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Abstract: We present a newly designed compact and flexible soft X-ray spectrometer for 
resonant inelastic X-ray scattering (RIXS) studies within an energy range from 380 eV to 410 
eV, which would include the K alpha emission lines of vital elements like nitrogen. We 
utilized an off-axis reflection zone plate (RZP) as the wavelength selective element with a 
maximum line density of 10000 l/mm. A higher energy resolution over a broader range of ± 
15 eV around the designed energy was achieved by displacing the RZP. Additionally, for the 
first time, an actual optical side effect, the so-called comatic aberration was exploited to 
increase the energy resolution. First results show a resolving power in the order of 1300 for 
photon energy of 395 eV, which is comparable to a commercial varied line spacing grating 
(VLS). 
© 2017 Optical Society of America 
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1. Introduction 

Resonant inelastic X-ray scattering (RIXS) has become a popular tool to study the element-
specific electronic structure of complex systems in hard and soft condensed matter or in 
chemical reactions. This photon-based method is bulk, element, orbital and site specific as 
well as polarization sensitive [1,2]. Published results cover a broad range of scientific fields 
including e.g. charge transfer, electron-phonon interaction and samples in liquid state among 
others [1–11]. A critical aspect of the RIXS method is the low cross section for the radiative 
decay channel after core-ionization for light elements [12]. Light elements, however, are the 
building blocks of all compounds relevant in biology and life research. Additionally, the 
detection efficiency of soft X-ray spectrometers is also low due to grazing incidence gratings 
and long distances between source and optical element, which lead to a very small solid angle 
[13–15]. This results in a need for brilliant light sources. Soft X-ray spectrometers based on 
gratings in Rowland circle design or varied line spacing gratings are well-established 
instrumentation around the world [11–27]. Depending on the experimental requirements, 
some reach theoretically high resolution up to E/ΔE = 105. However, these are very large 
instruments with up to 15 m arm length [14,19,20,22–26]. Other spectrometer designs use 
additional optical elements to increase the solid angle, e.g. a Wolter type I or a set of 
collecting mirrors before the diffraction optics [27,28]. Yet, the optimization becomes time 
consuming and theses devices are usually permanent end stations, which are not suited for a 
flexible spectrometer. 

In this work, we present for the first time soft X-ray emission spectroscopy measurements 
utilizing a RZP. It uses only one optical element for focusing and diffraction. It combines a 
mobile and compact design with large solid angles and medium energy resolution in the range 
of 0.3 eV at 395 eV making it ideal for the study of systems in low amounts (such as typical 
chemical or biochemical samples). 

In previous studies, reflection zone plates (RZP) have been utilized for hard X-ray [29] 
and for soft X-ray absorption spectroscopy measurements [30]. Yet, the latter suffers from a 
very low energy resolution. The advantage of RZP for the X-ray absorption studies is the high 
detection efficiency [30]. 

To compensate the weakness of RZPs (the limited energy range of nearly maximum 
resolving power, if the detector is placed perpendicular to the optical axis) we propose to 
elongate the source RZP distance to achieve a more homogenous energy resolution over a 
larger energy range. Figure 1 summarizes the calculated and experimental determined 
resolving power for the designed geometry in comparison to the misaligned configuration. For 
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the simulation, two different programs were utilized, RAY [31] for simulating the energy 
resolution and a grating analyses tool for the efficiency calculation [32]. 

 

Fig. 1. Left: The energy resolving power simulated for the designed geometry in comparison to 
the experimental data. Right: Simulated and experimental data for the resolving power with an 
elongated source RZP distance. The resolving power decreases significantly for energies above 
and below 400 eV in the optimal geometry case, while it stays more homogenous for the off-
design configuration. The experimental and calculation conditions are described in sections 2 
and 3. 

2. Optical and instrumental design 

This part describes the development of the high throughput reflection zone plate (RZP) 
spectrometer for X-ray emission detection at the nitrogen K-edge (395 eV). One of the 
technical needs for this spectrometer includes the largest possible solid angle, as the intensity 
of energy to be measured is expected to be very low – due to the low cross section of the 
radiative decay channel. Such an arrangement allows reaching the highest possible share of 
photons and to measure with the highest possible energy resolution at the same time. We 
decided to make use of a RZP structure, based on our experience with the application of RZP 
for detection of the weak fluorescence signal of a single element and the RZP’s potential to 
deliver very high energy resolution measurements data [33–35]. 

