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Focusing diffraction optics for orbital telescopes
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1. Introduction

Electromagnetic radiation is the primary source of data
on celestial bodies. This radiation utilized by orbital
telescopes may be divided tentatively into several bands:
extreme ultraviolet (EUV) radiation with photon energy
E = 10—12eV (these energy values correspond to wave-
lengths of 10—120nm), soft (SXR) with E = 0.12—10keV
and hard (HXR, E =10-100keV) X-ray bands, and
gamma radiation (E > 100keV).

Orbital observatories survey the hot matter of the Uni-
verse: gas heated to a temperature of 10’—10°K in the
process of accretion of matter in close binary stars or active
galactic nuclei, gas in galaxy clusters, and hot atmospheres
of single neutron stars. The mechanism of generation of
radiation with E < 10keV in these sources is thermal in
nature.

A number of astrophysical objects produce -electro-
magnetic radiation with its properties being essentially
independent of the temperature of the medium within which
it is generated. It is commonly referred to as nonthermal ra-
diation. The lack of dependence on the ambient temperature
for nonthermal radiation with E > 10keV is attributableto
the fact that its energy is sourced not from the thermal
energy of the medium, but from a small-size population
of high-energy particles. Nonthermal X-ray radiation may
be produced by radio pulsars, shock waves in supernova
remnants, relativistic jets from active galactic nuclei and
quasars, hot coronae of accretion disks in close binary stars,
solar flares, etc. X-ray pulsars (accreting neutron stars with
a strong magnetic field) are of special interest in this regard.

The basic technique of X-ray astronomy (and, for that
matter, astronomy in general) is imaging of a specific
region of the celestial sphere for subsequent examination
of radiation sources. In the case of soft X-ray radiation,
this task is performed with the use of grazing incidence
optics (specifically, Wolter mirrors [1]). This method allows
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for an exceptional angular resolution (< 1”) and provides
a relatively high effective data collection area (owing to the
use of a large number of interleaved mirror shells). The
field of view of such instruments is limited by the radiation
grazing angle and is on the order of one degree.

Various wavelengths of EUV radiation, which is asso-
ciated with solar regions characterized by specific values
of temperature, plasma density, and magnetic intensity, are
the primary sources of data on solar processes and activity.
However, images acquired with the use of grazing incidence
optics have a low or moderate spectral resolution and are
not suitable for isolating a specific temperature or resolving
macroscopic dynamic effects.

Single crystals are commonly used to isolate a narrow
spectral transmission band in the HXR region. Their
operation is based on constructive interference of waves
reflected off crystal planes (the Bragg reflection process).
In the EUV band, interplanar distances d of most crystals
used in practice are too small to adhere to the constructive
interference criterion set by the Bragg formula 2dsinf = 1
(4 is the radiation wavelength and 0 is the Bragg angle). A
stack of thin alternating material layers with its periodicity
(d-interval) being equal to parameter d in the Bragg formula
may be used to overcome this limitation.

Waves reflected off all boundaries of alternating material
layers with a high contrast of optical indices interfere
constructively, thus providing a high reflection coefficient
and fine spectral selectivity [2]. A multilayer interference
structure (MIS) prepared this way may be regarded as an
artificial crystal that reflects radiation like natural crystals.
These ,synthetic® multilayer systems have a tremendous
advantage in that their layer thickness (and, consequently,
periodicity) may be adjusted freely to match the wavelength
that needs to be reflected at a specific angle [3].

Multilayer optics used in the geometry of normal in-
cidence has an advantage over grazing incidence optics
in enhanced efficiency and spatial resolution, relative ease
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of manufacture and maintenance, and, consequently, in
higher imaging quality. Multilayer normal incidence optics
has fewer aberrations than grazing incidence optics, thus
providing a higher angular resolution in a much wider field
of view.

The use of grazing incidence geometry in high-energy
(E > 10keV) X-ray telescopes leads to a reduction in the
spatial resolution and efficiency, since the grazing angle
decreases rapidly with increasing energy, thus rendering
the focal distance impracticably large and making the field
of view (and the effective data collection area) too small.
Bragg reflection off an MIS with its period varying smoothly
with depth may be used to solve this problem and widen
the transmission band [4].

Getting back to the subject of diffraction-based HXR
and gamma optics, we note that both single-crystal lenses
(e.g, Laue lens [5]) and Fresnel zone plates and their
derivatives [6], which are distinguished by their high
sensitivity and superior angular resolution, may be used in
telescope systems.

The aim of this review is to introduce the reader to the
field of focusing diffractive optics of orbital telescopes.

2. Focusing EUV radiation optics. Normal
incidence telescopes

2.1. MIS for X-ray normal incidence telescopes

The issues of MIS physics and layer interfaces, the
methods of deposition and diagnostics of such structures,
and their applications have been discussed in detail in
monographs [7,8] and reviews (e.g., [9-12]).

Featuring a combination of certain unique properties,
MISs, which are occasionally referred to as multilayer
mirrors, rank among the most versatile elements of current
X-ray optics. The flexibility of MIS characteristics, the
affordability and generality of their processing technology,
and the feasibility of production of mirrors with high X-
ray optical parameters boost the interest in their practical
application as dispersive and reflective elements in X-ray
astronomy.

A standing wave with amplitude By, of modulation of the
dielectric constant [13] forms as a result of interference of
incident and reflected waves in an MIS (Fig. 1) consisting of
alternating material layers with contrasting optical parame-
ters (high-absorption scattering layers A and low-absorption
spacer layers (spacers) B):

Bm = 2(ea — &) sinazmy /my. (1)

Here, m is the order of reflection, y = da/(da+dg) =
= da/d, and dp and dg are the thicknesses of layers A and
B, respectively. Permittivity ¢ is related to polarizability x
and refraction index n in the following way: € = 1 — y ~ n%;
x has real (Re) and imaginary (Im) parts (x = Rey + Imy),
where the latter covers absorption in the medium. Thus,
the reflection structure is modulated by function sinzmy;

MIS structure.
absorber and spacer layers, d is the bilayer period, 6 is the Bragg
angle, and A is the X-ray radiation wavelength.

Figure 1. da and dg are the thicknesses of

ie, factor y specifies the relative peak reflectance and,
specifically, suppresses diffraction peaks with m= p~!. For
example, even Bragg peaks are suppressed at y = 0.5, while
odd peaks are amplified; multilayer structures with y = 0.5
are called quarter-wave ones, since each layer covers exactly
1/4 of an incident wave.

Periodic X-ray MISs are commonly characterized by their
reflection coefficient at the maximum of the diffraction
reflection curve (R) and by the width of this curve (A1).
The latter parameter specifies the width of the spectral
transmission band (AA/1) or reciprocal quantity A/AX,
which is referred to as the spectral resolving power. The
transmission band is defined by number N of bilayers
involved in the formation of a diffracted beam [14]:

AL/ = 1/mN. (2)

SXR and EUV regions present a unique challenge in that
all usable materials are absorbing to a certain extent. This is
the reason why quarter-wave MISs are rarely used as optical
elements: the absorber thickness in quarter-wave structures
is so large that the absorption often becomes too strong to
achieve a high reflectance. Since the absorption of a thin
and strongly absorbing material may be insignificant if it is
located at the node of the standing-wave field, one needs
to reduce the absorber thickness (y < 0.5) to suppress
the influence of absorption on the MIS reflectance. The
optimum value of parameter p* is given by formula [8,13]

tgt(ry”) = ™ + Imxg/ImAy]. (3)
The maximum reflectance Ry, at m= 1 is then given by
Riax = (1 - w)/(l + w)’
w = [(1-C?cos? y*)/(1+C? cos* my* (ReAx/ImAx)2]1(/23
4

where Ay = (xa — xs) and C = 1, C = cos? 6 for p(n) and
s(o) polarizations, respectively.
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Therefore, the maximum possible coefficient of reflection
off an MIS is specified completely by two parameters:
ReAy/ImAy and Imyg/ImAy. The enhancement of re-
flectance achieved by choosing the optimum value of p
is the product of a compromise between the effects of
constructive interference of waves, which are reflected
successively off the interfaces, and absorption losses.

If absorption is minimized, the number of bilayers
used (Ngr) and, consequently, the resolving power in-
crease [8,14]:

/AL = (71/2)Ner = (sin® 6/Imy){(1 — C?y?)
x [1+CPy*(Redy/ImAx)’]} 2, (5)

where
x=vxa+ (1 -7)xs.

The selection criteria for MIS materials may be narrowed
down to just three rules [7,8,13]. 1. A material with the
lowest possible absorption coefficient should be chosen for
intermediate layers.

2. The strongly absorbing MIS component should be
chosen so that relation ReAy/ImAy is maximized.

3. One should make sure that the interface between
the chosen materials is physically and chemically stable.
The issue of compatibility of materials is one of the most
important ones; ideally, they should not interact chemically
and interdiffuse.

