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ABSTRACT
A flexible spectrograph for the investigation of soft X-ray spectra in the range between 1 nm and 20 nm is presented. Based on two variable-
line spaced reflection gratings, the design enables stand-alone operation, the change between the use of an entrance slit and a slitless operation
mode as well as a maximum compactness and robustness due to a reduced number of motorized stages. Characterization measurements as
well as first proof-of-principle X-ray emission investigations show the potential of the instrument for versatile applications.
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Commercial variable line-spaced (VLS) reflection gratings are
widely used for X-ray emission analysis in the soft X-ray range. The
most prominent characteristic of these gratings is the possibility for
flat-field detection because a certain wavelength range is focused on
one plane. A standard CCD deployed as the detector minimizes the
number of motorized stages in a spectrograph and enables the col-
lection of a spectrum in one shot for pulsed sources. Therefore, VLS
spectrographs have been presented as compact, easy-to-use, flexible
instruments with moderate resolving power.1

The design of the standard VLS gratings necessitates grazing
incidence geometries. All geometric parameters are determined by
the used grating, requiring adapted spectrographs for each grating.
For versatile applications, different requirements are apparent such
as compactness, the possibility for stand-alone operation (vacuum
tightness), grating holder adaption due to the geometric require-
ments of different gratings, and the possibility to switch between
slitless design resulting in maximal efficiency and a design using
different sizes of slits for maximum resolving power.

We present the design and characterization of a spectrograph
based on commercial VLS gratings in the wavelength range between
1 nm and 20 nm (80 eV–1200 eV). We demonstrate that all of
the above mentioned requirements can be fulfilled in one instru-
ment while at the same time reducing the number of motor-
ized stages. For characterization purposes, experiments using a

laser-produced plasma (lpp) source,2 as well as synchrotron radia-
tion were conducted and soft X-ray emission investigations exem-
plify the capabilities of lab-based spectrometry.

The compact design of the spectrograph (max. 300 mm ×
400 mm × 600 mm), see Fig. 1, can be used in a slitless mode
in a high vacuum (HV) chamber as well as with a slit system (1)
for other purposes. Two variable line-spaced gratings (blue) for the
wavelength range 1–5 nm and 5–20 nm are available which enable
flat-field detection with a CCD camera (6), see the supplementary
material for details. A manual replacement is necessary when switch-
ing between wavelength ranges. The gratings can be tilted with a
motorized stage in order to switch between the imaging of the zeroth
and first order of diffraction for alignment purposes. The CCD is
adjustable in height with a traveling range of about 2 mm due to the
use of a vacuum bellows for fine alignment purposes. The geometric
properties of the two gratings vary in the necessary angles; therefore,
the height position difference of the CCD camera is compensated by
an asymmetrical flange which can be rotated by 180○.

The acquisition time is controlled by an electrical shutter (3).
An additional motor is used to drive a translation stage (2) in front of
the spectrograph for three operation modes: the spectrograph can be
sealed vacuum tight and a filter (200 nm Al or Ti) or a pinhole can be
placed in the beam path. A wire cross is used to check the alignment
when observing the zeroth order. The slit system can be attached

Rev. Sci. Instrum. 90, 106105 (2019); doi: 10.1063/1.5118216 90, 106105-1

Published under license by AIP Publishing

https://scitation.org/journal/rsi
https://doi.org/10.1063/1.5118216
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5118216
https://crossmark.crossref.org/dialog/?doi=10.1063/1.5118216&domain=pdf&date_stamp=2019-October-4
https://doi.org/10.1063/1.5118216
https://orcid.org/0000-0002-9696-2970
https://orcid.org/0000-0001-8076-1288
https://orcid.org/0000-0003-0115-7854
mailto:ioanna.mantouvalou@tu-berlin.de
https://doi.org/10.1063/1.5118216
https://doi.org/10.1063/1.5118216#suppl
https://doi.org/10.1063/1.5118216#suppl


Review of
Scientific Instruments NOTE scitation.org/journal/rsi

FIG. 1. Schematic CAD drawing of the spectrograph with (1) detachable snout with
slit system and cross hair, (2) motor stage for three modes (pinhole, vacuum tight,
and filter), (3) vacuum part with electrical feedthroughs and shutter (not visible), (4)
gauge head, (5) turbomolecular pump, (6) CCD camera,and (7) height adjustment
stage for the CCD.

as a snout in front of this device. A vacuum pump system (4) and
(5) is attached, which allows in combination with a small vacuum
chamber (orange) in sealed mode a completely independent oper-
ation of spectrograph and the surrounding vacuum system. With
the help of three threaded bars (green), the direction of the spectro-
graph axis can be changed in respect to a 160 mm flange (red), which
can be attached, e.g., to a vacuum chamber. This alignment mecha-
nism facilitates the omission of at least 3 motorized stages, which are
commonly used for positioning.

