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Abstract.  We review the works related to the development of aperi-
odic multilayer structures – optical elements for the soft X-ray 
range. The potentialities of aperiodic multilayer mirrors as regards 
reflection of soft X-ray radiation in a broad wavelength range, first 
and foremost at normal radiation incidence, as well as the capabili-
ties of broadband polariser mirrors are investigated. The results of 
multiparametric optimisation and experimental results for Mo/Si 
aperiodic mirrors (l ³ 12.5 nm) as well as calculations for several 
promising material pairs (Pd/Y, Ag/Y, etc.) for l £ 12.5 nm are 
outlined. The effect of transition layers on the reflectivity is consid-
ered, in particular by taking into account the smooth variation of 
the permittivity near interfacial boundaries. The use of broadband 
mirrors in laser-plasma spectroscopic experiments is discussed. 

Keywords: soft X-ray range, broadband multilayer mirrors, transi-
tion layers, aperiodic multilayer structures. 

1. Introduction

More than 30 years have passed since the first suggestion and 
implementation of the idea of an X-ray multilayer mirror and 
its consistent theoretical analysis [1, 2]. This period has seen 
the development of the methods of synthesis, characterisa-
tion, and calculation of the multilayer optics in a broad wave-
length range in the vacuum ultraviolet (VUV) and X-ray spec-
tral domains (~50 – 0.02 nm), which corresponds approxi-
mately to the photon energy range between 25 eV and 60 keV. 
In this case, the emphasis was primarily made on periodic 
multilayer structures capable of affording – for a fixed angle 
of radiation incidence – a rather high reflection coefficient in 
a relatively narrow wavelength interval. The reflection coef-
ficient of a periodic structure is at its maximum at a wave-
length l0 » 2d ánñcosq/m, where d is the structure period (i.e. 

the sum of the layer thicknesses of materials A and B, which 
alternate in the structure); ánñ is the value of refractive index 
averaged over the structure period; q is the angle of incidence; 
and m is the order of reflection. [Note that we are dealing with 
a binary structure {A/B}N; more complex structures, for 
instance ternary structures, are also considered in certain spe-
cial cases. At this point we omit transition layers with a mixed 
elemental composition, which inevitably make their appear-
ance at the interfaces, nor we discuss barrier layers purpose-
fully deposited in special cases to prevent the formation of 
excessively thick transition layers (see below).] 

Multilayer mirrors (MMs) based on periodic structures 
enjoy wide use in the spectroscopy of laboratory plasmas, 
X-ray astronomy, analytical instrument making, and the 
optics of laboratory VUV and X-ray radiation sources, 
including synchrotrons and free-electron lasers. 

Along with periodic multilayer structures, also of interest 
are aperiodic structures which are capable of satisfying other 
criteria than the attainment of a high reflection coefficient in 
a relatively narrow wavelength interval. In the class of aperi-
odic multilayer structures (MSs) it is possible to solve a num-
ber of optimisation problems which are of practical signifi-
cance in X-ray optics, including the optics of the soft X-ray 
(SXR) range [3]. Among these problems are, for instance, cal-
culation and fabrication of MSs which provide: (i) the highest 
possible uniform reflectivity throughout a given interval of 
wavelengths or angles of incidence; (ii) a high polarisance 
over a broad wavelength range for a fixed angle of radiation 
incidence; (iii) the highest possible reflection coefficient at one 
or several wavelengths; (iv) the highest possible integral 
reflectivity of a single mirror or the highest possible integral 
transmission coefficient for a system consisting of several 
sequentially arranged MMs, filters, etc. The inclusion of the 
phase of amplitude reflection coefficient (along with its mod-
ulus) permits determining the structures suitable for reflecting 
attosecond SXR pulses and manipulating their shape and 
duration [4, 5]. 

The idea of making a broadband multilayer mirror and 
treating the thicknesses of individual layers of the structure as 
independent variables (optimisation parameters) in the solu-
tion of a multiparametric optimisation problem was con-
ceived, presumably for the first time, in the solution of X-ray 
astronomy problems [6]. The authors of Ref. [6] set them-
selves the task to calculate the structures possessing the maxi-
mum integral reflection coefficient 
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in the wavelength ranges 30 – 60 nm (an Ir/Si structure) and 
10 – 30 nm (Pt/Si) at near-normal radiation incidence. More 
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recently, endeavours were undertaken to calculate and syn-
thesise Mo/Si-based structures possessing either the maxi-
mum integral reflectivity or the maximum uniform reflectivity 
in a given wavelength interval [7]. Specifically, a structure was 
found, which provided a uniform reflectivity R ~ 30 % in the 
15 – 17 nm range at normal radiation incidence. The problem 
of a MM capable of reflecting soft X-ray radiation at two 
wavelengths was also considered [8]. 

One cannot help mentioning the works dedicated to the 
development of MSs for a harder X-ray range. The feasibility 
of applying grazing-incidence multilayer optics in a 
Kirkpatrick – Baez telescope for hard X-rays was analysed in 
Ref. [9]. The authors reported the synthesis of a W/Si MM 
intended for the reflection of X-ray radiation with photon 
energies up to 69 keV (0.18 Å) at a grazing incidence angle of 
3 mrad. The MM period decreased monotonically with depth 
in the structure (the concept of a so-called supermirror). An 
analytical method and later a numerical algorithm [10] were 
proposed for calculating aperiodic mirrors with a given reflec-
tivity profile in the hard X-ray range. The works in this direc-
tion have found use, in particular, in synchrotron radiation 
optics [11]. 

