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Imaging broadband soft X-ray transmission-grating spectrograph

for a wavelength range A > 111 A

A.O. Kolesnikov, E.A. Vishnyakov, E.N. Ragozin, A.N. Shatokhin

Abstract. A family of aperiodic Mo/Be multilayer mirrors was
designed for maximum uniform reflectivity in the ranges 111 — 138,
111-150, 111-200 and 111-222 A at normal radiation incidence.
The simulations took into account the existence of Mo-on-Be and
Be-on-Mo transition layers. It was shown that the reflectivity may
be as high as 10% in an octave wavelength range of 111-222 A.
We demonstrate the operation of an imaging transmission-grating
spectrograph with a broadband Mo/Be multilayer mirror with a
uniform reflectivity in the wavelength range 111-138 A synthesised
at the Institute for the Physics of Microstructures, RAS. The spec-
trograph was used to record the line spectra of multiply charged
fluorine and magnesium ions from a laser-produced plasma. The
role of the grating support structure in the formation of spectral
source images is discussed. The spatial resolution of 50 um is dem-
onstrated.

Keywords: soft X-rays, normal incidence, broadband X-ray mirror,
aperiodic Mo/Be multilayer structure, laser-produced plasma,
transmission diffraction grating, stigmatic spectrograph.

1. Introduction

In the investigation of laboratory and astrophysical radiation
sources in the soft X-ray (SXR) spectral domain it is often
necessary to obtain both spectral and spatial information
about the source. Instruments that make it possible to obtain
a spatially resolved spectrum are imaging spectrographs. One
possible version of the optical configuration of such an instru-
ment for the SXR spectral domain is the combination of a
concave mirror and a transmission diffraction grating.
Concave mirrors may be employed both in normal-inci-
dence and grazing-incidence configurations. In the latter
case, the acceptance angle is small and the spherical mirror
possesses irremovable astigmatism, its replacement with a
toroidal mirror requiring a significant limitation of the mir-
ror aperture to maintain acceptable image quality [1, 2],
which has an adverse effect on the spectrograph luminosity.
The Kirkpatrick—Baez configuration [3], which is some-

A.O. Kolesnikov Lebedev Physical Institute, Russian Academy of
Sciences, Leninsky prosp. 53, 119991 Moscow, Russia; Moscow
Institute of Physics and Technology (National Research University),
Institutskii per. 9, 141701 Dolgoprudnyi, Moscow region, Russia;
e-mail: alexey6180@gmail.com;

E.A. Vishnyakov, E.N. Ragozin, A.N. Shatokhin Lebedev Physical
Institute, Russian Academy of Sciences, Leninsky prosp. 53, 119991
Moscow, Russia

Received 14 April 2020; revision received 28 May 2020
Kvantovaya Elektronika 50 (10) 967-975 (2020)
Translated by E.N. Ragozin

times used for X-ray imaging, is also characterised by a low
luminosity. To obtain high-resolution imaging in grazing-
incidence configurations of sufficiently high luminosity, use
should be made of more complex optics. For instance, to
obtain arc-second angular resolution in the grazing-inci-
dence configuration aboard the AXAF space observatory,
advantage was taken of a Wolter type-I telescope, and a sys-
tem of nested mirrors was employed to improve the tele-
scope luminosity [4].

In the visible and UV regions, a concave spherical mirror
mounted at near-normal incidence provides a good image
quality for a relatively high luminosity and large angular
aperture, since aberrations (with the exception of a low astig-
matism) are negligible, provided the aperture is limited to the
so-called optimal aperture, which significantly exceeds the
angular aperture of a focusing spherical mirror at grazing
incidence. And in the Rowland mount of this mirror there is
no meridional coma, so that the optimal aperture is limited
only by spherical aberration. Unfortunately, the SXR reflec-
tion coefficients of the majority of materials are low at nor-
mal incidence, and so normal-incidence mirrors have to be
coated with multilayer structures, which define the reflectivity
spectrum of the mirror and therefore the operating range of
the spectrograph as a whole.

