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Imaging diffraction VLS spectrometer for a wavelength

range A > 120 A

E.A. Vishnyakov, A.O. Kolesnikov, A.A. Kuzin, D.V. Negrov, E.N. Ragozin, P.V. Sasorov,

A.N. Shatokhin

Abstract. A broadband stigmatic (imaging) soft X-ray (1 > 120 A)
spectrometer is experimentally realised. The optical configuration
of the spectrometer comprises a plane grazing-incidence reflection
grating with a spacing varying across its aperture according to a
preassigned law [a so-called varied line-space (VLS) grating] and a
broadband spherical normal-incidence mirror with an aperiodic
Mo/Si multilayer structure. The average plate scale amounts to
~5.5 A mm. The radiation is recorded with a matrix CCD detec-
tor (2048 x 1024 pixels of size 13 pm). The line spectra of the mul-
tiply charged ions Lilll and FV-FVII excited in laser-produced
plasma are recorded with a spatial resolution of ~26 um and a
spectral resolving power R ~ 500 is experimentally demonstrated.

Keywords: soft X-ray range, stigmatic (imaging) spectrometer,
VLS grating, aperiodic multilayer mirror, laser-produced plasma.

1. Introduction

The task of constructing spectral images and, as a special
case, of obtaining line spectra with a special resolution in the
soft X-ray (SXR) range arises in the investigation of labora-
tory and astrophysical plasmas, as well as in the characterisa-
tion of laboratory SXR radiation sources. In recent years, the
list of traditional objects of investigation (laser-produced
plasma, plasmas of fast electric discharges, fast capillary dis-
charge, etc.) was supplemented with several new ones. The
cases in point are, in particular, cluster plasmas [1], the source
of high-order harmonics in a relativistic laser plasma gener-
ated by a multiterawatt femtosecond laser [2] and the genera-
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tion of SXR radiation in the reflection of Ti:sapphire laser
radiation from the relativistic plasma wave driven by the mul-
titerawatt laser in a pulsed helium jet (a relativistic ‘flying mir-
ror’) [3], and the so-called ‘warm dense matter’ (WDM) pro-
duced by the pulse of an X-ray free-electron laser (XFEL) [4].

Frequently, the requirements to the spatial resolution of
spectrometers are rather high: several experiments call for a
spatial resolution of ~10 and even ~1 um. In particular,
Kando et al. [3] determined that the dimension of the ‘flying
mirror’ region radiating in a spectral range of 12—20 nm does
not exceed 16 um. In Ref. [2], in which the harmonic ‘comb’
ranged into the ‘water window’ domain, it was theoretically
shown by particle-in-cell (PIC) simulations that the harmonic
generation under relativistic self-focusing conditions took
place within a volume ~ 104 in diameter (4, is the wavelength
of the driving laser), with electron density singularities (peaks)
occurring within this volume and being responsible for the
high-order harmonic generation of highest intensity. To pro-
duce WDM plasma in Ref. [4], XFEL radiation pulses (1 =
13.5nm, Aw =91.8 eV) were focused on an aluminium target
to a spot 30 um in diameter and the WDM plasma radiation
was recorded with a spectral resolution of 0.2 nm with the use
of a spectrometer with a free-standing transmission diffrac-
tion grating. Lastly, Pikuz et al. [5] experimentally showed
that the XFEL radiation with an energy Aiw = 10.1 keV (the
case in point is the SACLA XFEL, Japan) may be focused to
a spot ~1 um in diameter. Therefore, there objectively exists
a demand for high-resolution SXR instruments that simulta-
neously provide spectral and spatial information about an
object.

The task of obtaining spectra with one-coordinate spatial
resolution and constructing spectral images is solved by an
imaging (stigmatic) diffraction spectrometer. There are sev-
eral versions of such spectrometer configurations. First, the
case in point is the combination of a focusing normal-inci-
dence multilayer mirror (MM) in combination with a free-
standing diffraction grating (see, for instance, reviews [6,7]).
Among the drawbacks of this configuration is the relatively
low limiting resolving power (4/64 ~ 200-300) attainable
with this grating. Furthermore, the spectral image is modified
by the support structure of the grating, be it a regular struc-
ture or quasi-random one. Another configuration version
makes use of a spherical multilayer diffraction grating
employed at near-normal radiation incidence, which pos-
sesses moderate astigmatism [8]. With the use of this grating it
is possible to obtain a high spectral resolution but not a high
spatial resolution. An exception is provided by the Wadsworth
mount of a spherical grating, which provides a high angular
resolution at a fixed wavelength. This mount has been repeat-
edly used in solar astronomy [9].
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At present, gaining popularity are SXR spectrometer con-
figurations based on reflection diffraction gratings whose line
spacing varies across the aperture (VLS gratings). By direct-
ing a homocentric beam onto a VLS grating at a grazing inci-
dence angle it is possible to obtain a stigmatic image at a fixed
wavelength [10]. This configuration, in which the converging
homocentric beam was produced by an X-ray telescope made
up of figures of rotation, was employed to obtain a map of
galactic and extragalactic radiation sources in the far VUV
spectral region [11]. Recently, it was theoretically shown that
a stigmatic VLS spectrometer configuration can be made
using the combination of a concave VLS grating and a crossed
focusing multilayer mirror [12].

