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Abstract: We have implemented and successfully tested an off-axis transmission Fresnel 
zone plate as a novel type of analyzer optics for resonant inelastic x-ray scattering (RIXS). 
We achieved a spectral resolution of 64 meV at the nitrogen K-edge (E/dE = 6200), closely 
matching theoretical predictions. The fundamental advantage of transmission optics is the fact 
that it can provide stigmatic imaging properties. This opens up a variety of advanced RIXS 
configurations, such as efficient scanning RIXS, parallel detection for varying incident energy 
and time-resolved measurements. 
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1. Introduction 

High-resolution RIXS in the ultraviolet and soft X-ray range is particularly sensitive to the 
electronic properties of matter owing to its strong coupling to valence electrons. This allows 
for detailed studies of strongly correlated electron systems such as transition metals and rare 
earth oxides. RIXS is a powerful probe of excitations from the electronic ground state of such 
correlated materials involving lattice [1], charge [2], orbital [3,4] and spin [5–7] degrees of 
freedom. With extremely high spectral resolution one can employ the scattering and incident 
angle dependence of the RIXS signal for analyzing the collective behavior of charge, orbital 
and spin excitations by assessing their momentum dependence. Moreover, RIXS also has 
interesting applications for a wider range of molecular samples, including gases and liquids. It 
for instance probes the detailed bonding environment in metallo-organic complexes and the 
charge transfer process in electrochemical active materials like the cathodes in batteries. 
Combined with pump-probe techniques, the ultra-fast dynamics of a sample become 
accessible when implementing RIXS experiments at X-ray free-electron laser (XFEL) sources 
[8]. 

Typically, spectrometers based on spherical reflection gratings with varying line spacing 
(VLS) [9] or constant line density (Rowland type spectrometers) [10] are used to collect the 
radiation emitted from the sample and to disperse it across a CCD detector [see Fig. 1(a)]. 
The gratings are fabricated on spherical surfaces that provide focusing in the energy 
dispersive direction. However, the focusing in the sagittal direction is only weak, and the 
dispersed signal is spread out along the non-dispersive direction of the detector. Therefore, in 
RIXS set-ups using VLS gratings on spherical surfaces, the detector signal is integrated 
(projected) along the non-dispersive direction, that conveys no information about the sample 
[11,12]. 
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Recent concepts [13,14] aim at exploiting the non-dispersive direction on a RIXS detector 
to obtain additional information. It has been suggested to illuminate the sample with a line 
focus in the non-dispersive direction, in which the energy of the incident photons is varied. 
With this approach, one could simultaneously measure RIXS spectra over a range of incident 
energies – a technique referred to as hν2 spectrometry [14,15]. Further ideas are to use a 
monochromatic line focus for acquiring spatially resolved RIXS spectra, or for time resolved 
experiments. 

The key problem of this approach is that a single bounce reflecting optics will not provide 
aberration free imaging conditions (stigmatic imaging), resulting in a severe loss of spatial 
and spectral resolution. In order to maintain acceptable imaging properties, that fulfil the 
Abbe sine condition [16], two elliptical reflecting optics arranged in a Wolter-type I 
arrangement need to be used in series [13,17]. This greatly increases the cost and complexity 
of the detection system, decreases throughput, and makes alignment a true challenge. 

To overcome these issues, we used an off-axis transmission Fresnel zone plate (FZP) as 
analyzer, as shown in Fig. 1(b). Transmission FZPs are frequently used in x-ray imaging 
applications and are known to provide stigmatic imaging properties [18]. They are very 
insensitive to angular alignment and stability, which greatly facilitates their use compared to 
reflective optical elements. However, so far they have seldom been considered as optics in 
analyzer geometries. The essential mathematical relations for the design of an off-axis 
transmission FZP to be used as analyzer in emission spectroscopy, and its performance in 
terms of spectral resolution are derived below. 

 

Fig. 1. a) Schematic view of a conventional RIXS detection scheme using a reflective grating. 
b) Proposed detection scheme using an off-axis transmission FZP. The grating can be seen as 
the off-axis part of the FZP indicated in grey. 

