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Abstract. The energy-resolving performance of a synchrotron radiation monochromator can
be characterised by measuring the fluorescence response of a gas in scans across characteristic
absorption lines. Here, we describe a method using exceptionally narrow absorption features
in the soft x-ray range. The features belong to helium-like ions and examples of the transition
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1s → 2p in O6+ and Ne8+ are shown. We describe the instrument PolarX-EBIT and show
typical data. A performance with ten times sharper effective feature width, when compared to
neutral-gas absorption features, is demonstrated.

1. Introduction
Synchrotron radiation beamlines can deliver monochromatic VUV to soft x-ray beams with a
resolving power up to E/∆E = 105 [1]. This resolution is achieved by a grating monochromator
that, in the usually vertical dispersive plane, disperses the spread of photon energies and forms
an image of the source on a precision slit unit, the exit slit [2, 3]. Beamlines with resolving
power in this range are getting numerous, not only in the rather forgiving VUV range, but also
in the soft x-rays, where the high resolving power is used for experiments approaching the scale
of thermal excitations [4, 5, 6, 7, 8, 9]. Theoretically, even the creation of a monochromator
with sub-meV resolution in the soft X-ray range is discussed [10].

The characterisation of such a monochromator is a challenge in itself. It is necessary, on one
hand, to obtain a measured reference of the resolution profile, which can be used to convolve a
theoretical prediction with the instrumental function to fully model an observed spectrum. On
the other hand, the monochromator can be optimised by tuning parameters, and the measured
resolution is the crucial control to find the optimal tune. Specifically, the focal length of the
monochromator can be adjusted in almost all monochromator schemes, thus bringing the focus
position of the dispersive plane upstream, downstream, or right on the exit-slit position. A high
resolution is obtained only when this focus is correctly tuned. The experimental probe itself is
often used to tune and measure the experimental resolution function [9]. This yields the relevant
information, but requires tuning of both, the monochromator and the experiment. An impartial
view of the monochromator performance in itself is thus desirable.

2. Monochromator and Beamline
The data shown in these proceedings were obtained on beamline P04 at the storage ring PETRA
III [11]. This is a two-branch beamline with two separate monochromators, one of which can be
served by a switching mirror unit. Rather than using the older branch that is mainly described
in Ref. [11], where similar measurements have been made using the ion beam of PIPE [12, 13],
here, we use the newer branch, which does not feature such a large installation.

The monochromator used here consists of a plane mirror and plane grating unit at 44 m from
the source and an exit-slit unit at 64 m from the source. These two (mirror and grating) deflect
the beam in the vertical plane, which is the dispersive plane of the monochromator. In addition,
the beam passes over a horizontally deflecting plane switching mirror at 35 m and through a
beam-defining aperture at 27.9 m. After the exit slit, the beam is focused into the instrument by
a refocussing mirror unit to a beam waist of approximately 12× 8 µm2 (horizontal × vertical).
The grating is of type variable line spacing with a central line density of 1200 lines/mm. This
type of grating focusses the beam and the focal length is adjusted by the control parameter cff
[2], which enters the computer-controlled adjustment of mirror and grating angles for the desired
photon energy. The second tuning parameter is the exit-slit size. When all else is well tuned
and focussed, the energy resolution increases linearly with decreasing slit size up to a limit given
by the source size as demagnified by the monochromator and by optical imperfections.

3. PolarX-EBIT Electron-Beam Ion Trap
The instrument used here is the PolarX-EBIT Electron-Beam Ion Trap (EBIT) [14]. This
instrument produces highly charged ions from a gas at pressures around 10−9 to 10−8 mbar by
bombardment with an electron beam of energy up to 10 keV. The same focussed beam, along with
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a magnetic field, traps the ions in a cloud of well below 100 µm diameter. A spectroscopic soft
x-ray detector is used to detect fluorescence x-rays out of this cloud, tuned to select fluorescence
from a specific atomic species, e.g., oxygen or neon in the examples shown below. In the study
shown here, we focus on ions with a simple helium-like electronic structure consisting of the
nucleus and two electrons. These are 8O

6+ for oxygen and 10Ne8+ for neon. In principle, any
atomic species between 3Li and 26Fe or even heavier atoms can be brought into this configuration
in the EBIT and both the fluorescence photon energy as well as the highest-energy absorption
resonances are found at higher and higher photon energies with increasing charge of the nucleus.
In this way, the method can be used at different, rather densely spaced, albeit discrete photon
energies. Several sharp absorption resonances are found in the absorption spectra of these ions.
Here, we focus on resonances that correspond to transitions 1s → 2p, labelled “w”.

4. Results and Discussion
Fig. 1 shows the results from such an optimisation using the “w” resonance feature of oxygen,
thus at a photon energy of approximately 574 eV. Panel (A) shows a spectrum before
optimisation of the monochromator and using an enlarged exit-slit opening of 12 µm. Panel
(B) shows the correponding spectrum after the optimisation. Here, the exit-slit size is 4 µm,
below which no more significant improvement of the energy resolution can be expected and only
the intensity of the beam is reduced proportional to the slit opening. Panel (C) summarises
the progress of the optimisation. Here, we report the full width at half maximum (FWHM) as
determined by Gaussian fits to the spectra. Through the increase of the resonance width on
either side of the scan of cff it is clearly seen that the monochromator is defocussed for both,
too small and too large cff and the focus is thus found, in this case, at cff = 3.004.
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Figure 1. Optimisation results using the feature “w” (transition 1s→ 2p) of O6+. (A) Spectrum
before optimisation of the monochromator and with a slightly enlarged exit-slit size for higher
count rates. (B) Spectrum after optimisation. (C) Extracted width as a function of cff from
spectra such as shown in (A) and (B). The minimum width, as determined by a parabolic fit,
corresponds to the best focus.