In Ref. [13] we came up with the idea of a broadband
imaging VLS spectrometer which combines the advantages of
a normal-incidence broadband multilayer mirror and a plane
VLS grating, as well as satisfies the stigmatic condition simul-
taneously at two wavelengths and the condition of practical
stigmatism throughout a broad spectral interval (no less than
an octave in wavelength). Our report is concerned with the
implementation of this idea.

2. Spectrometer configuration

Let the spatial line density of a plane VLS grating be described
by a polynomial dependence on the coordinate w (Fig. 1):

p(w) = po + piw + pow? + paw + ., (1)

with p(w) = dn/dw, where n is the line number and p is the line
density at the centre of the aperture. As is well known, coef-
ficient p; modifies the curve which describes the location of
the horizontal (spectral) focus, while coefficients p, and p;
affect the aberration of meridional coma and the spherical
aberration, respectively [12]. Let a slightly astigmatic beam be
incident on the VLS grating, L;, denote the distance of its hor-
izontal focus from the grating centre, L, be the distance of its
vertical focus from the grating centre, ¢ be the grazing inci-
dence angle for the central ray, and ¥ be the wavelength-
dependent grazing diffraction angle. Then, at a wavelength A
the direction 9 of central ray diffraction, the distances to the
paraxial horizontal r}, and vertical r, foci are described by the
well-known equations:

CoSp — cosy = mApy, (2)
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where m is the order of diffraction. Under the notation
adopted above, all distances and angles are assumed to be
positive. The condition for achieving stigmatism (ry = ry)
gives
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Equation (5) in combination with Eqn (2) expresses the
stigmatic condition at a wavelength 1. We express p; from
Eqn (5) to obtain the relation between p, and ¢,, which arises

when we require the elimination of astigmatism at two (4; and
A,) wavelengths:
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Therefore, astigmatism can be eliminated simultaneously at
two wavelengths when we sacrifice one of the free parameters —
either pg or ¢g. Proceeding from the assumption that p, takes
on one of customary values (for instance, 600 lines mm™"), we
define the value of py and find the value

¢y = arcsin(mpy /h/lz/\/ L,/Ly—1). (7)

Parameters p; (i = 2, 3,...) of the plane VLS grating may be
derived by expanding the following expression in a Taylor
series:

mp(w)Aopt = cos[arccot(cot Py — ﬁ)]
h 0
w
— t{cot Bl | 8
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Here, Ao is the wavelength of aberration compensation,
Aopt =41 In our case.

The optical configuration of the broadband stigmatic
(imaging) spectrometer is depicted in Fig. 1. The drawing
shows the paths of rays lying in the principal plane, which
passes through the grating centre and is perpendicular to the
grating lines.

The source (laser-produced plasma) is located in front of
the entrance slit. The beam of rays transmitted through the
entrance slit is reflected from the concave spherical MM (R =
1 m) whose coating is an aperiodic structure with a nearly
uniform reflectivity in the 125-250 A spectral range [14]; the
incidence angle of the central ray of the beam makes an angle
of approximately 8° with the normal. The beam of rays reflected
from the MM is directed to the VLS grating mounted at a
grazing incidence angle. The spatial line density at the grating
centre is py = 600 lines mm~!. Proceeding from the mirror-
defined spectral interval, in the calculations we adopted 4, =
144 A and 4, = 270 A, which minimised the geometrical defo-
cusing in the specified range; in this case, ¢y = 6.44° and p; =

2.37 mm™2.
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Figure 1. Optical configuration of the imaging spectrometer.
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The arc in Fig. 1 belongs to the circle of radius L, drawn
about the grating centre, where L, is the distance of the grat-
ing centre from the vertical focus of the source image pro-
duced by the mirror. The distance between the grating centre
and the horizontal focus of the image of the entrance slit is
denoted by L. In the first diffraction order (2 = 1) the hori-
zontal focal curve intersects the arc of the vertical focal circle
at two points (4, = 144 A, 1, = 270 A). Therefore, in the por-
tion of the circular arc there forms the spectrum of the source
with spatial resolution in the direction parallel to the entrance
slit. The spectrometer plate scale amounts to 5.4 A mm™' in
the short-wavelength side of the spectrum and to 5.8 A mm™!
in the long-wavelength one. The radiation was recorded using
a backside-illuminated matrix CCD detector (2048 X 1024 pix-
els of size 13 um each, with a sensitive area length of 27 mm).