The following parameters of a two-component MIS are
subject to optimization: layer material types A and B,
their thicknesses, layer ordering (ABAB .. or BABA .),
overall number of bilayers N, and multilayer period d. In
general, the optimization process utilizes a target (search)
function that is specified by the design assignment. The
selection of proper multilayer materials by optical constants
and stability is the starting point of the design process. The
optimization of individual structures is a complex problem
that may be solved only with the use of various computer
algorithms [15-17].

y = sin(ary)/a[y + Imyg /ImAy],

2.2. Selection of MIS materials

Spacer and reflective materials are normally selected
by analyzing the absorption spectra of various materials.
Such spectral features as absorption edges of elements
corresponding to the ionization potentials of K, L, M, ...
electron shells are of interest in this respect. The absorption
of X-ray radiation by matter is related to the interaction
of photons with electrons of inner shells of an atom. If
the photon energy exceeds the electron—nucleus binding
energy (excitation threshold), an electron may be removed
from an atom. This leads to a sharp increase (jump)
in the absorption of X-ray radiation. The wavelength
corresponding to the excitation threshold energy is referred
to as the absorption edge of a given element. Since the
absorption coefficient at wavelengths lying slightly above the
absorption edge of an element may be fairly low (Fig. 2),
such an element is fit for use as a spacer.
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A
Figure 2. Schematic representation of absorption coefficient u as

a function of wavelength 1 of the primary photon for three X-ray
absorption edges (K, L;, L, and L3).

The diagnostics of solar corona plasma (with regard
to temperature and density) is often hard to perform by
imaging. The primary reason for this is that a multitude
of spectral lines formed in different conditions fall within
the telescope sensitivity range, which is specified primarily
by the characteristics of mirrors in the optical system of a
telescope. For example, lines of Fe X—XXIV ions excited
in a wide temperature range from 1 x 10° to 16 x 10°K
and several lines of other elements (O, Ca, Ni), which corre-
spond to temperatures ranging from 0.3 x 10° to 5 x 10°K,
are observed in the 17.7—20.7 nm wavelength region [18].
This makes it considerably more difficult to determine the
temperature of observed plasma. Therefore, one needs
to use an MIS with a narrow spectral transmission band
that allows for observation of corona plasma at individual
spectral lines.

The primary contribution to the spectral resolution of
instruments is produced by the wavelength dependence of
the reflection coefficient of reflective multilayer structures
(MISs) in the optical system. Since the sensitivity of a
telescope increases with increasing spectral selectivity /A4
of mirrors, the peak reflection coefficient is joined by the
spectral selectivity, which depends on the type of materials
used in X-ray MISs and the thickness ratio of materials
within a single period (5), in the list of crucial characteristics
of reflective coatings [19].

Range: 4.4—9.4 nm

In the wavelength range between the K absorption edges
of carbon (1 =4.47nm) and boron (1 =6.63nm), one
should use carbon, which is the most ,transparent element
in this region, as a light element of mirrors. Chromium
is the optimum counterpart to carbon, since Cr/C-based
MISs have been studied extensively at a wavelength of
447nm. A Cr/C structure with period d = 3.35nm and
p = 0.35 has the following calculated reflection characteris-
tics: R =20.8%, /A1 = 118 [19].

The authors of [20] have compared Mo/Y, Ru/B4C,
and Ru/Y MICS prototypes in detection of the Fe XVIII
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solar line (A =9.4nm). Mo/Y did indeed provide the
highest reflection coefficient in this study (R = 34%), while
Ru/B4C had a coefficient of 28.3% [21]. A Mo/Y MIS
has been proposed for the first time in [22,23] and had
a reflection index up to 46% at a wavelength of around
11.4nm under almost normal incidence. At A ~ 9nm, the
peak reflection coefficient of periodic narrow-band Pd/B4C
multilayer structures was considerably higher than the one
of Mo/Y [24]. However, Pd/B4C MISs are highly stressed,
thus raising the risk of coating failure. Fine characteristics
achieved in the studies of Mo/Y and Pd/B4C motivated the
development of a new system consisting of Pd and Y layers
and thin (~ 0.6nm) buffer B4C layers deposited onto each
interface for suppressing the interdiffusion of Pd and Y [25].
Periodic Pd/B4C/Y multilayers achieve a peak reflection of
43% at A = 9.4nm [26].

At a wavelength of 6.7 nm, the reflectance is maximized
if one uses multilayer mirrors with lanthanum reflectors and
boron spacers. Boron is the spacer material of choice at
this wavelength, since it is in immediate proximity to the K
absorption edge of boron. Since pure boron is characterized
by a very low magnetron sputtering rate, certain carbides,
such as B4C, are used in practice. The examination of La/B,
La/B4C multilayer mirrors revealed that La/B4C multilayer
structures have the best reflection coefficients [27].

Range: 13—35 nm

The 13—35nm range of extreme ultraviolet wavelengths
provides the greatest opportunities for examination of a
wide spectrum of solar activity processes [28]. Bright
lines of ions corresponding to the entire temperature
range of solar plasma (from the upper chromosphere to
the hottest corona structures) are found in this spectral
region: Fe VIII, Fe XX, and Fe XXIII (near A = 13.1nm);
Fe-IX (A =17.1nm); Fe-XII (1 =19.5nm); Fe-XIV
(2 =21.1nm); Fe-XV (A = 28.4nm); He-IT (1 = 30.4 nm);
and Fe-XVI (1 = 33.5nm). Lines with different excitation
temperatures are located fairly far from each other in the
spectrum. Imaging the Sun in these channels and comparing
the results, one may obtain data on the thermal structure of
solar plasma.

Multilayer combinations of materials based on Si [29,30]
are commonly used at wavelengths of 13—30nm that
exceed the wavelength of the L absorption edge of Si
(A =12.4nm). The current record reflectance of a well-
studied Mo/Si [31-34] MIS at an SXR wavelength of
134nm is 71% [32,33], which makes this optical arrange-
ment the most sought-after for solar spectroscopy.

However, the reflection coefficient of Mo/Si decreases
gradually with increasing wavelength. At a wavelength
of 30.4nm, the reflection coefficient drops approximately
to 20%. Therefore, other multilayer mirrors with a high
reflection coefficient should be used at this wavelength. The
reflectance efficiencies of certain combinations of materials
based on Mg and Si (including SiC/Mg, B4C/Mg, Mo/Si,
B4C/Si, SiC/Si, C/Si, and Sc/Si MISs) have been studied
in [35] as part of research into the production of a
multilayer for 4 = 30.4nm. It was demonstrated that the

SiC/Mg combination features the maximum reflectance and
the narrowest transmission band. This combination was
then used in development of a highly reflective multilayer
material for He-II radiation.

Multilayers based on Al (413 = 17.1nm) may be used to
fabricate mirrors for the 4 = 17—21 nm spectral range, since
a considerable number of aluminum-based multilayer com-
binations exhibit a significant reflectance in this region [36].
Two Al-based multilayer structures have been examined:
SiC/Al and Zr/Al [37-41]. Specifically, the results of
measurements of reflection properties of the Al/Zr structure
at a wavelength of 17.1 nm with y = 0.36, R = 56%, and
A/AL = 28 have been reported in [39]. AlZr multilayers
feature very low film stress values and fine temporal
stability: the reflectance of the prototype MIS remained
almost unchanged after several years [26]. This prototype
had fine optical characteristics and maintained structural
stability up to 200°C; the latter property is considered to be
very useful in practice. The amorphous Al—Zr alloy at the
interfaces becomes polycrystalline at temperatures above
300°C. This is the probable reason behind the reflectance
reduction [40].

It was demonstrated in [41] that Be may be used as an
optically contrasting material together with Al in periodic
multilayer mirrors at wavelengths around 17nm. At the
same time, since the absorption of both Be and Al is
low, these materials are expected to produce a unique
combination of reflection characteristics: a record-high peak
reflectance coupled with spectral selectivity. A reflectance
of 46% was obtained for the Be/Al structure. Following the
introduction of 1 nm of Si on top of Be layers in each period,
the reflectance increased to 61% under normal incidence.
This increase is attributable to the smoothing of interfaces
in Be/Si/Al multilayer mirrors: the RMS roughness in pure
Be/Al structures is 1.3nm, and the corresponding value in
samples with a silicon spacer layer is 0.6 nm.

Owing to its optical constants,  magnesium
(AL3 = 25.1nm) is the most efficient material for spacer
layers in the 25—35nm wavelength range [42]. The
He-II (2 =30.4nm) emission line, which was chosen
for solar physics applications (e.g., solar corona imaging),
necessitates the use of multilayer mirrors with a high
reflectance. Several combinations of materials (including
SiC/Mg, B4C/Mg, C/Mg, Co/Mg, and Si/Mg [35,43]) have
been examined for the design of mirrors operating at a
wavelength of 30.4nm. The reflectance values of Co/Mg
and SiC/Mg MISs turned out to be the highest ones and
reached 40.3% and 44.6%, respectively, under almost
normal incidence. The obtained results demonstrate that
SiC/Mg and Co/Mg multilayer mirrors hold promise for
application at a wavelength of 30.4 nm.

SiC/Mg MISs attract research interest owing to a unique
combination of high reflectance (more than 40% [44,45)),
fine spectral selectivity, thermal stability (up to 350°C), and
almost zero stress [45-48].

However, the SiC/Mg system is prone to catastrophic
degradation due to Mg corrosion. This problem makes
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Mg/SiC coatings ill-suited for applications that require long-
term stability (e.g., for use aboard orbital telescopes [48]).
The Si/B4C/Mg/Cr multilayer structure turned out to be
superior to other MISs in terms of reflection efficiency and
long-term stability in the 2 = 30nm spectral range. B4C
and Cr layers prevented the interdiffusion of Si and Mg
layers [49].

