.

Silicon porous optics

It has been shown [7,144,147–150] that silicon porous

optics (SPO) can serve as a new technology for creating

the next generation of X-ray telescopes. The choice of

silicon as a material for focusing optics is not accidental:

silicon has a low density (2.3 g/cm3), good strength, a low

1 2

Figure 8. Path of X-rays in multilayer Voltaire I mirror. When

focusing, the rays are successively reflected from the parabolic (1)
and hyperbolic (2) surfaces of each mirror shell.

5 m00 m

Figure 9. Section of silicon wafer with stiffeners 0.17mm wide,

spacing 1mm and membrane 0.17mm thick [7].

thermal coefficient of linear expansion, and can be polished

with extremely high quality. The manufacturing process of

silicon wafers is optimized by the semiconductor industry,

which facilitates the production of mirrors with specified

parameters.

In the polished rectangular silicon wafers the grooves are

cut to form a ribbed structure (Fig. 9). They have two main

functional parts: a membrane that acts as a mirror, and

ribs for connecting several plates (Fig. 10, a), the distance

between which can be ∼ 1mm. One wall of each pore

is used as a working (reflecting) surface, and the side

walls give the structure a special rigidity. To improve the

reflectivity of the mirrors, their working surface is covered

with a metal film. The mirror surface shape required for

Voltaire I optics (or its conical approximation) is obtained by

bending and stacking several mirrors on top of each other,

forming a SPO mirror block (Fig. 10, b). The important

point is that the plates are connected without any adhesive

by hydrophilic bonding of the activated surfaces. Then,

in order to obtain the Voltaire I configuration, two SPO

blocks are located one after the other, aligned and connected

into SPO mirror module (Fig. 10, c). The aperture of X-

ray telescope is filled with hundreds of mirror modules

combined into sectors [7] (Fig. 10, d, e) or a system of

136 Optics and Spectroscopy, 2022, Vol. 130, No. 14
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a

b

c f

d

e

Figure 10. Illustration of SPO manufacturing technology. Bent mirror plates with stiffeners (a) are combined into mirror blocks (b); two
SPO blocks are connected with clamps to form mirror module of Voltaire I optics (c, d); modules fill the sectors (e) forming the telescope

lens (f) [7].

concentric rings [144]. In this way, structural rigidity

can be achieved through a monolithic porous structure of

optical modules that are individually aligned into the optical

module, replacing the approach for mounting the separate

shells used in more traditional X-ray optical technologies.

This allows significant decreasing of the substrate thickness

resulting in a denser packing of mirror shells, thus increasing

the effective collection surface without detriment to optics

rigidity and shape accuracy.

Glass microporous optics

One of the most promising approaches for creating light

and efficient focusing optics is the use of microporous

(microchannel) plates. The width of the holes in them are

so small (20−100µm) that the substrate thickness, i. e. the

mirror length can be small, from hundreds of micrometers to

tens of millimeters. As a result, optics with micropores can

be lighter than traditional X-ray telescope optics by more

then ten times. Thus, microporous optics, provided that its

angular resolution is improved, can be used for low-weight

telescopes with a large effective area [151].

Microchannel plates (MCP) [7,148,152–157] are made

from polished glass blocks surrounded by cladding glass

with a lower melting point. The blocks are drawn out into

thin fibers. These fibers are combined into a circular or

square array, which is drawn out again to form a multifiber.

To create radially packed MCPs the multifibers are arranged

in concentric rings and fused at high temperature and

pressure to form a bunch. MCP blanks few millimeters

thick are cut from the bunch before the soluble glass core

is etched with acid, resulting in the desired structure of

micropore with the desired cross-section, in which the pore

walls are formed by the cladding glass. MCPs are coated

with a thin layer of an element with a high Z (e.g. platinum,

iridium, etc.) to increase the TER efficiency. Depending on

the application the optics can be thermally given a spherical

shape of a certain radius. Therefore, the technology can be

used to simulate two surfaces of revolution that make up

the conical approximation of Voltaire I geometry for X-ray

visualization [154,155,158]. This requires two plates aligned

so that the channels in the first plate match those in the

second plate and are fixed together to form the structure

shown in Fig. 11. The plates should be bent to spherical

shape, where the radius of curvature of the second plate

is 1/3 of the radius of the first plate. X-rays from the
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Figure 11. Voltaire I optics can be implemented using a large

number of rectangular pores arranged in concentric circles around

the core [148].