Here our concern is primarily with the wavelength inter-
val 3 – 30 nm, which belongs to the soft X-ray range of the 
vacuum UV domain of the spectrum. As is commonly known, 
in this range it is possible to make rather efficient normal-
incidence periodic MMs. The multilayer structures that pos-
sess a high reflectivity at normal incidence are particularly 
valued, because focusing normal-incidence multilayer optics 
is capable of imaging in the SXR range, including dispersive 
spectral imaging. ‘Ordinary’ periodic MSs offer a relatively 
narrow (Dl1/2/l » 0.01 – 0.1) resonance spectral reflectivity 
profile, which makes them efficient instruments for construct-
ing mostly quasimonochromatic spectral images. However, 
there is also a demand for normal-incidence MMs capable of 
reflecting radiation in a broad spectral wavelength range 
without changing the angle of radiation incidence. In particu-
lar, there is a demand for stigmatic optical and spectral instru-
ments with a broad spectral operating band (of the order of 
an octave in wavelength, i.e. Dl/l ~ 1/2). This is possible with 
the employment of broadband (aperiodic) normal-incidence 
MMs in combination with diffraction gratings*, for instance, 
with a transmission grating (Fig. 1). Such an imaging diffrac-
tion spectrometer possesses simultaneously a broad spectral 
operating range, stigmatism, a large acceptance angle (~0.05 sr), 
and a high throughput for a spectral resolving power l/dl » 
200 – 1000, i.e. the combination of properties previously 
inherent in spectrometers of only the visible, UV, and partly 
VUV (l ³ 50 nm) regions. 

The areas of application of broadband aperiodic mirrors 
and their based instruments comprise: the investigation of 
elementary processes with participation of multiply charged 
ions carried out with the use of stigmatic imaging spectro-
graphs [12 – 20]; the diagnostics of plasmas, including laser-
driven microplasmas; recording of the high-order harmonic 
spectra of laser radiation; recording of the SXR radiation 
pulses generated by free-electron lasers [21] or other sources; 
reflection of attosecond SXR pulses and their duration con-
version [4, 5], etc. The task of maximising the integral trans-
mission coefficient for several sequential reflections in a sys-
tem of mirrors with the inclusion of filter transmittance 

emerges, in particular, in X-ray lithography. Recently, a 
Mo/Si MM optimised for maximum uniform reflectivity in 
the 12.5 – 25 nm range for normal radiation incidence was 
employed in experiments involving the conversion of Ti : sap-
phire laser radiation (l ~ 0.8 mm) to SXR radiation. The fre-
quency upconversion took place in the reflection from the 
relativistic plasma wave generated by a multiterawatt laser in 
a pulsed helium jet (a relativistic ‘flying mirror’) [22 – 24]. 
Optical schemes which rely only on normal-incidence mirrors 
are higher in value than grazing-incidence schemes, since they 
exhibit substantially lower aberrations and are therefore 
suited for the formation of optical images – provided, of 
course, it is possible to make the requisite aperiodic structures 
with sufficiently high reflection efficiency. 

For our first step we employed a molybdenum-silicon 
MS, which exhibits high reflectivity in the range l > 12.5 nm. 
Subsequently we plan to extend our approach to the domain 
below the L absorption edge of silicon (l < 12.5 nm), which 
necessitates the use of other material pairs. 

2. Calculation of aperiodic multilayer mirrors. 
Inclusion of transition layers

The numerical technique described in this Section enables 
optimising a multilayer structure for various criteria. Its effi-
ciency has been demonstrated in the optimisation of aperiodic 
MSs intended for operation in any subrange of the X-ray 
spectral range for different angles (including small grazing 
angles) of radiation incidence, even though the number of 
structure layers may be quite large (~103). The principal goal 
(but not the sole one) of our calculations was the quest for 
aperiodic MSs with as broad as possible a uniform reflection 
band. 

Consider a multilayer structure {lj}, j = 1,  . . . , N, consisting 
of N alternating layers characterised by complex permittivities 
of the form 1 in, , , ,A B A B A B A B

2e d b= = - + . For materials con-
sisting of atoms of one sort, the optical constants dA,B and bA,B 
are related to atomic scattering factors  f = f1 + if2 by the formula 
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where r0 = e2/(mec2) ≈ 2.8. ´ 10–13 cm is the classical electron 
radius; N is the atomic number density; m is the atomic mass; 
la is expressed in Angstroms and the material density r in 
grams per cubic centimetre. When the material comprises 

* Construction of dispersed spectral images is also possible with multi-
layer reflection diffraction gratings. The case in point is a concave dif-
fraction gratings with a multilayer structure deposited on top of it.
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Figure 1.  Schematic diagram of an imaging (stigmatic) spectrometer: 
( 1 ) source (laser plasma); ( 2 ) input spectrometer slit; ( 3 ) multilayer 
mirror mounted at near-normal radiation incidence; ( 4 ) free-standing 
transmission grating; ( 5 ) focal surface.
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atoms of several sorts, there applies a more general expres-
sion:
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where ai is the fraction of the atoms of sort i. The data about 
atomic scattering factors for elements with atomic numbers 
from 1 to 92 in the 10 eV – 30 keV photon energy range are 
available from the literature [25]. 