The substitution of magnesium with its compounds not
prone to oxidation or interaction with other MIS materials
appears to be beneficia. Magnesium silicide Mg,Si was
proposed in [39] to be used as a light mirror material
in the 25—-35nm wavelength range. The Co/Mg system
offers a higher thermal stability [50]. In addition, it was
demonstrated [51] that interfaces in the Co/Mg system are
sharp and Co and Mg layers do not interdiffuse. In view of
this, it is important to choose a proper material counterpart
to magnesium: this material should not interact with Mg
and feature such optical characteristics that ensure a high
reflection coefficient. Zirconium is an example of a material
of this kind. Magnesium and zirconium do not interact with
each other. The authors of [52] have demonstrated that the
thermal stability of Zr/Mg mirrors annealed at temperatures
up to 600°C is higher than the one of Y,03/Mg, SiC/Mg,
and Co/Mg mirrors. The reflectance of a Zr/Mg MIS is
30.6% at a wavelength of 30.4 nm. The reflection coefficient
decreases slightly with increasing annealing temperature in
the range up to 500°C and drops to 15.1% at 600°C. This
degradation of characteristics is attributable to the interface
roughness induced by stress relaxation.

The authors of [53] have reported the results of studies
aimed at the development of optimized MISs for future
narrow-band telescopes. Si/Mo, Si/Mo,C, Si/B4C, Si/C,
and Si/SiC multilayers were compared. All these bilayers
are designed for narrow-band imaging in the 25—35nm
wavelength range. It was found that Si/B4C multilayers
provide the highest reflection coefficient. Unfortunately,
although the thermal stability of Si/B4C is decent, adhesion
turned out to be poor: cracking was observed in all the
studied samples after 10 months of storage in air. This poor
adhesion is likely attributable to high film stress values; if
stress is indeed the culprit, it should be possible to enhance
adhesion in future studies by revising the deposition process
and relieving film stress.

The Si/SiC multilayer system has the best spectral selec-
tivity of all the discussed multilayer structures: e.g., if we
assume that line He IT (2 = 30.4nm) is six times brighter
than proximate line Fe XVI (1 = 33.5nm), a double-mirror
telescope with Si/SiC coatings tuned to Fe XVI should
yield a spectral contamination of only 2.7%, while the
contamination corresponding to a Si/Mo MIS coating is
22%.

A new Be/Mg material pair has recently been pro-
posed for use in the spectral region around 30nm. The
Be/Mg structure features a narrow spectral reflection band
(A/AA =~ 20). The use of an Al film with a thickness of
13nm as a protective layer deposited onto the top Be layer
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provided an opportunity to achieve a record-high reflection
coefficient (56%) and stabilize the structure [54].

Range: 35—50nm

The region of EUV wavelengths longer than 40 nm covers
several important lines of the solar spectrum (e.g., Ne VII
with 2 = 46.5nm and O V with 2 = 63.9nm). Sc/Si [46,55]
and SiC/Mg [45] multilayers have been proposed for visual-
ization under normal incidence in the 25—50 nm wavelength
range.

An ideal combination of excitations of valence and core
electrons makes Sc the most promising element for MISs de-
signed for wavelengths lying within the 35—50 nm interval.
The Sc—Si pair was identified as the best coating [57-59]
in the analysis of absorption spectra and calculated optical
constants [56].

The reflection coefficient for Sc/Si mirrors under normal
incidence is 30—54% [60]. However, the obtained values
are not the limiting ones for Sc/Si coatings. Theoretical esti-
mates and the results of electronic microscopic examination
of Sc/Si interfaces reveal ample opportunities for further
enhancement of their reflectance [55,60).

Mg/SiC multilayers operate efficiently in the wavelength
range from 25 to 80 nm (and above). The absorption of Mg
remains stable and low at these wavelengths. Combined
with sharp and stable layer interfaces, this yields a peak
reflectance of 30—50% under almost normal incidence
angles. Mg/SiC features a unique combination of beneficial
characteristics: high reflection coefficient, near-zero film
stress, fine spectral selectivity, and thermal stability up
to approximately 350°C. However, the Mg/SiC multilayer
structure is prone to corrosion, which reduces the re-
flectance and makes it harder to utilize this structure in
space solar telescopes.

The authors of [48,61] have demonstrated -efficient
corrosion-protection structures for Mg/SiC multilayers. They
consist of nanoscale Al and Mg layers, which intermix
spontaneously to produce a partially amorphous Al-—Mg
layer that makes a Mg/SiC MIS weather-resistant while
preserving its unique combination of beneficial reflection
characteristics.

The authors of [39] have also managed to prevent the
intermixing of layers in a Si/Mg MIS by introducing
barrier B4C and Cr layers. The measured peak reflection
coefficient and spectral selectivity for narrow-band mirrors
based on Si/Cr/Mg/B4C were R~ 30% and A1/AA = 30,
respectively [62].

Range: 50—121.6 nm

Spectral lines in the well-examined and densely populated
17—35nm range may be contaminated by lines correspond-
ing to higher or lower temperatures. Therefore, it seems
rational to develop narrow-band multilayers for other EUV
wavelengths where the lines of intermediate temperatures
are isolated reliably. Isolated spectral lines covering a
wide temperature range were discovered at longer EUV
waves. For example, narrow-band imaging of the O V
line (A = 62.97nm, 2.4 x 10°K) may fill the gap between
the low-temperature He II line (8 x 10*K, 1 = 30.4nm)
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and high-temperature lines, such as Fe XV (2 x 10°K,
A =28.4nm) and Fe XVI (3 x 10°K, 1 = 33.5nm) [63].

Lanthanides and similar elements have attracted the
interest of researchers owing to a relatively low absorption in
the long-wave EUV band [64]. These studies helped reveal
those lanthanides that fit better the requirement of low
absorption in the 50—115nm interval. Multilayer systems
based on Tb [65,66], Gd [63,67], and Nd [67] in combination
with Si and SiC were developed as a result. At wavelengths
exceeding 69 nm, multilayers based on La and B4C with a
diffraction peak at 90 nm have been reported [68]. La/B4C
MISs for the 70—115nm range have been obtained; the
development of more efficient multilayer films may also be
expected.

A reflectance in excess of 20% under almost normal
incidence has been observed for Si/Tb (SiC/Tb) MISs at
a wavelength of 60nm [65]. The maximum reflection
coefficient of Si/Gd MISs designed for a wavelength of
62nm was 26.2% at an incidence angle of 5° [63]. Two
types of base materials are suited for operation in the
A = 58.4nm spectral range (He I line). The first group is
formed by materials with a high light reflection coefficient,
a low absorption coefficient, and a small number of
layers in the multilayer structure (e.g, rhodium (Rh) or
ruthenium (Ru)). However, such mirrors have a very wide
spectral transmission band. The other option is the use of
relatively weakly absorbing metals, such as Mg or Al It was
demonstrated in [61] that Mg/SiC is a suitable material pair,
since (i) the absorption of Mg remains relatively low in a
wide range of EUV wavelengths from 25nm (L absorption
edge of Mg) to approximately 115nm; (ii) Mg and SiC
provide a fine optical contrast; (iii) Mg—SiC interfaces are
sharp and stable. In the 4 = 58nm spectral range, the
authors of [49] have analyzed a Mo/Mg multilayer structure;
developed a number of MISs based on Mg/Al with barrier
layers, such as Mg/Al/C and Mg/Si/Al/C (materials are listed
starting from the substrate); and measured their reflectance.

The reflective characteristics of three-component Si/Al/Sc
multilayer mirrors with a MoSi, cap layer as candidate
systems for observation of the solar corona in the He I
spectral line (4 = 58.4nm) have been examined in [69]. A
peak reflectance of 32% and spectrum width A1 = 5.4nm
was achieved at 584 nm.

The Lyman-alpha line of hydrogen (1 = 121.6nm) is
the most intense EUV line of the solar spectrum; it is
sensitive to variations of atmospheric structures forming
at temperatures typical of the lower chromosphere/upper
transition region (about 30000K) [70]. An Al/MgF,/B4C
multilayer coating and an A/MgF, coating, which provides
a reflection coefficient in excess of 75%, were used for the
Lyman-alpha line in [71] and [70,72], respectively.

2.3. MIS optimization

Reduction of interface roughness
It follows from the above that the introduction of an
antidiffusion barrier layer may contribute to smoothing of

interfaces in certain cases. For example, a thin Mo layer
introduced at the SiC-on-Al interface reduced its roughness
and thus enhanced the optical properties of this system;
Al/Mo/SiC multilayer interfaces became sharper than the
AUSIC system interfaces [36,38,73].

A common technique for fabrication of very smooth
interfaces with minimum diffuse radiation scattering is ion
polishing of each layer with the use of an individual ion gun
following the process of ionic layer deposition [74] (or in
the course of deposition) with ion energies of approximately
two hundred electronvolts. This helps deposited atoms reach
local positions corresponding to the minimum energy of
the system [75,76]. Louis et al. [77] have reported on the
successful application of ion-beam smoothing to coatings
designed for the EUV range.

At first, Ar" ions were used in the majority of experi-
ments on smoothing. However, owing to their small size,
Ar" ions penetrate deep into layers and, consequently, may
damage the interface below a layer. The use of larger ions,
such as Krt [78], appears to be a promising method for
suppression of this effect.