In previous studies, an array of RZP structures were designed for a perfect focus of the 
same photon energy on a line or row of spots in order to have as much surface area covered 
with highly efficient diffracting structure as possible [30,33–35]. 

In the present case, we opted for a single RZP-structure, as broad as the fabrication limit 
allows (see Fig. 2). This means, the tiniest structures manufactured are of 100 nm size. This 
allows for a line density as high as 10000 lines/mm on the outer areas. Restraining the view to 
the plain number of line density would lead to effectively low efficient optics. In this case, the 
effective line density is designed from the point of view of the incoming photons. The 
incident angle is different at the peripheral area compared to the designed central line. The 
simulation results concerning the effective line density (in the order of 1200 l/mm in the 
center area and 2200 l/mm at the edges) and the expectable efficiency in these different areas 
show a decrease in the zone plate areas further away from the source. More precisely, an 
efficiency loss occurs along the incoming beam, see Fig. 2. Hence, according to our 
simulations, the benefit of making use of a single RZP-structure is equivalent to an increase of 
the solid angle by the factor two, compared to a possible array of RZPs – all of them 
manufactured for the design-energy, taking simply the geometrical configuration of direct line 
between the source, diffraction area on the RZP, and detector size. The efficiency loss along 
the optical element from the front to the back is rooted in the different incidence and exit 
angles along the entire length. 
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Fig. 2. Efficiency simulation of the entire optical element at the different parts of the structure. 
It can clearly be seen that the diffraction efficiency drops along the axis of the incoming beam 
(longitudinal direction). The data was simulated using rigorous couple wave analysis software 
[32]. 

According to Fig. 2 it can clearly be seen that the diffraction efficiency drops along the 
optical axis of the incoming beam, whereas in lateral direction the drop is rather marginal. 
The reason of this flux difference is mainly due to different distances between source and 
position on the grating. A simulation of the optimum depth of profile for highest possible 
efficiency (including Nickel-coating for increased optimal reflectivity at the used angles and 
photon energy) shows that the integrated efficiency over the entire optical element along the 
center line is about 12.8 ± 0.1% in case of using the + 1st order of diffraction at 395 eV. 
Given the RZP parameters as in Table 1, we decided to manufacture the RZP at a constant 
depth of 10 nm. The vertical acceptance of the RZP is 2.7° and 3.1° in the horizontal direction 
at an optimal incident angle of 2°, see Fig. 3. 

Table 1. The essential designed parameters of the RZP. α and β are the design angles with 
respect to the center of the RZP structure. 

Design energy 395 eV 

Central line density 1763 l/mm 

Incident angle α 2° 

Diffraction angle β 6.35° 

Incident arm length R1 90 mm 

Exit arm length R2 1000 mm 

Reflection coating Ni 30 nm 

Micro roughness (rms) < 0.6 nm 
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Fig. 3. The geometrical dimensions with the incident (α) and diffraction (β) angles as well as 
the vertical (γvertical) and horizontal (γhorizontal) acceptance angles are depicted. The distance from 
source to RZP is R1 = 90 mm for the designed geometry or R1 = 200 mm for the “misaligned” 
and from the RZP to the 2-D detector (R2) is 1000 mm. The spectrometer is placed 
perpendicularly to the incoming X-ray beam, the same applies to the detector in relation to the 
outgoing beam. 

It has been demonstrated from experiments and simulations that a spectrometer equipped 
with the translational correction of the Cartesian three-dimensional degrees of freedom is 
sufficient for practical corrections in order to cope with an angular displacement of the RZP. 
Hence, our spectrometer allows for motorized linear alignment of all three dimensions but 
does not include rotational movements. 

The most critical parameters are the source to RZP (R1), RZP to detector (R2) distances, 
detector height and the incident angle. Based on the optical design of the RZP the source 
sample distance is 90 mm and the detector is optimally placed 1000 mm away from the RZP. 
The optimal incidence angle for the designed energy of 395 eV is at 2° to allow a high 
efficiency of diffraction. In this proof of principle experiment the source to RZP distance has 
been increased to 200 mm. In this actual misalignment, the focal spot is enlarged both 
vertically and horizontally to a broad and wide bent line. In horizontal direction though (here 
the dispersive direction), the so-called coma effect comes into play, resulting in a very high 
concentration of intensity only at the upper edge of the focal area. This intensity concentration 
is so narrow that it can be treated as the focal line of a very small width. As shown below, this 
width remains small within a wide energy range. Of course, the increased distance, a 
misalignment from design parameters, leads to a decrease of the horizontal acceptance angles 
to 1.7° and vertical acceptance to 0.95°. 

