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Abstract.  A flat-field scanning spectrometer/monochromator of the 
Hettrick – Underwood type is implemented for a wavelength range 
l » 50 – 330 Å. The optical arrangement of the spectrograph com-
prises a focusing spherical (R = 6000 mm) mirror, mounted at a 
grazing angle of 8.34 °, and a grazing-incidence plane varied line-
space (VLS) grating operating for a constant deflection angle of 
16.68 °. The entrance and output slits of the instrument are immo-
bile, and the focal distance varies only slightly over its operating 
spectral range. The short-wavelength boundary of the operating 
range is determined by the spectral source brightness and the reflec-
tion coefficients of the grating and the mirror rather than by defo-
cusing. Laser-produced plasma spectra excited by a focused laser 
beam (0.5 J, 8 ns, 1.06 mm) are recorded. A spectral resolving 
power l/d l = 1300 is demonstrated at a wavelength of 182 Å. The 
configuration of the instrument of this type is suited to soft X-ray 
reflectometry and metrology with the use of laser-plasma and syn-
chrotron radiation sources, and is perfectly compatible with mod-
ern CCD detectors.

Keywords: soft X-ray radiation, scanning spectrometer, focusing 
mirror, VLS grating, laser-produced plasma.

1. Introduction

Vacuum ultraviolet and soft X-ray radiation is extensively 
used in the study of laboratory and astrophysical plasmas 
[1 – 6], in the investigation of new structures, compounds 
and composites by APRES [7] and absorption spectroscopy 
(NEXAFS, EXAFS, XANES) [8] techniques, in the spectros-
copy of molecules, materials and biological objects by reso-
nant inelastic X-ray scattering (RIXS) technique [9, 10], etc. 
The sources of this radiation may be traditional (astrophysi-
cal and laboratory plasma, including laser-produced micro-
plasma) as well as newest, in which soft X-ray radiation is 
produced under highly sophisticated conditions: for instance, 
in a free-electron laser [11] or in the reflection of an IR femto-
second pulse from the relativistic ‘flying mirror’ produced by 
a multiterawatt laser pulse in a helium jet [12]. In the latter 
case, the soft X-ray radiation emerges due to the frequency 
up-conversion in the double relativistic Doppler effect.

The progress of soft X-ray spectroscopy observed in 
recent years is largely due to the intensive development of new 
X-ray optical components. In particular, several past decades 
have seen the development of periodic and aperiodic multi-
layer mirrors (see, for instance, reviews [13, 14]), free-standing 
multilayer polarisers, absorption filters, phase-shifting com-
ponents, etc. Both purely scientific research problems and 
physicotechnical metrological tasks of characterising X-ray 
optical elements and calibrating detectors call for the devel-
opment of convenient spectrometers/monochromators that 
are specially oriented for solving these tasks and take into 
account the nature of the radiation source (the source posi-
tion and the source – spectrometer distance, the radiation 
divergence, its reproducibility in space and intensity). For 
reflectometry/metrology tasks, as a rule, use is made of laser 
plasma (LP) [15] and synchrotron radiation (SR) [16]. As is 
known from the literature, a LP radiation source is capable of 
providing an absolute measuring accuracy at a level of ~ 1 %, 
while SR at a level of ~ 0.1 % due to the high stability of SR.

Hettrick and Underwood [17] proposed a convenient con-
figuration of a high-resolution scanning monochromator, in 
which the entrance and output slits are immobile, the deflec-
tion angle is constant, and scanning is performed by rotating 
a plane varied line-space (VLS) grating. The grating is illumi-
nated with the converging beam produced by a grazing-inci-
dence focusing mirror. In this case, the spectral meridional 
image of the entrance slit is strictly at the output slit for two 
wavelengths (for two rotation angles of the VLS grating), and 
the departure of the spectral focus from the immobile slit and 
the defocusing are insignificant throughout a broad wave-
length range. Therefore, the Hettrick – Underwood mono-
chromator is perfectly suited to the solution of metrological 
problems in a broad wavelength range.

The objective of our work is to develop a compact high-
resolution laboratory spectrometer and test it by recording 
the line spectra excited in a LP. The spectrometer made use of 
a plane VLS-grating, which had been initially designed for an 
imaging spectrograph comprising a normal-incidence aperi-
odic mirror for aberration compensation in a broad spectral 
range [18, 19]. The implementation of this imaging spectro-
graph provided a spectral resolving power of ~ 1000 in the 
125 – 250 nm range simultaneously with a spatial resolution of 
26 mm [20 – 22].