The substrates onto which MISs are deposited exert a
considerable influence on the reflection characteristics and
imaging properties of MISs. In addition to the general
requirement of atomic smoothness, substrates should sat-
isfy certain requirements related to the specifics of tasks
performed by a given MIS. The specifications of substrates,
methods for their fabrication, and metrology techniques
have been reviewed in [79]. The key materials for substrates
with an ultralow expansion coefficient and silicon and silicon
carbide substrates have been presented. Selected emerging
substrate materials and fabrication technologies have also
been discussed.

It was found that a negative bias potential (up to —200V)
applied to a substrate in the process of deposition of the
silicon layer of a Mo/Si MIS makes the interfaces smoother
and enhances the layer morphology [80].

A dependence of the interface roughness on the sub-
strate temperature was observed in several experimental
studies [81,82] into the optimization of Mo/Si MIS parame-
ters.The minimum roughness corresponded to temperatures
within the 120—250°C range. Cryogenic deposition of
Mo/Si MISs has been performed by different research
groups [83,84]. it was found that the roughness of mirrors
deposited onto substrates kept at —155°C is lower than the
roughness corresponding to room-temperature deposition.
This is attributable to the fact that the nucleation rate at
the initial stage of film growth is higher at lower substrate
temperatures. The number of nucleation centers increases
accordingly, and this translates into smoother interfaces.

Stress relief

The strict requirements imposed on MIS optics in the
EUYV range make it advisable to minimize the strain induced
by the multilayer film stress. This strain may result in
substrate bending or film delamination. However, the stress
should be reduced or compensated without sacrificing the
MIS reflectance. It was demonstrated that the film stress
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Figure 3. Optical circuits of Cassegrainian (a), Gregorian (b), and Herschelian (c) telescopes: / — primary mirror, 2 — secondary

mirror, 3 — detector (see text).

may be controlled by adjusting the deposition conditions,
such as nitrogenation [85,86] and argon pressure [87-89].

Other methods of stress reduction in Mo/Si multilayer
films include post-deposition annealing [88,90-92], the
introduction of stress-relieving buffer layers [88,93-95], and
the adjustment of fraction p [88,96-98].

It was found [98] that the stress values in Mo/Si MISs
increase almost linearly with p. It is known that the
reflectance of Mo/Si MISs depends largely on parameter
y = dpmo/d and reaches its maximum in the 13—13.7nm
spectral range at y =~ 0.42—0.44 [98]. Varying the thickness
ratio of Mo and Si, one may reduce the stress to near-zero
levels at y ~ 0.6; however, the reflectance also decreases
considerably in this case (R = 54—57%) [98].

2.4. Designs of normal incidence telescopes

The development of MISs opened up new opportuni-
ties for astrophysical solar research, since their narrow
transmission bands coupled with high reflection coefficients
allow one to perform diagnostics of the complete solar
disk by imaging spectroscopy. The method is based on
monochromatic imaging of the Sun in EUV lines with high
angular, spatial, and temporal resolutions [99].

Multilayer normal incidence mirrors provide an opportu-
nity to construct optical circuits of telescopes that are similar
to the ones used in the visible spectral range. Figure 3 shows
the optical circuits of Cassegrainian (a), Gregorian (b), and
Herschelian (c) telescopes used in solar research.

In a Cassegrainian telescope, a larger concave (parabolic)
primary mirror reflects rays toward a smaller convex
(hyperbolic) secondary mirror (Fig. 3,a). The secondary
mirror is installed between the primary mirror and its focus,
and the total focal distance is greater than that of the
primary mirror. The system is non-aplanatic (ie., subject
to coma aberrations).

It is well-known that aplanatic telescopes with zero (at
least to the third order) coma and no spherical aberrations
provide a higher efficiency in a much wider field of view. A
Ritchey—Chrétien telescope, which is an aplanatic variant of
the Cassegrainian configuration, utilizes hyperbolic primary
and secondary mirrors [100].

In a Gregorian telescope, rays from a concave parabolic
primary mirror are directed to a small concave elliptic mirror

Optics and Spectroscopy, 2022, Vol. 130, No. 7

that focuses them onto a detector (Fig. 3,b). Since the
elliptic mirror is located beyond the focal point of the
primary mirror, the focal distance in a Gregorian telescope
is larger than the one in a Cassegrainian telescope.

The primary mirror in a Herschelian telescope has the
shape of an off-axis aspherical paraboloid and is tilted so that
the focal point is outside the main telescope tube (Fig. 3, ¢).
Compared to a double-mirror Ritchey—Chrétien telescope,
which is considered to be the most promising for achieving
a diffraction-limited angular resolution, a single-reflection
Herschelian telescope is more efficient and simple and less
sensitive to adjustment, but is larger in size [101].

Cassegrainian (MSSTA [102-104], TRACE [105,106],
HiLiTE [107], XDT [108], AIA [27,46,109], and SUVTI [110]
telescopes) and Ritchey—Chrétien systems (EIT [111],
MSSTA [100,102-104], EUVI [112], SPIRIT [113,114],
SWAP [115,116]; ARKA [117,118], TESIS [39,62,119],
and Hi—C [120] telescopes) are the ones used most
often in astrophysics. Herschelian (MSSTA [102-104],
SPIRIT [113,114], Solar Orbiter EUTI [121,122]) and Gre-
gorian (Solar Orbiter EUI [121,122]) systems are used less
frequently.

Let us review briefly the specific features of certain
telescopes. The MSSTA 1 observatory featuring seven
Ritchey—Chrétien telescopes with an aperture of 127 mm,
which operated in the wavelength range covering spectral
lines H I, He II, C V, 0 VI, Fe IX/X, Fe XII, and Fe XVI;
a Herschelian telescope with an aperture of 75 mm for the
detection of Fe XII radiation; two Cassegrainian telescopes
with an aperture of 62.5 mm, which reflected Fe IX/X and
Fe XIV radiation; and four Herschelian telescopes with
an aperture of 38 mm, which imaged bands dominated by
emission lines Ne V, Si XII, and Fe XX, has been put
into orbit in May 1991. The best MSSTA images have a
resolution of 0.7".

The flight configuration of the MSSTA II observatory
(launched on November 3, 1994) included six 127-mm
Ritchey—Chrétien telescopes, one 127-mm and two
100-mm Herschelian telescopes, two 63-mm Cassegrainian
telescopes, and eight 38-mm Herschelian telescopes. These
modifications allowed MSSTA II to detect 17 images
simultaneously in 17 transmission bands [103].

The concept of imaging at several wavelengths with
a single multilayer coating may help reduce considerably
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the cost, risk, and complexity of solar missions [123].
For example, the existing practice of imaging at several
wavelengths consists in dividing each telescope mirror
into several sectors that are tuned to different individual
wavelengths. This approach requires developing several
multilayer coatings and positioning a physical mask on top
of a mirror in the process of multilayer deposition. In
addition, several telescopes with a number of different EUV
channels are needed in certain cases to achieve the scientific
objective of a mission [48].

For example, the AIA instrument aboard the Solar Dy-
namics Observatory features four Cassegrainian telescopes
and is designed for solar corona studies. Images are
obtained almost simultaneously and cover at least 1.3
diameters of the Sun at several wavelengths with an angular
resolution of ~ 1”, a field of view wider than 41’, and a rate
of 10s (or higher). Each telescope produces images at two
different wavelengths, since two different multilayer coatings
are deposited onto two corresponding D-shaped regions of
each mirror. Thus, a total of eight channels are provided:
seven EUV ones (Table 1) and one ultraviolet channel.
In each exposure, one half of the aperture is selected by
blocking the other half with an aperture shutter or with the
use of a filter positioned in the focal plane [27,46,109].

The mirrors of EIT [111], EUVI [112], and
SPIRIT [113,114] Ritchey—Chrétien telescopes are divided
into four sectors for successive imaging of the solar disk
in four narrow spectral bands. Radiation passes through
selector aperture 5 and selected filter sector 4 (Fig. 4).
Filters suppress the greater part of ultraviolet, visible, and
infrared radiation and block solar heat from entering the
telescope. Radiation then enters one of the four optics
quadrants. Each quadrant of the primary and secondary
mirrors is coated with a narrow-band MIS optimized for
one of the four solar spectrum lines.

Figure 5,a presents the solar disk imaged in the 304A
channel (He II). This image has a granulation structure
typical of the transition layer of the solar atmosphere with
a temperature of ~ 50000 K. It was found in observations
that the dynamics of this structure differs from the dynamics

Figure 4. Diagram of the SPIRIT Ritchey—Chrétien telescope: /
and 2 — primary and secondary mirrors of the Ritchey—Chrétien
telescope, respectively; 3 — detector; 4 — input filters; 5 —
selector aperture [114].

Figure 5. Images produced by the TESIS instrument in the 304 A
(spectral line of He II ions) (a) and 171 A (spectral line of Fe IX
ions) (b) channels [119].

of lower and cooler (chromosphere) and higher and hotter
(corona) layers of the Sun. This suggests that different
mechanisms and processes are at play in the transition
layer. Observations in the 171 A channel (Fig. 5, b) revealed
various phenomena and processes occurring in the hotter
(with a temperature around 10°K) and more dynamic
corona region. The structure of this region differs radically
from the structure of the transition layer, since the degree of
plasma confinement is higher. The most distinctive coronal
structures are seen clearly in Fig. 5, b: bright active regions
and X-ray spots, above-limb arcades over active regions, and
coronal holes (regions of reduced emission) [119].