The spectrometer is motorized to achieve the optimal position and high reproducibility of 
the optical element for a high efficiency with sufficient energy resolution of 0.3 eV at 395 eV, 
which is comparable to existing grating spectrometers [15,17,22]. 

The behavior of an RZP structure along the optical axis is exactly the same as a 
conventional VLS grating manufactured on a plane substrate. The groove density variation 
along the optical axis (x-axis) can be described with this equation: 

 1 2

1 2

sin sin1 1
cos tan cos tan ,

( ) cos cos

R R
d x R x R x

α βα α
λ α β
        = −       − +           

 (1) 

where d(x) is in the local grating period in optical axis direction and all other terms 
correspond according to Table 1. The angles α and β are connected to each other by the 
grating equation: 

 (cos cos ) .d nα β λ− =  (2) 
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It can easily be seen that for any wavelength by varying parameters α, R1 and R2 one can 
optimize the desired line density profile on the grating. It will give maximum energy 
resolving power on any wanted wavelength different from the RZP design energy. 

A silicon wafer serves as substrate with a liquid photo resist, for example, the positive 
resist polymethyl methacrylate, spin-coated onto it. After coating, the wafer is baked on a 
hotplate, in order to vaporize the remaining solvent. Afterwards, the e-beam writer (VISTEC 
EBPG 5000 + , running at an accelerating voltage of 100 kV) is used to write the designed 
structure. Subsequently, the resist is developed. The long and stable carbon-chains are 
destroyed (cracked) during the interaction with radiation and are dissolved into the developing 
solvent. In the next step, the structure is etched into the silicon substrate via reactive ion-
etching, which is best described as a combination of both physical and chemical etching. 
After the ion-etching, the remaining resist is removed, leaving a clean silicon surface, 
structured with lines and spaces as designed. A more detailed description about the 
manufacturing process can be found in [36]. 

In the following section, the results of the RZP spectrometer will be compared with a 
spectrometer equipped with a standard commercially available VLS grating [15]. An Andor 
iKON M CCD with 1024 x 1024 pixels and a pixel size of 13 x 13 µm2 has been utilized as a 
2D X-ray detector for the RZP as well as the VLS spectrometer. 

3. Results and discussion 

The measurements utilizing VLS and RZP optics have been performed at the soft X-ray 
beamline P04 at the synchrotron facility PETRA III at DESY Hamburg, Germany with the 
ChemRIXS endstation [37,38]. Both spectrometers have been installed perpendicularly to the 
incoming beam, see Fig. 2. The elastic scattering signals have been used for the energy 
calibration as well as for the energy resolution studies, because this offers the advantage to 
know both the energy value and the energy bandwidth of the incoming beam with great 
precision [37]. The 2D detector is placed perpendicularly to the outgoing optical axis. Figure 
4 shows a typical RZP image for an energy range from 375 eV – 415 eV in 5 eV steps for the 
RZP aligned to the designed geometrical parameter. The acquisition time for each energy was 
20 s. For an energy higher than the designed energy, the resolution is higher in comparison to 
the lower energies. The incident angle deviated slightly from the optimal 2°, which explains 
why the vertically sharpest signal was recorded at 400 eV and not at 395 eV. The actual 
incident angle is smaller than 2° due to a larger energy resolution behavior for higher 
energies. From the simulation, the incident angle was determined to be 1.975°. It is obvious 
that the energy resolution is not homogenous for an energy range of 40 eV. The 
corresponding resolving power is illustrated in Fig. 1 left. 

In another row of measurements, the source RZP distance was increased to 200 mm to 
compensate this typical effect utilizing a RZP. 
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Fig. 4. A sum image for an energy range from 375 eV – 415 eV in 5 eV steps with an 
acquisition time of 20 s each is displayed in a. The energy resolution is better for energies 
higher than the designed energy. b shows the simulated data for the same energy steps with an 
incident angle of 1.975°. There is a good agreement between experiment and simulation. 

Figure 5 shows the obtained data from three exposures (at 380 eV, 395 eV and 410 eV) on 
the left, and the simulated 2D data using a ray tracing program [31] on the right. In this off-
geometry (the incoming angle was kept at the design angle of 2°), due to aberrations, the 
concentration of photon intensity at the outer edge of the focal image is very high. This coma 
effect results in a pseudo-line-shaped focus with an asymmetric blur of the intensity 
distribution in the focal plane, characterized by a long “tail” of diffusely scattered photons on 
the high energy side as shown in the simulation. 