As a VLS grating is used, the obtained image on the CCD is
a rectangle with the width determined by the source/slit size, the
grating size, and the geometrical distances and the height being the
dispersion direction. A spectrum is obtained by summing the inten-
sities as a function of position in the dispersion axis. Due to the
higher relevance for soft X-ray experiments, the following results
will be demonstrated with the 1 nm–5 nm VLS grating, only.

The resolving power of the spectrograph with a 100 μm slit
was derived from measurements of the emission of an lpp source,
which emits broadband radiation in the soft X-ray range.2 The
relaxation lines from an lpp are, if they are separated, lifetime-
broadened only and thus a good measure for the resolving power
of the instrument. Figure 2, bottom, shows the emission spec-
trum of a copper plasma measured with the spectrograph. After
energy calibration with the well-known relaxation lines (see, e.g.,
Ref. 3), fully separated lines were fitted with Gaussian curves, and the
FWHM yields the resolving power. The resolving power lies between
E/ΔE = 150 at E = 1400 eV (1 nm) and E/ΔE = 450 at E = 200 eV
(5 nm) for a 100 μm slit or source.

The efficiency of the spectrograph was characterized using
monochromatic synchrotron radiation. The spectrograph was
attached to a spectroscopy chamber4 at the plane grating monochro-
mator beamline of the PTB laboratory at the synchrotron radiation
facility BESSY II.

FIG. 2. Top: efficiency of the spectrograph in counts/photon (blue scatter) and
simplified calculation using known grating reflectivity and CCD efficiency. Bottom:
resolving power of the spectrograph with a 100 μm entrance slit derived from the
emission of a Cu plasma spectrum.

For the characterization experiments, a set of 10 reference sam-
ples (see the supplementary material) was measured in a 90○ geom-
etry fluorescence mode with the spectrograph in slitless mode as
detector. In Fig. 3, the measurement of a metallic Cu sample is pre-
sented as example, illustrating the superior resolving power of the
spectrograph compared to silicon drift detector (SDD) detectors as
well as the reduced efficiency.

Due to the fully calibrated setup of PTB, an efficiency calibra-
tion is feasible. For this purpose, the measurements were normal-
ized to the measured fluorescence of a second calibrated SDD. The
obtained efficiency of the spectrograph is plotted in the top part of

FIG. 3. Measurement of a metallic copper sample with the spectrograph and a
calibrated SDD detector at PTB with 1060 eV excitation energy and with the lpp
setup at BLiX. The inset shows the measurement of three different Cu species
obtained with the lpp setup.
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FIG. 4. Schematic CAD drawing of the XES experiment.
The inset shows the excitation and detection angles.

Fig. 2 with the blue dashed line as guide for the eye and in black a
simplified calculation, see the supplementary material for details.

As an application example, laboratory soft X-ray emission spec-
troscopy (XES) was chosen. A setup consisting of a lpp source,2

toroidal multilayer (ML) mirrors for the focusing and monochro-
matizing of the radiation and the spectrograph as detector was built
up; see Fig. 4 and the supplementary material for details.

Three copper samples were available for proof-of-principle
investigations, metallic copper, and two pressed pellets of CuO and
Cu2O. Figure 3 shows the comparison of XES spectra of metallic
copper obtained from the measurements at the PTB beamline with
the spectrograph and with the presented setup. There is an excel-
lent agreement of the line ratios and energetic positions between the
two measurements with the spectrometer. There is a slight degra-
dation of the resolving power between synchrotron and lpp spectra
(132/101 ± 5) at the Lα line, which can be explained by the differ-
ent excitation spot sizes. The possibility to distinguish different Cu
species is demonstrated in the inset of Fig. 3. As shown in Ref. 5, the
ratio of the Lβ to Lα fluorescence intensity increases with a higher
oxidation state. Despite the low statistics of our measurements, this
trend can be clearly observed.

Current high-end state-of-the-art systems at large scale facili-
ties either use two optical elements (curved mirror plus plane grat-
ing)6 or specially designed 2D gratings7 in combination with long
detection arms.8 While these systems exhibit larger resolving powers
(up to E/ΔE = 10 000), the efficiency is generally lower or compa-
rable at best. We present a highly compact and robust instrument
for soft X-ray emission spectroscopy with minimal motorization
which is transportable and can easily be adapted to measurements
with different excitation sources. Different gratings as well as oper-
ation with or without entrance slit render the flexible instrument
into a versatile, well-characterized tool. Application possibilities

include not only the presented plasma diagnostics and X-ray emis-
sion spectroscopy but also, e.g., simultaneous X-ray absorption spec-
troscopy at multiple absorption edges with moderate resolution
(E/ΔE = 150 − 450). Due to the simultaneous detection of the whole
spectrum, it is additionally well suited for pulsed sources and thus
dynamic investigations.

See the supplementary material for the technical specifications
of the components, measurement details for the characterization at
PTB and the XES experiment, and the alignment procedure of the
spectrograph.
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