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Spectral characterisation of aperiodic normal-incidence Sb/B,C
multilayer mirrors for the 1 < 124 A range

E.A. Vishnyakov, I.A. Kopylets, V.V. Kondratenko, A.O. Kolesnikov,

A.S. Pirozhkov, E.N. Ragozin, A.N. Shatokhin

Abstract. Three broadband aperiodic Sb/B,C multilayer mirrors
were synthesised for the purposes of soft X-ray optics and spectros-
copy in the wavelength range beyond the L-edge of Si (1 < 124 A),
and their reflection spectra were measured. The multilayer struc-
tures were optimised for maximum uniform reflectivity in the
ranges 100-120 A, 95-105 A and 90—100 A. The reflection spec-
tra were recorded using a laboratory laser-plasma radiation source
and an electronic detector with a 2D spatial resolution (a CCD
matrix with 13 X 13 um sized pixels). The experimental spectra are
compared with theoretical calculations. The effect of lower anti-
mony and B4C layer densities on the reflection spectra is discussed.

Keywords: soft X-ray range, multilayer mirrors, antimony, boron
carbide, Sb/B,C, aperiodic structures, normal radiation incidence.

1. Introduction

Modern reflective normal-incidence X-ray multilayer optics is
an important tool of basic and applied physics research in soft
X-ray (SXR) and vacuum ultraviolet (VUV) spectral regions
(A =10-1000 A) [1 —4]. Multilayer mirrors (MM:s) enjoy wide
use in telescopic, spectral and polarimetric instruments for
the diagnostics of plasmas (both laboratory [5—8] and astro-
physical [9—-12]), in devices intended for the detection and
analysis of SXR radiation produced by high-brightness beam
accelerators (including synchrotrons [13] and free-electron
lasers [14]), in the new instrumentation intended for X-ray
photolithography [2, 3], etc.

As before, the easiest to manufacture are periodic MMs,
which are, in the simplest case, bilayer structures M times
reproduced on a prefabricated substrate of requisite shape.
Such MMs exhibit highly selective reflection spectra, which
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permits using them for the extraction of specific lines or line
arrays from line spectra. The most frequently used character-
istic of periodic MMs is the peak reflectivity (i.e. the reflectiv-
ity at a wavelength Ay = 2d{n)cosf, where d is the period of the
multilayer structure, (n) is the period-averaged refractive
index, and 6 is the angle of radiation incidence.

At the same time there appears an increasing number of
problems whose solution calls for a greater diversity of the
spectral reflectivity MM profiles to meet more sophisticated
functional requirements. These are, for instance, the simulta-
neous maximisation of reflectivities at two or more given
wavelengths [15], the attainment of a high reflectivity at a spe-
cific wavelength throughout a broad range of incidence angles
[16] or the attainment of the highest possible uniform reflec-
tivity in a given spectral range [17]. These problems are suc-
cessfully solved with the use of aperiodic multilayer mirrors
(AMMs), for which the notion of period is most often nonex-
istent in principle, each layer having its own individual thick-
ness d;.

The AMM layer thickness distribution is usually calcu-
lated with numerical techniques to solve the inverse problem
of multilayer optics by minimising some functional, which
defines the measure of the difference between the AMM spec-
tral reflectivity R(6,4) and the target spectral reflectivity Fyr
[18]. Sometimes introduced in the minimised functional are
additional conditions, for instance, for the purpose of lower-
ing the variation of the thicknesses of closely located layers of
each of the materials to improve the stoichiometric layer uni-
formity throughout the structure [19]. The spectral AMM
reflectivity function calculated at each iteration is determined
by the method of recurrence relations [20, 21], which has
repeatedly been employed by many researchers.