The layer thicknesses lj  are, generally speaking, different. 
Unlike a periodic structure, the sum thicknesses of adjacent 
layer pairs are not assumed to be constant with depth in the 
structure: l1 + l2 ¹ l3 + l4 ¹ . . . . The optical path lengths for 
neighbouring layer pairs are, generally speaking, not equal, 
either:  l1nA + l2nB ¹ l3nA + l4nB ¹ . . . . Furthermore, the exis-
tence of a structure period in any sense is not a priori assumed. 

The structure reflection coefficient Rs,p(l, q) for s- and 
p-polarised radiation incident at an angle q (the direct prob-
lem of multilayer optics) was calculated by the method of 
recurrent relations described in the literature [26, 27] and 
repeatedly used by several authors. The problem of finding 
the aperiodic MS which best satisfies some preassigned crite-
rion will be referred to as the inverse problem of multilayer 
optics or the aperiodic MS (AMS) optimisation problem. A 
goal function Fgf was specified for Rs,p(l, q0) or Rs,p(l0, q) (the 
subscript ‘0’ signifies that the angle of incidence or the wave-
length are fixed). The goal function may be specified on some 
interval of wavelengths or angles of incidence as well as on 
several isolated intervals. We introduce the norm of departure 
of the reflection coefficient from Fgf (the merit function F ), 
which is calculated in the definition domain of Fgf and treated 
as a function of N variables {lj}. Then, a numerical technique 
is employed to find the AMS by minimising the functional F 
= ò[R(l) – Fgf] 2md l  (m = 1, 2, . . .). The functions Fgf and F are 
selected proceeding from the nature of the problem under 
solution and predetermine the optimisation result. In this 
case, the number of optimisation parameters is equal to the 
number of layers in the aperiodic structure. To find the extre-
mum of the F functional, advantage was taken, in particular, 
of a genetic algorithm and the method of steepest descent. To 
decrease the power of the dependence of the computation 
time on N, an analytical formula was derived for the partial 
derivatives of the amplitude reflection coefficient with respect 
to layer thicknesses [3].

We concerned ourselves primarily with multilayer struc-
tures and mirrors suitable for operation as the focusing ele-
ments of a spectrometer with a broad spectral operating 
range. The aperiodic MSs of this kind were optimised to 
achieve the highest uniform reflectivity over the prescribed 
wavelength range by minimising the functional 
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The computed aperiodic MSs possess, as a rule, a substan-
tially higher integral reflection coefficient in comparison with 
any periodic mirror whose resonance reflection peak is 
located in the same wavelength interval. Periodic structures 
served as the initial structures in the solution of these optimi-
sation problems. In this case, it turned out different initial 
structures may lead to practically equipollent (from the opti-
misation criterion standpoint) solutions, despite the fact that 

their corresponding (optimised) AMSs were substantially dif-
ferent in layer thickness sets lj. At the same time, the question 
of finding the absolute (global) minimum of F remained an 
open question. 

In the calculation of reflection characteristics of MMs, 
account should be taken of the possible imperfections of the 
fabricated MSs themselves. Among the variety of observed 
defects (the presence of impurities, departure of layer densi-
ties from the tabulated values, the state of the MS surface, 
etc.), of paramount importance in impairing the optical char-
acteristics of an MS are its interphase roughness and transi-
tion layers. When individual layers are deposited by sputter-
ing techniques (ion-beam, magnetron, triode sputtering, etc.), 
the substrate roughness is, as a rule, reproduced in the coat-
ing, and therefore today the availability of substrates with a 
roughness smaller than 2 Å permits regarding the roughness 
problem as being of minor importance. However, the exis-
tence of transition layers, which result from interdiffusion in 
the MS fabrication, has a consequence that the permittivity of 
pure materials A and B varies from eA to eB over the thickness 
of transition layer. The degree of mixing and the composition 
of transition layer depend on the technique and conditions of 
Mo/Si MS fabrication, and the thickness of transition layer 
may vary from 6 – 12 Å [28] to 30 Å [29] and its composition 
from MoSi2 [30] to Mo5Si3 [31]. In our case, as the data of 
transverse-section electron microscopy suggest [12 – 20], in 
the Mo/Si structure the Mo-on-Si transition layer thickness is 
equal to about 12 Å  and the Si-on-Mo transition layer thick-
ness is equal to about 6 Å (Fig. 2) when the underlying Mo 
layer thickness is not less than ~20 Å, the elemental composi-
tion of transition layer being close to the silicide MoSi2 [28]. 