The SUVI Cassegrainian telescope is the first EUV
solar telescope with six channels having different multilayer
coatings deposited onto each mirror [110]. All six coatings
were deposited onto each mirror in the form of 60-degree
segments that are tuned accurately to a specific EUV
wavelength (Table 2) for ,,probing a certain temperature
region of the observed solar atmosphere.

A double-band mirror coating for simultaneous de-
tection of two emission lines has been proposed and
optimized [123]. The coating in the FSI Herschelian
telescope consists of a superposition of two periodic
[SiC/Mo/Al]*/Al/[SiC/Mo/A1]*° MISs separated by a buffer
layer. The first coating structure is an Al/Mo/SiC MIS,
which utilizes first-order reflection (4 = 17.4nm, 30 periods
with d = 8.95nm). An aluminum buffer layer and the
second Al/Mo/SiC MIS are deposited on top of the first one.
This second MIS utilizes first-order reflection (4 = 30.4 nm,
four periods with d = 16.5nm). The buffer layer thickness
is optimized so as to achieve the desired shape of two Bragg
peaks and suppress unwanted wavelengths [122].

3. Focusing hard X-ray radiation optics.
Grazing incidence telescopes

Under normal incidence, the above-described approach,

which is used widely in EUV solar research, may be
extended to shorter SXR wavelengths that are suitable
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Table 1. EUV wavelengths with the corresponding spectral lines and temperatures (T) used in the AIA instrument [46]

Channel, 1 MIS AL Spectral line Solar region Log (T)
3354A SiC/Mg 14A Fe XVI Active region 6.4
corona
303.8A SiC/Mg 13A He II Chromosphere, 4.7
transition region
2113A Mo/Si 11.0A Fe XIV Active region 6.3
corona
1935A Mo/Si 9.7A Fe XII, XXIV Corona and hot 6.1,73
flare plasma
171.1A Mo/Si 74A Fe IX Quiet corona, 5.8
upper transition
region
131.0A Mo/Si 48A Fe XX, XXIII Flaring regions 70,72
939A Mo/Y 1.1A Fe XVIII Flaring regions 6.8

Table 2. Calculated parameters of multilayer coatings for
SUVI [110]

Wavelength (A) | 939 | 1312 | 171.1 | 195.1 | 2842 | 303.8
Coating Mo/Y | Mo/Si | Mo/Si | Mo/Si | Mo/Si | Mo/Si
materials
Bilayer 47.80| 67.15 | 88.35|102.00 | 152.50 | 165.00

thickness d (A)

Number 120 50 40 40 20 20
of bilayers

Yy = dMo/d

035 | 036 | 0.175| 015 | 0.15 | 0.15

for observations of both galactic and extragalactic X-
ray radiation sources [99,124]. Telescopes with grazing
incidence optics are commonly used to study astronomical
objects radiating in the SXR range [1]. A considerable
progress in visualization is associated with the construction
of telescopes capable of focusing radiation with an energy of
10—200keV (i.e., in the range where normal incidence X-
ray telescopes are unsuitable for use due to the infeasibility
of fabrication of MISs with a small bilayer size, while
the applicability of grazing incidence telescopes is limited
by the smallness of the critical angle of total external
reflection of HXR and gamma radiation). However, a
fine reflectance at above-critical grazing angles may be
achieved through the use of MISs. Thus, multilayer and
grazing incidence optics may complement each other and
be combined efficiently in a hybrid system for various
astronomical applications.

However, in contrast to narrow-band EUV optics used
in solar astrophysics, efficient HXR- and gamma-focusing
optics needs to be wide-band.

Optics and Spectroscopy, 2022, Vol. 130, No. 7

3.1. Depth-gradient MIS

A more efficient option for enhancing the MIS trans-
mittance consists in adjusting the d-interval in such a
way that radiation with different energies is reflected at
different depths within an MIS. Thus, the fabrication of
a multilayer structure with its period varying smoothly
with depth is an obvious opportunity for expanding the
transmission band [125-130]. Shorter-wavelength radiation
is then diffracted at deeper layers of the structure, since it
normally has a lower absorption coefficient (Fig. 6).

A well-known method of construction of an aperiodic
MIS consists in reducing the d-interval gradually in accor-
dance with a power law [125]:

d(j) =a/(j +h)", (6)

where j =1,2...n is the index of bilayer j. Coeffi-
cients a, b, ¢, number of bilayers N, and thickness frac-
tion y need to be optimized in order to achieve the desired
reflectance dependent upon the photon energy. Parameter y
of gradient MISs, which are often called supermirrors, may
be a constant or a slowly varying quantity that is set for the
purpose of optimizing the reflection efficiency (ie., finding

7\'max
l_ 0
dmax
N =
l_, N\ ‘({, ”C’ min=—
dmin ¥ : ~X

Figure 6. Schematic diagram of a depth-gradient MIS [130).
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the best compromise between constructive interference and
photoelectric absorption [131]).

The block method, which consists in the application of
blocks with constant d [132], is another possible technique
for constructing gradient MISs. In order to reduce the
absorption of such structures, the block reflecting radiation
with the lowest energy should be positioned on the surface.
Blocks located deeper within the structure facilitate the
reflection of X-rays with higher energies.

Multilayer coatings for X-ray and gamma telescopes have
the potential to enhance their reflectance considerably. This
approach, which has already been discussed and examined
in [4,125,132,133], is of special interest, since it allows
one to carry over the characteristics and achievements of
technologies developed for SXR focusing optics to HXR
and soft gamma optics.

The requirements imposed on optical constants of ele-
ments of gradient MISs depend on the applied optimiza-
tion criterion and, generally speaking, differ from those
corresponding to periodic mirrors. However, material pairs
yielding the best results in periodic MISs often also perform
well in aperiodic structures.

Materials chosen for multilayer structures
with a depth-graded period for X-ray telescopes
(10keV < R < 100keV) were targeted at W/Si, W/SIC,
Pt/C, and Pt/SiC MISs [134]. These material combinations
were chosen for their fine temporal stability and low
interface roughness. However, the absorption edges of
both W and Pt fall within the 70—80keV range. Judging
by their optical constants, Cu and Ni should be fine
candidates for replacing materials with high values of
atomic number Z, since the K absorption edges of Cu
and Ni are below 10keV. Among the alternatives to W/Si
are Cu/Si [135], Mo/Si, Ni/C, Pt/C, as well as NiV/C and
NiV/SiC structures [136]. All of them (except for the
Pt/C MIS, the applicability of which is limited by the K
absorption edge of Pt (78.4keV)) are capable of wide-band
reflection of photons with energies from 20 to 100keV.
Although Pt/C and Ni/C provide excellent efficiency figures,
silicon has a higher deposition rate than carbon; this makes
the Cu/Si system appear to be the better choice for mirrors
reflecting radiation with energies above the K absorption
edge of W (69.5keV) [126)].

Since WC/SIiC coatings allow for very small d-spacing
values [137], a combination of WC/SiC (or well-proven
W/SiC) with the above-mentioned Cu- and Ni-containing
multilayers in a single two-component MIS block allows
one to develop new designs for X-ray and soft gamma
telescopes [138].

3.2. Telescopes based on gradient MISs

The first astronomical observations with HXR radiation
have been performed in the InFOCuS balloon-borne ex-
periment in 2001 and 2004 [139-141]. X-ray images in the
energy range from 25 to 45keV have been obtained with the
use of gradient Pt/C multilayers deposited onto mirrors in

the Wolter I geometry. This geometry is used widely in SXR
telescopes and combines two types of grazing incidence
mirrors (primary paraboloidal and secondary hyperboloidal
mirrors) with their surfaces being revolving ones [142].
The suppression of optical aberrations, such as coma, is
an advantage of a system of double mirrors. In order to
enhance the effective collection area of an X-ray telescope,
several interleaved mirror shells are combined (Fig. 7) [143].
The costly Wolter I optical arrangement with hard-to-
fabricate mirrors may be substituted with a conical Wolter I
configuration where the parabola and the hyperbola are
approximated by a double cone [144]. This solution helps
reduce considerably the cost and complexity of fabrication
of mirrors, but the angular resolution is sacrificed.

In most cases, the optics of telescopes designed for
HXR celestial observations is a conical approximation of
the Wolter I geometry. Different methods of fabrication of
optical systems, substrate materials [1], and compositions of
gradient MISs may be used. For example, the focusing
optics of HEFT [145-151] and NuSTAR [151-159] tele-
scopes is based on multilayer gradient coatings deposited
onto thermally shaped thin glass mirror segments [160-162].

HEFT has been launched on May 18, 2005, into the
upper atmospheric layers on a balloon. The telescope
consists of several individual modules. Each module
contains 72 closely interleaved mirror shells with a thickness
of 0.3 mm and a radius from 40 to 120 mm. Each mirror
shell is divided into five mirror segments (Fig. 8). Thus, a
telescope module consists of 1440 mirror segments [150].
Each segment is coated with a gradient MIS deposited by
planar magnetron sputtering. W/Si and Ni/C multilayer
structures are used at outer and inner shells, respectively.

