
Abstract. An investigation was made of the potentialities of
aperiodic multilayer structures (AMSs) optimised to obtain
a preassigned reflection spectrum in the x-ray range
(l < 300 Ð) and also starting from other criteria. It was
found that among the multitude of realisations of AMSs
there exist those which are superior to the regular structure
in width of the operating range, integral reflectivity, and
peak reflectivity. New types of x-ray optical elements are
proposed on a basis of AMSs. AMSs were derived which
possess a constant normal-incidence reflectivity R at normal
incidence throughout the 130 ^ 190 Ð (R � 24%), 130 ^
300 Ð (R � 15%), etc., ranges. We found AMSs which pos-
sess a high polarising power (polarisance) and a constant R
in a broad wavelength range for a fixed angle of incidence.
AMSs possessing several isolated reflection peaks which are
not Bragg peaks of one another, were calculated. AMSs
intended for operation in the hard x-ray range at grazing
incidence of radiation were optimised. The technique
elaborated in our work was demonstrated to be efficient
for optimising AMSs with a very large (�103) number of
layers.

1. Introduction
The use of multilayer mirrors (MMs) for the reflection of
soft x-ray (SXR) radiation (l4 300 Ð) was proposed more
than 20 years ago [1, 2]. During these decades, the tech-
nology for producing efficient multilayer mirrors was
elaborated, and MMs themselves now make up an integral
part of laboratory and astrophysical experiments. In the 20 ^
300 Ð range, MMs are used at normal and oblique incidence
of radiation. At small grazing angles, MMs can efficiently
reflect hard x-ray radiation [3].

We provide some examples of applications of multilayer
optics. First, concave MMs are employed to focus x-ray laser
and synchrotron radiation beams, the radiation of laser-
produced plasma and of other laboratory sources. Objectives
comprising two or more MMs are used in x-ray microscopy,
microanalysis, and EUV projection lithography systems. A
Mach ^Zehnder interferometer with multilayer beamsplitters
was realised in the l � 155 Ð range (the wavelength of an x-
ray laser on Ne-like Y xxx) [4].

Plane MMs at oblique incidence are used as polarisers of
x-ray beams [5, 6]. In astronomy, MMs are used in the design
of x-ray telescopes for obtaining images of the Sun and other
sources. In combination with absorption filters, plane MMs
at oblique incidence (including grazing incidence) serve as
reflection filters in x-ray spectrometers for measuring the
intensity of radiation of high-temperature plasmas (tokamak,
laser-produced plasma) with a relatively poor spectral reso-
lution (l=dl4 102) [7].

Recently, a start was made on the use of MMs in disper-
sion spectroscopy to obtain spectra of laser-produced
plasmas with high spectral and spatial resolution [8, 9] and
to record monochromatic spectral images of the Sun [10].
In combination with a dispersive element (large-aperture
transmission or reflection diffraction grating), focusing nor-
mal-incidence MMs allowed us to implement spectrometers
which offered stigmatism, high resolution (104 and over),
and high throughput simultaneously ^ a combination of pro-
perties previously inherent only in the instruments of the
visible and near-UV range.The operating range of these spec-
trometers is limited by the resonance reflection band of the
MMs involved.

However, there is also demand for panoramic spectrom-
eters with a sufficiently broad operating range (e.g., with
Dl=l � 0:5ÿ 1). One of the possibilities involves using a
focusing MM with a strong gradient of the multilayer struc-
ture period across the aperture. In this way it became possible
to construct a stigmatic spectrograph for the 110 ^ 300 Ð
range [11]. A radically different approach involves the search
for and the synthesis of multilayer structures possessing suf-
ficiently broad reflection bands.We are evidently dealing with
irregular (aperiodic) structures since the optimisation of a
periodic structure is reduced to variation of the g parameter
(see below) and retains the resonance nature of reflection.

