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Abstract. Periodic and aperiodic Sb/B,C multilayer structures have
been theoretically calculated and synthesised for the first time for
the application in soft X-ray optics in the 80 A <1 < 120 A range.
The reflection spectra of the periodic multilayer mirrors are mea-
sured using synchrotron radiation and laser plasma-generated radi-
ation. The experimental spectra are theoretically interpreted with
the inclusion of transition layers and substrate roughness. The den-
sity of antimony layers is supposedly p(sy) = 6.0 g em3, and the
thickness of transition layers (if any) in the Sb/B,C multilayer
structures does not exceed 10 A. A peak reflectivity of 19% is
attained at a wavelength of 85 A. An aperiodic mirror optimised for
maximum uniform reflectivity in the 100 — 120 A range is tested
employing the laser plasma radiation source.

Keywords: soft X-ray range, multilayer mirrors, antimony, aperi-
odic structures, normal radiation incidence.

1. Introduction

At present, normal-incidence reflective X-ray multilayer
optics are important instruments of physics research in soft
X-ray (SXR) and vacuum ultraviolet (VUV) spectral ranges
(A = 30—600 A). Periodic multilayer mirrors (MM:s) are easi-
est to manufacture; they possess a highly selective spectral
reflectivity, with the result that they are quite often employed
for extracting specific lines or groups of lines from line spec-
tra. Such mirrors based on periodic multilayer structures have
found wide use in the spectroscopy of laboratory plasmas,
X-ray astronomy, analytical instrument engineering, micro-
and nanotechnologies (for X-ray lithography), as well as in
the optics of laboratory VUV and X-ray sources (including
synchrotrons and free-electron lasers).
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It is the practice to characterise periodic X-ray MMs by
the peak reflectivity (i.e., the reflectivity at a wavelength 1, =
2d(n)cosH, where d is the period of the multilayer structure,
(n) is the period-averaged refractive index, and 6 is the angle
of incidence), as well as by the shape and width of the reso-
nance reflection peak. These optical characteristics of the
MDMs depend on their internal structure — on the presence of
transition layers in the structure, on their thickness, density
and composition, on the densities of the main MM layers
(which may generally be different from the massive material
densities and which affects the optical constants of the materi-
als), as well as on the interlayer roughness and the substrate
roughness. These parameters attract particular interest at the
stage of synthesising new types of multilayer coatings for
X-ray optics.

In the execution of experiments under laboratory condi-
tions there also exists a demand for soft X-ray diffraction
spectrometers that simultaneously possess stigmatism, a rela-
tively large acceptance angle (~5-1072x 5-107 rad), and a
relatively broad operating spectral range (about an octave
and over) for a resolving power A/64~300 and higher. We
implemented such a stigmatic (imaging) spectral device using
a Mo/Si normal-incidence aperiodic multilayer mirror
(AMM) [1] in combination with a transmission diffraction
grating.

Broadband AMMs [2] may be applied for the investiga-
tion of elementary processes involving multiply charged ions,
which are performed using stigmatic (imaging) spectrographs
[3-8], for the diagnostics of plasmas, including laser-pro-
duced microplasmas [9—11], for recording the high-order har-
monic spectra of laser radiation and SXR pulses generated by
free-electron lasers [12] or other sources, for the reflection of
attosecond SXR pulses and conversion of their duration
[13, 14], etc. The problem of providing the highest integral
transmission coefficient after several sequential reflections in
a system of several MMs with the inclusion of filter transmit-
tances emerges, in particular, in X-ray lithography. A Mo/Si
AMM optimised for maximum uniform reflectivity in the
125-250 A range at normal radiation incidence was employed
in experiments on the conversion of Ti:sapphire laser radia-
tion (4 ~ 0.8 um) to SXR radiation. The frequency up-conver-
sion took place in the reflection of the radiation pulses from
relativistic plasma waves driven by the multiterawatt laser
radiation in a pulsed He jet (a relativistic flying mirror), and
the AMM was a key element of the analysing normal-inci-
dence spectrograph [15—-17]. Optical arrangements which
include MMs at only normal incidence are of especially high
value in comparison with grazing-incidence arrangements,
because they possess low aberrations and are suited for con-
structing optical images.
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Table 1. Parameters of the Sb/B,C multilayer mirrors under investigation.