2. Theoretical description 

We first consider the case illustrated in Fig. 1(b) and radiation at a design energy E0, 
corresponding to a wavelength λ0 = hc/E0. We intend to image the source point, i.e., the part 
of the sample that is illuminated with x-rays having a wavelength of λ0 onto a detector. The 
straight line from source point to the detector, see dashed line in Fig. 1(b), defines the optical 
axis of our setup. The FZP used for imaging consists of concentric rings around this axis. 
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From zone to zone the optical path length must increase by λ/2, which leads to the geometric 
relation: 

 2 2 2 2

2n n
ng r b r g b λ+ + + = + +  (1) 

with the distance g between the sample and the FZP center and the distance b between the 
FZP center and the detector and the radius rn of the nth zone. Solving (1) for rn

2, the zone radii 
must fulfil the equation: 

 
( ) ( ) ( ) ( ) ( )2 2 43

2
2
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 

 (2) 

where an odd number for n describes the inner radius of a ring and an even number the outer 
radius. 

According to the lens maker’s equation, we can attribute a focal length f to such a FZP: 

 
gbf

g b
=

+
 (3) 

and allocate a magnification factor m = b/g. 
In our case, we do not use a full FZP, but only an off-axis part consisting of arcs, as 

illustrated in Fig. 1(b). In the radial direction this part extends over the width wr from an inner 
radius rin to an outer radius rout, with the corresponding zone numbers nin and nout. The width 
in the azimuthal direction is denominated as wa. 

The focal length of a FZP defined in (3) is often approximated by the well know relation, f 
≈rn

2/nλ ≈rn
2/nhc and therefore in a good approximation proportional to the photon energy. 

Radiation with different wavelengths will produce image points on the optical axis at 
different distances from the FZP plane. For a fixed detector distance b0 any radiation with 
energies deviating from E0 will be defocused. Simple geometric considerations show, that for 
an energy deviation of ΔE, the corresponding distance between the focused plane and the 
detector plane at b0 is in good approximation given by: 

 ( ) ( )
2

2 2
1 1 nErb m f m

nhc
Δ

Δ ≈ + Δ ≈ +  (4) 

and the corresponding change in spot size on the detector caused by the zone plate’s 
chromaticity is: 

 ( )
2

2
1 nr

r
Erwx b w m

b nhcb
Δ

Δ ≈ Δ ≈ +  (5) 

In order to derive the basic optical properties of an off-axis FZP used as analyzer at its 
design energy E0, we consider for now only incremental changes in energy so we can neglect 
chromatic effects. Moreover, we assume, that wr is small compared to rmin, and that the 
wavelength is small compared to the zone widths drn. If we now consider an x-ray passing 
through the off-axis FZP at the radius rn, it will be diffracted by the angle an ≈λ/drn ≈hc/(E × 
drn), where drn = rn – rn-1 is the width of the nth zone. The angular dispersion is therefore 
given by: 

 
2

1

2
n

n

d hc
dE dr E
α

=  (6) 

                                                                                                    Vol. 25, No. 14 | 10 Jul 2017 | OPTICS EXPRESS 15627 



and the dispersion in the detector plane is: 

 
22

n

n

dx hc b
dE dr E

≈  (7) 

The energy resolution of a spectrometer based on an off-axis FZP is determined by three 
contributions. (i) Assuming a spatial resolution that is given by 2.5 × oversampling and a 
pixel size p, we can derive the detector-limited contribution of 

 
22

2.5 n
det

dr EdE p
hc b

≈  (8) 

(ii) Assuming monochromatic radiation, the size s of the spot on the sample will be 
magnified onto the detector by the imaging ratio b/g. This results in a geometric contribution 
to the energy resolution of 

 
2 22 2n n

geo
dr drb E EdE s s

g hc b hc g
≈ ≈  (9) 

(iii) The radial aperture size wr of the off-axis FZP gives a diffraction limited contribution 
to the spot size on the detector. This effect limits the resolving power E/dE to the number of 
zones nout – nin inside the off-axis FZP. As we assume the width of the FZP to be small 
compared to its full radius, the zone width only varies slightly over the off-axis FZP. Thus, 
we assume a constant period inside the off-axis FZP for the calculations. We can therefore 
approximate the diffraction-limited contribution by 