The mirrors based on periodic multilayer mirrors possess
a resonance reflectivity profile with a high peak reflection
coefficient. The spectrograph luminosity can be maximised
with the use of a focusing mirror, whose structure period var-
ies across the surface. To this end, the mirror should be placed
after the diffraction grating in such a way that the structure
period corresponds to the peak reflectivity at the radiation
wavelength that arrives from the grating to the corresponding
point of the mirror surface. In this case, the grating will oper-
ate in a diverging beam. This configuration was realised in
Ref. [1]. If the entrance slit is removed and a detector is placed
at the mirror focus, the instrument may be employed as an
imaging spectroheliograph.

For spectroscopy problems, as a rule, it is necessary that
the reflection coefficient remains constant throughout a rea-
sonably broad wavelength range. This reflectivity spectrum is
inherent in aperiodic multilayer structures, which were pro-
posed for X-ray astronomy in 1987 [5], each layer thickness
being considered as an independent optimisation parameter.
This approach, which involves optimisation of multilayer
structures, turned out to be suited to the solution of a variety
of problems. It was used, for instance, to calculate structures
with the maximum integral reflection coefficient or with max-
imum uniform reflectivity at a fixed wavelength in a specified
range of incidence angles or at a fixed incidence angle in a
specified wavelength range [6, 7].
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By 2000, an algorithm was developed at the Lebedev
Physical Institute (LPI), which was intended for the numeri-
cal solution of different problems of multilayer structure opti-
misation [8, 9]. Following the simulations made at the LPI,
broadband mirrors based on an aperiodic Mo/Si structure
optimised for maximum uniform reflectivity in the 125-
250 A wavelength range were synthesised at the Kharkov
Polytechnic Institute in 2001 [10]. The simulations included
6-A thick Si-on-Mo and 12-A thick Mo-on-Si transition lay-
ers with a stoichiometry of MoSi,. The mirrors possessed a
uniform reflectivity at a level of 14% and since then were
repeatedly used in experiments to record stigmatic plasma
spectra [12], the spectra of a laser-produced plasma in a
pulsed xenon jet [13, 14], in the investigation of the charge
exchange of multiply charged ions with the atoms of an inert
gas [15, 16], in the reflection of laser radiation from the rela-
tivistic wave of electron density in a laser-produced plasma
(the relativistic ‘flying mirror’) [17], as well as in the harmonic
generation at the singularities of plasma electron density in
the multiflow motion driven by multiterawatt femtosecond
laser irradiation [18]. Recently, a broadband high-resolution
imaging spectrograph was implemented at the LPI, which was
based on a reflection plane VLS grating and the broadband
Mo/Si mirror serving as a focusing element [19, 20].

Since Mo/Si structures are efficient at wavelengths 4 >
125 A due to the silicon L absorption edge in the vicinity of
125 A, advancement to the shorter-wavelength domain calls
for the use of other elements instead of silicon. Estimative
simulations suggested that beryllium is the element of choice:
the expected uniform reflectivity of a Mo/Be structure may be
about 20% throughout the range 111-135 A [21]. In 2014, in
connection with the launch of the laboratory for the synthesis
of beryllium-containing mirrors at the Institute for the Physics
of Microstructures (IPM) of the Russian Academy of Sciences
in Nizhny Novgorod, there emerged a possibility of synthesis-
ing these structures in our country. To date, the IPM RAS has
accumulated considerable experience in the synthesis of peri-
odic beryllium-containing multilayer structures, and devel-
oped methods for reconstructing the structure parameters
from hard and soft X-ray reflectometry [22, 23], electron
microscopy [24], and mass spectrometry [25].

In the optimisation of multilayer structures, the densities
of layered materials are set constant. However, the material
density depends, generally speaking, on the layer thickness:
As shown in Ref. [26], the density of molybdenum varies from
75% to 97% of the tabular value under variation of the layer
thickness from 15 to 55 A. Monitored in the course of synthe-
sis is the deposition time of a material and therefore its
amount rather than the layer thickness. That is why the layer
thicknesses of a synthesised aperiodic structure may signifi-
cantly differ from the design thicknesses, which will affect its
reflectivity spectrum. To avoid this, Kozhevnikov et al. [27]
came up with the idea to modify the merit function in such a
way as to decrease the thickness variations of the neighbour-
ing layers of the same material. By the example of the Mo/Si
mirror optimisation for uniform reflectivity at a wavelength
of 135 A in a broad angular range, they showed that it is pos-
sible to significantly reduce the spread of layer thicknesses at
the expense of an insignificant lowering of the reflectivity and
its slightly higher angular nonuniformity.