The inclusion of transition layers in a periodic structure 
lowers the peak reflection coefficient by several percent. 
Specifically, in the Mo/Si periodic structure optimised for 
maximum reflectivity at l = 13.5 nm in Mo-layer-to-period 
ratio, the inclusion of transition layers results in a lowering of 
the peak reflection coefficient from 74.6 % to 71.6 %. A more 
realistic description of the effect of transition layers on the 
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Figure 2.  Electron microscope image of the transverse section of a peri-
odic Mo/Si MS with a period of 153 Å, which shows the existence of 
transition layers between the layers of amorphous silicon (a-Si) and 
crystalline molybdenum (c-Mo).
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structure reflectivity takes into account the smooth character 
of permittivity variation at the interface. This inclusion is 
mathematically achieved, for instance, by way of multistep 
approximation of the transition using a linear interpolation 
of e. Figure 3a shows the reflectivity profile of a periodic MM 
(Mo/Si, l0 = 13.5 nm) with and without the inclusion of tran-
sition layers; shown in Fig. 3b is the behaviour of the peak 
reflectivity when the difference eMo – eSi is approximated by a 
variable number of steps as well as when the transition layer 
is approximated by a layer with the stoichiometry of silicide 
MoSi2. One can see that the peak reflectivity slightly increases 
and tends to a constant value with increase in the number of 
steps. This limiting value is approximately 1 % higher than the 
value obtained when the transition value is included in the 
form of the silicide MoSi2. 

In the optimisation we introduced a programmable limit 
on the minimal layer thickness. This stems from the necessity 
to eliminate physically absurd solutions (a layer thickness 
may not be smaller than the dimension of an atom or a mol-
ecule) and improve the stability of the reflectivity of the MS 
being synthesised relative to the formation of transition layers 
(ideally, the thicknesses of ‘pure’ substance layers should far 
exceed the thicknesses of transition layers). An empirical rule 

was determined, whereby imposing the lower bound for a 
layer thickness at about a level of  lmin/4 (lmin is the short-
wavelength bound of optimisation interval) does not entail an 
appreciable lowering of the attainable (uniform) reflection 
coefficient. 

3. Broadband molybdenum-silicon mirrors 
for dispersion spectroscopy

Calculated at the first stage was an aperiodic MS (40 Mo/Si 
layer pairs).The thicknesses {li} of all 80 layers of Mo and Si 
were treated as independent variables (optimisation parame-
ters). The existence of MoSi2 transition layers, which were 
formed in the structure synthesis, was also taken into account. 
Their thicknesses were assumed to be fixed and equal to 12 Å 
(Mo-on-Si) and 6 Å (Si-on-Mo). The structure of this type 
(Si/MoSi2/Mo/MoSi2 . . . Si/MoSi2/Mo/MoSi2/Substrate) was 
optimised to achieve the highest possible uniform reflectivity 
throughout the 12.5 – 25 nm interval at normal radiation inci-
dence. The result of optimisation is shown in Fig. 4: the layer 
thicknesses of the optimal aperiodic MS (Fig. 4a) and its cal-
culated reflection coefficient in the 12.5 – 30 nm range 
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Figure 3.  Calculated reflection coefficient of the Mo/Si periodic multi-
layer structure (150 layers) optimised for maximum reflection coeffi-
cient at l = 13.5 nm without the inclusion of transition layers (the dot-
ted curve), with the inclusion of one transition layer with e = (eMo + 
eSi)/2 (solid curve) or a smooth transition of e from eMo to eSi, i.e. for 
n ®¥ (dashed curve) (a). Calculated peak reflectivity without the inclu-
sion of transition layers (), with the inclusion of transition layers in the 
form of silicide MoSi2 of thickness 6 Å (Si-on-Mo) and 12 Å (Mo-on-Si) 
(), as well as approximation of the smooth transition of e by a different 
number of intermediate steps n (b). 
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Figure 4.  Layer thicknesses of Mo ( 1 ), Si ( 2 ), and transition (Mo-on-Si) 
( 3 ) and (Si-on-Mo) ( 4 ) layers of the aperiodic MS optimised for maxi-
mum uniform reflectivity in the 12.5 – 25 nm interval (the thicknesses of 
transition layers are fixed, the layer numbering increases downward 
from top to substrate) (a). Calculated reflection coefficient of this aperi-
odic MS in the 12 – 30 nm range at normal radiation incidence ( 1 ). 
Shown for comparison are the reflection coefficients of periodic MMs 
optimised for maximum reflection coefficients at wavelengths of 20 ( 2 ), 
16 ( 3 ), and 13.5 nm (4) (b).
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(Fig. 4b). The integral reflectivity of this structure taken over 
the 12.5 – 25 nm interval is equal to 1.97 nm and to 2.32 nm 
when taken over the 12.5 – 30 nm interval. In this case, the 
reflection coefficient averaged over the 12.5 – 25 nm optimisa-
tion interval is equal to 15.8 %. Without the inclusion of tran-
sition layers, the average reflection coefficient of the corre-
sponding optimised AMS is equal to 17.2 %, i.e. the relative 
lowering of the ‘plateau’ level is equal to 8 %. 

Next the MSs corresponding to the calculated ones were 
deposited on concave spherical substrates by argon ion sput-
tering of targets in vacuum (National Technical University 
‘Kharkov Polytechnic Institute’, KhPI). The synthesised 
MMs were investigated at the KhPI from the reflection of 
radiation with a wavelength of 1.54 Å at grazing incidence; at 
the Institute for Physics of Microstructures (IPM), Russian 
Academy of Sciences (RAS), their reflectivity was measured 
at several wavelengths in the operating range (12.5 – 30 nm) at 
normal radiation incidence; at the P.N. Lebedev Physical 
Institute (LPI), RAS, the uniformity of reflection was esti-
mated using a broadband laser-plasma source of VUV and 
SXR radiation. The synthesised MS proved to be sufficiently 
close to the calculated one and the relative uniformity of the 
reflection coefficient was equal to ~15 % [12  –15]. It is note-
worthy that the reflection coefficient in the long-wavelength 
part of the operating range (25 – 30 nm) turned out to be 
somewhat higher than the calculated one.

