


1. Introduction 

The European XFEL is a free-electron laser facility in Hamburg area, Germany. A 1700 m 

long, pulsed, superconducting linear accelerator produces electron bunches up to 17.5 GeV 

[1,2]. Three undulator chains (SASE1, SASE2, and SASE3) feed the corresponding 

beamlines, with different characteristics and energies. In particular, SASE3 is a soft X-ray 

beamline that covers a wide photon energy range in both monochromatic and non-

monochromatic mode, from 270 to 3000 eV [3]. The monochromatic mode is provided by a 

reflective-grating-based monochromator in the beam transport optical setup. The optical setup 

is made up of a cylindrical pre-mirror that focuses the beam and a VLS grating. The result is a 

chromatic lateral dispersion of the beam over a slit, allowing an efficient filtering in energies 

with a high spectral efficiency. For this purpose, a 530 mm long grating was designed, but it 

turned out to be challenging to fabricate at this length. A shorter grating, 150 mm long with 

120 mm clear aperture, was procured to allow early operation. The requirements for the short 

grating were also challenging because of the very precise VLS parameters that are required, 

but it was simpler to procure because of the shorter length. We report here on the 

metrological characterization of such a grating, with special focus on the absolute 

characterization of the VLS parameters that is crucial on this accuracy level. 

2. VLS parameters and measurement setup 

The grating has a certain number of design parameters that were measured. We report the 

specifications with tolerances in Table 1. 

Table 1. VLS grating specifications 

Substrate material Monocrystalline silicon 

Clear aperture 120 mm x 20 mm 

Radius of curvature of the substrate > 100 Km 

Height error (substrate) < 20 nm (P-V) 

Groove profile depth P–V (16 ± 2.4) nm 

Duty cycle (valley to spacing ratio) c/d (0.65 ± 0.1) 

Groove Density Law (lines/mm) 
2

0 1 2b b b x b x  

b0 = (50 ± 1.6) 1/mm 

b1 = (101 ± 1) x 10 5 1/mm2 

b2 = (0 ± 2) x 10 7 1/mm3 

Different parameters require different setups and instruments, which are described in the 

following sections. 

2.1 Substrate characterization 

For the substrate and the VLS characterization, Fizeau interferometry is used. The instrument 

is a 12 inches large-aperture Fizeau based on a Zygo Dynafiz [4], technical specifications 

reported in Table 2. 

Table 2. Large-aperture Fizeau interferometer specifications 

Measuring principle Phase-shift interferometry 

Diameter aperture 12 inches (304.8 mm) 

Laser source Stabilized He-  

Resolution -resolution mode, double pass) 

Camera size 1200 x 1200 pixels 

Digitization 10 bit 

Repeatability (nominal)  

Reference flats material Fused silica 

Reference flats quality (nominal)  

Reference flats clear aperture 12 in (304.8 mm) 

The beam aperture has a 300 mm diameter, so the instrument can inspect the 150 mm long 

grating entirely, while this is not true for the future 530 mm long grating. (We discuss this 

issue and how we intend to approach it in Section 4.) For the substrate characterization, the 

grating is placed in normal incidence in front of the interferometer (Fig. 1(a)). The 2D map of 
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We do not measure angles with the Fizeau but rather a height profile that is given by an 

integration of the slope: ( ) ( )h x x dx . The errors due to approximations in the formulas 

are in this case negligible because of the very small angle errors and tiny VLS parameters. A 

proper data analysis using the best fitting polynomial calculation gives a metrological 

measurement of the b1 and b2 VLS parameters. We used a least-square fitting algorithm 

provided with the Python “numpy” package. 

As we show in Section 3.2, this method gives absolute measurements and is not sensitive 

to the reference flat contribution. The fundamental reason is that the measurements for 

corresponding internal and external orders can be combined, and the systematic error coming 

from the reference flat is wiped out. A similar setup is used in Ref [11]. in case of constant 

density gratings with the purpose to assess the quality of a ruling machine, while in our work 

the setup is fully developed to characterize a real VLS grating with a complete data analysis 

method. 

2.3 Groove profile characterization 

Groove profile depth and duty cycle are measured in several points of the sample using white 

light interferometry (WLI). The instrument is a Bruker Wyko NT9100 profilometer (Veeco 

Instruments Inc., www.veeco.com). Technical specifications of the profilometer that we used 

are reported in Table 3. 

Table 3. Bruker Wyko NT9100 profilometer specifications 

Measuring principle White light phase-shift interferometry 

Camera resolution 640 x 480 pixels 

Vertical resolution < 0.1 nm 

rms repeatability 0.05 nm 

Step height accuracy 0.8% 

Magnification lens used: Mirau 50X 

Numerical aperture 0.55 

Optical resolution 0.5 microns 

Field of view 62 x 47 microns 

The parameters are calculated with a statistical elaboration of the measured 2D maps as 

described in Section 3.3. The depth of the profile is calculated reporting the statistical 

occurrences of the heights and taking the distance between the two distributions 

corresponding to the peaks and the valleys. The valley-to-spacing ratio is calculated taking 

the percentage of points below the half of the height (50% in case of a perfectly laminar 

grating). These parameters are important for the calculation of the grating efficiency. 

3. Description of the measurements and results 

3.1 Substrate characterization 

Using the setup described in Section 2.1, the substrate of the grating is measured. The 

resulting 2D map is reported together with the central profile (Fig. 2). The grating substrate 

was processed with classical polishing and ion-beam figuring and therefore is very flat. This 

was considered to be very important for the manufacturing of the grating that was done 

through holography and etching. 
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5. Conclusion 

We conclude by stating that we developed an extensive method to characterize the VLS 

grating designed for the European XFEL soft x-ray monochromator. The method is able to 

retrieve very small VLS parameters in an absolute way using Fizeau interferometry, and this 

is required when small tolerances are needed. 
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