There is an alternative approach to the production of
broadband SXR multilayer mirrors proposed by Kuhlman,
Yulin, et al [28]: the design of stack structures, which involves
the sequential deposition of several different periodic struc-

tures on top of each other. Owing to the smaller number of
parameters, these structures are easier to control in the
course of synthesis, what makes them technologically pref-
erable. However, the limiting possible reflection coefficient
and its spectral uniformity for stack structures turn out to be
lower than for completely aperiodic ones, since the stack
structures are a subset in the set of aperiodic structures.
Broadband mirrors for the spectral range 111—138 A made
up of a stack Mo/Be structure were synthesised at the IPM
RAS on spherical (radius, 1 m) substrates of fused silica made
at the LPI [29].

The aim of our work was to consider the possibility of
designing aperiodic Mo/Be multilayer structures optimised
for maximum uniform reflectivity in a broad (up to an octave)
wavelength range, to calculate these structures with the mini-
misation of the spread of layer thicknesses, as well as to dem-
onstrate the operation of an imaging diffraction spectrograph
with a transmission grating and a broadband mirror with a
Mo/Be stack structure synthesised at the IPM RAS and
obtain line spectra from a laser-produced plasma in the
111-138 A range with spatial resolution.

2. Optimisation of Mo/Be aperiodic
multilayer structures

Classically, the problem of optimising an aperiodic multilayer
structure for maximum uniform reflectivity in the wavelength
range from A, to A, is reduced to minimising the meri
function of the form

Amax

F= | [R(d)— R™dA, ()

Amin

where R(4,d) is the reflection coefficient of the structure at a
wavelength 4; d is the vector of structure layer thicknesses; m
is a positive integer; and Ry is the goal value of the reflection
coefficient. The minimisation is performed numerically, for
instance, by the method of steepest descent or with the use of
a genetic algorithm. The resultant structure possesses, as a
rule, a significant spread of layer thicknesses, which is incon-
venient for its synthesis. The spread of thicknesses may be
considerably decreased by modifying the merit function in the
following way:

Amax N
F= RO =R A+ e Y (d=dis)™. )

i=An+1

where ¢ is the smoothing coefficient; An is the ‘smoothing
period’ (the difference of closest layer numbers whose thick-
nesses should be brought closer to each other); N in the num-
ber of layers in the structure; and d; is the ith layer thickness.
For An = 2, the thicknesses of the nearest layers of the same
material will be brought closer, like in Ref. [27], while brought
closer for An = 1 are the thicknesses of all neighbouring lay-
ers. In the latter case, the dependence of the layer thickness on
the layer number will look like a smooth curve.

To calculate broadband Mo/Be mirrors, we modified the
programme developed in Refs [8, 9] so as to make the resul-
tant structures more suitable from the standpoint of their syn-
thesis as well as to investigate the effect of smoothing param-
eters ¢ and An on the reflectivity spectrum of the structures.
The optimisation was performed by the method of steepest
descent, a periodic structure was taken as the initial one, m =1,
Amin = 111 A, and N = 82 in all simulations. Account was
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taken of Mo-on-Be (0 = 7 A) and Be-on-Mo (0 = 3 A) transi-
tion layers [24], where o is half the thickness of the transition
layer. The angle of radiation incidence on the mirror is 5°.
The upper layer of the structure is Be, and the substrate of
fused silica SiO; has a root-mean-square surface roughness of
3 A. Other factors that lower the light intensity in the specular
direction are the interlayer roughness and the interdiffusion
of materials at the layer boundaries. They are taken into
account using a unified characteristic: the thickness of a tran-
sition layer. In our simulations we used the optical constants
data for Mo and Be published in Refs [30, 31] and posted on
the site of the Lawrence Berkeley National Laboratory [32].