source located at a great distance are reflected sequentially

by the first and second plates, and the image is formed at

focal length of 1/4 of the radius of curvature of the first

plate [7,154]. Such optics can provide a large effective area

with a very small weight [154].
It was expected to implement MCP in the flight program

of the BepiColombo mission and the SVOM mission [159].
For the radially packed MCP optics of the SVOM mission

with square pores 20µm in the conical approximation of

the Voltaire I geometry the focal length is 1m, which is

determined by the radii of curvature 4 and 1.33m of the

front and back plates of MCP tandem pair. The optics with a

diameter of 210mm is assembled from MCP tandem pairs,

each of which is a sector of a circle. The tandems are

arranged in three rings with different thicknesses (2.2mm

inner, 1.3mm middle and 0.9mm outer) to approach the

ideal thickness profile, which increases the throughput of the

telescope by maximizing the probability of single reflection

in each MCP [159].
Silicon microporous optics

Silicon microporous optics is so called microelectrome-

chanical systems (MEMS) using anisotropic wet etching of

silicon wafers with surface orientation (110) [160]. Because
they are manufactured based on lithography, the accurate

pores are available in scale 1µm. This type of microporous

optics may be the lightest X-ray optics due to the small

pores of high density. Since etching allows the production

of a number of X-ray mirrors by one etching process, the

technology has very low price.

MEMS microporous optics fabricated by deep reactive

ion etching is characterized by high roughness of the

side walls of microchannels (10−30 nm). To improve the

characteristics of three-dimensional MEMS microstructures,

a combined use of dry and anisotropic wet etching [160]
of silicon microchannel X-ray optics was proposed in the

paper [161]: the first process is to give the microstructure

the required optical shape, the second — to obtain smooth

channel walls.

To reduce the roughness of the channel walls, the

authors of paper [162, 163] used the method of hydrogen

annealing at a temperature of 1000−1300◦C. The root-

mean-square surface roughness after hydrogen annealing

can be extremely small (on the order of 0.1 nm).
The papers [164,165] describe the process of ultra-precise

polishing to the roughness of < 3 nm using an alternating

magnetic field. The main factor determining the success of

polishing is the effect of abrasive particles on the workpiece

by the force of the magnetic field. It was found that the

process is mainly controlled by the oscillations frequency

and the magnetic field strength.

Obviously, to manufacture Voltaire I optics it is necessary

to bend the microchannel plate into mirror block and

connect two plates with different curvature radius. However,

in the case of a silicon structure the elastic deformation is

difficult due to the brittleness and rigidity of silicon. In

this case, it is possible to use the technology of hot plastic

deformation of silicon. The monocrystal silicon wafer can

be plastically deformed into a three-dimensional shape by

placing the wafer between concave and convex dies at high

temperature (> 700◦C) [166]. The X-ray telescope using

thin silicon wafers with many small pores as focusing optics

can be the lightest one ever manufactured [163].

3.2. Optics
”
lobster eyes“

Monitoring of large areas of the sky is of particular

interest in X-ray astronomy due to the large variability in

time of most X-ray sources. It is expected that wide-

field X-ray telescopes with focusing optics will become

an important tool in future space astronomy projects. X-

ray optics, proposed in the 70s by Schmidt [167] and

Angel [168], provides an excellent opportunity to obtain a

very wide field of view (1000 square degrees or more),
while the commonly used classical Voltaire I grazing -

incidence mirrors are limited to about 1◦ [8].
The two-dimensional Schmidt system consists of orthogo-

nal stacks of flat foils arranged like a fan along the perimeter

of two cylinders with radii R1, R2 (Fig. 12, a). Angel optics
can be considered as a special case of the Schmidt system,

where both stacks lie in the same position but have the

same radii R1 = R2 = R (Fig. 12, b). At that, two stacks of

mirrors form square pores (Fig. 12, c).
Here we will be interested in Angel’s optics, which is

commonly called
”
lobster eye“ (LE) optics and which forms

a separate class of porous optics. The fact is that the eyes

of lobsters and other crustaceans (shrimp, crayfish, etc.)
are arranged differently than in most other animals: they

do not refract, but reflect the incident light. That is, to

focus light on the retina, not lens are used, which are
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Figure 12. Two-dimensional focusing optics in geometry of Schmidt (a) and Angel (b). SEM image of micropores (c).

the crystalline lens of higher vertebrates, but many tiny

channels with reflective inner walls and almost perfectly

square section located on a spherical surface. Such system

has an extremely high light sensitivity, which is practically

unattainable with conventional lens.

Special interest in LE optics was shown by astrophysi-

cists [8,169–174].
Microchannel plates with square pores and square pack-

ing (Fig. 12, c) are made by drawing out, melting and

etching of the lead glass fibers [175]. The LE optics is

a microchannel plate located on a sphere with radius R
(Fig. 12, b, 13, a). However, in contrast to the MCP and

MEMS optics considered above, in which the focus is

formed by X-rays one time reflected in each plate, in the

LE optics the focus is formed by rays successively reflected

from adjacent (orthogonal) walls of the channel. These

rays are concentrated on the focal surface with radius R/2.
The LE lens generates a cruciform shape of the focus

with branches resulting from photon reflections from one

channel wall. As a result, the focus structure is a bright

spot with a weaker cross and a much less intensive diffuse

background formed by X-rays that passed through the lens

without reflections (Fig. 13, b).
The disadvantage of the LE optics is the need for

large-sized image-recording detectors mounted on the focal

surface.