Nowadays the technology of fabricating Mo/Si multilay-
ers has been well mastered, which permits synthesising struc-
tures of different types for various applications. In particular,
Mo/Si AMMs designed by the method of Ref. [18] were
employed to record the spectra in several experiments aimed
at investigating elementary processes with participation of
multiply charged ions [S—7], for the diagnostics of laboratory
laser plasmas [22—24], in experiments on the conversion of
the frequency of a multiterawatt Ti:sapphire laser (1 ~
0.8 um) in the reflection from a relativistic plasma wave
driven by the laser in a pulsed He jet (the relativistic ‘flying
mirror’) [25, 26]. As shown in Refs [27, 28], Mo/Si AMMs
with controlled phase of reflected SXR spectral components
are applicable for reflecting attosecond SXR radiation pulses
and converting their duration, which was more recently dem-
onstrated in several experimental papers, for instance in Ref.
[29]. The experiments which make use of Mo/Si AMMs are
more amply discussed in review Refs [30, 31].
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However, Mo/Si MMs may be validly used only in the
range A > 124 A (down to the L edge of Si) because of the
high absorption of shorter-wavelength SXR radiation in
silicon layers. This circumstance has long spurred the quest
for promising material pairs for the synthesis of MMs in the
A < 124 A range. Artyukov et al. [32] analysed the optical
properties of more than 1300 inorganic compounds and ele-
ments, and selected material pairs as components for peri-
odic MMs for wavelengths of 30—300 A. Late in the XXth
century, Mo/Be and Mo/Y MMs showed the greatest promise
in the spectral range bounded above by the L absorption edge
of Si (A = 124 A) and bounded below by the K absorption
edge of boron (A = 65.9 A). For example, Skulina et al. [33]
reported the synthesis of periodic Mo/Be and Nb/Be MM:s,
which exhibited peak reflectivities R = 69% and 58%,
respectively, at a wavelength 4 = 113 A. More recently, how-
ever, in a shorter-wavelength region it was possible to attain
reflectivities of 34% at A = 95.0 and 93.4 A in periodic Mo/Y
[34] and Ru/Y [3] MMs, respectively. Work on La/B4,C
structures resulted in the synthesis of a periodic La/B,C/C
MM with a carbon barrier layer, which exhibited a remark-
able reflection coefficient of 58.6% at A ~ 67 A for an inci-
dence angle of 20° [35].

In Ref. [30], the optical constants of 18 materials devoid of
absorption edges in the 80—125 A range were analysed from
the standpoint of fabrication of AMM:s in the 80—130 A
range. Pd/Y, Pd/B,4C, and Ag/Y material pairs were shown to
hold good promise. Corso et al. [36] synthesised Pd/B,C MMs
with peak reflectivities of 42% at A = 66.7 A (at an incidence
angle ¢ = 45°) and 43% at A = 91 A at near-normal incidence
of radiation. However, it turned out that Pd/B,C structures
possessed a high internal stress of about 1200 MPa. Recent
experimental investigations showed that the best results in the
80—120 A spectral range are exhibited by Pd/Y structures
with B,C barrier layers (R = 43% at A = 93 A for periodic
MMs and a relatively uniform reflectivity R ~ 5% for
AMMs in the 88—113 A range [37].

The present work is concerned with experimental and
theoretical investigations of Sb/B4C AMMs for the 90—
120 A range. Attention to this structure was first drawn in
Ref. [38]. Several periodic Sb/B,C MMs were earlier synthe-
sised for a A < 125 A range, and their peak reflectivities at
A =84.3and 85.5 A were measured at 18.0% and 19.6%, and
those at A = 67.7 and 66.3 A were measured at 19.9% and
28.5%, respectively [39, 40]. According to estimates, transi-
tion layers in Sb/B,C structures are thin (below 10 A) and
the stability of the synthesised mirrors turns out to be very
high (in a year of storage in the air the relative MM reflec-
tivities lowered by no more than 3%), which furnishes the
possibility to make stable broadband Sb/B,C AMMs for
spectroscopic applications.

Below we discuss the experimentally recorded reflection
spectra of Sb/B,C AMMSs optimised for maximum uniform
reflectivity in the ranges 100—120 A, 95-105 A, and 90—
100 A. In the future, we plan to use these AMM s in high-res-
olution VLS spectrometers which combine the advantages of
broadband normal-incidence X-ray MMs and varied line-
space reflection gratings [41—-43]. The AMMs under investi-
gation were synthesised at the NTU ‘Kharkov Polytechnic
Institute’ and then tested in the LPI using a scheme with a
laser-plasma SXR source. The experimentally recorded spec-
tra are analysed and compared with the spectra calculated by
numerical simulations.