According to investigations involving the reconstruction
of Mo/Be structures performed at the IPM RAS, the upper
beryllium layer is partly oxidised to form an uppermost 14-A
thick layer of BeO [29]. Comparing the reflection coefficients
of the simulated structure (with neglect of the oxidation) and
the synthesised structure with the formation of the oxide layer
showed that the partial oxidation of the upper Be layer had
only a slight effect on the structure reflectivity. This compari-
son was made for the stack Mo/Be structures optimised for
maximum uniform reflectivity in the range 111-138 A [29].
That is why the oxide formation was neglected in the simula-
tions.

3. Analysis of the simulation data
for Mo/Be mirrors

In quest of the possibilities of making broadband mirrors
based on aperiodic Mo/Be structures, we performed a series
of simulations of the structures optimised for uniform reflec-
tivity in four spectral ranges: 111-138 A, 111-150 A, 111—
200 A, and 111-222 A. Figure 1 depicts the calculated reflec-
tivity spectra of these structures. With broadening the spec-
tral range, the reflectivity plateau height becomes lower to
reach a level of 10% for an octave-wide range. The average
reflection coefficient R of the first, second, third, and fourth
structure is 15.8%, 12.6%, 10.7%, and 10.3%. The fourth
structure is also capable of reflecting at longer wavelengths:
its reflection coefficient decreases smoothly (almost linearly)
from 10% at A = 220 A to 5% at A = 290 A. The integral reflec-
tivity of the structures increases with broadening the optimi-
sation range. The relative rout-mean-square reflectivity devi-
ation R from the structure plateau level is 3.2%, 5.5%, 7.6 %,
and 5.8%, respectively.

To analyse the effect of the smoothing coefficient on the
reflectivity spectrum of a broadband Mo/Be multilayer mir-
ror, we performed a series of simulations and, in doing this,
for the upper bound of the optimisation range we adopted
Amax = 138 A. In doing this, we employed the same initial peri-
odic structure, the smoothing period was An = 2, and the
smoothing coefficient ¢ was varied from zero to increasing
positive values. The dependences of the resultant structure
characteristics on the smoothing coefficient ¢ are plotted in
Fig. 2. As one can see, with increasing ¢, the plateau level
hardly changed and became slightly lower than 16%. In this
case, the root-mean-square nonuniformity oy of the spectral
reflection coefficient increases monotonically (and with decel-
eration). For small ¢, the spread of layer thicknesses dp,x/dmin
varies rapidly, but even for ¢ ~ 2 x 10 A-! it is hardly
changes. The further growth of the smoothing coefficient
does not change the maximal spread of layer thicknesses but
makes smoother the dependence of the layer thickness on its
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Figure 1. Reflectivity spectra of the aperiodic Mo/Be structures opti-
mised for maximum uniform reflectivity in different ranges.

] R Lo 2.0
? / 3 - = E
© /”2 E
=12+ _- 415 <
3 ”
< -

& F\ e 4 B
7
s+ 7 1.0
/
L/ -
1
4I 1 1 1 1 1 1 1 1 05
0 1 2 3 /1077 A7

Figure 2. Effect of smoothing on the result of aperiodic Mo/Be multi-
layer structure optimisation for maximal uniform reflectivity in the
range 111-138 A; (1) absolute reflection coefficient R averaged over
the spectral range; (2) relative root-mean-square deviation oy of the
reflection coefficient; (3) and (4) maximum-to-minimum layer thick-
ness ratio dp,,/dni, in the structure for beryllium and molybdenum, re-
spectively.

number, the uniformity of the spectral reflectivity deteriorat-
ing in this case.

The optimal smoothing coefficient corresponds to the sit-
uation when both the spread of molybdenum layer thick-
nesses is small (ceases to vary) and the nonuniformity of the
reflection coefficient is minimal, and therefore the optimal ¢
value is about 2 x 10# A-!. Attainable for this value are a
good uniformity of the reflectivity and the minimal departure
of the deposited Mo layer thicknesses from the design ones,
since the density of Mo may be assumed to be the same for all
layers with a good accuracy. We note that obtaining a



970

A.O. Kolesnikov, E.A. Vishnyakov, E.N. Ragozin, A.N. Shatokhin

smoother dependence of the layer thickness on the layer num-
ber may be useful in terms of ease of synthesis. In the synthe-
sis of aperiodic structures, the facility must first be calibrated
in terms of all layer thickness; consequently, the number of
calibrations is generally equal to the number of layers in the
structure (about a hundred by the order of magnitude) [29].
However, when all layers vary little in thickness (apart from
maybe a few ones), the number of preliminary calibrations
may be considerably reduced. It would be sufficient to per-
form about five calibrations in the range of thickness varia-
tion of the majority of layers and one calibration per each
layer that is strongly different from the others (for large ¢, no
more than one layer for each material). In the synthesis of
such a structure, it would be quite correct to take advantage
of interpolation between the calibration points.