NuSTAR has been put into orbit on June 13, 2012,
with two co-aligned and independent telescopes. Each of
them features an optical module and a CdZnTe detector
(separated by a 10-meter extendable mast) in the focal
plane. The NuSTAR mission is an extension and upgrade of
the balloon-borne HEFT design, which was experimentally
proven to be efficient, and is the first focusing high-energy
X-ray telescope in orbit. NuSTAR operates in the 3-
79keV photon energy interval, thus expanding the range of

Figure 7. Propagation of X-rays in a multilayer Wolter I mirror:
rays are reflected successively off parabolic / and hyperbolic 2
surfaces of each mirror shell to establish focal point 3 (a).
Three-dimensional schematic representation of mirror shells in the
Wolter I configuration (b).
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Figure 8. Assembly geometry of a HEFT telescope module. A
total of 72 shells are constructed from individual glass segments
with the use of precision machined graphite spacers [147].

telescopes well beyond the limit of 10keV that was typical
of all the earlier X-ray satellites.

Each NuSTAR optical module contains 133 interleaved
mirror shells. Each shell consists of 12 or 24 thin (0.2 mm)
glass segments (depending on the optics radius). The
inner 89 shells are coated with a gradient Pt/C multilayer
structure, which remains efficient at photon energies below
the K absorption edge of Pt. The outer 44 shells are coated
with a W/Si multilayer structure, which remains efficient
below the K absorption edge of W. The angular resolution
of NuSTAR is as high as 40”, while the resolution of HEFT
optics did not exceed 1.5" [151].

The optics of InFOCuS [139-141,163] and
ASTRO-H [164-166] telescopes is based on thin aluminum
segments coated with Pt/C MISs.

InFOCuS is a balloon-borne telescope project for obser-
vation of a cosmic hard X-ray source. The telescope optics
is designed for operation in the 20—80keV range (the lower
energy limit, 20keV, is set by atmospheric absorption, while
the upper limit corresponds to the K absorption edge of
platinum) and features 255 interleaved thin (0.17 mm in
thickness) mirror shells.

The ASTRO-H Japanese astronomical X-ray satellite has
been put into orbit on February 17, 2016. It is fitted with
two identical hard X-ray telescopes (HXT) that cover an
energy range of 5-80keV. The focal distance of HXT optics
is 12m. A total of 213 cylindrical mirror shells with a
thickness of 0.2mm, a diameter of 120450 mm, and a
length of 200mm are used to produce a greater effective
area.

HEX-P [167,168] — is a next-generation telescope con-
cept that expands considerably the capabilities of wide-
band X-ray observatories. Working in the 2—-200keV
energy range, HEX-P should provide a 40 times higher
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sensitivity than any earlier mission in the 10—80keV range
and should become the first focusing instrument to operate
in the 80—200keV range. The extension of sensitivity
to E ~ 200keV is of particular interest, since several key
nuclear transitions of radioactive elements produced in
supernova explosions lie between 50 and 200keV. For
example, decays of *Ti (68 and 78 keV) and **Ni (158 keV)
are of interest, since the production and ejection of *Ti
are sensitive to the explosion mechanism, and the temporal
evolution of intensity of the °Ni line is sensitive to the
structure and dynamics of ejection [147].

The projected angular resolution of the HEX-P telescope
in terms of half-power diameter (HPD) is 15", which is
regarded as a goal attainable within the next decade [169]
(HEX-P is to be launched in 2031).

HEX-P will be comprised of three modules focused
on separate detectors. The state-of-the-art technology
of fabrication and assembly of HEX-P mirrors involves
polishing of single-crystal silicon plates and their modular
assembly [169]. A total of ~ 50000 small mirror segments
100 x 100 x 0.25mm in size will be fabricated, coated
with gradient MISs (hybrid W/C + Ni/C coating is expected
to be used to expand the transmission band from 80 to
200keV), and integrated into 42 modules, which will then
be assembled into nine meta-shells. These, in turn, will be
integrated into three identical mirror assemblies.

4. Focusing optics for soft gamma
radiation. Laue lens

Celestial observations in the gamma range provide an
opportunity to identify the most intense sources and the
most turbulent events in the Universe. = While lower-
energy wavelength ranges are normally dominated by
thermal processes, gamma radiation allows one to image
the nonthermal Universe. Here, nuclear reactions synthesize
the key components of our world, and particles are
accelerated to ultrarelativistic energies via mechanisms that
still remain understudied. Cosmic accelerators and cosmic
explosions are the primary research topics related to gamma
observations.

Recent technological advances in focusing of gamma
rays with the use of diffraction techniques have paved the
way for scientific missions that offer considerably higher
sensitivity and angular resolution parameters than the earlier
ones [170]. These future gamma-imaging projects should
provide an opportunity to examine the processes of particle
acceleration and explosion physics in unprecedented detail,
thus offering valuable insights into the nature of the most
turbulent and energetic processes in the Universe [171].

4.1. Structural features of a Laue lens

The best technique for focusing of soft gamma radiation
is diffraction in the transmission (ie, Laue) geometry.
Specifically, a Laue lens focuses gamma rays using a large
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Table 3. Parameters of eight rings with Ge crystals (lattice pa-
rameter a = 5.65 A) of the Laue lens for focusing of photons with
an energy of 170keV (f = 277 cm) developed for CLAIRE [177]

Ring | Plane | d(hkl), A | Number of | Radius, | Bragg
(hkl) crystals mm angle

1 111 327 28 61.7 | 0.64°

2 | 220 2.00 52 100.8 | 1.04°

3 311 1.71 56 1182 | 1.22°
4 400 1.41 72 1426 | 1.48°

5 331 1.30 80 156.2 | 1.61°
6 422 1.15 88 1747 | 1.81°
7 | 333 1.09 96 188.2 | 1.92°

8 | 440 1.00 104 201.7 | 2.09°

number of crystals that are positioned and precisely oriented
in concentric rings [5,172-175] (Fig. 9). This principle is
applicable at photon energies from 100keV to 1.5 MeV.

If photons reflected off all crystals are to be focused
properly into a single point, the direction of the diffraction
vector of each crystal should cross the lens axis, and this
vector should be tilted by Bragg angle 6 relative to the focal
plane. Angle 0 also defines the energy of reflected photons
and depends on distance r between the crystal center and
the lens axis (and on focal distance f). The outer lens
radius and the focal distance specify the minimum energy
that may be focused by a given crystalline material [176].

One may distinguish two subclasses of crystal diffraction
lenses: Laue lenses with a narrow transmission band and
wide-band Laue lenses. In narrow-band Laue lenses (e.g.,
CLAIRE), each crystal ring utilizes its own set of lattice
planes [hkl] for focusing of photons of one energy band
into a common focal spot. Radius r;j of ring i of a lens with
a given focal distance f is written as

ri = ftan[26;] = fad;, (7)

where d; is the interplanar distance of crystals of ring i and
A is the radiation wavelength.

Table 3 lists the parameters of the narrow-band Laue lens
developed for the balloon-borne CLAIRE telescope [177].
This lens is made up of germanium crystals positioned in
eight concentric rings.

A single set of lattice planes with the optimum diffraction
efficiency may be used in a wide-band diffractive lens.
Owing to a difference in Bragg angles, each concentric
ring of crystals focuses photons with an energy that differs
somewhat from the energy of photons focused by crystals
of the neighboring ring. Thus, a lens of this type may cover
a wide energy band. If crystals of ring / are tuned to the
diffraction of photons with energy E;, diffraction planes of
ring 2 should be tilted slightly more relative to the incident
ray in order to reflect energy E, < E; to the same focal
point (Fig. 9).

Apparently, the best configuration of crystals is achieved
when they are arranged in an Archimedean spiral that

Figure 9. Path of rays with energies E; and E; (E; > E;) in a
Laue lens. The focal spot is a projection of crystals onto the focal
plane [177].
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Figure 10. Configuration of a prototype Laue lens with crystals
arranged in an Archimedean spiral. The lens size corresponds to
a focal distance of 210cm and a nominal transmission band of
60—200keV [179] (see text).

provides a smoothly varying value of r (Fig. 10). It
was demonstrated [178-180] that, if the interplanar dis-
tances of all crystals of a lens are the same, this
arrangement yields a smooth variation of the effective
data collection area with energy and eliminates jumps
associated with the contributions of higher diffraction
orders [179,180).

However, Laue lenses consisting of a set of rings are
inherent to the concepts of GRI [181,182], CLAIRE [177],
MAX [183,184], DUAL [185], and ASTENA [186] missions.
Since rings of different radii focus radiation to a single point,
the Bragg angle varies from one ring to another.
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4.2. Crystals for a Laue lens

In order to provide continuous coverage of a wide energy
range, crystals of each ring should feature a sufficiently
wide transmission band that overlaps with the transmission
bands of neighboring rings. Therefore, perfect crystals are
normally substituted with mosaic ones or crystals with bent
diffraction planes [181,187].

Mosaic crystals

A mosaic crystal is an agglomerate of crystalline blocks.
Each block is perfect in itself, but neighboring blocks are
slightly misaligned. The peak reflection coefficient of such
a crystal is lower than the one of a perfect crystal; however,
the integrated reflection coefficient of a mosaic crystal is
higher, and it maintains a considerable reflectance in a
range of angles that may exceed substantially the angular
width of reflection of a perfect single crystal. The angular
distribution of blocks may be approximated by a continuous
function. It is assumed that this function is Gaussian with
FWHM Q, which is called the mosaic spread. A detailed
description of diffraction in mosaic crystals was provided by
Zahariasen [188].