These aperiodic MSs deposited on concave fused silica 
substrates of radius 1 or 0.5 m with a surface roughness of 
3 – 5 Å were repeatedly employed to record space-resolved 
plasma spectra with the use of spectrographs represented 
schematically in Fig. 1. Below we cite several examples that 
demonstrate the virtues of this imaging (stigmatic) spectro-
graph. 

We estimated the spatial, spectral, and temporal charac-
teristics of the debris-free SXR radiation source excited in a 
pulsed xenon jet in vacuum [16 – 18]. In the experiment we 
recorded: the resultant plasma spectrum in the 12.5 – 25 nm 
range; quasimonochromatic plasma images formed by the 
radiation with l » 13.5 and 18 nm; the absolute intensity of 
emission at these wavelengths as well as the temporal shape of 
quasimonochromatic SXR radiation pulses. Figure 5 shows 
the image of xenon plasma formed by its 13.5-nm radiation, 
which was recorded using a periodic MM with the reflectivity 
peak at l » 13.5 nm in combination with a free-standing mul-
tilayer Zr/Si absorption filter. About one hundred spectral 
lines and unresolved line groups were observed in the xenon 
spectrum in the 12.5 – 25 nm range. Figure 6 shows one of Xe 
spectrograms with indication of several identified lines 
belonging to the ions Xe VIII – Xe X. The maximum of Xe 
emission spectrum falls on the 14.5 – 17 nm region. The 
decrease in the emission intensity for l < 14.5 nm is due to the 
photoabsorption in the relatively cool periphery of the xenon 
jet, which surrounds the plasma volume responsible for the 
SXR emission. This is borne out, in particular, by the fact 
that the short-wavelength intensity decrease in the spectrum 
changes under variation of the laser beam axis position rela-
tive to the jet axis; changed in this case is the thickness of 
absorbing layer along the line of sight. This absorption may 
be so strong that the radiation with wavelengths shorter than 
15 nm emanating from the central part of the plasma column 
is almost completely absorbed, only the emission from the 
upper and lower parts of the column being observable. The 
observed ‘splitting’ begins in the l ~16 – 17 nm region and 
increases with decreasing wavelength to become as large as 

1.3 mm – the jet diameter at the base at a distance of 0.5 mm 
from the nozzle. Shown at the bottom of Fig. 6 is the calcu-
lated transmittance of a 0.5-mm thick layer of neutral xenon 
with a density of 2.2 ´ 1018 cm–3 ( p = 0.09 atm). One can see 
that the absorption becomes stronger with decreasing wave-
length from 20 to 12.5 nm, where the optical thickness t = 
manXe Ir » 3 ( ma is the photoabsorption cross section, nXe I  is 
the density of XeI atoms, and r is the jet radius). The strong 
photoabsorption in the range of interest is primarily due to 
photodetachment of a 4d-electron in neutral Xe I. (The 
4d-electron binding energy in neutral xenon is equal to 69.5 
eV, which corresponds to a wavelength of 17.8 nm.) Therefore, 
the stigmatism of the spectrometer enabled demonstrating the 
role of reabsorption in the formation of the spatio-spectral 
picture of the emission intensity of the laser-plasma SXR 
source excited in a Xe jet in a vacuum. 

We carried out the spectroscopic investigation of the 
charge exchange of multiply charged ions of laser plasma with 
the atoms of a rare-gas jet in a vacuum [19, 20]. The laser 
plasma was produced by irradiating solid targets with the out-
put pulses of a neodymium-doped yttrium orthoaluminate 
crystal laser (Nd : YAlO3, 0.5 J, 6 ns, 1.08 mm). The axis of the 
gas jet was parallel to the plane target and passed at a distance 
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Figure 5.  Quasi-monochromatic image of xenon plasma produced by 
the radiation with a wavelength of 13.5 nm, which was recorded using a 
periodic MM with a reflectivity peak at  l » 13.5 nm in combination 
with a free-standing multilayer Zr/Si absorption filter (shown conven-
tionally at the left is the nozzle of gas valve). The emission region has a 
bell-shaped intensity peak with dimensions (FWHM) of 1.45 mm along 
the laser beam axis and 0.24 mm in the transverse direction.
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Figure 6.  Spectrogram of Xe emission with indication of several identi-
fied lines belonging to the ions Xe VIII – Xe X and transmittance of a 
0.5-mm-thick Xe layer with a density of 2.2 ´ 1018 cm–3.
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of ~1 cm from it (Fig. 7). The multiply charged ion flux pro-
duced by focusing the nanosecond laser pulses on the solid 
target was directed onto the supersonic jet to give rise to the 
charge exchange in the interaction with the jet. The field of 
view of the spectrograph amounted to 20 mm vertically and 
covered both the region of laser-plasma emission and the 
charge-exchange region, making it possible to record the spa-
tial picture of the plasma – gas interaction. The distance 
between the axis of the plasma plume cone and the axis slit 
was equal to 15 mm; in view of the spectrograph acceptance 
angle this gives an SXR radiation detection field of width 
0.75 mm. The simultaneous recording of a large number of 
spectral lines in the charge-exchange region enabled acquiring 
information about the distribution of charge-exchange prod-
ucts over the ion charge states and energy levels. 