Modern MMs constitute nanostructures of alternating
layers of two different materials (A/B) deposited on plane
or figured substrates with a high surface polish. An in-depth
layer-thickness regularity of about 1 Ð can be attained in the
course of structure deposition.The spectral reflectivity profile
R(l) inherent in such a regular structure takes the form of a
resonance curve that peaks at wavelength lmax defined by the
known Bragg equation

mlmax � 2nd cos y ,

where d � dA � dB is the structure period; n is the refractive
index averaged over the period; y is the angle of incidence
with respect to the normal; and m is the order of reflection.
The resonance peak width Dl1=2 is determined by the effec-
tive number of interfering rays, which depend on the
absorption coefficient at the wavelength involved and, to
an extent, on the ratio between the thickness of one of the
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layers (usually the strongly absorbing material is implied)
and the period g � dA=d. The number of layers may range
from *10 to hundreds, and the relative peak width
Dl1=2=lmax from 0.1 in the 300 Ð range to 0.01 in the
short-wavelength domain.

It is pertinent to note that there has already commenced a
discussion in the literature concerning the potentialities of
aperiodic multilayer structures (AMSs), primarily from the
viewpoint of maximising the integral reflectivity J [12 ^15].
The problem of an MM capable of reflecting SXR radiation
at two wavelengths was considered in Ref. [16]. In the above-
cited paper [3], Joensen et al. reported the synthesis of aW/Si
MM intended for the reflection of x-ray radiation with pho-
ton energies up to 70 keV (0.18 Ð) at a grazing angle of
incidence y � 3 mrad. Its period decreased monotonically
with depth (the concept of a so-called supermirror). An ana-
lytical approach was proposed for calculating AMSs with a
preassigned R(l) profile in the hard x-ray range [17].

The general formulation of the problem involves the quest
for multilayer structures possessing some attractive, preas-
signed characteristics (e.g., a specific spectral reflectivity
profile, high polarisance, etc.). The primary objective of
this work was to search for AMSs with a broad, as far as pos-
sible, reflection band to be used in dispersion spectroscopy.To
this end, a numerical approach was elaborated allowing opti-
misation of a multilayer structure as regards to various
criteria.The numerical technique described below has proven
to be efficient in the optimisation of AMSs intended for oper-
ation over the entire x-ray range (l < 300 Ð) for different
angles of radiation incidence, including small (grazing) angles
of incidence. In this case, the number of AMS layers may be
quite large (� 103).

2. Numerical technique
Considering a multilayer structure fljg, j � 1, . . . , N, we
shall imply N alternating layers of two different materials
deposited on a perfectly smooth substrate of a certain
material, which is most often adopted only from the view-
point of fabrication technology. The interlayer roughness and
the existence of transition layers are disregarded at this stage.
The layer numbering proceeds inwards, towards the substrate;
odd and even layers are formed by different materi-als char-
acterised by complex dielectric constants eA,B �
n2A,B � 1ÿ dA,B � ibA,B. The optical constants dA, bA and
dB, bB of the materials are related to the atomic scattering
factors f � f1 � if2 by the formula
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where r0 � e 2=mec
2 is the classical electron radius and Na is

the atom density. Another form of this formula may be
convenient to use:
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where l is expressed in angstroms, the density of the material
r in grams per cubic centimetre, and the atomic weight m in
atomic mass units. When the material consists of atoms of
several sorts, a more general expression applies:
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where ai is the fraction of atoms of sort Ai. The data on
atomic scattering factors can be found in the literature for
elements with a nuclear charge from 1 to 92 in the photon
energy range 10 eV ^ 30 keV [18].

Generally speaking, the layer thicknesses lj are different.
Unlike a periodic structure, the combined thicknesses of the
pairs of neighbouring layers are not assumed to be constant
in depth: l1 � l2 6� l3 � l4 6� ::: . Also different, in general, are
the optical paths for the pairs of neighbouring layers:
l1nA � l2nB 6� l3nA � l4nB 6� ::: . Moreover, the existence of
a structure period is not a priori assumed in any sense.