Figure 3 depicts the reflection spectra and the depen-
dences of layer thicknesses on the bilayer number for the
four Mo/Be structures optimised for maximum uniform
reflectivity in the 111—138 A range for different ¢ and An.
One can see how the smoothing coefficient ¢ affects the
spectrum and the structure. Initially, the spectrum hardly
changes, and in Fig. 3d the peaks sink and the dips become
shallower. As c is increased further, the spectral uniformity
deteriorates, but the number and amplitudes of the peaks
and dips decrease: the dependence of layer thickness on the
number becomes smoother. An extraordinary feature of all
structures optimised for the 111—138 A wavelength range
is the increasing dependence of the layer thickness on its
number (the number increases from the surface to the sub-
strate).
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Figure 3. Spectral reflectivities of four Mo/Be structures optimised for maximum uniform reflectivity in wavelength range 111-138 A (a, ¢, e, g) and
layer thicknesses of these structures (b, d, f,h) for c=0,c=9x 107 Aand An =2 (¢, d), c=42x 10* A and An =2 (e, ), c =2.0x 10> A' and
An =1 (g, h); (1) spectral reflectivity of the structure; (2) plateau level; (3) beryllium layers; (4) molybdenum layers. The bilayer number increases
from the surface to the substrate. The number of layers is 82 (41 pair), the upper layer is beryllium, the lower level is molybdenum; N is the bilayer

number.
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Interestingly, the smoothing for 111-138 A range for
An =1 may lead to a better simulation result. One can see that
the structure (the fourth) with this An (Figs 3g and 3h) offers
a slightly lower (~15.5%) reflectivity R than the remaining
ones (~15.8%) but possesses the same uniformity as the sec-
ond one (o ~ 4%). In this case, the spread of molybdenum
layer thicknesses for the fourth structure is smaller (the maxi-
mal layer thickness is 39 A and the minimal one is 27 A) than
for the second structure (the maximal layer thickness is 40.4 A
and the minimal one is 27 A), and therefore this structure is
optimal from the standpoints of spectrum quality and ease of
synthesis.

Similar simulations (without smoothing, smoothing for
An = 2 and 1) were also performed for the structures with
uniform reflectivity in the ranges 111-150 A and 111-200 A.
In these structures, the layer thicknesses decrease with increas-
ing layer number. For the 111-150 A range, the R and oy
values were 12.5% and 5.5% (without smoothing), 12.42%
and 6.17% (optimal smoothing for An = 2), and 12.41% and
6.00% (optimal smoothing for An = 1). In this case, the spread
of molybdenum layer thicknesses hardly changed: from 20 to
35 A in the absence of smoothing, as well as for the optimal
smoothing for An = 2, and from 20 to 37 A for the optimal
smoothing for An = 1. For the 111-200 A range, the R and o
values were 10.67% and 7.66% (without smoothing), 10.50%
and 9.52% (optimal smoothing for An = 2), and 10.54% and
8.46% (optimal smoothing for An = 1). In this case, the molyb-
denum layer thicknesses range from 20 to 45 A in the first two
cases and from 20 to 49 A for An = 1. Therefore, with increas-
ing range width, the smoothing for An = 1 ceases to reduce the
spread of molybdenum layer thicknesses, and in the case of
optimisation in the 111-222 A range the use of the parameter
An =1 does not permit smoothing the spread of layer thick-
nesses with retention of the uniformity of spectral reflectivity.