 
2 n

diff
out in r

drEdE E
n n w

≈ ≈
−

 (10) 

The energy resolution of the spectrometer is then limited to the geometrical mean of all 
three contributions: 

 2 2 2
spec det geo diffdE dE E E≈ + +  (11) 

As all three contributions to this term depend on the zone width drn, it is essential to produce 
off-axis FZPs with narrow structures. Moreover, it is evident that the resolution is best for 
low photon energies. Figure 2 shows the calculated resolving power for some relevant 

 

Fig. 2. Calculated resolving power E/dEspec of the RIXS spectrometer (dashed lines) and total 
resolving power E/dEtot taking into account the incident bandwidth (solid line) vs. FZP period 
2drn for photon energies at a selection of relevant absorption edges. The spot size on the 
sample is s = 5 µm (with 10 µm monochromator exit slits), sample distance g = 1.75 m, 
detector distance b = 2.9 m, grating size w = 3 mm, effective subpixel size sp = 1.37 µm of the 
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tilted detector, 2.5 × oversampling, incoming bandwidth E/dEBW = 13000 (using a 
monochromator grating with 800 lines/mm). 

absorption edges under the constraints given by the RIXS spectrometer geometry at the 
ADRESS beam line of the Swiss Light Source (SLS) [12], also taking into account the 
contribution of the incoming bandwidth E/dEBW = 13000. 

 2 2 2 2
tot det geo diff bwdE dE E E E≈ + + +  (12) 

3. Experimental Setup 

Our experiments were carried out at the ADRESS beamline at the Swiss Light Source (SLS) 
[12]. The ADRESS beamline is ideally suited for the experiment. It provides the intense, 
narrow-band beam (1013 photons/sec within 0.01% bandwidth at 1 keV photon energy) 
required to assess the performance of our analyzer inserted in the current spectrometer arm at 
the ADRESS beamline. Furthermore, it features a high-resolution, spherical VLS analyzer 
and detector system serving as benchmark for our FZP analyzer optics. The reflective high 
resolution grating available at the ADRESS-RIXS spectrometer has a central groove density 
of 3000 lines/mm with variable line spacing (2945 lines/mm to 3055 lines/mm) optimized to 
deliver the required focal distance and slope of the focal curve at the CCD detector [11,21]. 
The last upgrade of the optics and CCD detector of the spectrometer has pushed its resolving 
power to better than 20000 at 1 keV photon energy. 

For our demonstrator experiments, we chose the photon energy range around 397 eV, as it 
coincides with the scientifically relevant resonant excitation of nitrogen. The beam from the 
monochromator was focused onto the sample with an ellipsoidal refocusing mirror working at 
a demagnification of 5.85, which delivers a beam of 3.9 µm × 54 µm (v × h), resulting in a 
footprint on the sample of 3.9 µm × 76 µm (v × h) for 45° incidence angle. In our case the 
monochromator exit slits were only closed to 10 µm, resulting in a vertical spot size on the 
sample of about 5 µm. Our optic was mounted on a manual UHV manipulator allowing us to 
insert and position it into the ADRESS-RIXS analyser arm at about g = 1.75 m from the 
sample. The detector was placed b = 2.9 m behind the optic, resulting in a magnification of m 
= b/g = 1.66. For the design of the optic an area of 3 mm × 3 mm was taken from the 
outermost edge of a FZP with diameter of 98.64 mm and 70 nm outermost period, resulting in 
a focal length of 1.09 m at 397 eV and an average deflection angle of α = 2.5°. The simple 
manual UHV manipulator with the optic just mounted on the end of a rod was sufficient as 
transmission FZPs are very insensitive to angular alignment errors and no angular adjustment 
is required. As the FZP pattern was defined by a very accurate lithography process (see 
below) the focal length for a given photon energy is precisely known. Moreover, the depth of 
focus of our spectrometer setup is several millimeters, therefore the positioning along the 
optical axis does not need to be precise. 