Label Number of layers  Period/A B,C fraction in the period Radius of curvature/mm Aperture/mm
MM-1 300 435 0.53 plane 25%30
MM-2, MM-3 300 43.0 0.53 467 250.8
MM-4 600 42.9 0.53 plane 25%30
AMM 100-120 300 - 0.59 (on average) 1000 240.0

One of the most manufacturable pairs for the making of
SXR MMs is Mo/Si, as before. However, the operating wave-
length range of molybdenum-silicon mirrors is bounded
below by the L absorption edge of silicon (1 = 125 A).
Attaining a relatively high reflectivity at normal incidence in
a broad wavelength domain shorter that 125 A invites the use
of other material pairs. Artyukov et al. [18] analysed the opti-
cal properties of more than 1300 inorganic compounds and
elements to select the material pairs which may be used as
components of periodic MMs at wavelengths of 30—-300 A.
The resultant data were presented in the form of tables con-
taining information about the composition of multilayer
structures, attainable reflectivities of the periodic mirrors, etc.
The requirements imposed on the optical constants of the ele-
ments that make up an aperiodic structure depend on the
applied optimisation criterion and, generally speaking, are
different from those in the case of periodic mirrors.
Nevertheless, the material pairs that yield the best results in
the case of periodic MMs will, as a rule, be efficient in aperi-
odic structures as well.

To date, Mo/Be, Mo/Y, and La/B,C MMs have shown
the greatest promise in the spectral domain bounded above by
the L absorption edge of silicon (A = 125 A) and below by the
K absorption edge of boron (1 = 65.9 A). In particular,
Skulina et al. [19] synthesised periodic Mo/Be and Nb/Be
MMs, which exhibited peak reflectivities of 69% and 58%,
respectively, at a wavelength A = 113 A. This was a good
advancement to the short-wavelength domain, but beryllium-
based MMs will be inefficient at wavelengths shorter than the
wavelength of K absorption edge of Be (1 = 111 A). In a
shorter-wavelength range, a reflectivity of 34% was achieved
at wavelengths of 93.4 and 95.0 A for Ru/Y [20] and Mo/Y
[21] periodic mirrors, respectively. At wavelengths close to 4
~ 67 A, in several works it has been possible to obtain reflec-
tivities above 40% for La/B4C MMs [22-26]. In this region,
the best figures were 46.3 at 4 = 66.9 A [25] and 48.9% at A =
66.8 A [26]. Recently, N.N. Salashchenko’s team managed to
synthesise, by introducing a 3 A thick carbon barrier layer, a
La/B,C/C MM with a reflectivity of 58.6% at 1 = 66.6 A at an
off-normal angle of incidence of 20° [27]. Vishnyakov et al.
[28] compared different material pairs (mostly those contain-
ing yttrium) in the A < 125 A from the standpoint of making
periodic MMs with reflections peaks at A = 90 A and broad-
band aperiodic MMs for the ranges from 80, 85, or 90 A to
130 A.

The present work is concerned with the theoretical and
experimental investigation of MMs based on an Sb/B,C
structure; attention was first drawn to this structure in
Ref. [29]. The relatively low absorption coefficient of anti-
mony in the A < 100 A domain and the relatively strong
departure of the real part of its refractive index from unity in
the A > 80 A domain permits making Sb/B,C multilayer mir-
rors for the 80 A < A < 120 A range with reflectivities of the
order of 30%—40%. All MMs under investigation were syn-
thesised in the National Technical University ‘Kharkov
Polytechnic Institute’ and subsequently tested using either

laser-plasma or synchrotron SXR radiation sources. The
spectra obtained experimentally are compared with the the-
oretical ones.

2. Experimental facility

An experimental investigation was made of four periodic
Sb/B,C MMs and one aperiodic MM optimised for maxi-
mum uniform reflectivity in the 100— 120 A wavelength range
(Table 1). Two periodic MMs (MM-1 and MM-4) were sent
to the Center for X-Ray Optics, Lawrence Berkeley National
Laboratory, Berkeley, USA, for reflectivity measurements on
the ALS synchrotron (Beam line 6.3.2), and the spectra of the
remaining MMs were measured at the Lebedev Physics
Institute (LPI) using a laser-plasma radiation source.
Experiments carried out at the LPI were executed in the
IKAR vacuum chamber (20.9%x3.8 m) equipped with an oil-
free pump. The residual gas pressure in the chamber was less
than 10~* Torr.