2. Fabrication of the mirrors
and experimental facility

The broadband Sb/B,C AMMs under study were synthesised
by magnetron sputtering on polished spherical substrates of
fused silica 40.0 mm in diameter. The magnetron targets of Sb
and B4C were sputtered in the atmosphere of argon at a pres-
sure of 1.8 x 1073 Torr. The concave fused silica substrates for
the AMMs had a radius of curvature of 1000 mm and a sur-
face roughness ¢ ~ 3.5 A. As indicated by earlier investiga-
tions, the first layer to be deposited on the substrate is a B,C
layer to provide a high stability of the Sb/B,C structure: oth-
erwise, the mirror exfoliates within a year [39]. Consequently,
boron carbide makes up the first and last structure layers in
all of the AMMs discussed in our work.

The magnetrons were fed by stabilised power supplies to
provide a constant target sputtering rate. The deposited layer
thicknesses were controlled by the time of substrate residence
above the magnetron, which was controlled by an automatic
substrate displacement system with an accuracy of 1 ms.

Prior to AMM fabrication, preliminary experiments were
performed to determine the Sb and B,C layer deposition
rates. To this end, a series of periodic MMs were made for the
same deposition conditions and with different Sb and B,C
layer deposition times. The period of each of the periodic
MMs was determined from the measured angular positions of
the Bragg peaks in low-angle X-ray reflectograms recorded at
A =1.54 A (the K, line of copper, Cu-K,, in what follows) with
the use of the Bragg— Wolf equation and the values of refrac-
tive indices. The Sb and B4C deposition rates were obtained
by dividing the difference between the periods of the pair of
periodic MMs by the difference in the deposition times for the
corresponding material layers. The antimony and B,C layer
growth rates were equal to 1.977 and 2.344 A s!, respectively.

To verify the correspondence between the synthesised
Sb/B,4C structures and the calculated AMMs, a so-called wit-
ness mirror was deposited on a plane glass substrate in each
working AMM deposition process. Both mirrors were simul-
tancously coated in one deposition run (Fig. 1a), the sub-
strates being attached to the opposite ends of the rotating
carousel. Under this geometry, a B,C layer is deposited on the
witness mirror when an Sb layer is deposited on the AMM,
and vice versa. After the deposition of each layer on the
AMM, the carousel is rotated by 180° about the axis. The ith
layer deposition time is the same for both mirrors and is bor-
rowed from numerical simulations, but the oppositely
mounted substrates are always coated with different materi-
als. Therefore, the multilayer structure of the witness mirror
‘complements’, in a sense, the synthesised AMM structure.

After deposition, low-angle X-ray reflectograms of the
witness mirrors were recorded with Cu-K, radiation in a
6—26 scanning geometry using a DRON-3M diffractometer,
which operated in a two-crystal scheme with a silicon crystal
monochromator placed in the primary beam. The primary
beam divergence was equal to 0.015°. The measured reflecto-
grams of the witness mirrors were compared with the data of
numerical simulations (this comparison is exemplified in
Fig. 1b). One can see that the experimental and simulation
curves agree nicely. This is indication that the AMM layer
thicknesses are also close to the requisite ones.

Figure 2 is a schematic representation of the imaging (stig-
matic) diffraction spectrometer employed for measuring the
reflection spectra of Sb/B4C AMMSs. The spectrometer, which
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Figure 1. Schematic of the AMM deposition facility with a witness mir-
ror at the opposite end of the carousel (a) as well as measured and cal-
culated reflectograms (6—26, Cu-K, A = 1.54 A) of the witness mirror
for the AMM optimized for the 90—100 A range (b).

is similar to that used in Ref. [44], was assembled on an opti-
cal table of size 0.6 X 3.6 m, which was placed in the 3.8-m
long ‘Tkar’ vacuum chamber 0.9 m in diameter equipped with
an oil-free pump. The spectrometer comprised a 60-um wide
entrance slit, an AMM under study, a transmission diffrac-
tion grating (DG), and a detector.

The SXR source was the laser plasma produced by focus-
ing nanosecond laser pulses (Nd:YAG laser, E=0.5]J, 7 =

/
00—

Figure 2. Schematic diagram of the SXR diffraction spectrometer.