In the irradiation of a boron target we recorded the 
charge exchange of B5+ nuclei with He, Ne, and Xe atoms 
(with ground-state ionisation potentials of 24.6, 21.6, and 
12.1 eV), which was attended with the population of the 
excited states of hydrogen-like B V ions with n = 3, 4, and 5 
(Fig. 8a). The experiment involved the recording of the spec-
tral lines arising from Balmer series transitions Ha (3 ® 2, l 
= 26.24 nm), Hb (4 ® 2, l = 19.44 nm), and Hg (5 ® 2, l = 
17.35 nm). The partial charge-exchange cross sections were 
estimated from the relative intensities of the Balmer lines 
(with the inclusion of cascade radiative transitions) (Fig. 
8b). As the ionisation potential of donor atoms lowered, the 
‘centre of gravity’ of charge exchange shifted towards higher 
n, which reflected the quasiresonance nature of the charge 
exchange. Also, in Ref. [20] an investigation was made of the 
multielectron charge exchange of fluorine ions with Ne 
atoms. For a laser target, in the experiment use was made of 
a rotatable LiF disc, the lines of Li ions facilitating identifi-
cation of the spectrum. Figure 9 shows the spatio-spectral 
picture of the charge exchange recorded in the experiment 
with a sharp focusing of the laser beam (i.e. with high ion 
multiplicities in the laser plasma). The vertical axis gives 
information about the spatial distribution of the radiating 

ions along the distance from the target surface and the hori-
zontal axis is the dispersion axis. One can see that the emis-
sion spectra in the plasma production region and in the 
charge-exchange region are radically different. 

Recently a broadband Mo/Si MM optimised for maxi-
mum uniform reflectivity in the 12.5 – 25 nm range was 
employed to record the SXR spectra of the radiation reflected 
from a relativistic ‘flying mirror’ [22 – 24]. In this experiment 
use was made of a slitless version of the SXR spectrograph 
depicted in Fig. 1. Figure 10 shows the spectrum recorded in 
the reflection of a femtosecond Ti : sapphire laser pulse from 
the relativistic plasma wake wave (the flying mirror) driven by 
the femtosecond pulse of a multiterawatt laser. The visible-to-
SXR radiation conversion takes place due to the double 
Doppler effect. The SXR radiation emanates from the domain 
of diameter ~16 mm, which approximately corresponds to the 
focal spot dimension (in a vacuum) of the driving multiter-
awatt laser radiation. 

4. Broadband multilayer mirrors in the region 
l £ 12.5 nm

Advancement below the Si L edge, i.e. to the region of wave-
lengths shorter than 12.5 nm, calls for the use of material 
pairs other than Mo/Si. An analysis of the optical constants 
of elements showed that the best results were to be expected 
from uranium-containing multilayer structures (naturally, the 
case in point is depleted uranium, which is composed primar-
ily of 238U). We carried out calculations of different aperiodic 
MSs in the range 6.7 – 11.1 nm, which rely on the optical con-
stants of pure materials. Specifically, they show that an aperi-
odic U/B4C multilayer structure is capable of affording a uni-
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Figure 7.  Mutual arrangement of laser-plasma expansion cone and the 
rare-gas jet: ( 1 ) rotatable target; ( 2 ) lens, which focuses laser radiation; 
( 3 ) laser plasma; ( 4 ) nozzle of a pulsed gas valve; ( 5 ) gas jet (the dashed 
lines limit the field of view of the spectrograph).
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form reflectivity of ~7.5 % throughout the 6.7 – 11.1 nm inter-
val and a U/C structure a reflectivity of ~4 % throughout the 
4.4 – 7 nm interval. Quite good results might be expected from 
the La/B4C pair (~4.2 %) in the 6.7 – 11.1 nm region.

Several papers are concerned with the optical properties 
of uranium-bearing mirrors [32 – 34]. At the same time, to our 
knowledge there are no reports in the literature about the syn-
thesis of stable MMs with the nanolayers of chemically pure 
uranium. This is hindered by the high chemical activity of 
uranium (it oxidises and becomes friable, unless the uranium 
film is under ultrahigh vacuum conditions). In the analysis of 
the problem of fabrication of stable MMs based on uranium-
bearing materials, the authors of Ref. [35] arrived at a conclu-
sion that for the l > 4.5 nm range it is expedient to make use 
of uranium carbides (UC, U2C3) and may be of a three-com-
ponent substance of the type (UC)1–x(UN)x. However, it is 
evident that the advantage of uranium as the bearer of favour-
able optical constants will wane as the fraction of uranium 
atoms in the uranium-containing layer is made smaller. The 
synthesis of periodic La/B4C(B9C) MMs for a wavelength of 
~ 6.7 nm has been reported [36, 37]. However, their reflec-
tivities at normal incidence turn out to be substantially lower 
than the theoretical limit, which is attributable to the forma-
tion of relatively thick transition layers. 