Located at the end flange of the vacuum chamber was a
pulse-periodic Nd-doped yttrium orthoaluminate crystal
laser (Nd:YAIO;3, 0.5 J, 6 ns, 1.08 um). Laser plasma was
produced by focusing the nanosecond laser pulses onto a
tungsten target using a dense flint glass lens with a focal
length f'= 75 mm. The laser beam was focused onto the target
to a spot with an effective area S.~ 107 cm?; the peak inten-
sity of laser radiation amounted to ~10'* W ¢cm™ at the centre
of the focal spot. The laser plasma served as a SXR source;
the main experimental instrument was an imaging (stigmatic)
SXR diffraction spectrograph, in which the function of the
focusing element was fulfilled by the mirrors under investiga-
tion (Fig. 1). The spectrograph [30, 31] was assembled on a
0.6x3.6 m optical table in the IKAR vacuum chamber and
comprised an entrance slit, an MM under investigation, a
wide-aperture free-standing transmission diffraction grating,
and a film holder of radius 167 mm with UF-4 X-ray photo-
graphic film, which was mounted at the prescribed distance
from the grating.
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Figure 1. Schematic of the imaging (stigmatic) SXR diffraction spec-
trograph:

(1) laser plasma; (2) entrance slit; (3) MM under investigation; (4)
transmission diffraction grating; (5) UF-4 photographic film holder.
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Table 2. Measured optical and spectral characteristics of Sb/B4C multilayer mirrors.

) o Linewidth (FWHM)/A
Label Peak wavelength/A Incidence angle/°  Reflectivity (75) Number of layers -
experiment theory
MM-1 85.6 2 18.0 300 0.90 0.75
MM-2, MM-3 84.4 5 18.0 300 0.8 0.75
MM-4 84.4 2 19.6 600 0.70 0.66
AMM 100-120 100 - 120 4 2.5 300 20 20

As is commonly known [32, 33], owing to the high atomic
number of tungsten the resultant plasma radiation is a quasi-
continuous spectrum with an intensity smoothly varying in
the 20—250 A range. As a result, the intensity of each of the
spectra recorded in our work is the product of the slowly
varying spectral source intensity, the reflectivity of the MM
under investigation, and the spectral sensitivity of UF-4 pho-
tographic film.

The entrance slit of the spectrograph and the UF-4 photo-
graphic film holder were located virtually on the Rowland
circle of the MM under investigation, symmetrically about
the mirror surface normal drawn through the point of inci-
dence of the central ray. When measuring the spectra of the
short-focus MMs, the distance between the entrance slit and
the location of the zero diffraction order on the film was equal
to 89 mm and in the measurement of the spectrum of the long-
focus MM to 150 mm. Therefore, the radiation was reflected
from the MMs at incidence angles below 0.1 rad. As a conse-
quence, the aberrations of the configuration were small, and
the spectral images of the entrance slit produced by multilayer
mirrors on the photographic film emulsion were highly stig-
matic.

The free-standing transmission diffraction grating was
placed in the path of the beam reflected from a MM under
investigation. In the measurement of the reflection spectra of
the short-focus MMs we employed a 5000 line mm™' gold
grating with an area of 0.5 cm?, and in the measurement of the
spectrum of the long-focus MM use was made of a
1000 line mm™! grating (5 cm?). The plate scale was equal to
20 A mm™" in all experiments. In the measurement of the spec-
tra of periodic MMs the slit width was equal to 0.6 A and in
the measurement of the AMM spectrum to 1.2 A.

The separation of the laser plasma from the entrance slit
of the spectrograph was equal to 30 mm in the case of the
short-focus MMs and to 110 mm in the case of the long-focus
one. Owing to the small size of the laser-plasma source
(~0.05 mm), the SXR radiation emanating from each point of
the entrance slit illuminated a relatively small (1 -3 mm verti-
cally) portion of the MM aperture. This permitted us to judge
the multilayer coating uniformity over the MM aperture pro-
ceeding from the shape of the spectra recorded [31].