Broadening the wavelength range will be inevitably
accompanied by the difference between the maximal and min-
imal layer thicknesses, which is impossible to decrease by
smoothing. In the optimisation of the structure for maximum
uniform reflectivity in a wavelength octave, smoothing will
lower the reflectivity of the structure, especially so in the long-
wavelength part of the spectrum, the nonuniformity of spec-
tral reflectivity being mainly due to this circumstance.
Therefore, when the optimisation wavelength range is broad,
the efficiency of smoothing is low and the optimal value of the
¢ coefficient is close to zero (Fig. 4). The effect of optimal
smoothing on the mirror optimisation result in the 111-
222 A wavelength range is exemplified in Fig. 5. One can see
that the smoothing, for the most part, decreases the number
of oscillations of layer thickness, making smoother the depen-
dence of the layer thickness on the number of the layer. In this
case, the reflectivity spectrum is hardly changed.

Therefore, there is a possibility of making broadband mir-
rors based on aperiodic Mo/Be multilayer structures in the
wavelength region above 111 A. For a wavelength range nar-
rower than an octave, the smoothing makes it possible to
obtain a technologically more convenient structure with
hardly any lowering of the reflection coefficient and its uni-
formity. In broader wavelength ranges, the smoothing turns
out to be less efficient and can offer only an insignificant
decrease in the number of preliminary calibrations before the
synthesis procedure. For an octave-broad range, the attain-
able uniform reflection coefficient is about 10% for a relative
root-mean-square nonuniformity of about 6 %.
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Figure 4. Characteristics of the aperiodic Mo/Be multilayer structure
optimised for maximum uniform reflectivity in the 111-222 A range
plotted as functions of the smoothing coefficient ¢. The notation and
the numbers of curves /-4 are the same as in Fig. 2. The lowering of R
and the growth of o occur due to the reflectivity lowering in the long-
wavelength part of the working range.

4. Imaging diffraction spectrograph
in the wavelength range 111-138 A

The spectrograph is shown schematically in Fig. 6. This con-
figuration was earlier employed in the range 125-250 A. For
a focusing element, use was made of a broadband mirror
based on an aperiodic Mo/Si structure synthesised in the
Kharkov Polytechnic Institute [13—16]. The mirror places on
the detector the horizontal image of the entrance slit and the
vertical image of the source, thereby providing spatial resolu-
tion along the entrance slit. In this case, the magnification
coefficients are close to unity. The transmission grating oper-
ates in the converging beam produced by the mirror. The
operating spectral range of the instrument (125-250 A) was
limited by the reflection spectrum of the Mo/Si mirror. To
advance to the shorter-wavelength domain, it was decided to
make broadband mirrors based on a Mo/Be structure.

The Mo/Be mirrors were synthesised at the IPM RAS. All
mirrors were based on the same simulated six-stack multi-
layer structure. The spherical substrates of radius 1 m were
made at the LPI. According to the measurements performed
on the reflectometer of the IPM RAS [23], in the wavelength
range 111 — 138 A the mirrors exhibit a reflectivity R of
~14.3% for a relative root-mean-square reflectivity nonuni-
formity oz ~ 9.4% (Fig. 7).

The imaging diffraction spectrograph was assembled and
aligned in a cylindrical (diameter, 0.9 m; length, 3.8 m) vac-
uum chamber equipped with an oil-free pump system (resid-
ual pressure, 10~ Torr). The role of the focusing element was
fulfilled by the stack Mo/Be mirror. The detector was a CCD
array with square 13-um pixels (Teledyne e2v, Great Britain).
The working lines of the transmission grating were vertically
oriented and the dispersion plane was horizontal. The line
density was 989 mm™' and the duty ratio (the ratio of the
opening between the lines and the period) was about 0.44.
The grating—detector distance was ~336 mm, the entrance
slit was 15 um wide, and the slit--source distance was ~35 mm.
The spectral resolution was defined by the detector pixel size
(13 um) and was numerically equal to the product of the plate
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Figure 6. Schematic diagram of the imaging spectrograph with a trans-
mission grating and a broadband multilayer mirror:

(LPS) laser-plasma source; (S) entrance slit; (M) broadband focusing
multilayer mirror; (TG) transmission diffraction grating; (D) detector.

R (%)

VALY,

/Vvv LY
121

0
100 110 120 130 140 /A

Figure 7. Spectral reflection coefficient of the broadband mirror based
on a six-stack Mo/Be structure measured at the IPM RAS. The straight
line denotes the reflectivity averaged over the 111138 A range.

scale (30.09 A mm™) and the doubled pixel size (26 um),
which yields 0.78 A. In this case, the spectral resolving power
at the centre of the operating spectral range is /04 ~ 160 at a
wavelength of 125 A.