Good results are furnished by beryllium-containing MMs. 
The synthesis of a periodic Mo/Be mirror (70 periods) with a 
reflectivity of 68.7 % at a wavelength of 11.3 nm has been 
reported [38]. Calculations suggest that one might expect a 
normal-incidence reflectivity of ~0.2 throughout a 11.1  – 13.5 
nm band from broadband aperiodic beryllium-containing 
MMs (23 % from Rh/Be and 20 % from Mo/Be MMs). 
Unfortunately, beryllium-containing MMs are efficient only 
down to the K absorption edge of Be (about 11.1 nm). 

This state of affairs has impelled us to resume the quest 
for material pairs suited for the fabrication of efficient aperi-
odic MMs for the wavelength region below ~13 nm. We 
therefore set ourselves the goal of elucidating the possibility, 

in principle, of fabrication of broadband normal-incidence 
mirrors in the l < 13 nm domain and calculating their highest 
performance characteristics determined by the optical con-
stants of the corresponding elements. In doing this we operate 
on the premise that technological problems, should they 
emerge in the path of synthesis of these mirrors, will be over-
come, much like the difficulties encountered in the making of 
stable Mg/Si MMs, by way of introduction of barrier layers to 
prevent the interdiffusion of the main layer materials of the 
structure [39]. 

Attempts to formulate an analytical criterion indicating 
the optimal material pair for the solution of the problem in 
hand do not meet with success. The final judgement is reached 
proceeding from numerical solutions. However, it is well 
known that the reflection from each interface becomes stron-
ger with increasing the difference between d and b of the cor-
responding substances. That is why there is good reason to 
select for the MMs the pairs of materials with a high reflectiv-
ity at their interface and not-too-high an absorption coeffi-
cient, so that the effective number of interfering beams is high 
enough. 

We analysed the optical constants of 18 materials (Y, Zr, 
Nb, Mo, Ru, Rh, Pd, Ag, Si, B4C, C, Ti, Co, W, Ni, Cr, Sb, 
Sc), which are void of absorption edges in the 8 – 12.5 nm 
range, and selected the most promising ones for the fabrica-
tion of MMs in this domain. The real part of the refractive 
index of palladium departs significantly from unity in com-
parison with other elements, while the imaginary constituent 
is not too large in the domain of interest, which underlies the 
choice of palladium as the first MM component. Y and B4C 
are best suited for the second component. Numerical experi-
ments suggest that Pd/Y and Ag/Y are the best material pairs 
for the fabrication of MMs in the spectral domain specified 
above.

Figure 11 shows the calculated reflection coefficients of 
different periodic MSs optimised for maximum normal-inci-
dence reflectivity at a wavelength of 9 nm (without inclusion 
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of transition layers and substrate roughness). The best results 
are to be expected from the pairs Pd/Y (62 %), Ag/Y (62 %), 
Rh/Y (60 %), and Pd/B4C (58 %). The number of MS levels 
was selected in such a way as to achieve the effect of satura-
tion. The values of the peak reflection coefficient, the spectral 
width (FWHM) of reflection peak, and integral reflection 
coefficient I l  taken over the 8 – 10 nm range are collected in 
Table 1 for several MSs. 

In the calculation of broadband MMs, all layer thick-
nesses were the optimisation parameters. The long-wave-
length bound of optimisation domain was fixed at l = 13 nm, 
while the position of the short-wavelength bound was varied. 
The Ag/Y and Pd/Y structures optimised for maximum uni-
form reflectivity in the 9 – 13 nm range at near-normal inci-
dence (5°) afford respective reflectivities of 11.5 % and 11.4 %. 
Shifting the short-wavelength bound to 8.5 nm lowers the 
attainable uniform reflection coefficients of these structures 
to 9.5 % and 9.2 %. In the 8 – 13 nm range the optimised Ag/Y 
structure is capable of affording a uniform reflection coeffi-
cient of 7.2 %. The Rh/Y structure affords R    = 8.0 % in the 
9 – 13 nm range, and the Pd/B4C structure gives R    = 8.8 % 
(Fig. 12). The integral reflection coefficient (I l  = òR(l)dl) 
taken over the 7.5 – 15 nm for the Ag/Y structures optimised 
for maximum uniform reflectivity in the 9 – 13, 8.5 – 13, and 
8 – 13 nm intervals amounts to 0.517, 0.495, and 0.396 nm, 
respectively. The values of uniform reflection coefficient in 
the specified optimisation intervals as well as the values of 

integral reflectivity taken on a wavelength octave of 7.5 – 15 
nm are collected in Table 2 for several structures. As far as we 
know, the parameters of transition layers in Ag-containing 
MSs have not been reported. 

5. Broadband polarisation elements based 
on aperiodic structures

As pointed out in Ref. [3], aperiodic MSs can serve as broad-
band specular polarisers for a fixed angle of radiation inci-
dence. Aperiodic MSs were optimised for maximum uniform 
reflectivity in the ranges 8.8 – 12.4 nm (a Rh/B4C structure, 
optimal angle of incidence  q = 42.5°), 13 – 19 nm (Mo/Si, q = 
41°), and 19 – 30 nm (MoSi2/Si, q = 41.5°), which were practi-
cally nonreflective for p-polarised radiation in these ranges. 
Specifically, the polarisance P (l) =(Rs – Rp)/(Rs + Rp) of a 
Mo/Si-based polariser varies from unity to 0.94 throughout 
its working range and lowers 0.88 for l = 20 nm. In this case, 
the calculated reflectivity for s-polarised radiation is equal to 
34 % (without the inclusion of transition layers). 