The energy transmission band of a crystal and, conse-
quently, the whole ring is written as

AE; =2§2Eif/ri. (8)

The minimum value of €2 for crystals as a function of
the focal distance and radial ring size r; of crystal plates is
given by [181]

Q> (riqr —ri)/2f. 9)

The quality criteria for a mosaic crystal are the mosaic
spread, which should fall within the range from 10" to 60",
the diffraction efficiency, homogeneity, and reproducibility.
The mosaic spread needs to be maximized to achieve the
highest possible transmittance of a lens. However, it should
be kept in mind that the spatial resolution and the sensitivity
of a telescope are limited by the so-called mosaic defocusing
effect [172,174,189].

In a first approximation, the diffraction efficiency of a
crystal increases with its electron density. However, a
more rigorous analysis requires examining the geometry
of the crystal lattice and radiation absorption, which
increases with Z and decreases at higher photon ener-
gies [173,187,190].

Crystals of copper, gold, germanium, and silicon—
germanium alloys have already been used as diffraction
elements for Laue lenses. For example, Sij_xGex crystals
with a composition gradient and Cu and Au mosaics
performed remarkably well: their reflectance was as high
as 31% at 600keV (Au) or 60% at 300keV (SiGe),
and the angular spread was as low as 15" (Cu). These
parameters satisfy well the requirements for application
in Laue lenses [187]. The characteristics of Gej_xSix
(X = 0.02) crystals grown in accordance with the modified
Czochralski technique were reported in [177]. The mosaicity
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of these crystals fell within the range from approximately
30" to 2.

The possibility of growth of crystals with a well-
defined mosaicity or dislocation density is a crucial point.
Dislocation-free high-quality germanium crystals are avail-
able at present; therefore, the needed degree of mosaicity
may be set deliberately in the process of growth [191] or
post-growth treatment [192,193]. Germanium crystals with
a mosaic spread of 0.2-1.5° may be produced [191] via high-
temperature plastic straining, but it is difficult to control the
accuracy of this parameter (especially in the mosaicity range
from 1’ to several tens of angular seconds).

The authors of [194] have concluded that GaAs crystals
with a certain mosaic spread may be grown under prop-
erly adjusted growth conditions (specifically, the thermal
gradient at the solidus-liquidus interface, the stoichiometric
deviation of the melt, or the dopant concentration).

In general, mosaic copper and germanium crystals are
the ones used most often in the design and fabrication
of Laue lenses. For example, the fabrication of a Laue
lens consisting of 600 germanium single crystals (cubes
with a side length of 0.93cm), which utilize diffraction
planes [111], [220], [311], [400], [331], [422], [333],
and [440] are were mounted in eight concentric rings, has
been reported in [195].

The Laue diffraction lens of the MAX mission will
consist of 13740 copper and germanium crystals (Ge;_xSiy,
X ~ 0.02) arranged in 36 concentric rings. It will focus
photons in two energy bands simultaneously. Each of them
will serve to fulfill one of the primary research objectives:
the 800—900 keV band is expected to be used for examining
nuclear lines of gamma radiation of type Ia supernovae (e.g.,
the %Co decay line at 847 keV), while the 450—530keV
band is proposed to be used for the study of electron—
positron annihilation. Cu (111), Cu (200), Cu (220),
Cu (222) (18 rings), and Ge (311) (2 rings) crystals are
meant to cover the 800—900keV band, while Cu (111),
Cu (200) (14 rings), and Ge (111) (2 rings) should cover
the 450—530keV band [184].

Bent crystals

However, while crystals offer an advantage of fairly sim-
ple fabrication in large quantities with fine reproducibility in
terms of size and mosaic spread, they have their limitations,
which may be summarized as follows:

(1) even if the absorption of radiation by crystals is
neglected, their efficiency is limited to 50% due to the
equilibrium between direct and diffracted beams [188];

(2) the size of an image in the focal plane depends
primarily on the size of a crystal and the degree of its
mosaicity: a large mosaic spread may lead to defocusing.

Crystals with bent diffraction planes are an alternative to
mosaic crystals and have the potential to overcome these
two limitations. First, their energy range is proportional to
the curvature radius and may thus be controlled accurately,
and their diffraction efficiency is unlimited [187,196,197],
since a continuous variation of the incidence angle at bent
lattice planes prevents repeated diffraction [198].
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Second, given the fact that crystals with bent lattice planes
yield a focal point smaller than the cross section of a crystal
itself, such crystals may overcome the focusing limitation of
planar mosaic crystals.

Bent crystals also have an advantage in that their
diffraction profile is rectangular with a width specified by
the curvature radius, while mosaic crystals have a Gaussian
diffraction profile with a FWHM equal to the mosaic spread.
Since Gaussian tails are lacking, bent crystals are better at
focusing soft gamma radiation [199]. Crystals of this type
may be fabricated in a number of ways [190].

Controlled mechanical damaging of one surface of
a crystal (eg, by polishing [199,200] or grooving
(Fig. 11) [198,201]) is one of the common methods
for fabrication of bent crystals. This method relies on
plastic straining of a crystal induced by grooving of one
of its largest surfaces: the surface damage introduces
defects into a surface layer with a thickness of several
tens of micrometers that is subjected to compressive
strain [202,203]. A uniform curvature is produced as
a result of straining without the need for any external
influence. This method is cheap, simple, and fit for mass
production.

The mentioned methods are fit for mass production, but
inevitably inflict considerable damage to crystals [201]. Ton
implantation [204] and sandblasting [205] have also been
proposed to be used for crystal straining. Both methods
produce compressive stress at the crystal surface, thus
inducing controlled matrix straining. However, they do not
allow one to bend thick crystals, which are preferable for
Laue lenses [206].

A method for fabrication of thick bent crystals by
depositing carbon fiber layers onto the crystal surface has
been proposed recently. Curvature is then produced due
to the difference in thermal expansion coefficients of a
crystal and a carbon fiber composite: the composite has
the capacity to establish a stress field that bends the crystal
after polymerization [206,207).

A bent crystal may also be formed using the concen-
tration gradient method (i.e., by growing a two-component

Figure 11. A section of a bent silicon crystal (side view) with
a series of grooves imaged with a scanning electron microscope.
The arrow denotes the groove pitch [201].

[112]

;LA y311]

x[174]

Figure 12. Schematic diagram of a crystal plate with the
coordinate system used for modelling. a: Bent arrows denote
applied moments M; and M,. Two moments (b) or one
moment (c,d) may be applied. Arrows point at bent lattice
planes [215].

crystal with a gradient composition along the growth
axis [208,209]). For example, bent crystals of a GeSi
alloy with an initial germanium concentration of 3-7%
were fabricated by altering the mixture composition during
growth [210,211]. However, it is rather hard to grow crystals
in this fashion. The method is hardly applicable to Laue
lenses, since crystals need to be mass-produced in this
case [212].

Quasi-mosaic crystals

Anisotropic strain, which induces the so-called quasi-
mosaicity (QM) effect [213,214], may be used efficiently
within the concept of bent crystals. The concept of
QM is crystals has been examined from a number of
angles (including the theoretical background and fabrication
techniques) in [215].

The elasticity tensor of a crystalline material may contain
off-diagonal elements. Thus, nontrivial strain may emerge
under the influence of external forces. A crystal plate under
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the influence of two mechanical moments M; and Mj,
which are applied about axes y and x (Fig. 12,a), is
subjected to primary strain. The emergence of sec-
ondary curvature depends on the crystal anisotropy. Thus,
the primary and secondary curvature radii are strongly
connected to the crystal orientation. Most importantly,
quasi-mosaicity allows one to focus a photon flux into
a point smaller in size than the diffracting crystal (ie.,
with a high overall efficiency). This is difference be-
tween diffraction by a QM crystal and diffraction by
traditional mosaic or bent crystals, which form a focal
point that is no smaller in size than the crystal itself
Therefore, since the focal point may be adjusted in size
by varying the secondary curvature, QM crystals provide
an opportunity to focus photons with a high angular
resolution, thus enhancing the sensitivity of Laue lenses.
The primary curvature of a QM crystal accounts for
focusing of a photon flux, while the secondary curvature
enhances the overall diffraction efficiency [216]. The
sensitivity of a Laue lens may be increased as a re-
sult [217,218].

The authors of [219] and [220] have observed experimen-
tally the diffraction of X-rays by planes (111), which were
bent due to the QM effect (Fig. 12, b), of Si and Ge crystals,
respectively. Experimental evidence of diffraction of X-rays
by a Si sample with reflecting planes (112) bent due to the
QM effect (Fig. 12,¢) and with planes (311) (Fig. 12,d)
has been obtained by the authors of [217] and [218],
respectively. QM crystals are already coming into use. For
example, Si and Ge crystals with reflecting planes (111),
a cross section of 30 x 10mm, and a curvature radius of
40m are expected to be used in the ASTENA mission
telescope [186].