3. Experimental data and their discussion

3.1. Periodic Sb/B,C MMs

At first the Sb/B,C MMs under investigation were theoreti-
cally calculated and then synthesised without introducing any
additional barrier layers. The optical material constants used
in our calculations were borrowed from Ref. [34]. All MMs
were synthesised by magnetron sputtering followed by layer-
by-layer deposition on polished quartz and glass substrates
(with roughness at a level of 3.5-4.0 A) with prescribed radii

of curvature. All MMs under examination bear 300 single lay-
ers (150 periods) in their multilayer structures, with the excep-
tion of MM-4 (600 layers). The geometrical and structural
data on the MMs under test are collected in Table 1; the mea-
sured opticospectral characteristics are given in Table 2.

The reflection spectrum of MM-1, which contains 300 lay-
ers, is shown in Fig. 2. Its reflectivity peaks at 4 = 85.6 A at an
incidence angle of 2° with respect to the MM surface normal
drawn through the centre of its aperture. The measured peak
reflectivity R was equal to 18.0% and the spectral width of the
principal reflection peak was Adpwiy = 0.90 A.
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Figure 2. MM-1 reflection spectrum measured using a synchrotron ra-
diation source.

Periodic mirrors MM-2 and MM-3 were practically the
same, because they were deposited in the same deposition run
at opposite ends of the carrousel with substrates, but differed
only by the first layer on quartz substrates: Sb was the first
layer in MM-2 and B4,C in MM-3. The reflection spectra of
both mirrors were identical, but two-three months later after
synthesis the MM-2 exfoliated off the substrate over almost
the whole aperture (Fig. 3) due to a poorer adhesion of anti-
mony to the quartz substrate than that of B4C. As a result, an
important technological conclusion was drawn that B4;C must
be the first layer on a quartz substrate to ensure stability of
Sb/B4C MMs. The stability of MM-3 was checked a year later
after its deposition, and no changes in its reflection spectrum
were recorded.

The MM-2 and MM-3 reflectivity peaks fall on A = 84.4 A
for an incidence angle of 5° from the normal drawn through
the aperture centre. This corresponds to 4o = 84.7 A at normal
radiation incidence. Interestingly, the widths of recorded
spectra Adpwiy = 0.8 A+0.1 A (Fig. 4) for a theoretical width
Adpwiam = 0.75 A for N = 300. So small a spectral width testi-
fies to a high uniformity of the multilayer coating both over
the MM aperture and with depth in the layer stack. This is
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Figure 3. Exfoliation of the MM structure (the first layer on a quartz
substrate is antimony).

indicative of a high quality of the new Sb/B,C mirrors compa-
rable to that of Mo/B,C MMs, whose period-to-period layer
thickness reproducibility is within 0.1% [35].

It is also pertinent to note that the portions of continuous
spectrum, which occupy the 20—70 A domain in the spectrum
shown in Fig.4a, bear no relation to the spectra of the MMs
under study. This artefact, which is present in all spectra
recorded with a 5000 line mm™! diffraction grating, was also
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Figure 4. Panoramic reflection spectrum of periodic Sb/B,C MMs re-
corded with a laser-plasma SXR source (a) and individual spectrum in
the first diffraction order (b).

observed in our earlier work. This is supposedly the result of
IR waves (A = 1.5-5.0 um) diffraction from the support struc-
ture (with a 150-um period) of the diffraction grating. Despite
the small working period of the grating, horizontally polar-
ised electromagnetic waves may partly pass through its inter-
bar spacings and reach the detector.

3.2. Factors responsible for MM reflectivity lowering

The calculated peak reflectivity of 300-layer Sb/B,C MMs
with Ay ~ 85 A gives Ry = 37.8%. This calculation does not
include the possible formation of transition layers at the inter-
faces between Sb and B4C as well as the surface roughness,
which will lower the real reflectivity. One more degree of free-
dom is the possible departure of antimony density from the
tabulated one (in the crystalline state, pg, = 6.7 g cm™). It is
well known that all allotropic modifications of amorphous
antimony possess lower densities than crystalline antimony
[36]. In the fabrication of Sb/B,C MMs, the layers of anti-
mony are amorphous, as shown by X-ray phase analysis.
That is why it is safe to assume that in our case their density is
lower than in the crystalline state. To describe our experimen-
tal data we proceeded from the assumption that the density of
antimony layers in the fabricated MMs was equal to about
6.0 gem™.