The geometric angular resolution 1θg can be estimated

as the ratio of the channel size d to the focal length f
( f = R/2):

1θg = 2d/R. (7)

Finally, the field of view FoV of the lens with N × N
channels is determined by the range of angles formed by all

channels [176]:

FoV ≈ N(2d/R) = N1θg. (8)

The size of the field of view depends only on the angular

dimensions of the spherical optics and the detector. If the

optics and detector cover a hemisphere, the field of view

is the entire sky. Therefore, such optics is ideal for very

wide applications in astronomy, despite the low resolution.

If a parallel beam is incident on the LE lens, the

aperture is limited by a square with a side equal to 2Rθc .

Therefore, the largest achievable effective area is given by

the formula [176]:

(Aeff)max = 4(Rθc)
2. (9)

To obtain the most effective field of view,

θc ≈ (180/π)(81/2 + 1)d/L degrees (L is channel axial

length) is required, therefore, when using a high-density

coating material, such as iridium, at X-ray energy of 1 keV,

the optimal ratio is L/d = 50. Microcapillary plates are

produced with standard pore sizes, usually 20 or 40µm, so

that the thickness of the plates is in the range 1−2 mm.

In the paper [177] all significant aberrations were identi-

fied, which limit the characteristics of microchannel plates

with square pores used as X-ray LE optics. There are

three intrinsic aberrations that limit the angular resolution.

Spherical aberration depends on the aspect ratio (L/d) and

gives the angular resolution 1θs = 321/2(d/L)3, the geomet-

ric size of pores limits the angular resolution to 1θg = d/ f ,
and diffraction limits the angular resolution to 1θd = 2λ/d.
Using the optimal aspect ratio L/d = 50 gives the spherical

aberration limit 1θs ≈ 9′′ . In the absence of external aber-

rations, maximum angular resolution will be obtained if the

pore size is chosen such that the geometric and diffraction

limits are equal. In this case d = (2λ f )1/2 is required, which

gives 1θg = 1d = (2λ/ f )1/2 . For E = 1 keV, f = 1m

and d = 50µm 1θg = 1θd = 10′′ . If we combine the

spherical, geometric and diffraction limits, we get the proper

angular resolution (1θ2g + 1θ2d + 1θ2s)
1/2 = 1θi ≈ 17′′ . Re-

peating this calculation for f = 0.3m and using the same

value of L/d, we get the optimal pore size d = 27µm,

1θg = 1θd = 19′′ and the total limit of angular resolution

1θi = 28′′ .

The pore size d of the available glass microchannel

plates is in good agreement with the limits of the optimal

angular resolution of the LE geometry for X-ray telescope
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Figure 13. Diagram of the LE optics showing X-ray mirror cells 1 mounted on spherical surface with radius R and focal surface 2 at

focal length R/2. X-ray radiation from different positions of sources in the sky is focused at different places on the focal surface (a).
Cruciform focus of the LE optics (b) [174].

Figure 14. General view of two of the four modules of LE optics

of SXI scanner of the THESEUS mission [189] (see text).

in the energy range 0.1−10 keV. They can be made with L
thickness in the range of 0.9−4mm, which gives the optimal

L/d ∼ 50 value for efficient X-ray imaging in the same

energy range. When imaging in a narrow field of view,

the native angular resolution limit will be 10−20′′, and

for shorter focal lengths, more suitable for applications

requiring a wide field of view, the limit will be in the range

of 20−30′′ [177].

However, the angular resolution is also highly dependent

on manufacturing errors and external factors. Therefore,

a number of papers have been devoted to optimizing

the optical characteristics of the LE lens [173,174,178–182].
For example, the authors of the paper [178] proposed ways

to optimize the technology of glass preparation and drawing

out, monitoring of production processes and metrology, the

processes of fiber laying, etching of the glass core and

thermal bending of microchannel plates were improved, as

well as methods for coating the channel walls with reflective

film. To improve the angular resolution paper [180]
recommended to use thermal control of the LE optics.

To obtain a high aspect ratio, radially oriented rectangular

channels, to reduce the misorientation of the channels and

the roughness of their surfaces (the latter are the main

factors in the limiting resolution and reflectivity of porous

optics), the authors of the papers [181,182] propose the use

of X-ray lithography as a possible competing technology for

the microporous optics manufacturing.

The LE optical system was used in several scientific

missions aimed at monitoring the entire sky: Lobster-

ISS [183], AXIOM [184], STORM [185,186], SMILE [187],
SVOM [188], THESEUS [189].