2. Optical configuration of the scanning  
spectrometer/monochromator

Figure 1 displays the optical configuration of the spectrome-
ter. A focusing mirror produces the horizontal focal image of 
the entrance slit behind the VLS grating at a distance r from 
its centre. When the instrument operates as a monochroma-
tor, an output slit is placed in lieu of the detector. By the 
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deflection angle is meant the sum of the grazing angles of inci-
dence and diffraction: j + y (see Fig. 1). Use is made of the 
outside diffraction order. The local groove density in the grat-
ing aperture is described by the polynomial p(w) = p0 + p1w + 
p2w2 + ..., where p0 is the line density at the grating centre, 
coefficient p1 modifies the spectral focal curve, and coeffi-
cients p2 and p3 suppress meridional coma and spherical aber-
ration, respectively.

The direction of central ray diffraction is defined by the 
grating equation

cos j – cos y = mp0 l,	 (1)

and the equation which describes in the paraxial approxima-
tion the distance between the horizontal focus of the dif-
fracted beam and the grating is of the form [23, 24]

–
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One can see from expression (5) that it is possible to fix some 
incidence angles j1, 2 and the deflection angle j + y (or, which 
is the same, wavelengths l1, 2 and p0) as well as the absolute 
dimensions of the instrument (coefficient p1 will be expressed 
in terms of them using Eqn (3).

Given below are the parameters of the VLS spectrometer 
realised in our work. For l1, 2 we selected the wavelengths 140 
and 273 Å. The outside diffraction order was selected for the 

following two reasons. First, in the configuration with a con-
stant deflection angle the passage to shorter wavelengths is 
made by decreasing the angle j of grazing incidence on the 
grating, which permits maintaining the reflection coefficient 
at a sufficiently high level. Second, to the outside diffraction 
order there corresponds a stronger dispersion, which permits 
realising a higher practical resolving power in view of the 
finite size of the CCD detector pixels (13.5 mm).

Radius of curvature of spherical mirror/mm  .  .  .  .  .  .  .       6000

Diameter of spherical mirror/mm  .  .  .  .  .  .  .  .  .  .  .  .  .  .               60

Grazing angle of incidence on the mirror equal  

to half the grating deflection angle/deg  .  .  .  .  .  .  .  .  .  .           8.34

Distance between mirror and grating centres/mm  .  .  .  .    336.7

Entrance slit – mirror distance/mm  .  .  .  .  .  .  .  .  .  .  .  .            870.4

Dimensions of 'ruled' grating area/mm   .  .  .  .  .  .  .  .          50 ́  25

Rigorous focusing wavelength l1 /Å  .  .  .  .  .  .  .  .  .  .  .  .              140

Angle j1 of incidence on the grating corresponding 

to l1 /deg  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                             10

Diffraction angle y1 corresponding to l1 /deg  .  .  .  .  .  .  .        6.68

Rigorous focusing wavelength l2 /Å  .  .  .  .  .  .  .  .  .  .  .  .              273

Angle j2 of incidence on the grating corresponding 

to l2 /deg  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                          11.58

Diffraction angle y2 corresponding to l2 /deg  .  .  .  .  .  .  .        5.10

Grating – detector distance/mm   .  .  .  .  .  .  .  .  .  .  .  .  .               532.6

Distance of converging beam focus from  

the grating/mm  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                        533.7

Groove density p0 at VLS-grating aperture 

centre/mm–1   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                         600

Coefficient p1 /mm–2   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                     2.22

Coefficient p2 /mm–3   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .                   6 ́  10–3

Plate scale at wavelength l1 /Å mm–1  .  .  .  .  .  .  .  .  .  .  .             3.64

Plate scale at wavelength l2 /Å mm–1  .  .  .  .  .  .  .  .  .  .  .             2.78