The hypothesis of the lower density of amorphous anti-
mony is indirectly borne out by the following data. Figure 5a
shows the reflectivity spectra of MM-1 and MM-4, which was
measured using a synchrotron SXR source. The peak reflec-
tivity of MM-4, which contains 600 layers, turned out to be
equal to 19.6%, i.e. it increased by a factor k = 1.09 relative to
the 300-layer MM. If the reflectivity of the 300-layer MM is
taken to be unity, one can see that the saturation of calculated
peak reflectivity with increasing N, the number of layers, is
slower in the structures with an antimony density of 6.0 g cm™
than in the structures with pgy, = 6.7 g cm3 (Fig. 5b). In the
former case, increasing N up to 600 gives kK = 1.12, and in the
latter case only k = 1.06. That is, the calculation with the use
of the tabulated antimony density cannot explain the rise of
reflectivity from 18.0% to 19.6% with increasing N from 300
to 600. This is indication that the density of antimony in the
Sb/B,C MM supposedly lowered to 6.0 g cm™ in the magne-
tron sputtering. The 1.09-fold rather than a 1.12-fold increase
in the reflectivity of MM-4 may in turn be attributed to the
development of interlayer roughness with increasing the num-
ber of layers in the Sb/B,C structure.

The peak reflectivity R, calculated with neglect of sub-
strate roughness and transition layers in the Sb/B,C MM with
psp=6.0 gem™ is equal to 29.7% for N = 300. Now when the
roughness with o = 4.0 A is taken into account in the form of
the Debye—Waller factor, we obtain R = Ryexp(-4no/d)’ =
21.0%. This inclusion of roughness implies that the substrate
shape is reproduced without changes for all layer interfaces. If
the root-mean-square roughness varies from layer to layer in
the MM, the o parameter included in the Debye—Waller fac-
tor has the meaning of the average interlayer roughness. The
value o = 4.0 A was obtained from the simulation of small-
angle scattering spectra of this multilayer structure at the
CuK,, wavelength equal to 1.54 A. The value R = 21.0% is
already close to the experimentally measured one, and this
allows us to assume that the main contribution to the MM
reflectivity lowering is made by the lowering of antimony den-
sity to 6.0 g cm™ and the interlayer roughness. We believe
that further reflectivity lowering to 18 % may be attributed to
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Figure 5. Reflection spectra of MM-1 (300 layers, solid curve) and
MM-4 (600 layers, dashed curve) (a) and normalised reflectivity of the
periodic Sb/B,C MMs calculated as a function of the number of layers
for pg, = 6.7 g cm™ (solid curve) and 6.0 g cm™ (dashed curve), dia-
monds represent experimental data, the coefficient R is normalised to
unity for N =300 (b).
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Figure 6. Reflection spectrum of Sb/B,C periodic MMs calculated for a
transition layer thickness d,, = 0, 8, and 12 A (the density of antimony
used in the calculations pg, = 6.0 g cm=, N = 300, roughness o = 0) (a)
and dependence of the calculated MM reflectivity on the thickness of
transition layers with neglect of roughness and for o = 4.0 A; the dashed
line shows the experimentally measured reflectivity level (b).

neglected intrinsic interlayer roughness and the possible for-
mation of transition layers in the Sb/B4,C multilayer struc-
tures.

Since the information about transition layers in Sb/B,C
structures is missing from the literature, we simulated a linear
variation of the complex permittivity in the transition layers
by varying their thickness [28, 29]. Increasing thickness of the
transition layers in our simulations led to consistent results:
the thicker are the transition layers, the lower is the peak
reflectivity, this dependence being nonlinear (Fig. 6). Figure
6b shows the dependences of the peak reflectivity on the width
of transition layers in the MM with pg, = 6.0 g cm™ in two
cases: with neglect of the root-mean-square roughness and
with the inclusion of roughness with o = 4.0 A in the form of
the Debye—Waller factor.