The common definition of the spectral resolution by the FWHM (“full width at half 
maximum”) of an e.g. Gaussian or Lorentzian response function fails in this situation but can 
be overcome by an appropriate cutoff noise level that sets all pixel entries less than this cutoff 
level to zero across the detector array. 

 

Fig. 5. Left: Signals of 380 eV, 395 eV and 410 eV at a larger source-RZP than the designed 
distance. The emission lines are recorded all over the CCD detector. Right: Simulated signal 
for 380 eV, 395 eV and 410 eV. As expected the signal shows strong comatic aberrations. 

Depending on the actual peak intensity, this operation shrinks the statistical uncertainty of 
the photon distribution along the dispersion direction. Transferred to the energy scale, the 
effective resolution will improve. For the sample energies, we calculate the standard deviation 
( ± σ) as a function of the cutoff level, as shown in Fig. 6. 
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Since the peak intensity increases with the energy in this example from 1.6 × 103 at 380 
eV to 4.1 × 103 at 410 eV, the standard deviation for each filter level varies, too – a feature 
which demonstrates the need for a careful calibration of the spectrometer. However, σ falls 
down rapidly in each case to sub-eV values above a cutoff around 20. 

 

Fig. 6. Standard deviation (“error bars”) of the photon distribution on the energy scale for 
various cutoff levels between 0 and 200 counts. Some values are given as “± (.) eV” data for 
illustration. Note the different peak intensity in units of counts (underlined number on ordinate 
axis). 

Beyond a cutoff in the order of 50 – 100, the spectral line shape turns into a well-defined, 
symmetric profile. Such data can be properly fitted by a pseudo-Voigt, here in terms of an 
equally weighted (50/50) linear combination of a Lorentzian and Gaussian function. In this 
regime, the mathematical quantity “standard error” may be replaced by the physical FWHM, 
approaching (0.26 – 0.36) eV toward a filter level of 200. A cut-off level of 60 was used for 
the data shown in Fig. 7 and 8. 

The signal is recorded all over the detector image. The simulated results can reproduce the 
experimental data (left) very well in terms of energy resolution, dispersion and curvature. The 
focal intensity distribution is more widely extended than the detector size, which means that 
only a fraction of the signal is recorded. By increasing the source-optic distance, the focusing 
characteristics approximate a VLS grating. Having a larger detector screen, a broader part and 
hence more signal could be recorded. 

Figure 7 shows the curvature corrected 1D spectra recorded with the RZP (bottom) for the 
designed energy of 395 eV and ± 15 eV. The signal is the elastic scattering of a carbon 
sample, and the beamline energy resolving power was set to ~0.2 eV. The total data 
acquisition time was 5 min. 

The X-ray spot had a linear focus with a dimension of ~20 µm x 170 µm, which is 
optimized for a liquid jet as the sample delivery system. The X-ray spot size is the source size. 
An efficiency difference using the RZP is observable between 380 eV and 410 eV. 

Since the incident angle is not optimal, the outcome is an increase of scattered photons. 
This can be suppressed by increasing the cut off of the noise level. 

The spectra taken with the RZP are fitted with a Voigt profile. The Voigt shape results 
from the fact that the beamline itself contributes a Gaussian energy profile in first 
approximation while the coma aberrations of the spectrometer in this case distort it in a more 
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Lorentzian-like manner. The Gaussian part is determined by the beamline energy resolution 
and has been kept fixed in the fitting process. The total energy resolution is 0.32 eV at 380 
eV, 0.35 eV at 395 eV and 0.38 eV at 410 eV. 

 

Fig. 7. The bottom spectrum shows the three energies at 380 eV, 395 eV (designed) and 410 
eV recorded with the RZP as the optical element. In the upper part, each energy is displayed 
with a Voigt-fit and the energy resolution. 

As displayed in Fig. 5 the edges of the screen show a broadening behavior due to 
aberrations, therefore we expect a better energy resolution around the middle of the screen. In 
Fig. 8, a part around the middle with a width of ± 1.45 mm horizontally is summed up 
compared to the whole detector area. 
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Fig. 8. Left: the curvature corrected 2D image of the detector with the partial cut used for the 
1D plot. Right: the 1D plots with the Voigt-fit. 

The energy resolution for all three energies increases significantly but the intensity drops 
down to a third. 

In the next step the energy resolution and the efficiency will be compared to a 
commercially available VLS grating. The spectrum recorded with the VLS grating is fitted 
using a Gaussian. The essential parameters of the VLS grating are listed in Table 2 from [15]. 