The optic was fabricated from negative photo resist HSQ (Hydrogen silsesquioxane). 
Therefore a square shaped silicon nitride membrane with 3 mm × 3 mm size and 100 nm 
thickness was spin coated with 400 nm HSQ. The HSQ was structured by 100 kV electron 
beam lithography using a Raith/Vistec EBPG 5000PlusES system. With a dose of 10000 
µC/cm2 and a beam current of 5 nA, the exposure of the 41537 zones of a lens with 70 nm 
outermost period took around 50 h. Due to exposure HSQ becomes similar to SiO2, which is 
non-soluble in the Microposit AZ351 developer used for removing the non-exposed regions. 
Figure 3 shows SEM micrographs of the edge of a FZP. 
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monochromator exit slits to 10 µm. Furthermore, the spot size was affected by the exposure 
time. Scans with shorter exposure time showed smaller spot sizes than scans with longer 
exposure time, which most likely is caused by mechanical and thermal drift. This is obvious 
when comparing to the scan with 50 µm monochromator exit slits and 3 min exposure time. 
The result of this measurement is nearly as good as the one with 10 µm monochromator exit 
slits and 20 min exposure time. 10 µm monochromator exit slits result in a spot size on the 
sample of 5 µm, whereas 50 µm exit slits result in spot size of 9.6 µm. Taking into account 
the slightly better result of the 10 µm measurement, the overall drift in the experimental setup 
was 4 µm in 20 min, including all drifts from storage ring, beamline, sample, optics holder, 
detector etc.. The causes of these drifts are slight temperature changes in the experimental hall 
of the Swiss Light Source, and a separate enclosure would be required to improve stability. 

When changing the photon energy, the spot on the detector moved in the vertical direction 
due to the dispersion of the off-axis transmission FZP. The focal spot on the detector moved 
62 pixels (339 µm) per eV [see Fig. 6]. For the smallest achieved spot size the FWHM was 4 
pixels (21.8 µm) in the energy dispersive direction. This results in an energy resolution of 64 
meV at 400 eV (resolving power E/dE = 6200). 

 

Fig. 6. Measured vertical spot position on CCD versus incident photon energy. The position of 
the focal spot was shifted by 62 pixels (339 µm) per eV. The size of the spot changed 
according to the imaging equation as the system was focused for 397 eV as shown in Fig. 5. 
The line represents the predicted dispersion according to Eq. (5). 

This result is in very good agreement with the calculations. With the assumptions made 
for Fig. 2 and an effective spot size of 9 µm on the sample (including 4 µm drift), the 
calculated energy dispersion is 339 µm/eV (see Eq. (7)). For the energy resolving power, the 
contribution of the detector to the limit of the resolving power is dEdet/E = 37828 (see Eq. 
(8)), the geometric contribution is dEgeo/E = 8675 (see Eq. (9)), the diffraction contribution is 
dEdiff/E = 42857 (see Eq. (10)) and the contribution of the incoming bandwidth is dEBW/E = 
13000, which leads to a total resolving power of dEtot/E = 6993 (see Eq. (12)). Clearly the 
geometric term is the most significant contribution to the energy resolution of the 
spectrometer. Consequently, a reduction of the spot size on the sample and the drift will 
significantly improve the resolution of the setup. Additionally, the incoming bandwidth has to 
be reduced for higher resolutions by changing to a finer monochromator grating [12]. 
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Fig. 7. FWHM of focus at 397 eV photon energy for varying horizontal position of the incident 
beam on the sample. The resulting resolution remains constant, the small changes of the 
FWHM are due to the low signal-to-noise ratio. The different size in horizontal and vertical 
direction is a result of the shape of the spot on the sample. According to this measurement with 
a monochromator exit slit size of 30 µm and 30 min exposure time the spot size on the CCD 
was about 160 µm × 50 µm. 

The major advantage of our setup is the stigmatic imaging condition provided by the 
transmission FZP. The observation of a finite horizontal spot size is a clear proof of imaging 
in the horizontal direction. With the reflective grating typically used for RIXS experiments 
the signal is spread horizontally over the entire detector. To confirm the imaging quality of 
our configuration, we moved the illumination spot horizontally across the sample, without 
observing any significant change in the shape or size of the focal spot [see Fig. 7]. The 
position of the spot on the detector remained constant in the energy dispersive direction and 
moved horizontally according to the movement of the illuminating spot. No off-axis 
aberrations could be detected for our FZP analyzer optics. 

