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The interaction of free electron laser pulses with grating structure is investigated using 4.6 ± 0.1 nm radiation at the 
FLASH facility in Hamburg. For fluences above 63.7 ± 8.7 mJ / cm², the interaction triggers a damage process 
starting at the edge of the grating structure as evidenced by optical and atomic force microscopy. Simulations based 
on solution of the Helmholtz equation demonstrate an enhancement of the electric field intensity distribution at the 
edge of the grating structure. A procedure is finally deduced to evaluate damage threshold.   
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X-ray free electrons lasers (XFELs) have demonstrated 
to be powerful tools for new, high impact research in 
different scientific fields. Motivated by successful 
experiments, new facilities (European XFEL, FLASH 2, 
LCLS 2) with improved properties in terms of energy per 
pulse over an extended wavelength range, are currently 
under construction. Certain schemes promise to deliver 
up to tens of milli-Joule pulses. Soft x-ray spectroscopy 
experiments require monochromatized light which can be 
provided through a grating-based monochromator. State-
of-the-art grating is currently limited to length around 
250 mm resulting in quite high fluence impinging on the 
grating’s surface. Damage of the grating is major concern 
for the design of the beamline. Investigating and 
understanding damage mechanism of grating structures 
is thus of a fundamental importance for the development 
of the next generation XFELs. Predicting the damage 
threshold is difficult in case of periodically structured 
surfaces, like gratings, as the electric field intensity 
distribution is highly non-homogeneous at the surface and 

can lead to enhanced damage mechanism as evidenced in 



the optical domain [1]. In this contribution, we report on 
both experimental and theoretical investigations of XFEL 
radiation interaction with grating structure. 
Fig. 1 Top: Schematic of the interaction of the experiment. Below: 
DIC microscopy (left) and AFM (right) measurements for three 
different fluences 356 (A), 806 (B) and 1115 mJ/cm² (C) 

The experiment was performed at the FLASH facility in 
Hamburg [2]. The sample was placed, under vacuum, in 
the focus of a 2 m focal length mirror. The pulse duration 
was in the 80-150 fs range, and the radiation wavelength 
was measured to be 4.6 ± 0.1 nm. This error bar 
corresponds to the uncertainty on the absolute value of 
the wavelength and not to the pulse to pulse jittering, 
which has also be measured and found to be negligible 
(∼1e-3 nm). The beam was impinging the sample at the 
grazing angle α = 2° ± 0.1, following a procedure described 
in [3]. The 200 l/mm (5 µm periods) grating sample was 
produced by ion etching of a 1 mm thick Si wafer, with a 
duty ratio of 0.4. The groove depth was measured to be 
13.5 nm. These parameters reproduce a real grating 
currently used in the SXR beamline at the LCLS [4]. The 
etched wafer was then coated with 45 nm of amorphous 
carbon (a-C), which is a typical coating for XFEL optics. 
Atomic force microscopy (AFM) measurement confirms 
that the coating exactly reproduces the ion etched profile. 
The grating sample, as well as a mirror-like flat sample 
also made of 45 nm thick a-C coated on Si substrate, was 
exposed to single pulses with varying pulse energy. For 
each pulse, the pulse energy was measured with a gas 
detector monitor. The pulse energy monitor was located 
upstream all optical components, e.g. the beamline 
transmission should be evaluated so the real pulse energy 
impinging on the sample can be known. As already stated 
the radiation is wavelength was known with an accuracy 
of ± 0.1 nm. In this wavelength domain the beamline 
transmission is evaluated to range from 0.20 (at 4.50 nm) 
to 0.46 (at 4.70 nm). This large variation is primarily due 
to the two up-stream carbon coated mirrors present in the 
beamline which are very sensitive around the carbon K-
edge (at 4.37 nm). In this analysis we assume therefore a 
wavelength of 4.60 nm corresponding to a beamline 
transmission of 0.39.  

Fig. 2.  Damaged area on flat mirror-like sample (red 
dots, right vertical scale) and grating (black square, left 
vertical scale) 

The exposed samples were analyzed ex-situ by optical 
differential interference contrast (DIC) microscopy which 
is sensitive to variations of optical refractive index, hence 
to any phase change, evidenced by a change of color. For 
each irradiated sample regions, the area showing a color 
change (encircled areas shown in Fig. 1) in the microscope 
image was measured. For both flat and grating sample, 
the energy damage threshold (Eth) was determined by 
plotting the damaged area versus pulse energy, as shown 
in Fig. 2. A line fit through the point gives a threshold for 
grating EGth = 0.40 ± 0.04 µJ and EMth = 1.17 ± 0.16 µJ for 
the flat sample. The error bars corresponds to the 
confidence on the fit, at the 4.60 nm wavelength. We then 
calculate the ratio EMth / EGth  = 2.92 ± 0.69, which will be 
used for comparison with the model later, and is 
independent of the beamline transmission value. 