The reflectivity Rs;p(l; y) of a multilayer structure for
s- and p-polarised radiation incident at an angle y (the `direct
problem' of multilayer optics) was calculated by the method
of recurrent relationships described in the literature [19]
and used repeatedly by several authors. The amplitude
reflectivity was derived from the system of recurrent relation-
ships

rj �
rFj � rj�1 exp�2iKj�1lj�1�
1� rFj rj�1 exp�2iKj�1lj�1�

, j � 0; :::; N , (2)

where

Kj � k
ÿ
ej ÿ sin2y

�1=2 , j � 0; :::; N � 1 ; (3)

y is the angle of incidence measured from the normal;
k � 2p=l is the wave number; and rFj is the conventional
amplitude reflectivity at the jth interface defined by the
Fresnel formulas

rFj �
Kj=Zj ÿ Kj�1=Zj�1
Kj=Zj � Kj�1=Zj�1

, j � 0; :::; N ;

Zj �
1 for s-polarised radiation,
ej for p-polarised radiation.

� (4)

The net reflectivity of the structure (in intensity) is R � jr0j2.
In the calculations set out here, recourse was made to the
refined atomic scattering factor files, which are currently
available via the Internet [20].

The search for the AMS which satisfies some preassigned
criterion best will be referred to as the `inverse problem' of
multilayer optics, or the AMS-optimisation problem. The
key step of the optimisation procedure involves the prescrip-
tion of the goal function Fgf for R(l; y0) or R(l0; y) (the
subscript implies that the value of an incidence angle or a
wavelength is fixed). The goal function was prescribed on
some interval of wavelengths or angles and also on several
isolated intervals. We introduced a measure of departure
of the reflectivity from Fgf (the merit function F ), which
was calculated over the domain of definition of Fgf and
treated as a function of N independent variables fljg.

The prescription of Fgf and the introduction of a norm
eventually predetermine the optimisation results. For
instance, the simplest formulation of the problem involves
the search for an AMS that possesses maximum integral
reflectivity J over a given interval of wavelengths or photon
energies. In this case,

F � Jl �
�l2
l1

R�l� dl or F � JE �
�E2

E1

R�E� dE . (5)

When determining the AMS whose reflectivity approximates
a given function Fgf over its domain of definition L, the F
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function may be taken as

F � ÿ
�
L

�
Fgf ÿR�l; y0�

�2lÿv dl , (6)

where v � 0 or 2.
The `inverse problem' of multilayer optics cannot be

solved by an exhaustive brute-force enumeration. Several
attempts of optimising an AMS were reported in the litera-
ture [12 ^15]. In particular, Van Loevezijn et al. [14]
employed a version of the Monte-Carlo technique. The use
of this technique is limited by the unreliability of solution
determination and long computation times (it is well known
that a randomly chosen direction is nearly perpendicular to
the sought-for one for high space dimensionalities). More
sophisticated techniques were also invoked to find the
extremumöthe method of steepest descent [12, 13] and
the simplex method [15].

In our work, the extremum of the function F was deter-
mined by the method of steepest descent, which involves the
following steps. An initial point fl �0�j g is chosen in the N-
dimensional space (the initial structure), and the gradient

HF �
�
qF
qlj

�
, j � 1; :::; N . (7)

is calculated at this point. Next, a small displacement (step)
is made along the gradient direction to increase F . The new
resultant point serves as the initial one for the step and so on,
until the next point finds itself in the vicinity of the maxi-
mum. However, difference calculation of the gradient (as
calculation of F at simplex points) requires N calculations
of the function F . Each of the computation times is also
proportional to N. A typically quadratic dependence of the
time taken to make a step on the number of layers in the
structure under optimisation is evident. Moreover, the num-
ber of required steps also increases with N, as a rule. These
factors limit the complexity of the problems under solution
and the quality of solutions obtained.