4.3. Design and assembly of a Laue lens

The selection and arrangement of crystals are crucial for
fabrication of an efficient Laue lens. Since a lens may
be very expensive, the issue of proper simulation of its
operation prior to fabrication is a crucial one. However, the
problem of optimum positioning of crystals in a Laue lens
cannot be solved analytically [221]. A genetic algorithm may
be the best method to solve this problem. This algorithm
is a heuristic search that imitates the process of natural
selection. Specifically, a Laue lens may be optimized using
a pseudo-evolutionary process that favors the best crystals
and thus directs the system to a configuration with the
needed parameters. For example, the LaueGen algorithm is
a method for selecting an arranging crystal planes in a Laue
lens in a way that maximizes the integrated reflectance while
smoothing the energy dependence of collected photons.
The spectral response smoothing is crucial to simplifying
the deconvolution of the signal received, while a high
reflectance of optical elements is instrumental to enhancing
the signal-to-noise ratio of a lens [221]. Regardless of the
choice of crystals, the efficiency of focusing of a Laue
lens in a given energy range is defined by the following
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three key parameters: focal distance, crystal size, and
mosaicity of crystals [222]. The requirements as to the
accuracy of alignment of crystals depend strongly on the
focal distance and the mosaicity of crystals used. This is
attributable to the fact that the sensitivity of a telescope
with a Laue lens increases with increasing focal distance
and decreasing crystal mosaicity [222,223]. However, a very
accurate alignment of crystals is needed to achieve a large
focal distance and reduce the mosaicity. If one fails to
do so, the efficiency of a lens may decrease significantly.
Therefore, the development of a technique for assembly of
a large number of crystals into a lens with an adequate
alignment accuracy is of key importance [174]. The methods
for assembly and alignment of crystals have been reviewed
in [176,224-228].

5. Focusing optics for X-ray and gamma
radiation. Fresnel zone plates

Certain important scientific questions may be answered
only through observations with X-ray telescopes with a very
high angular resolution.

These issues include the examination of the medium
surrounding supermassive black holes, pulsar wind nebulae,
various stages of stellar evolution, etc. Diffractive optics
(specifically, Fresnel zone plates (FZPs) [6,7]) technically
allows one to construct large diffraction-limited and efficient
X-ray and gamma telescopes that may provide a massive
improvement in angular resolution.

An FZP consists of a series of concentric circular zones
that alternately absorb and transmit radiation (Fig. 13,a).
The focusing effect is achieved by means of interference
of waves passing through non-absorbing zones. Since
diffraction always produces several orders, they also need
to be considered in the case of an FZP.

FZP efficiency nm is the fraction of photons incident on
an optical element and focused in diffraction order m

Nm = 1/(7m)?. (10)

In the first diffraction order, the maximum efficiency
of 772 (~ 10%) corresponds to a traditional (,.classical®)
FZP. Only the first diffraction order (m= 1) is used in most
cases, since it is the brightest one. Phase FZPs are used to
enhance the efficiency.

In theory, the so-called kinoform FZP [229] with a
parabolic zone profile performs ideal phase modulation: it
does not only exert a constant phase shift in neighboring
zones, but also carries out continuous transformation of
an incident planar wave front into a spherical one that
converges in focus. In addition, kinoform lenses offer the
combined advantage of a low background signal and efficient
suppression of unwanted higher diffraction orders. The
theoretical maximum focusing efficiency of an FZP with a
parabolic profile (Fig. 13, b) is 100% (if radiation absorption
is neglected).
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2

Figure 13. Profiles of different configurations of focusing
diffractive instruments: ,classical® FZP (a); phase FZP with a
parabolic zone profile (b); monolithic achromatic doublet with a
kinoform profile of the diffractive component (/) and a stepped
profile of the refractive (2) component [238] (c).

Figure 14. Using a refractive lens to compensate chromatic
aberration of the first order in an FZP [232].

The effective angular resolution of a telescope with an
FZP with diameter D and focal distance f operating at
energy E is specified by a combination of three factors:
diffraction-limited angular resolution 8y = 1.221/D; limiting
spatial resolution s = Ax/f of the detector (Ax is the
spatial resolution of the detector); and limiting chromatic
aberration O = 0.2(AE/E)(D/f) (AE is the width of the
FZP energy band) [230].

An achromatic diffractive-refractive X-ray lens [230-238]
has been proposed to reduce the contribution of chromatic
aberration to the effective angular resolution in X-ray and
gamma astronomy. It consists of a diffractive FZP with
focal distance f g4 in close contact with a diverging lens (ie.,
convex refractive component) with focal distance f,. When
these two components are in direct contact, they act as a
single instrument. The dependences of the focal distance
of the FZP and the refractive lens on the radiation energy
are linear and quadratic, respectively. Therefore, the focal
distance of a contact pair as a function of energy remains
unchanged at an energy for which focal distance f of the
lens is two times larger than the focal distance of the FZP:
fg=f/2 and f, = —f (Fig. 14). This requirement may
be satisfied at any photon energy if one chooses the proper

lens parameters. Thus, there exists an energy band with a
maximum at which chromatic aberration of the first order
may be corrected [232,239]. In this context, the energy band
width increases from AE = E/N (N is the number of zones)
for a ,classical® FZP to AE = E/N'/? for an achromatic
lens [236].

If a doublet is split, the emerging degree of freedom pro-
vides an opportunity to correct chromatic aberration of both
the first and the second orders [232]. Tt is often preferable
from absorption considerations to impart a stepped profile
to the refractive component, thus effectively transforming a
lens into a monolithic achromatic doublet [238] (Fig. 13, ¢).

It has been proposed to use phase FZPs in X-ray
telescope designs optimized for observations of solar
flares [240] and the study of phenomena occurring in the
immediate vicinity of black holes and neutron stars [241].
Since an achromatic doublet has a limited energy trans-
mission band, six diffractive-refractive lenses are expected
to be used in the MASSIM mission to cover the needed
4.5—11keV energy range, which was chosen so as to
contain important Fe lines. Each lens will have a diameter
of 1m and an excellent angular resolution (~ 2 x 1073")
and will provide an effective collection area of several
thousand cm? [241].

The equation for focal distance

f = 4N(5ry)?/mi (11)

demonstrates that if a certain reduction in angular resolution
is permissible, the focal distance may be shortened in
operation at a lower energy E by reducing the size of
the outer FZP zone (6rn) or the zone number (N). For
example, segmented designs of Laue lenses have been
proposed [236,237,242] to reduce the number of zones and
simplify the retargeting of a telescope. A lens is divided into
optically independent circular segments. Each of these rings
is divided into sections of equal size (Fig. 15). Note that a
segmented FZP is similar in terms of design to a Laue lens.

The concept of efficient simultaneous visualization in five
energy ranges from 5 to 10keV in a high-resolution X-

Figure 15. Possible design of a segmented FZP [239].
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ray telescope has been detailed in [237]. This design is
optimized for a shortened focal distance (~ 10?>km). The
use of a segmented achromatic lens allows one to arrange
efficiently several ring apertures for close energy bands. A
typical focal spot size of ~ 1 mm translates into an angular
resolution of approximately 103" within the entire spectral
range. The total spectral width covered by a multiband
telescope is more than 1keV (or 1/4 of the overall range
from 5 to 10keV). Therefore, it will be of particular interest
to apply the proposed achromatic instrument to wide-band
X-ray radiation sources. This telescope will have a detector
mounted aboard a separate spacecraft and will allows for
fast reorientation to new astrophysical targets.

The launch of a telescope with a large focal distance
implies operating two spacecraft (one with focusing optics
and one with a detector in its focal plane) with active
control of their mutual positioning. Certain issues related
to the flight operation of an X-ray diffraction telescope of
this type have been discussed briefly in [230,243). The
results of studies reported in [244,245] confirmed that such
an ambitious project is technically feasible.

6. Conclusion. Summary and outlook

It follows from the above that telescopes with focusing
diffractive optics may be used efficiently in a wide range of
energies (from EUV to soft gamma radiation) to study both
thermal and nonthermal processes in the Universe.

Specifically, normal incidence telescopes may provide a
fine angular resolution (~ 0.1”) and an energy resolution
sufficient to isolate a specific spectral line in the ,densely
populated” EUV range. It appears promising to extend the
applicability of such telescopes to the soft X-ray range.

The hard X-ray radiation range is presently covered fairly
well by Wolter mirrors with wide-band multilayer gradient
structures. The development of new and more efficient
multilayer films and the application of active optics to
compensate for the imperfect shape of mirrors (both at test
stands and in orbit) are the probable objectives for research
in the near-term future.

The high efficiency of focusing of soft gamma radiation
by a Laue lens is key to its application in astrophysical
studies. However, the current technology is still insufficient
to construct optics to be mounted on a satellite. Innovative
methods for fabrication of optical elements, such as quasi-
mosaic crystals, and for assembly and precision alignment
of a lens need to be developed.

The diffractive optics of Fresnel zone plates operates in
a wide spectral interval (from soft X-ray to soft gamma
radiation) and expands the capabilities of astrophysical
instruments. Although it has several drawbacks, such as
inconvenient focal distances and limited field of view and
transmittance, its potential for concentration of a photon
flux (specifically, the potential to achieve an excellent
angular resolution) indicates that it should eventually find its
place among the techniques used in celestial observations.

Optics and Spectroscopy, 2022, Vol. 130, No. 7

However, this requires certain steps toward expanding the
capabilities of focusing optics to be taken: the methods
for fabrication of Fresnel zone plates with a parabolic
zone profile and adjustable achromatic doublets need to be
refined, and multiband (segmented) optics variants should
be developed, produced, and aligned.

In view of the rapid progress in focusing diffractive
optics, there is a chance that a telescope with a historically
unparalleled angular resolution and its optics and receiving
modules mounted on two satellites will be launched into
orbit in the foreseeable future.
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