More recently, a one-mirror polariser with a spectral 
width of 3 nm centred at a wavelength of 14.25 nm was syn-
thesised in Ref. [40]; in doing this the authors took into 
account the formation of transition layers in the form of sili-
cide MoSi2 of fixed thickness (see above). Owing to this the 
measured reflection coefficient for s-polarised radiation 
(~0.2) turned out to be close to the calculated one and was 
sufficiently uniform. 
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Table 1.  Reflection characteristics of periodic MSs with a reflectivity 
maximum at a wavelength of 9 nm (calculation without the inclusion of 
transition layers).

Material	 N	 Rmax (%)	 FWHM/nm	 Jl (nm) over the
pair				    8 – 10 nm region

Pd/Y	 200	 62	 0.192	 0.147	

Ag/Y	 200	 62	 0.186	 0.140	

Rh/Y	 200	 60	 0.186	 0.138	

Pd/B4C	 200	 58	 0.160	 0.114	

Ru/Y	 150	 55	 0.191	 0.125	

Sb/Y	 150	 46	 0.153	 0.083	

Mo/Y	 300	 44	 0.119	 0.069	

Nb/Y	 350	 39	 0.099	 0.051	

Zr/Y	 400	 17	 0.058	 0.014
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Figure 12.  Spectral reflectivity profiles of Pd/Y, Ag/Y, Rh/Y, and Ru/Y 
MSs optimised for maximum uniform reflectivity in the ranges 8 – 13, 
8.5 – 13, and 9 – 13 nm (without the inclusion of transition layers).

Table 2.  Reflection characteristics of aperiodic MSs (calculation 
without the inclusion of transition layers).

Material	 N	 Optimisation	 R
–
 (%)	 Jl (nm) over the

pair		  range/nm		  7.5 – 15 nm region

Ag/Y	 200	 9 – 13	 11.5	 0.517	
Ag/Y	 200	 8.5 – 13	 9.5	 0.495	
Ag/Y	 200	 8 – 13	 7.2	 0.396	
Pd/Y	 150	 9 – 13	 11.4	 0.497	
Pd/Y	 150	 8.5 – 13	 9.2	 0.470	
Rh/Y	 200	 9 – 13	 8.0	 0.388	
Ru/Y	 150	 9 – 13	 7.1	 0.312	
Pd/B4C	 150	 9 – 13	 8.8	 0.38
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The authors of Ref. [41] reported the fabrication of three 
broadband polarisers, which were based on aperiodic Mo/Si 
structures, for the ranges 15 – 17, 14 – 18, and 13 – 19 nm. In all 
three cases the measured value of P (l) turned out to be close 
to the calculated one throughout the operating wavelength 
interval, the measured operating interval-averaged values 
being equal to 0.987, 0.986, and 0.980, respectively. The 
reflection coefficients were somewhat lower than the calcu-
lated ones and varied in the limits 36 % – 38 %, 17 % – 25 %, 
and 15 %–27 % versus calculated average values of 50.05, 
35.0 %, and 30.4 %, respectively. Presumably no account was 
taken of transition layers in this case. 

The authors of Ref. [42] reported the fabrication of broad-
band Mo/Y polarisers for the regions 8.5 – 10.1 and 9.1 – 11.7 nm 
with reflectivities of 5.5 % and 6.1 % for s-polarised radiation. In 
this case, the measured average polarisance was equal to 98.79 % 
± 0.32% and 96.48  % ± 0.70%, respectively. 

A phase-shifting optical element, which was an aperiodic 
Mo/Si multilayer structure deposited over a silicon nitride 
membrane, operating at transmission mode was calculated 
and synthesised in Ref. [43]. The measured phase shift between 
s- and p-polarised radiation was equal to 42° in the wave-
length range 13.8 – 15.5 nm. 

Using material pairs which are optimal for the 9 – 13 nm 
range (see Section 4), we calculated a MS possessing the max-
imum uniform reflectivity in this range for an incidence angle 
of 42° and simultaneously a high polarisance throughout this 
range. Plotted in Fig. 13 are the reflection coefficient Rs (the 
solid curve) and the polarisance P (the dashed curve) of an 
Ag/Y MS. The average values of Rs and P are equal to 16.9 % 
and 99.4 %, respectively.

6. Conclusions

To date the optics of the SXR spectral range has seen the for-
mation of the research area of aperiodic multilayer optics. 
The application of multilayer structures broadens the capa-
bilities of multilayer optics and makes it possible to satisfy 
several optimisation criteria other than attainment of the 
highest possible reflection coefficient in a relatively narrow 
range of wavelengths (or incidence angles). Mo/Si multilayer 
structures possessing uniform reflectivity over a broad spec-
tral range (12.5 – 25 nm) at normal radiation incidence were 
synthesised and employed in spectroscopy. In foreign labora-

tories, keen interest is shown in the synthesis of broadband 
polarisers operating at a constant incidence angle; a phase 
shifter operating in transmission mode has also been synthe-
sised. Advancement to the region l < 12.5 nm is possible with 
the use of other material pairs than Mo/Si and may be 
achieved at the expense of some lowering of uniform reflectiv-
ity coefficients. Calculations suggest that it is possible to 
obtain R    = 10 % over the 9 – 13 nm range. 
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