To reduce the power of the N-dependence of the compu-
tation time, we derived an analytical formula for the partial
derivatives of the amplitude reflectivity with respect to layer
thicknesses. Differentiation of recurrent relationships (1)
gives

qr0
qlj
� 2iKjrj exp

�
2i
Xj
k�1

Kklk

�

�
Yjÿ1
k�0

1ÿ ÿrFk �2�
1� rFk rk�1 exp�2iKk�1lk�1�

�2 . (8)

The gradient of the function F of the form (5) in the

N-dimensional space of the variables fljg has the form

qF
qlj
� 2Re

� �l2
l1

qr0�l�
qlj

�
r �0 �l� dl , j � 1; :::; N . (9)

The expressions for the gradient of the merit functions of
another type are obtained in a similar way. The use of ana-
lytical expressions (8) reduces the N-dependence of the step
time to a linear one, resulting in the increase in the compu-
tation rate by about a factor of N=5. The process
convergence was monitored and served as guide for termi-
nating the optimisation. The numerical experiments were
controlled via a programme graphic interface. The AMS
computation time depended primarily on the number of
layers and ranged from several seconds to several hours
when using a Pentium 200 Hz PC.

The option of parametric structure optimisation was also
provided for. In this case, the layer thicknesses fljg were
treated as analytical functions of several parameters and
the discrete variable j.

3. Normal-incidence AMSs with a broad
reflection spectrum
We determine the potentialities of an AMS for expanding the
reflection band and increasing the integral reflectivity

J�l1; l2� �
�l2
l1

R�l� dl

at normal incidence in the l > 130 Ð range, where a Mo/Si-
based structure is efficient. In the first series of calculations,
the domain of definition of Fgf was successively expanded
from the point l � 160 Ð to the 130 ^190 Ð interval. The
results of this series were compared with a periodic structure
optimised in the structure parameters d and g for maximum
reflectivity at l � 160 Ð (see Table 1, Version 1). The reflec-
tivity of this structure had the shape of an asymmetric bell of
width Dl1=2 � 9:8 AÊ (FWHM).

The aperiodic structure optimised for maximum reflectiv-
ity at l � 160 AÊ did not provide any tangible gain in
comparison with the periodic structure. Successive extension
of the domain of definition of the Fgf (Versions 2 ^ 4) led to a
decrease of the peak reflectivity Rmax and a wavelength shift
of the peak (Fig. 1). In the process, the bell-like shape was
gradually abandoned, deep dips appeared in the R(l) profile,
and the integral reflectivity in the 120 ^ 200 AÊ interval
increased. The AMS optimised for maximum J exceeded
the periodic one by nearly a factor of two in J. The like
AMSs can be validly used, for instance, in those cases where
maximum SXR flux from a broadband source must be
formed.

Table 1. Reflection characteristics of theMo/Si-based AMSs.