Table 2. The essential parameters of the VLS gratinga. 

Design energy 210 - 1250 eV 

Central line density 2400 l/mm 
Incident angle α 1° 
Curvature radius 58542 mm 
Incident arm length R1 564 mm 
Exit arm length R2 564 mm 
Reflection coating gold 
Slope error (rms) 2.2 arc sec 
aFrom Rev. Sci. Instrum., 86, 093109 (2015) 
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Figure 9 shows the summed up spectrum of 395 eV taken with the VLS spectrometer and 
the Gaussian fit. The total energy resolution ( )totalEΔ  is 0.4 eV, which is the combined energy 

resolution of the spectrometer and beamline ( )beamlineEΔ  

 

Fig. 9. The Gaussian fit (blue) of the elastic peak (dots) shows a total energy resolution of 0.4 
eV at 395 eV recorded with a VLS spectrometer. 

In first approximation, the beamline has a Gaussian profile. Therefore, the effective 

energy resolution of a spectrometer ( )effEΔ  can be obtained from this equation: 

 
2 2

.eff total beamlineE E E
E E E

Δ  Δ Δ   = −     
    

 (3) 

In the case of the VLS spectrometer, the energy resolution ( effEΔ ) is 0.34 eV, which 

corresponds to an energy resolving power of ~1160 (E/ΔE). The resolving power could be 
higher if the effective pixel size of the detector were smaller. According to manufacturer of 
the CCD the pixel size is 13 x 13 µm2, but due to charge spreading the effective size is 26 µm 
or bigger resulting in a lower energy resolution [15]. For the RZP spectrometer the charge 
spreading of the CCD has less influence on the energy resolution, due to geometrical 
configuration. A comparison with the RZP shows that the intensity is a factor of ~3 higher 
than the VLS spectrometer. This drops down for the partial RZP signal. The efficiency 
differences are due to the facts of i) Ni-coating of the RZP structure and ii) the VLS optic 
being positioned by a factor of 2.8 further away from the source. In optimal geometry the 
intensity increases to more than an order of magnitude for the design energy due to the very 
large solid angle while maintaining a comparable energy resolution, see also Fig. 2. The 
energy range of the RZP is limited in detecting the emission line of one element, while the 
VLS grating offers the possibility to measure the emission lines of up to three different 
elements [15]. This weakness can be overcome using a target holder with multiple ports for 
several RZP optics. Another approach would be to implement more than one array on the 
substrate to cover the emission lines of other elements. Also, the utilized VLS grating 
reported in this paper is a standard grating with potential of improving performances, e.g. a 
better energy resolution and higher efficiency can be reached by optimizing the slope error 
and the coating. Compared to other solutions using a VLS-grating, it is possible to get much 
closer to the sample with an RZP than with the presented VLS-geometries. 

The RZP can be designed for higher energy resolution, standing very close to the source 
(sample). In this proof-of-principle study the RZP is designed for a nominal distance of 
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90mm, but used at a distance of 200mm. These distances can be even shortened, which leads 
to a remarkably greater solid angle and therefore an increase of the detection efficiency 
without additional collecting optics. We are using the principle of getting as close as possible 
to the source, in order to increase the number of collected photons, and at the same time to 
keep a certain distance to the detector, in order to have reasonable energy resolution. In future 
studies, these parameters can be optimized. This means shortening the distance source-RZP, 
and at the same time elongating the RZP-detector distance. Our goal was and is to provide a 
compact and versatile device, but for a fixed end station these parameters would certainly 
have to be optimized. 

Nevertheless, the presented results utilizing a RZP optic show comparable energy 
resolution at higher efficiency and may be a candidate for alternative solutions of X-ray 
optics. 

4. Conclusion 

We presented a novel approach for soft X-ray emission spectroscopy with reflection zone 
plates and utilized usually unwanted comatic aberrations to increase the energy resolution for 
a broader energy range. On one hand in the designed geometry the RZP offers optimal 
performance in terms of very high efficiency and signal to noise ratio for the set energy. On 
the other hand the conventional use of RZPs lacks insufficient energy resolution for a wide 
energy range. Our approach shows that these characteristics can be overcome through 
displacement of the optic. The results show an energy resolving power of up to ~1300 for an 
energy range of 30 eV around the nitrogen edge with a much higher efficiency than 
conventional optics. Spectrometer based on the RZP might offer an alternative instrumental 
approach for soft RIXS experiments. 
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