8 ns, A = 1.064 um) onto a tungsten target with a heavy flint
lens with focal length /= 75 mm. The laser beam was focused
to a spot with an effective area S,y ~ 10~° cm?. In this case, the
peak intensity of laser radiation at the focal spot centre
amounted to ~10'3 W cm™2. Under these intensities, the resul-
tant tungsten plasma radiation was a quasi-continuous spec-
trum with a smoothly varying intensity in a broad wavelength
range (20 —250 A) [45, 46]. This permits using the emission of
this source for characterising broadband SXR AMMs.
Reflection spectra were recorded in one laser shot; also used
were series of three to five shots.

The function of the dispersing element of the spectrometer
was fulfilled by a free-standing DG with a line density of
1000 mm~" and an aperture of size 20 X 20 mm, which was
placed in the beam reflected from the AMM under study. The
resultant spectra were recorded with an uncooled backside-
illuminated CCD 47-10 matrix with a dynamic range of ~100,
a pixel size of 13 X 13 um, and a working area of 1024 x 2048
pixels, whose sensitivity was measured in a broad spectral
range in Refs [8, 47]. The recorded spectra are the product of
the emission spectrum of the tungsten plasma, the spectral
reflectivity of the AMM, and the spectral responsivity of the
CCD detector.

The entrance slit of the spectrometer and the CCD matrix
were located on the Rowland circle of the AMM under study
and were placed symmetrically relative to normal to the mir-
ror surface drawn through the point of incidence of the cen-
tral ray. The distance between the entrance slit and the middle
of the CCD was equal to 150 mm, thereby making small the
angles of radiation incidence on and reflection from the MM
(0.07 £ 0.01 rad). Such near-normal-incidence configurations
possess small aberrations, with the result that the spectral
images of the slit produced by the mirrors under study on the
sensitive detector surface were highly stigmatic. In the mea-
surements the plate scale was equal to 24 A mm™ and the
spectral slit width was equal to 1.5 A.

The SXR source (the tungsten laser plasma) was located
outside of the AMM Rowland circle at a distance of ~100 mm
from the entrance slit. This mutual arrangement of the
entrance slit and the source makes the measuring scheme
somewhat astigmatic (Fig. 2), which may be used to charac-
terise the coating uniformity over the AMM aperture. Each
horizontal pixel line contains a portion of the spectrum with
information about the radiation reflected from a relatively
small segment of the MM surface ~1 mm in height. In par-
ticular, small fluctuations of AMM layer thicknesses in dif-
ferent vertical portions of the aperture may have a rather
strong effect on the AMM reflection spectrum, which would
be revealed by the spectral images recorded by the CCD
detector.

3. Experimental results and their discussion

In this work an experimental study was made of three nor-
mal-incidence Sb/B,C AMMs. The structures were designed
for maximum uniform reflectivity in different spectral inter-
vals within the wavelength range 90—120 A (Table 1) and then
deposited on concave fused silica substrates. The Sb/B,C
AMMs under study contained 150 layers each (75 layer pairs).

Figure 3 gives examples of the experimentally recorded
reflection spectrum of the AMM optimised for the 95—105 A
range and the digitised spectra of the three AMMs. One can
see diffraction orders m = 0, 1, and -1. Furthermore, one can
clearly see regular peaks in the spectrum about the zero dif-
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Table 1. Parameters of the Sb/B,C AMMs under investigation.

Optimisation Number of layers Average volume fraction Target optimisation Real working
range/A 2M in the AMM of B4,C in the MM parameter R, (%) spectral domain/A
90-100 150 0.53 6.03 90.5-100.0
95-105 150 0.55 7.51 96.5-105.5
100-120 150 0.59 5.02 101.5-121.5

fraction order (on either side of it). These peaks are produced
due to diffraction of exciting laser radiation (4 = 1.064 um)
by the grating support structure (the period of DG support
structure is equal to 1.25 mm). The exciting laser radiation
may find its way into the spectrometer on reflection from the
laser plasma or from the tungsten target, which is slightly
inclined to the spectrometer axis (Fig.2).
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Figure 3. Experimentally recorded reflection spectrum of the AMM
optimised for the 95-105 A range (a) and digitised spectra of all three
Sb/B,C AMMs under investigation (b).

The spectra in the working diffraction orders m = %1 in
Fig. 3a are uniform vertical bands of nearly constant width,
which are additionally modulated by the grating support
structure. The constant width of these bands testifies to a high
uniformity of the multilayer coating throughout the AMM
aperture (the edges of the working spectral region in the aper-
ture of each AMM retain their position to within ~0.5 A).