Version No. Figure Fgf y
�
8 Domain of definition of Fgf

�
AÊ Rmax (%) J

�
AÊ in the interval

130 ± 190 AÊ 120 ± 200 AÊ 120 ± 360 AÊ

1 1,Â 1.0 0 160 65 7.81 7.99 ±

2 1,b 1.0 0 152.5 ± 167.5 59 9.75 9.98 ±

3 1,c 1.0 0 145 ± 175 47 11.64 11.97 ±

4 1,d 1.0 0 130 ± 190 37 14.77 15.49 ±

5 2 0.24 0 130 ± 190 24 13.83 15.72 18.91

6 3 0.16 0 130 ± 300 21 ± 11.49 29.46

7 4 0.34 41 130 ± 190 36 19.67 22.92 ±
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The existence of dips in the R(l) profile in Version 4
makes this structure unsuitable for some applications (e.g.,
for recording line spectra). Therefore, in the subsequent cal-
culations, our intention was to find structures with a constant
magnitude of R(l). To this end, the goal function Fgf was
reduced to such a level that the area beneath it was equal
to the corresponding value of J attained in the previous series
of calculations. Moreover, F was changed so as to make
strong excursions of theR(l) curve from Fgf disadvantageous
[by using quadratic norm (6)]. When Fgf was preassigned at
the level of 0.24 on the 130 ^190 Ð interval, we succeeded in
deriving an AMS with a nearly constant reflectivity (Table 1,
Version 5; Fig. 2). Note that this structure is nearly equal to
that of Version 4 in integral reflectivity on the 130 ^190 Ð
interval; in the 120 ^ 200Ð interval, it is even superior to
that of Version 4 in J. This MM can fulfil the function of
focusing radiation in a diffraction spectrometer with an oper-
ating range of about 60 Ð in width. The existence of the L-
edge of absorption in Si (indicated by the LSi arrow in
Fig. 2) lowers the efficiency of Mo/Si-based MMs in the
l < 125 Ð range and makes it impossible to extend the oper-
ating range towards shorter wavelengths.

Similar results are also obtained in the 130 ^ 300 Ð inter-
val (Table 1, Version 6; Fig. 3). In this case it was possible to
find an AMSwith an average reflectivity of about 15% and an
integral reflectivity J (130 ^ 300 Ð) = 25.4 Ð.

4. Broadband AMS-based polarisers
Multilayer structures with a broad reflection spectrum prove
to be broadband polarisers as well. The issue of polarisance
of periodic Mo/Si MMs in the l � 170 Ð range was studied
theoretically and experimentally [5, 6, 21, 22]. For the
above MMs, the peak of the polarisance, defined as P �
(Rs ÿ Rp)� (Rs � Rp)

ÿ1, was attained near the incidence
angle y � 418. Wavelength tuning is effected by changing
the angle of incidence and is attained at the expense of a
lowering of the polarisance, which limits the tunabilty range.

The use of two successive reflections from two similar
MMs somewhat extends the operating range but results in
a reduction of the net reflectivity. Here, we propose a new
type of an x-ray optical element ö a polariser which ensures
a high polarisance for a fixed angle of incidence in a rather
broad wavelength range. Fig. 4 shows the polarisance P (l)
and the reflectivity for s-polarised radiation Rs(l) for three
AMSs optimised for uniform reflectivity in the ranges 88 ^
124 Ð (Rh/B4C, y � 42:58), 130 ^190 Ð (Mo/Si, y � 418),
and 190 ^ 300 Ð (MoSi2/Si, y � 41:58). One can see that
P (l) of the Mo/Si-based polariser varies from unity to
0.94 in the entire operating range (130 ^190 Ð) and decreases
to 0.88 towards l � 200 Ð. Both in reflectivity and the width
of the operating range, this single-mirror polariser is superior
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Figure 1. Reflectivities of Mo/Si MMs (N � 80) in the 120 ^ 200 Ð inter-
val: the periodic structure optimised in parameters d and g for maximum
R(l) at l � 160 Ð (a); theAMSs optimised for maximumJ on the interval
152.5 ^167.5 (b), 145 ^175 (c), and 130 ^190 Ð (d).
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Figure 2. Reflectivity (a) and layer thicknesses (b) of the AMS (Mo/Si,
N � 80) optimised for minimum departure of R from the level 0.24 in the
130 ^190 Ð interval (Table 1,Version 5).
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Figure 3. Reflectivity of the AMS (Mo/Si, N � 80) optimised for mini-
mum departure of R from the level 0.16 in the 130 ^ 300 Ð interval
(Table 1, Version 6; 1 ) and of the AMS derived inVersion 5 ( 2 ).
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Figure 4. Reflectivity for s-polarised radiation (1 ^ 3 ) and polarisance
( 4 ^ 6 ) of the three AMSs optimised for uniform reflection in the ranges
88 ^124 Ð (Rh/B4C, y � 42:58, N � 120; 1, 4 ), 130 ^190 Ð (Mo/Si,
y � 418,N � 40; 2, 5 ), and 190 ^ 300 Ð (MoSi2/Si, y � 41:58,N � 20; 3,
6 ). The MM polariser for the 130 ^190 Ð range corresponds to Version 7
of Table 1.
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to the two-mirror polariser of Ref. [22] intended for the same
range.