The grating has a complex regular support structure: a
square structure with a spatial frequency less than 1 mm™, a
square one with a frequency of ~5 mm~', and a horizontal
one with a frequency of ~49 mm~' (Fig. 8). The last one has
a duty ratio of about 0.55. The spatial frequencies of the
grating lines and support structures as well as of their duty
ratios were measured from the diffraction of He—Ne laser
radiation.

The diffraction from the first two support structures in
the operating spectral range is too weak (both in angle and
intensity) to be resolved by the detector (the separation of
the diffraction orders is less than two detector pixels). The
diffraction by the last-named (horizontal) one will result in
the overlap of the source images in different diffraction
orders, with the effect that the spatial distribution of the
source intensity in the vertical direction will not correspond
to its image on the detector. That is why reconstructing the
spatial profile of a spectral line calls for the solution of the
inverse problem.

The observed intensity distribution of a spectral line with
height / is described by the formula

Tops(h) = I(h) + ay[I(h — a) + I(h + a)]
+ ay[I(h—2a) + I(h +2a)] + ..., 3)

where I(h) is the desired intensity distribution (the zeroth
order of diffraction from the horizontal support structure);
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02 mm)|

20 um

Figure 8. Schematic representation of the free-standing transmission grating and its support structure. At the left: two coarse square support struc-
tures with sides of about 1 and 0.2 mm. At the right: an elementary cell of the square structure with a side of ~0.2 mm; one can see a horizontal fine
support structure with a duty ratio of ~0.55 and a period of ~20 um as well as the working grating lines (not to scale) with a period of about 1 pm.

a; 1s the relative intensity of the tith diffraction order; a =
(Aldyg)/ L is the shift caused by the structure; dy is the period
of the horizontal support structure; and L is the grating—
detector distance. The greatest contribution is made by the
first order of diffraction by the support structure, whose
intensity amounts to about 30% of the zeroth one, while the
contribution from the second and third orders is less than
3%. This signifies that ¢; ~ 0.3, while @, and @3 ~ 0. Then the
signal read from the detector pixel with number k is of the
form:

L=+ (I ac + I - i) 4)
where I} is the desired spectral line profile and Ak is the dis-
tance between the zeroth and first diffraction orders expressed
in terms of the number of detector pixels. This opens up the
possibility to reconstruct the profile using the method of gra-
dient descent and consider I} as independent optimisation
parameters. For the merit function, use can be made of the
expression

F=Y (I -1L)
%
:Z[I/chp_12_a1(12+Ak+12—Ak)]2a (5)
3

where I£*P is the kth pixel reading obtained in experiment.
Then, the kth term of the gradient of F'is given by the formula

0_12 =217 = 1) — e (I e + 1R a1)]
ol

=2 I s — IRyt — o (I 4 omi + ID)]

—zal[lix_pAk - [ng/( - 0!1(12 + [2—2Ak)] = —2(12Xp —I)—

=2 [(17 ae = v i) + (L2 i — T i), (6)
and the iterative descent procedure takes the form
G+ 1) = 16 - 95, (7)
ol

where 7 is the iteration step. The descent was performed sev-
eral times to find the best values of parameters a; and Ak.

To demonstrate the imaging properties of the instrument,
we recorded the laser-produced plasma spectra of LiF and
Mg targets with spatial resolution. Figure 9 shows the stig-
matic spectrum of a lithium fluoride plasma recorded in one
Nd:YAG laser shot (0.5 J, 8 ns). One can see the brightest
line arrays of the ions Lilll and FV-F VII. Also discernible
is the crossed diffraction pattern due to the support structure,
which involves the zeroth and two first diffraction orders.

In the course of further processing of the spectrum, we
recorded the profile of the spatial intensity distribution of
the A = 127.7 A line of F VII. The order separation problem
for the diffraction from the support structure was solved by
the method of gradient descent with the subsequent approx-
imation of the resultant profile by a smooth curve. The
result of reconstruction and the experimentally recorded
and reconstructed images in the detector plane are plotted in
Fig. 10.