Figures 4a, 4c and 4e depict the experimentally recorded
and simulation reflection spectra of the three Sb/B;C AMM:s.
Plotted in Figs 4b, 4d and 4f are the antimony and boron car-
bide layer thickness distributions in the synthesised aperiodic
multilayer structures (the layer number increases towards the
substrate). In the simulations, the admissible layer thickness
was bounded below by 15 A. This makes the AMM s suitable
from the synthesis standpoint, because the deposition of thin-
ner layers is technically difficult. As the AMM optimisation
range shifts to the longer-wavelength side, the volume-aver-

aged B4C fraction in the multilayer structures increases from
0.53 to 0.59 (Table 1). In periodic Sb/B,C MMs the optimal
volume B,4C fraction is equal to 0.53 [39].

One can see in Fig. 4 that the working spectral domains of
all synthesised mirrors are shifted to the long-wavelength side
relative to the optimisation ranges (see also Table 1). This
may be attributed to the departure of real AMM layer mate-
rial densities from the tabulated ones.

The optical and spectral AMM properties are defined by
the layer thicknesses of the binary structure (A/B);, and the
complex material permittivities g5 p = nﬁ,B =1-0ap+ifa s
For materials consisting of different atoms (for instance,
B,C), the optical constants 6 and  may be defined in terms of
the atomic scattering factors f = f; + if; of the atoms of these
sorts. Let @; be the fraction of atoms of sort i in the material
involved. Then, according to Ref. [48],

D Nifii
o

(ﬂzﬁi ~ 0.54%x 1075 <P o 2
B 7D NS

12 i
Z ail; z aifli ’

where ry = e*/(mec?) ~ 2.8 x 1071 cm is the classical electron
radius; N;is the density of atoms of sort i; the wavelength A is
expressed in Angstrom units; p is the density of the compound
material in grams per cubic centimetre; and u; is the weight of
atoms of sort 7 in atomic mass units.

The direct problem of multilayer optics (determination of
the spectral reflectivity of a multilayer structure with known
optical material constants) has been traditionally solved by
the method of recurrence relations [20, 21]. This problem has
to be solved at each iteration of the optimisation problem (the
inverse problem), in which, however, the material densities
are defined by the user and are not optimised. The initial cal-
culated spectral dependences of the reflection coefficients of
the three synthesised Sb/B4C AMMs discussed in the present
work were found under the assumption that the Sb and B,C
layer densities coincide with the tabulated ones. All AMMs
were calculated by minimising the functional [18]

3= [IRG) - R,

where R, is the target optimisation parameter (see Table 1)
and R(A) is the calculated spectral reflectivity dependence of
the Sb/B,C AMM obtained by the method of recurrence rela-
tions. The integration was performed over the AMM optimi-
sation domain.

In the initial calculations the AMM material layer densi-
ties were assumed to be equal to the tabulated bulk material
densities p(Sb) = 6.7 g cm™ and p(B,C) = 2.5 g cm™>, and the
atomic scattering factors were borrowed from the tables of
Ref. [48]. However, after the investigation of periodic Sb/B,C
MMs and a careful analysis of the resultant data [39, 40] it
became clear that the layer densities do not correspond to the
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Figure 4. Reflection spectra (a, c, €) and layer thicknesses of the multilayer structures (b, d, f) of Sb/B;C AMM:s optimised for the spectral ranges
90-100 A (a, b), 95-105 A (¢, d), and 100—120 A (e, f). The solid curves in the spectra (a, ¢, e) correspond to experimental data and the dotted lines
correspond to numerical simulations reliant on the tabulated material densities. Each structure contains 150 layers.

tabulated values. After this, corrections had to be introduced
into our calculations.