As a cross check, we show a scan of the exit-slit opening in Fig. 2. The resolution clearly
increases with decreasing slit opening, though not entirely linearly. A saturation at small slit
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Figure 2. Extracted results of spectra of varying exit-slit size. The blue curve shows the
extracted width FWHM and the inset shows the intensity of the spectra in arbitrary units.

openings is not discernible. The intensity, shown in the inset and extracted from the same
spectra, shows a highly linear behaviour that also extrapolates zero at 0 µm exit-slit opening.

The analysis shown above focusses on the resonance width. This serves for the optimisation
of the monochromator focal length, thus the formation of an image of the source on the exit-slit
position. This image may, however, be distorted from other sources that affect not exclusively
the width. Indeed the spectra shown in Fig. 1 clearly display a side bump of intensity on the
lower energy side. This side bump is present in both spectra and appears as a pronounced
small peak at the higher resolution of Fig. 1(B). The side bump is not a feature of the ion’s
absorption resonance, but rather it is allocated to monochromator imperfections and it was
found that it can be influenced by settings of the primary beamline aperture at 27.9 m from the
source. A different optimisation might thus tune the aperture opening and analyse the visibility
of the side bump. The strength of the method is the observation of the full resolution function
of the monochromator by making it visible through the well-defined and globally reproducible
absorption profile.
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Figure 3. Absorption spectra of neutral Ne gas, measured with a separate detector, and of the
“w” resonance of Ne8+. (A) Linear scale of the intensity. (B) Logarithmic scale.

A set of spectra from Ne are shown in Fig. 3. The figure shows spectra of the “w” resonance of
Ne8+ along with the well-known 1s→ 3p resonance of neutral neon [5, 15]. The same information
is shown on a linear scale in (A) and on a logarithmic scale in (B). Note that no calibration
corrections have been applied to these data, thus the absolute photon energies indicated are
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reliable to within a few eV only. The scales are, however, shown with identical scaling. The
linear scale in Fig. 3(A) clearly demonstrates the approximately 10 times sharper feature size of
the Ne8+ resonance when compared to neutral Ne.

We can now discuss the ultimate sensitivity of the method to the highest energy resolution.
The data shown above demonstrate a feature width of ∆E = 18 meV at E = 574 eV, thus a
resolving power E/∆E = 31, 880. The intrinsic ultimate resolution limit is given by the natural
width of the resonance δEres, which can be calculated as δEO“w” = 2.18 meV [16]. Similar
widths are found for the transition 1s → 2p in different ions. The observable resonance is,
however, broadened by the motion of the ions, which is given by the ion-cloud temperature, and
thus random in nature, the so-called Doppler broadening. This leads to a Gaussian effective
resonance width of δEDoppler = E/c

√
ln 16

√
2kBT/m, where E is the resonance energy, c is the

speed of light, kB is the Boltzmann constant, T is the temperature, and m is the ion mass [17]. At
a temperature of estimated T = 30, 000 K and for E = 574 eV andm = 2.656·10−26 kg for oxygen
this corresponds to an effective width δE = 17.8 meV. The observed ∆E is a convolution of
δEDoppler with the monochromator resolution function. Under the conditions of this experiment
δEDoppler is the leading contribution to ∆E. Nevertheless, the observation of an increase of
∆E at either end of the focussing scan allows for a reliable determination of the correct best
focus. The ultimate optimisation of the EBIT method can involve a next step of reducing the
ion temperature, which can be done by adjusting the electron-beam parameters.

Summary
In summary, we have described how absorption resonances of type “w” in helium-like ions
allow for the characterisation of the energy resolution of a soft x-ray monochromator. Two
examples are specifically shown for O6+ and Ne8+ at E = 574 eV and E = 922 eV, respectively.
The instrument required for generation of these ions and the detection of the signal is briefly
discussed. The spectrum from Ne8+ is compared to neutral Ne, thus demonstrating the at least
10 times sharper feature size that depends only on the ion-cloud temperature and can thus be
readily reproduced.
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Bernitt S and Crespo López-Urrutia J R 2018 Review of Scientific Instruments 89 063109 URL
https://aip.scitation.org/doi/10.1063/1.5026961

[15] Müller A, Bernhardt D, Borovik A, Buhr T, Hellhund J, Holste K, Kilcoyne A L D, Klumpp S, Martins
M, Ricz S, Seltmann J, Viefhaus J and Schippers S 2017 The Astrophysical Journal 836 166 URL
https://iopscience.iop.org/article/10.3847/1538-4357/836/2/166

[16] Cann N M and Thakkar A J 1992 Phys. Rev. A 46(9) 5397–5405 URL
https://link.aps.org/doi/10.1103/PhysRevA.46.5397

[17] Tatum J 2022 Section 10.3 in URL http://orca.phys.uvic.ca/~tatum/stellatm.html