Resolving power at wavelength l1 corresponding 

to the size of one CCD detector pixel (13.5 mm)  .  .  .  .  .      3000

Figure 2 displays the shape of the focal curve (the dotted 
line) for different grating rotation angles corresponding to 
wavelengths of 100, 140, 180, 220, 260, and 274 Å in the direc-
tion of the detector centre (or the output slit). This direction 
is shown with a bold horizontal line, which coincides with the 
central ray of the diffracted beam. Thin lines serve to indicate 
the course of the rays corresponding to other wavelengths for 
the given grating rotation angle. The grating rotation angle is 
measured from the position, whereby j = y and the zero dif-
fraction order arrives at point D. The detector plane is cen-
tred at point D and is shown with a dashed vertical line seg-
ment of length 27 mm. The focal curve intersects point D at 
wavelengths l1 = 140 Å and l2 = 273 Å. In the monochroma-
tor mode (the output slit is at point D) the focal image – slit 
distance does not exceed 0.6 mm, which results in image defo-
cusing of less than 6 mm (half the detector pixel size) in the 
100 – 300 Å range. In the calculation of the position of the 
paraxial focus in Fig. 2 we used formulas (2) and (1), the angle 
j being equal to the sum of 8.34 ° and the grating rotation 
angle. The image of the entrance slit produced by the mirror 
served as the imaginary source in formula (2).

For fixed VLS-grating rotation angles the spectral focal 
curve has a small curvature and may be approximated with a 
straight-line segment in a rather broad spectral interval, and 
so the configuration may be treated as a scanning flat-field 
spectrometer. Furthermore, in this case the angle between the 

*
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y

Figure 1.  Spectrometer configuration (not to scale). The slit is on the 
Rowland circle associated with the mirror.
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central diffracted ray and the focal curve is close to 90 °, which 
makes this scheme perfectly compatible with modern CCD 
detectors.

In the spectrometer mode, for all grating rotation angles 
the focusing persists in an interval of several tens of angstroms 
when the plane of the sensitive detector surface is perpendicu-
lar to the central ray of diffracted beam. Since the focal curve 
is not exactly perpendicular to the central ray, in the spec-
trometer mode it is expedient to rotate the detector by a small 

(approximately 3 ° – 5 °) angle to broaden the interval of ‘good’ 
focusing (for a fixed VLS-grating rotation angle) to about 
100 Å.

The scanning spectrometer mode is convenient for record-
ing a relatively narrow selected portion of the spectrum with 
a high resolution. An example is provided by the group of the 
C VI ion Balmer lines 4 ® 2 (135 Å), 5 ® 2 (120.5 Å) and 6 ® 2 
(114 Å), which is suited for measuring the electron plasma 
density from the Stark line broadening. In this case, the scan-
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Figure 2.  Paths of the rays and of the focal curve ( dotted line ) for different grating rotation angles. The distance from the VLS-grating centre is 
plotted on the x axis. Plotted on the y axis is the distance measured from the central ray in the perpendicular direction ( along the dispersion direc-
tion ).
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ning spectrometer mode offers an indisputable advantage 
over the monochromator mode, especially so in the operation 
with pulsed sources characterised by a moderate reproduc-
ibility of its spectra. Therefore, a virtue of the scanning spec-
trometer is the capability of a detailed (with a strong disper-
sion) examination of the spectral interval selected from the 
operating spectral range about two octaves in width.

Plotted in Fig. 3 is the width of the image of a point source 
arising from the geometrical defocusing during wavelength 
scanning. By the geometrical defocusing is meant the spectral 
image broadening caused by the departure of the focal curve 
from the detector position. It is equal to the product of the 
focus – detector distance and the convergence angle of dif-
fracted beam. As suggested by the spectral images of a point 
monochromatic source obtained by numerical ray tracing, 
the geometric defocusing makes the main contribution to the 
broadening of the spectral images. At the points of exact 
focusing (l1 = 140 Å and l2 = 273 Å), the residual image width 
is determined by meridional coma and spherical aberration, 
as well as by the beam diffraction, and does not exceed the 
detector pixel size. One can see that the width of the image of 
a point source does not exceed the size of detector pixels in the 
wavelength range l < 330 Å. This signifies that the practical 
short-wavelength bound of the operating spectral range is 
limited only by the mirror and VLS-grating reflectivities as 
well as by the source brightness. The maximal acceptance 
angle is defined by the grating width and is wavelength-
dependent.

The quality of focusing was verified using numerical ray 
tracing to construct the spectral images of a point source at 
different wavelengths. In doing this the correctness of ana-
lytical calculations was borne out.