Reasonably good results in the shorter wavelength range
are furnished by the Rh/B4C pair (Fgf � 0:14) and in the lon-
ger wavelength range by the MoSi2/Si pair (Fgf � 0:124). As
with broadband normal-incidence MMs, an increase in
reflectivity can be attained only by sacrificing the width of
the operating range.

5. Multilayer structures with isolated reflection
maxima
In some special cases, there is a demand for MMs that
simultaneously select several wavelength intervals rather
than one. For instance, in the spectroscopic studies of ele-
mentary processes involving multiply charged ions and in
plasma diagnostics, the intensities and the spectral shapes
of the Balmer series lines of ion C vi with wavelengths
l � 182 Ð (the 3 ! 2 transition, the Ha line) and 135 Ð
(4 ! 2, Hb) are of particular interest. To determine the
AMS possessing the relevant reflectivity, the Fgf function
was defined at the two points: l1 � 135 and l2 � 182 Ð.

The wavelength dependence of the reflectivity of the AMS
obtained in this case is plotted in Fig. 5. The respective peak
reflectivities are 61% and 43% against 74% and 53% for the
two different periodic structures optimised for maximum
reflectivities at l1 and l2. The integral reflectivity of the resul-
tant AMS is 10.3 Ð, which exceeds those of the periodic ones
by, respectively, the factors of 1.77 and 1.20.

6. Optimisation of a Mo/Si structure for
maximising peak reflectivity

As mentioned above, defining Fgf at only one point makes
it possible to optimise an AMS as regards to its peak reflec-
tivity. It turned out that the AMS optimised for peak
reflectivity at l � 160 Ð was only insignificantly (by 0.05
%) superior to the periodic one optimised in the g and d
parameters to attain maximum reflectivity at this wavelength.
In the l > 200 Ð range, the AMSs were capable of furnishing
a substantial gain. This effect is accomplished primarily by
varying the thickness of only one (upper) layer. At
l � 300 Ð, for instance, the peak reflectivity of the optimum
AMS was 1.3 times that of the periodic one. In this case, it is

possible to restrict ourselves to a significantly smaller number
of layers (Fig. 6).

7. Grazing-incidence AMSs for the hard x-ray
range
From the standpoint of multilayer optics design, the hard x-
ray range has several specific features caused by the relative
smallness of d and b. Here, the high efficiency of multilayer
optics is attained by using small (grazing) angles of inci-
dence. (These angles are nevertheless much higher than
those which provide `total external reflection' from a thick
layer of the material in the same spectral region.) The second
feature is that the requisite number of layers increases mark-
edly in many cases.

The capabilities of the technique for optimising AMSs for
the hard x-ray range will be demonstrated by the example of
the following problem. It is necessary to calculate AMSs,
made of different pairs of materials, which possess maximum
uniform reflectivity in the 15 ^ 25 keV range. An AMS
obtained by parametric optimisation served as the initial
approximation. To this end, the simplex method was emp-
loyed to search for the maximum of precisely the same
merit function which was intended for use in global optimi-
sation. In the parametric optimisation, the dimensionality
of space was equal to the number of parameters and was
far less than the number of layers. A seven-parameter model
(A1,2, t1,2, d0, g0 and a) was profitably employed in the solu-
tion of this problem:

lj � gj
�
d0 �A1 exp�ÿZj=t1� �A2 exp�ÿZj=t2�

�
,

j � 1; :::;M,

gj �
g0 � aZj, even j;
1ÿ g0 ÿ aZj, odd j;

�
(10)

Zj �
Xj
k�1

lk.

Employing the structures, derived in model (10), as the initial
approximation resulted in a considerable reduction of the
time required for global optimisation, when the thicknesses
of all layers were treated as independent variables.