Figure 5 shows how the Sb and B4C layer density varia-
tion affects the reflection spectrum of the AMM optimised
for maximum uniform reflectivity in the 95—-105 A range.
Initial curve (/) was obtained assuming the tabulated bulk
material densities p(Sb) = 6.7 gcm™ and p(B4,C) = 2.5 gcm ™.
In the calculation of spectral curve (2) the antimony density
p(Sb) = 6.0 g cm 3 was borrowed from Ref. [39]. One can see
that the average AMM reflection coefficient lowers from
7.5% to 5.5% on lowering the antimony layer density by
10%, from 6.7 to 6.0 g cm™. An even lower value, p(Sb) =
5.3 g cm, was obtained from low-angle X-ray scattering of
the Cu-K,, line (A = 1.54 A) in Ref. [40]. The calculation

assuming this antimony layer density [curve (3) in Fig. 6]
gives an even greater decrease of the average AMM reflection
coefficient down to 3.5%. However, when it is considered that
the density of thin B,C layers may also be lower than the tab-
ulated value in certain cases (in La/B,C MMs the density
p(B4C) = 1.8 gcm3 [35]), the optical contrast between the lay-
ers of antimony and boron carbide may rise again, which will
entail an increase of the average AMM reflection coefficient
to 6% [spectral curve (4) in Fig. 5]. The antimony and boron
carbide densities employed in the numerical calculations of
the AMM reflection spectra in Fig. 5 are collected in Table 2.

Worthy of mention is another feature of the simulation
spectra in Fig. 5. Each lowering of the layer density of one of
the AMM materials results in a small shift of the AMM work-
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Figure 5. Calculated reflection spectra of the Sb/B,C AMM optimised
for the 95—105 A range, which were obtained for p(Sb) = 6.7 (1), 6.0
(2), and 5.3 g cm™ (3, 4), as well as for p(B,C) = 2.5 (/-3) and
1.8 gcm™ (4). All layer thicknesses in the structures under comparison
are the same.

Table 2. Sb and B4C layer densities employed in the simulation of
reflection spectra of the AMM optimised for the 95—105 A range (Fig. 5).

p(Sb)/g em3 p(B,O)/g em3

Spectrum number

1 (initial) 6.7 2.5
2 6.0 2.5
3 5.3 2.5
4 5.3 1.8

ing spectral domain towards longer wavelength, which was
also seen in experiment (see Fig. 4, Table 1). The shift of the
working spectral domains of all AMMs under study relative
to the initial simulations is attributable to the increase in
structure-averaged refractive index (n) due to the lowering of
layer material densities.

As shown in Ref. [40], the density of thin antimony lay-
ers p(Sb) = 5.3 g cm™> when their thickness does not exceed
46 A. This condition is known to be satisfied for the AMMs
under discussion (see Figs 4b, 4d and 4f). At the same time,
in thin boron carbide films a density lowering from 2.5 to
2.3 g cm™ is observed even for B,C layer thickness of
~1000 A [49]. This is partly due to B,C layer amorphisation
and partly due to modification of its stoichiometry because
of the possible presence of oxygen atoms in B,C magnetron
targets. On further lowering of B4C layer thickness, the
material density may also decrease due to its further amor-
phisation. X-ray diffraction analysis of periodic Sb/B,C
MMs showed that all layers of the MM structure with a
period of 42 A are amorphous, while in an MM with a period
of 156 A there are indications of crystallisation in antimony
layers, but not in B4C layers [40]. Since the true B4C layer
density in the AMMs under study is unknown, curve (4) in
Fig. 5, which was calculated for p(B4C) = 1.8 g cm™, serves
to illustrate the effect of B4C layer density lowering on the
AMM reflection spectrum. A figure of 1.8 g cm=3 was bor-
rowed from Ref. [35] and corresponds to a B4C layer thick-
ness of ~20 A in La/B,C structures.

The absolute reflection coefficients of the Sb/B,C under
investigation may be estimated by borrowing from Ref. [39]
the ratio between the experimentally measured reflectivities of
periodic MMs (at 4, ~ 85 A) and the reflectivities calculated
assuming the tabulated Sb and B,4C densities for bulk materi-

als. The experimental measurements yield approximately
twofold lower reflection coefficients than do the calculations.
Hence we estimate the AMM reflection coefficients averaged
over the optimisation spectral domains: R ~ 3.0% (AMM for
AA=90-100 A), R ~ 3.5% (AL = 95-105 A), and R ~ 2.5%
(AL = 100—120 A). In this case, the integral reflectivity I, =
JR(A)dA in the optimisation domain amounts to 0.3—0.5 A for
all of the AMMs (Table 3). The integral reflectivity of any of
the AMMs is several times greater than the integral reflectiv-
ity of any of the periodic MMs (made of the same materials)
whose principal reflection peaks lie in the same wavelength
interval. The highest value J, ~ 0.5 A corresponds to the
long-wavelength AMM for AA = 100—120 A. In this case, the
greater relative width of the working spectral domain is
achieved at the cost of a lower average reflectivity in the opti-
misation domain (Table 3).