The VLS grating was fabricated by electron-beam lithog-
raphy (EBL) followed by plasmachemical etching. A 100-nm-
thick tungsten film was deposited on a glass substrate. Then it
was spin-coated with the e-beam resist PMMA 4 (Microchem)
at 5000 rpm. The resist was exposed to the electron beam with
the following parameters: beam energy 50 keV, current 15.5 nA,
write-field 600 X 600 um, dwell time 0.14 ms. The resist was
developed in the isopropyl alcohol solution of methyl isobutyl
ketone (MIBK :TPA = 1:3) for 120 s and then placed in iso-
propyl alcohol for 60 s. Eventually the grating was formed by
SF¢ plasmachemical etching through the resist mask. After the
etching, the resist was removed in an oxygen plasma.

Figure 2 shows the photograph of the spectrometer,
whose elements are accommodated on a duralumin plate of
size 1100 X 600 mm. The coefficient p;, which characterises
the line density gradient across the aperture, was equal to
2.32 lines mm2, which was sufficiently close to the design
value (2.37 lines mm™) to make possible the spectrometer
alignment by way of a small correction of the angles and dis-
tances. To this end, the VLS grating mount was attached to a
motorised rotary stage and the CCD detector was attached to
a motorised translation stage. The spectrograph was placed in
a vacuum chamber measuring 3.8 X 0.9 m evacuated to a
pressure of 5% 107 Torr. The motorised stages were con-
trolled with a computer, which also displayed the recorded
spectral image.

The laser plasma was produced by focusing the pulse of
neodymium laser radiation (0.5 J energy on the target, 10 ns
pulse duration) on a plane rotary target, whose surface lay in
the principal plane of the spectrometer. The optical configu-
ration was designed in such a way that the detector plane
coincided with the horizontal (spectral) focus of the image of
the entrance slit and with the vertical focus of the image of the

Lightproof

' Focusing lens
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mirror mount
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- stage controller ) :
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Grating on a CCD detector on a
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Figure 2. Elements of the imaging spectrometer accommodated on a
duralumin plate. The inset shows a portion of the tungsten grating.

laser-produced plasma. This ensured that the instrument pos-
sessed both spectral and spatial resolution, thereby yielding
the dependence of spectral line intensities on the distance
from the target surface (from the light-shadow boundary).

Due to its stigmatism, the instrument exhibited a high
light efficiency: the spectrum in a range of 120—210 A was
recorded in one laser shot (Fig. 3). The portion of the spec-
trum in Fig. 3 contains lines of the ions Lilll and FV-FVIL.
In the spectrum of a LiF target the strongest line (FVII, 3d - 2p,
the doublet 127.65 and 127.80 A) saturates those detector pix-
els which have to record the radiation of the near-surface
(brightest) plasma. The second spectral order is much weaker
than the first one, which would be expected for a laminar
grating with a duty ratio of about 0.5. With increasing wave-
length, the spectral line intensities and the CCD detector
responsivity become lower.

The width of the entrance slit was equal to 30 um. In this
case, the line full widths at half maximum (FWHM) fall on
four detector pixels (52 pum). In view of the plate scale
(5.4 A mm™ in the short-wavelength side of the spectrum and
5.8 A mm™ in long-wavelength one), this corresponds to a
resolving power of ~450 and ~600. The closest lines that are
safely resolved in the first diffraction order are the 163.138 A
line of the ion FVI and the unresolved line group {163.456,
.501, .558, .596 A} of FV, which gives A/84 ~ 510. Therefore,
this is a demonstration of a spectral resolving power of ~500
(a conservative estimate). The doublet line 3d —» 2p (127.65
and 127.80 A) of the ion FVII is safely resolved in the second
order, testifying to a resolving power of ~900. The spatial
resolution (vertically) estimated at light-shadow boundary
corresponds to two detector pixels, which amounts to 26 um.
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Figure 3. First-order stigmatic spectrum of the multiply charged ions of lithium and fluorine recorded in one laser shot (0.5 J, 10 ns). Asterisks in-

dicate groups of unresolved lines.
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3. Conclusions

A broadband stigmatic spectrometer for a wavelength range
of 120-250 A was experimentally realised for the first time,
which comprises an aperiodic normal-incidence multilayer
mirror and a plane grazing-incidence VLS grating made by
electron-beam lithography technique. For a detector, use was
made of a matrix CCD detector with pixels of size 13 um and
a sensitive area length of 27 mm. The spectrometer efficiency
was demonstrated in the recording of laser-produced plasma
spectra: the spectrum of a LiF target was recorded in one laser
shot (0.5 J, 10 ns). The spatial resolution was equal to 26 um
and the spectral resolving power amounted to 500. Further
improvement of the spectrometer characteristics will be pos-
sible after improvement of the technology of VLS-grating
fabrication.
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