For simplicity of comparing theoretical and experimental
results, all calculations displayed in Fig. 6 were performed for
N = 300. The measured reflectivity of periodic MMs is repre-
sented with a dashed line in Fig. 6b. One can see: after includ-
ing the lowered density of antimony layers and the rms rough-
ness, the inclusion of transition layers gives rise to a smaller
decrease in reflectivity and the thickness of transition layers
(if any) does not exceed 10 A.

So, in comparison with the ideal theoretical calculation
(for pg, = 6.7 g cm™3 as well as in the absence of roughness and
transition layers), with the inclusion of the lowered Sb density

the MM reflectivity lowers by about a quarter, and with the
inclusion of the rms interlayer roughness in the form of the
Debye—Waller factor it further decreases by almost one third
of the residual. Altogether, the reflectivity attainable in reality
amounts to about a half of the theoretical maximum.
Otherwise the Sb/B,C MMs have exhibited a high stability,
provided that B,C was the first layer on the substrate.

3.3. Effect of transition layer thickness on the widths
of spectral reflection profiles

From calculations it follows that increasing the transition
layer thickness entails, apart from R lowering, a narrowing of
the MM spectral reflectivity curve. This also has a simple
explanation: the disappearance of abrupt interfaces between
the Sb and B4C layers is responsible for a lowering of the
amplitudes of the waves reflected from each interface. On the
other hand, this leads to a weaker attenuation of the incident
wave and its deeper penetration into the structure.
Accordingly, a greater number of MM layers are engaged and
a greater number of interfering reflected rays form a narrower
spectral reflectivity profile.

It is also noteworthy that the theoretical width of the MM
spectral reflectivity profile calculated for 300 layers with
neglect of transition layers is Adpwym = 0.75 A for pg, =
6.7 g cm™ and 0.68 A for pg, = 6.0 g cm™. The inclusion of
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Table 3. Widths of the spectral reflectivity peaks (Mpwiam/A) of periodic MMs calculated in relation to the thickness d,, of transition layers.

Transition layer thickness/A

Accepted density of antimony/g cm™ N =300 N =600
0 6 8 12 0

6.7 0.75 A 0.74 A 0.73 A 0.70 A 0.66 A

6.0 0.68 A 0.67 A 0.66 A 0.64 A 0.55 A

transition layers leads to a further narrowing of the MM spec-
tral reflectivity profile. The calculated widths of the spectral
reflectivity peaks of periodic MMs are given in Table 3 in
relation to the thickness of transition layers.

3.4. Broadband aperiodic Sb/B,C MMs

In the present work three aperiodic Sb/B4,C MMs were calcu-
lated for the 90—120 A range. All AMMs were numerically
optimised for maximum uniform reflectivity in preassigned
wavelength intervals by minimising the functional
3= f[R(/l) — RolPd A (here, Ry is an optimisation parameter).
Such mirrors, as a rule, possess a substantially higher integral
reflection coefficient in comparison with any periodic mirror
whose principal reflection peak lies in the same wavelength
interval. For this formulation of the problem, the number of
optimisation parameters is equal to the number of layers in
the aperiodic structure. Periodic MMs served as the initial
structures in the solution of the optimisation problem. In this
case, it turned out that different initial structures may lead to
virtually equipollent solutions from the standpoint of the
optimisation criterion, despite the fact that their correspond-
ing aperiodic multilayer structures may be significantly differ-
ent. The structures for synthesis were selected for consider-
ations of immunity of reflectivity spectra to small variations
of individual layer thicknesses.

The reflectivity spectra calculated for the numerically
optimised AMMs are given in Fig. 7. For their optimisation
domains we selected the intervals 100—120 A, 90-100 A, and
95-105 A. The theoretical reflectivities R averaged over their
optimisation domains are equal to 5.0%, 6.0%, and 7.5%,
respectively. The integral reflection coefficient 3, = fR(/'L)d/l
in the optimisation domain was equal to ~1 A for all AMMs.
(For comparison, the calculated integral reflection coefficient
of the periodic Sb/B,C MMs with 4, ~ 85 A does not exceed

0.08
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95 100 105 110 115 120 125 130 A/A
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Figure 7. Calculations of Sb/B,C AMM:s with 100—120 A (1), 90-100
A (2), and 95-105 A (3) optimisation domains (pg, = 6.7 g cm™).