Table 3. Measured and calculated optical characteristics of Sb/B,C
AMMs.

Real working Estimated Reciprocal
spectra] average . IHICgr?l. . of the rela.tlve
domain AA/A reflectivity reflectivity/A spectral width
R (%) AL
90.5-100.0 3.0 0.3 10
96.5-105,5 3.5 0.3 11
101.5-1215 25 0.5 5.5

Therefore, the Sb/B,C AMMSs synthesised and charac-
terised in our work show promise in the soft X-ray wave-
length domain A < 124 A despite the lowering of spectral
reflectivities due to the low density of thin antimony layers.
The differences of real operating AMM spectral domains
from the optimisation ranges do not exceed 1.5 A (Table 1),
so that the AMMs together cover a broad (90.5-121.5 A)
spectral range.

We emphasise once again that one might expect higher
reflectivities from Sb/B,C MMs if attempts met with success
to enhance the optical contrast between Sb and B,C layers.
Supposedly this might be made possible by increasing the
antimony layer density up to the tabulated value 6.7 g cm=,
for instance by thermal annealing. The first steps in this direc-
tion were made by Kopylets et al. [50]. They showed that
annealing at temperatures under 250°C results in only an
increase in interlayer roughness (antimony layers remain
amorphous in this case), while annealing at higher tempera-
tures induces the transition of antimony to the crystalline
state with a density p(Sb) = 6.7 g cm=. However, the crystal-
lisation of antimony layers in an MM is attended with local
lens-like antimony swellings due to diffusion, which disrupt
the initial multilayer structure [50].

4. Conclusions

We have made three Sb/B4C aperiodic normal-incidence mul-
tilayer mirrors for operation in the spectral domain beyond
the L edge of Si (A < 124 A). The Sb/B,C multilayer struc-
tures were theoretically calculated and then deposited by
magnetron sputtering on concave substrates without intro-
duction of additional barrier layers. The reflection spectra of
the synthesised AMMs were experimentally recorded using a
laser-plasma source of SXR radiation. The wavelength ranges
90-100 A, 95-105 A, and 100-120 A were chosen as the
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spectral domains for AMM optimisation. The real working
spectral domains of the Sb/B4,C AMMs turned out to be
shifted to the long-wavelength side and were equal to
90.5-100.0 A, 96.5-105.5 A, and 101.5-121.5 A. The shift
does not exceed 1.5 A.

Numerical calculations of reflection spectra showed that
the shifts of the working spectral domains of the AMMs
under investigation, as well as the lowering of the absolute
values of spectral reflection coefficients, are due to a lowering
of the real densities of antimony and boron carbide layers.
The lowering of antimony density to p(Sb) = 5.3 gcm™ in lay-
ers and films of thickness below 46 A was confirmed in
Ref. [40]. The true B4C layer density in the synthesised AMMs
remains unknown.

This work emphasises the importance of knowing exact
layer densities in a multilayer structure in the calculation of
AMM reflection spectra. Even small density variations may
have a strong effect on the optical contrast between the AMM
materials, which is bound to affect the spectral reflection
coefficient. It was shown that a 20% antimony density varia-
tion (from 6.7 to 5.3 g cm™) in Sb/B,C structures for a con-
stant B,C density can lead to more than a twofold lowering of
the average AMM reflectivity.

The synthesised aperiodic Sb/B4C mirrors have exhibited
a high temporal stability (the latest measurements of the
AMMs were made four years after their fabrication). The
integral reflection coefficients of the AMMSs under study
range from 0.3 to 0.5 A. Among the aperiodic structures
for the 90— 124 A wavelength range synthesised to date, the
Sb/B,C AMMs rank next only to the recently made Mo/Y
and Pd/B,C aperiodic structures [51]. Planned for the future is
the use of Sb/B,C AMMs for recording the line spectra of
laboratory laser plasma, including their use as the focusing
elements of SXR VLS spectrometers.
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