3. Spectrometer operation

The VLS grating was made by interference lithography tech-
nique in the Scientific and Production Association ‘State 
Institute of Applied Optics’ (Kazan). Gold reflective coatings 
were deposited on the spherical mirror and the VLS grating. 
The radiation was recorded with a Greateyes (Germany) 
CCD detector array (2048 ́  512 pixels). The spectrometer 
components were mounted and aligned on a two-metre opti-
cal bench, after which the spectrometer was accommodated 

in a vacuum chamber (3.8 ́  0.9 m). The grating was placed 
on a motorised rotation stage and the detector on a motorised 
translation stage, which made it possible to carry out the final 
in-vacuum alignment of the configuration when recording the 
line spectra of LP. The spectrometer was tested in the record-
ing of the line spectra of multiply charged ions excited by neo-
dymium laser pulses (0.5 J, 8 ns, 1.06 mm).

Figure 4 shows a panoramic magnesium-plasma spectro-
gram obtained by ‘stitching’ together ten spectrograms obta
ined for different VLS-grating rotation angles. The panora
mic spectrum is given merely as an example to demonstrate 
the high spectral resolving power of the instrument in a broad 
spectral range. The angular magnification of the configura-
tion depends on the grating rotation angle and varies from 1.5 
(for l = 140 Å) to 2.3 (for l = 273 Å). At these wavelengths the 
image of the entrance slit is therefore projected onto strips 
that are 1.5 and 2.3 times broader than the initial slit width. 
The resolving power does not become lower when the slit is 
projected onto one detector pixel (13.5 mm), i. e. its width for 
these wavelengths must be equal to about 9 and 6 mm, respec-
tively. In this case, the spectral resolving power is defined by 
the spatial detector resolution and amounts to several thou-
sand.

Figure 5 displays a portion of the plasma spectrum obta
ined in the irradiation of a LiF target. Figure 6 shows the 
profile of the Ha C VI ion line, which demonstrates the fine 
structure of the line; in this case, the resolving power amounts 
to 1300. To reduce the Doppler broadening and observe the 
fine structure, the LP source was displaced from the spec-
trometer axis, so that the acceptance angle of the spectrome-
ter viewed only the edge of the ion expansion cone, for which 
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Figure 3.  Width D of the image of a point source caused by geometrical 
defocusing in the scanning over the source wavelength (the detector is 
immobile).

50 75 100 125 150 175 200 225 250 275 300 ml/Å

Figure 4.  Panoramic spectrogram of magnesium plasma. The 30-mm 
wide entrance slit was imaged onto the detector in stripes of width 45 
and 70 mm in the short-wavelength (l1 = 140 Å) and long-wavelength 
(l2 = 273 Å) parts of the spectrum, respectively, which was three-five 
times the optimal width. The linewidths and resolvable line pairs testify 
to an instrument resolving power of ~ 1000.

F VI 126.923

F VII 127.653 F VII 127.796

F VII 134.8*

F VI 135.397Li III 135.0
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F VI 146.6*

Figure 5.  Portion of the plasma spectrum recorded in the irradiation of 
a LiF target. Unresolved line groups are indicated with an asterisk (*).
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the Doppler broadening in the axial direction was smaller 
than for the central plasma domain.

4. Conclusions

We have designed and implemented a scanning VLS spec-
trometer/monochromator of the Hettrick – Underwood type 
for a wavelength range of 50 – 330 Å. The spectrometer com-
prises a grazing-incidence spherical mirror and a grazing-inci-
dence plane VLS grating, which operates in the outside dif-
fraction order. The spectrometer was tested by recording the 
line spectra from laser-produced plasma, and a spectral res
olving power of 1300 was demonstrated at a wavelength of 
182 Å.

Two instrument operating modes are possible. In the 
monochromator mode it may be used for the purposes of 
metrology and reflectometry, for instance, in combination 
with a synchrotron or laser-plasma radiation source. In this 
case, wavelength scanning is performed by rotating the grat-
ing, the remaining elements, including the source and the out-
put slit, being immobile.

In the scanning spectrometer mode, the instrument is 
intended for a detailed (with a strong dispersion and, accord-
ingly, a high spectral resolution) examination of the portion 
of a spectrum selected from the spectral operating range 
approximately two octaves in width. Among the possible 
applications of the instrument is the measurement of line-
widths and relative line intensities, including in the operation 
of pulsed sources with a poor reproducibility of emission 
spectrum.
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Figure 6.  Profile of the Balmer line Ha of C VI ions. The resolved fine 
structure (0.14 Å) of the line testifies to a resolving power of 1300 in this 
spectral region. The width of the entrance slit is equal to 10 mm. An 
unresolved group of oxygen lines is seen in the 181 Å region.