0.3 A.) The calculations were carried out for pg, = 6.7 g cm™>,
neglecting roughness and transition layer formation. In the
optimisation we imposed a programmable limitation of 15 A
on the minimal layer thickness — for convenience of synthesis
and improvement of the stability of AMM reflection spectra
to deviations of the thicknesses of the basic structure layers
and the formation of transition layers.

All three AMMs have been synthesised to date, but
only the AMM with the 100—120 A optimisation domain
has been studied. It was tested using a laser-plasma SXR
source, the result of measurements is given in Fig. 8.
Noteworthy is an excellent conformity between the spec-
tral domain of the resultant ‘plateau’ and the domain of
theoretical MM optimisation. Also noteworthy is a good
multilayer coating uniformity over the aperture of this
MM (the difference between the boundaries of optimisa-
tion domains at the opposite ends of the mirror does not
exceed 1 A). The higher long-wavelength wing in the exper-
imental spectrum in comparison with the theoretical one is
attributable to the higher luminosity of tungsten plasma in
the A > 120 A domain than in the 50 A <1 < 120 A domain
[37]. This is due to the fact that the experimental spectrum
is the product of three functions: the plasma radiation
spectrum, the MM reflectivity, and the spectral responsiv-
ity of the photographic film.
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Figure 8. Theoretical (/) and experimental (2) reflection spectra of
AMM-1 (100-120 A optimisation domain).

The factors responsible for the reflectivity lowering of
periodic Sb/B4C MMs (the lowered antimony density, the rms
interlayer roughness o = 4.0 A, and the possible existence of
transition layers) manifest themselves in the same measure as
in the case of AMMs. The average reflectivity in the ‘plateau’
of the synthesised AMM-1 is therefore likely to be equal to
~2.5%, i.e. it is two times lower than the limiting theoretical
value (calculated using the tabulated antimony density pg, =
6.7 gcm™).
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4. Conclusions

In the present work, several imaging normal-incidence multi-
layer mirrors based on a Sb/B4C structure were theoretically
calculated, synthesised, and tested using synchrotron and
laser-plasma SXR sources. We have demonstrated the high
efficiency of employing our diffraction spectrograph in com-
bination with a broadband laser-plasma SXR source for the
characterisation of normal-incidence concave MMs in the
80 A < 1 < 120 A domain. Our measurements have demon-
strated a high uniformity of the multilayer coating over the
aperture and with depth, from period to period.

Periodic MMs with Sb as the first layer on a quartz sub-
strate turned out to be unstable and exfoliated from the
greater part of the aperture several months after fabrication.
An important technological result was thus obtained: in the
deposition of Sb/B4C MMs, the first layer on the substrate
must be a B4C layer.

A comparison of the reflection spectra of periodic MMs
with 4, ~ 85 A and the ideal theoretical calculation yields a
real reflectivity R = 18.0% against Ry, = 37.8% for N = 300.
For all MMs under investigation, the two-fold lowering of the
real peak reflectivity relative to the theoretical one can be
explained by the combined effect of three factors:

1. The lowering of antimony density to 6.0 gcm™ in MM
layers in the magnetron sputtering (R decreases by almost
1/4).

2. The existence of interlayer roughness at a level of 4.0 A
(R additionally decreases by 1/4).

3. The possible formation of transition layers at the inter-
faces between Sb and B,C.

A comparison of theoretical calculations which take into
account all the above factors with the experimental data leads
to a physical limitation on the maximum thickness of transi-
tion layers: even if they are formed in Sb/B,C structures, their
thickness does not exceed 10 A.

The peak reflectivity and the spectral width of the reflec-
tivity profile were theoretically investigated in relation to the
thickness of transition layers for periodic MMs. The peak
reflectivity shows a nonlinear lowering and the MM spectral
reflectivity profile becomes slightly narrower with increase in
transition layer thickness.

We showed that it is possible to make aperiodic Sb/B,C
MM s with an integral reflectivity ~1 A in the 80 A <A < 120 A
range. One of the three synthesised AMMs was tested using a
laser-plasma SXR source. We note a good correspondence
between experimental data and theoretical calculations.
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