The damage fluence threshold (Fth) is retrieved from the 
values of Eth and by making the following assumption. 
The beam profile was carefully characterized using 
imprints in PMMA sample and following the procedure 
described in [5]. The effective area is found to be Aeff = 22 ± 
2 μm2. We assumed that beam footprint in case of grazing 
incidence is equal to the projected area, e.g. Aeff / sin (2). 
We obtained: FGth = 63.7 ± 8.7 mJ / cm² for the grating and 
FMth = 186.6 ± 29.9 mJ / cm² for the flat sample.  

Fig. 1A, obtained with DIC microscopy, shows the onset 
of the damage on the edge of the grating structure. The 
AFM measurements confirm this observation, and show 
the extension of the damage first on the top of the groove 
as the fluence is increasing. The damage in the bottom 
part of the grating structure happens at higher fluence as 
can be seen in Fig. 1B. At the highest fluence values (see 
figure 1 C), black dots become visible due to the complete 
removal of the a-C coating and melting of the Si substrate. 

To gain deeper insight in the understanding of the 
beam / grating interaction, an accurate model has to be 
used. As stated in the introduction, the electric field 
distribution at the surface of a grating can be highly non-
homogeneous, especially while dealing with a coherent 
laser beam. We simulated the deposited energy 
distribution in the grating by solving the Helmholtz 
equation in a paraxial approximation. Assuming that the 
refractive index of the medium is nearly equal to 1 (which 
is true for the photon energy considered here) then the 
propagation of the scalar field ψ can be expressed as: 
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λ is the wavelength and δ(r,z) describes the difference 
between  the dielectric constant of vacuum and the 
medium. The mathematical form of the Eq. 1 is identical 
to the time dependent, 2D Schrödinger equation. Many 
effective methods exist to solve this type of equation; we 
chose a version of beam propagation method which 
applies a split operator technique [6,7]. The grating is 
modelled by considering a 45 nm thick layer of a-C on Si-
substrate. The grating profile used in the simulations as a 



boundary is the real profile measured with AFM. As a 
result the model also takes into account possible effect of 
the micro-roughness. The real and imaginary part of δ(r,z) 
were taken from the CXRO database [8]. We used a 
Gaussian beam profile as the initial condition. The 
incident angle and the photon energy were the same as in 
the experiment. The evolution of |ψ(r,z)|²  is shown in 
Fig. 3. A standing wave builds up close to the grating’s 
surface. The inset in Fig. 3 depicts the distribution of the 
absorbed energy in the grating’s structure. The maximum 
absorption is taking place at the edge of the grating 
structure where the onset of damage is experimentally 
observed. Interestingly, micro-roughness does not 
increase the maximum of absorbed energy by more than 
few percent as it was confirmed by simulations on a  

Fig. 3 X-ray intensity distribution |ψ(r,z)|²  close to the grating surface. 
The beam comes from the left. Inset: energy distribution absorbed in the 
grating. Both colour scales are in arbitrary units. 

smooth surface. Moreover, similar simulations (not 
shown) were also performed with a mirror-like flat 
surface. The ratio of the maximum energy absorbed in the 
grating to the absorbed energy in the flat mirror is found 
to be γ = 3.37, γ can be directly related to the ratio of the 
damage thresholds. Both values agree, within the error 
bar of the experiment, demonstrating the quantitative 
accuracy of our approach. One should underline that γ 
does not reflect an enhancement of the intrinsic 
absorption process, but the non-homogeneous field 
distribution at the surface of a grating leading to local 
enhancement of the absorbed energy. 

In conclusion, we have investigated the interaction of 
4.60 nm XFEL radiation with grating structure. An 
accurate description based on Helmholtz equation shows 

that the specific field distribution at the surface leads to 
an enhancement of the absorbed energy at the edge of the 
laminar grating structure. The model provides a good 
qualitative and quantitative description of the 
experimental results. From a practical point of view, when 
designing a soft x-ray monochromator for an XFEL 
beamline, it is crucial to consider the fluence damage 
threshold values. We propose to first extrapolate FMth(α) 
for a flat mirror-like surface using published data (for 
example Ref. [3]). Next, simulations should be performed 
taking into account the exact geometry of the grating, to 
obtain γ. Finally the damage threshold on grating is 
deduced from the relation FGth(α) = FMth(α) / γ. 
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