The spot on the CCD was not circular, but horizontally three times bigger than vertically 
(h × v = 160 µm × 50 µm), which is in good agreement with the description of the beamline 
by Strocov et al. [12], taking into account the not fully closed (30 µm) monochromator exit 
slits. The difference in spot size in horizontal and vertical direction is not visible with the 
reflective grating commonly used at ADRESS, as this analyzer does not provide horizontal 
resolution, and therefore, the horizontal size of the illumination spot has no effect on the 
spectral resolution. However, the horizontal spot size will be important for future 2D RIXS 
applications as described in the outlook. 

5. Conclusion and outlook 

We have demonstrated for the first time that diffractive transmission optics can be used as 
high-resolution RIXS analyzers providing stigmatic imaging properties. The resolving power 
achieved was E/dE = 6200 (incoming bandwidth E/dEBW = 13000) in our first experiment, 
which is only about a factor two below the resolving power of E/dE = 13250 obtained with 
the reflective analyzer currently used at the ADRESS beamline and a smaller incoming 
bandwidth (E/dEBW = 15000). This resolution is in good agreement with the theoretical 
predictions. The alignment of transmission FZP is very straight forward as they are very 
insensitive to alignment errors. 

For further increasing the spectral resolution, the most promising step is to decrease the 
spot size of the illuminating beam on the sample, as this is the most limiting factor for the 
configuration used in our experiments. The increased fluence could lead to damage of 
radiation sensitive samples. However, the increase in fluence could be compensated by 
increasing the spot size in the non-dispersive direction. Additionally, as shown in Fig. 2, the 
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resolution can be increased by decreasing the period of the off-axis transmission FZP to 
enhance its dispersion. However, this would of course require improving the bandwidth of the 
incoming spectrum. Decreasing the effective line width could be possible for example by 
using a line doubling technique [22] or by designing the FZP to be used in a higher diffraction 
order. 

Furthermore, diffractive transmission optics for soft x-rays with such small periods and 
high aspect ratios exhibit substantial volume effects, meaning that the grating cannot be 
treated as a two-dimensional element [23]. Tilting the optic by half of the diffraction angle α 
in respect to the incident beam can fulfil the Bragg condition, comparable to the situation in a 
multilayer mirror. This significantly increases the efficiency of such optics and can give 
values clearly exceeding those obtained with present RIXS spectrometer gratings. 

Additionally, the number of detected scattered photons will be further increased by taking 
advantage of several simple considerations. For instance, the distance from sample to FZP 
can be reduced in future setups, resulting in a larger solid angle by the square of the distance 
reduction. Furthermore, the size of the optic can be increased as the flux of the signal scales 
linearly to its area. The longer electron beam writing time for larger area FZPs can be 
partially compensated by reducing the overhead time due to systematically following the rules 
for better fracturing of the layout [24]. Finally, a better efficiency of the FZP is possible by 
optimizing the fabrication process, an improvement by a factor of two seems to be realistic. 

In our experiment, we demonstrated that the resolution of transmission off-axis FZPs is 
independent of the position of the sample, which enables advanced 2D RIXS schemes. For 
example, the RIXS sample can be illuminated by a line focus with varying incident energy on 
the long axis. Thus, a full set of RIXS spectra can be acquired in a single shot [14]. Using a 
homogeneous line focus for illumination, the investigated sample can be scanned acquiring a 
spatially resolved RIXS spectrum for each point of the scanned area. Thus, inhomogeneities 
and interfaces can be analyzed by their effect on the RIXS spectra. 

The opportunity to record RIXS spectra in a spatially resolved manner generally opens a 
plethora of new experimental configurations, as a variety of parameters could be varied along 
the line focus. This includes thicknesses of deposited films, the strengths of external magnetic 
fields, temperature, or the impact of a pump laser. The latter option could be highly 
interesting in context RIXS measurements at XFEL sources when varying the arrival time of 
a pump laser with respect to the XFEL probe pulses along the line focus to obtain time-
resolved RIXS spectra. 
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