For example, the optics aperture of the X-ray scanner SXI

of the THESEUS mission is formed by the array of 8× 8

microchannel plates with square pores 40× 40mm2 each

(Fig. 14). Microchannel plates are mounted on a spherical

frame with a curvature radius of 600mm. The focal plane of

each scanner module is a spherical surface with a curvature

radius of 600mm, located at a distance of 300mm (focal
length) from the optics aperture. The detectors for each
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module consist of 2× 2 array of large format detectors tilted

to approach the spherical focal surface.

Conclusion. Conclusions and
perspectives

It should be stated that today the most common and

convenient method of focusing the primary X-ray radiation

is the use of capillary and polycapillar X-ray optics. Due

to their moderate resolution, polycapillar elements provide

high intensity and are often used as X-ray concentrators

with synchrotrons and X-ray tubes. In combination with

microfocus X-ray tubes, capillary lens make it possible

to create compact instruments for non-destructive local

elemental analysis.

One of the possible ways of further development of

polycapillar optics may be to give it the function of imaging

optics. Defect microscopy [190] was recently proposed,

using the natural defects of polycapillar structures, such

as broken, missing, or slightly larger capillaries. It was

demonstrated that such defects, violating the periodicity

of capillar gratings, result directly to the formation of

multiple X-ray images of the object placed at the focus

of polycapillar optics. Multiple images can be analyzed

using the coding aperture principle and promise to provide a

spatial resolution of 0.5µm. The method is very promising,

but for practical applications it requires complex fabrication

of special X-ray optics with intentionally introduced defects.

Therefore, submicron coding aperture microscopy was

proposed in the paper [191] using an external periodic mesh

located on the output surface of polycapillar optics.

The achievements in the field of creating light X-ray

optics in the Voltaire I geometry based on microporous

plates are impressive. However, much work remains to be

done here to significantly improve the angular resolution.

Besides, there is the problem of aligning two microporous

plates of different curvature with a large number of channels.

Therefore, the new compact and light glass microporous X-

ray optics proposed by the authors of the papers [192,193],
which using femtosecond laser radiation and wet etching

forms Voltaire I system in a single glass substrate without

its bending and the need for alignment, may be promising.

Wide-angle X-ray
”
lobster eye“ optics reached a level

that allows its successful use in orbiting telescopes. Recent

new developments have shown that
”
lobster eye“ optics

is also suitable for X-ray visualization of non-astronomic

objects [194], and can be used in medicine, security

and counter-terrorism system. For example, the portable

device LEXID (
”
Lobster-Eye“ X-ray Inspection Device),

developed by Physical Optics Corporation (POS) under the

order of the US Department of Homeland Security, is based

on the registration of X-ray radiation scattered by the object

under study, and can see through concrete walls and steel

barriers several centimeters thick from a distance of up to

2.5m [195]. The device is primarily designed for customs

officers.

Another development of the same company is the device

LEXIUS — an underwater X-ray scanner/reflectometer

system to obtain high-quality images of mines and other

objects hidden by bottom sediments.

Conclusion: focusing X-ray capillar and porous optics are

widely used high-effective techniques that have the potential

for further development and improvement.
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Haschke M., Hahn O., Kanngiesser B. // J. Anal. At.

Spectrom. 2010. V. 25. N 4. P. 554.

[100] Laclavetine K., Ager F.J., Arquillo J., Respaldiza M.Á.,
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Frontera F., Ghirlanda G., Labanti C., Osborne J.P., Stratta

G., Tanvir N., Willingale R., Attina P., Campana R., Castro-

Tirado A.J., Contini C., Fuschino F., Gomboc A., Hudec R.,

Orleanski P. // Adv. Space Res. 2018. V. 62. N 4. P. 191.

[190] Korecki P., Sowa K.M., Jany B.R., Krok F. // Phys. Rev. Lett.

2016. V. 116. N 23. P. 233902.

[191] Sowa K.M., Jany B.R., Korecki P. // Optica. 2018. V. 5.

N 5. P. 577.

[192] Nomoto K., Hata R., Doi K., Nawaki Y., Yajima D.,

Furuya R., Shinoda K., Tsuruoka K., Kodaka H. // Proc.

SPIE. 2018. V. 10760. P. 107600A.

[193] Doi K., Nomoto K., Nawaki Y., Uetsuki K., Hata R.,

Tsuruoka K., Kodaka H., Ito H., Harada Y., Asakawa Y. //

Proc. SPIE. 2019. V. 11108. P. 11080V.

[194] Gertsenshteyn M., Jannson T., Savant G. // Proc. SPIE.

2005. V. 5922. P. 59220N.

[195] Ashcraft C. // Creation. 2010. V. 32. N 3. P. 21.

Optics and Spectroscopy, 2022, Vol. 130, No. 14