Three Nd: YAG laser shots were used to record the stig-
matic spectrum of magnesium plasma, which contained a
wealth of MgIV—MgVI ion lines in the 111-138 A wave-
length range (not given in the paper).

Therefore, the Mo/Be mirror underlay the operation of
the imaging diffraction spectrograph in the range 111—138 A.
The demonstrated spectral resolving power of the instrument
(about 160) is limited by two detector pixels. The spatial reso-
lution of the instrument may be estimated from the width of
the light—shadow boundary: it amounts to about four detec-
tor pixels, which corresponds to ~50 um (Fig. 10).
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Diffraction from
the horizontal
support structure

Target level /
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FVII 1129 A [EVI139.8 A
F 1127.7A FV 134.4,134.5 A
Lilll 135 A [FVII 134.7, 134.9 A
FVI 1354 A

Figure 9. Stigmatic spectrum of the LiF plasma recorded in one laser shot of a Nd: YAG laser. Horizontally: the direction of dispersion. Vertically:
the coordinate aligned with the entrance slit. One can see four bright line arrays of Lilll, FV, F VI, and F VIl ions in the first and second diffraction
orders m. Observed vertically is the diffraction pattern due to the support structure: the sharp light-shadow boundary (corresponds to the level of
the target surface) is seen three times in each line (the zeroth and two first diffraction orders).

—
NS

—
@) o (=]
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Intensity; detector counts/10*
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Distance from the target level/mm

Figure 10. Experimentally recorded and reconstructed spatial intensity
profiles of the A = 127.7 A F V1L ion line; (1) detector readings (the sum
of readings over several cells along the spectral line width); (2) recon-
structed profile in the zeroth diffraction order (peaking at the level of
the target surface) and two first orders (with their peaks at a level of 0.3
in intensity of the zeroth order maximum located at £0.21 mm from the
target level) of diffraction from the horizontal support structure; (3)
total intensity of all three diffraction orders calculated from the recon-
structed profile agrees nicely with the initial intensity distribution in the
detector plane.

5. Conclusions

Normal-incidence mirrors based on aperiodic Mo/Be struc-
tures permit imaging in the wavelength range above 111 A,
making it possible to record space-resolved spectra. The
attainable range width may be as large as an octave; in this
case, the mirrors possess a uniform reflection coefficient at a
level of 10%. These mirrors make it possible to extend the
operating range of a broadband high-resolution imaging
spectrometer [19, 20] towards shorter wavelengths.

The introduction of the layer thickness smoothing into the
merit function employed in the design of aperiodic multilayer
structures makes smoother the dependence of the layer thick-
ness on the layer number in the structure. This is achieved at
the expense of a small reflectivity lowering and an insignifi-
cant impairment in uniformity of the spectral reflection coef-

ficient. The result of synthesis of these structures becomes
more predictable: In this case, the effect of layer density—
thickness relationship becomes smaller as does the error in
deposited layer thickness. The smoothing yields good results
for a relatively narrow range (111-138 A), but its efficiency
becomes lower with increasing range width. For this reason
the structures with a uniform reflectivity in a broad (about an
octave) range remain difficult to synthesise as before.

The Mo/Be mirrors based on a six-stack structure, which
were synthesised at the IPM RAS, were employed to record
space-resolved spectra in the 111-138 A wavelength range
using the configuration of an imaging diffraction spectro-
graph with a transmission grating. We obtained the line spec-
tra from the laser-produced plasma of LiF and Mg targets
and reconstructed the spatial intensity profile of the 127.7-A
line of F VI ions. The spectral resolving power of the instru-
ment was about 160 (two CCD array detector pixels) and the
spatial resolution turned out to be at a level of 50 pm (four
CCD array pixels). The use of broadband Mo/Be mirrors in
the configuration of a stigmatic spectrometer comprising a
normal-incidence spherical mirror and a plane grazing-inci-
dence varied line-space (VLS) reflection grating will make it
possible to achieve a spectral resolving power of about 1000
and a spatial resolution at a level of two detector pixels
(26 um) in the range limited by the K edge of beryllium (4 >
111 A), much like was demonstrated with the use of a broad-
band Mo/Si mirror in the range limited by the L edge of sili-
con (A > 125 A)[19, 20].
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