Fig. 7 shows the reflection spectrum of an AMS based on
the Ni/C pair (number of layers N � 800, grazing angle of
0.01 rad). The goal function was prescribed as the plato
Fgf � R0(E) � 0:22 on the 15 ^ 25 keV (0.496 ^ 0.827 Ð)
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R

Figure 5. Reflectivity of the AMS (Mo/Si, N � 80) optimised for maxi-
mum sum R(l1)�R(l2), where l1 � 135 Ð and l2 � 182 Ð ( 1 ), and of
the two periodic mirrors optimised for maximum R(l1) ( 2 ) or R(l2) ( 3 ).
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Figure 6. Reflectivities of the Mo/Si-based AMSs (1, 2 ) and the periodic
MMs ( 3, 4 ) optimised for maximum reflectivity at l � 300 Ð forN � 50
(1, 3 ) and 20 ( 2, 4).
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interval. Shown in Fig. 8 is the reflection spectrum of an Os/
C AMS (N � 140, 0.01 rad). The goal function was pre-
scribed as the plato Fgf � R0(E) � 0:24 on the same
interval. As regards integral reflectivity (JE � 2:17 and
2.25 keV), the structures derived are considerably superior
to any periodic MMs of the same range. For instance, a peri-
odicMM (Os/C,N � 200, 0.01 rad) optimised for maximum
reflectivity at E0 � 20 keV affords R(E0) � 0:92 and
JE � 0:66 eV. A periodic Os/C MM optimised for maxi-
mum JE in the 15 ^ 25 keV interval offers JE � 1:09 eV. In
this case, the reflectivity peak shifts to E0 � 16:8 keV and
R(E0) � 0:78.

8. On the required accuracy of reproducing the
layer thicknesses
The reflectivities of periodic MMs measured experimentally
are known to be somewhat below the calculated ones. This is
due to the existence of substrate and interlayer roughness,
the formation of transition layers, the departures of actual
layer densities from the tabulated values, and some other
reasons. One of these reasons is an imperfect reproducibility
of the layer thicknesses during the MM deposition process.
We compared the stability of the calculated R(l) functions
for periodic and aperiodic MMs with respect to randomisa-
tion of the layer thicknesses: lj � l �0�j � dlj, where dlj is a
random number with an r.m.s. value s.

A periodic structure with reflectivity peak at l � 135 Ð
and an aperiodic structure with a uniform reflection in the
130 ^190 Ð range were compared. It turned out that the
plot of R(l) experienced a substantial deformation beginning
with s � 3ÿ 4 Ð (in either case, the shape and the depth of
the deformations depend on a particular realisation of the set
{dlj} of random numbers). We therefore believe that the syn-
thesis of aperiodic MMs imposes the same requirements on

the reproducibility of layer thicknesses as the synthesis of
periodic ones.

9. Conclusions

A numerical technique was developed for determining multi-
layer structures possessing a given reflection spectrum or
optimised as regards to other functional criteria. A search
was made for structures with maximum integral reflectivity
or with maximum uniform reflectivity over a given wave-
length interval, structures with a high polarisance, those
with several reflection maxima, etc. It was determined that
the multitude of realisations of a Mo/Si-based AMS con-
tains structures exceeding the regular one in width of the
operating range, integral reflectivity, and peak reflectivity.

The search yielded AMSs with a constant normal-inci-
dence reflectivity in the 130 ^190 Ð (24%) and 130 ^ 300 Ð
(15%) ranges and AMSs with a high polarisance and a nearly
constant R throughout the 88 ^124, 130 ^190, and 190 ^
300 Ð intervals at oblique incidence at a fixed angle y �
41 ^ 438. AMSs with several isolated reflection maxima which
are not Bragg orders of each other were calculated. AMo/Si-
based mirror was calculated whose reflectivity at l � 300 Ð
exceeded that of the optimum periodic structure by one third.
The aperiodic multilayer mirrors are intended for control of
the parameters (divergence, polarisation, spectral composi-
tion) of SXR radiation beams and development of broad-
band stigmatic optical/spectroscopic instruments with a
high angular and spectral resolution.
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