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The European X-ray Free Electron Laser (EuXFEL) offers intense, coherent

femtosecond pulses, resulting in characteristic peak brilliance values a billion

times higher than that of conventional synchrotron facilities. Such pulses result

in extreme peak radiation levels of the order of terawatts cm�2 for any optical

component in the beam and can exceed the ablation threshold of many

materials. Diamond is considered the optimal material for such applications due

to its high thermal conductivity (2052 W mK�1 at 300 K) and low absorption for

hard X-rays. Grating structures were fabricated on free-standing CVD diamond

of 10 mm thickness with 500 mm silicon substrate support. The grating structures

were produced by electron-beam lithography at the Laboratory for Micro-

and Nanotechnology, Paul Scherrer Institut, Switzerland. The grating lines

were etched to a depth of 1.2 mm, resulting in an aspect ratio of 16. The

characterization measurements with X-rays were performed on transmissive

diamond gratings of 150 nm pitch at the P10 beamline of PETRA III, DESY.

In this paper, the gratings are briefly described, and a measured diffraction

efficiency of 0.75% at 6 keV in the first-order diffraction is shown; the variation

of the diffraction efficiency across the grating surface is presented.

1. Introduction

Over the past decade, several X-ray free-electron laser

(XFEL) facilities have been developed and constructed

around the world. Two technologies have been pursued to

construct electron accelerators for XFEL applications: warm,

normal-conducting machines and cold, super-conducting

accelerators (Emma et al., 2010; Allaria et al., 2012; Schreiber

et al., 2012; Ishikawa et al., 2012; Harmand et al., 2013; Pelle-

grini et al., 2015). The European XFEL (EuXFEL) in the

Hamburg metropolitan area, Germany, is an X-ray source

based on a super-conducting linear accelerator which started

user operation in fall 2017 (Saldin et al., 2000; Altarelli et al.,

2006; Tschentscher et al., 2017; Decking et al., 2019). EuXFEL

operates with a 10 Hz bunch train structure. Each train can

contain up to 2700 pulses. Individual X-ray pulses are of the

order of 2 fs to 100 fs in duration, contain energy of the order

of several mJ, and are separated by 222 ns (at the nominal

intra-train repetition rate of 4.5 MHz). This unique time

structure provides not only very high peak brilliance but also

the highest average brilliance over all of the other XFEL

facilities. There are in total three undulators that can produce

self-amplified spontaneous emission (SASE) radiation, among

which two hard X-ray undulators, SASE1 and SASE2,

generate hard XFEL radiation up to 25 keV while the third

undulator, SASE3, provides soft X-rays up to 3 keV.
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One important problem in the use of the XFEL beam is

the so-called single-shot damage. A large number of photons

arrive within less than 100 fs, therefore thermal transport

processes cannot remove substantial heat during the pulse,

even for excellent heat conductors such as copper or diamond.

For focused beam conditions (typically smaller than 50 mm

diameter), most materials will vaporize on an ultrafast time

scale due to the single XFEL pulse absorption within the

X-ray penetration depth. More resistant materials are those

with low atomic number where the absorption per atom is low.

Most components that are directly exposed to XFEL radiation

are therefore made of boron carbide or diamond, e.g. slits,

beam stops, shutters, collimators and attenuators. The average

power during a train of X-ray pulses can be as high as several

kW depending on the energy per pulse and the number of

pulses within the train. Diamond is considered as the most

optimal material for such applications due to its high thermal

conductivity (2052 W mK�1 at 300 K) and low absorption for

hard X-rays.

The stochastic nature of SASE FEL radiation gives rise to

shot-to-shot fluctuations for most beam properties, including

pulse energy, spatial profile, wavefront, pulse duration,

temporal profile and spectrum. The X-ray photon diagnostics

group (XPD) at the European XFEL provides essential

information to the machine for setup, optimization and

operation of the accelerator, undulator and X-ray optics

(Grünert, 2012; Grünert et al., 2015, 2019). In particular, the

resulting spectrum will vary considerably from shot to shot.

In order to monitor these variations, the high-resolution hard

X-ray single-shot spectrometer (HIREX diagnostic spectro-

meter) was installed in the photon tunnel XTD9 of the SASE1

undulator beamline (Kujala et al., 2019). HIREX is an on-line

device, and it contains a linear transmissive diamond diffrac-

tion grating to split off a small fraction of the photon beam, a

bent Si crystal as a dispersive element, and a MHz-repetition-

rate strip detector. In this paper, we report on the fabrication

of gratings, measurements of the diffraction efficiency in the

various diffraction orders, and efficiency maps over the grating

surface, obtained at the P10 beamline of PETRA III at DESY,

Hamburg, Germany.

2. Grating fabrication

Free-standing polycrystalline diamond membranes made by

chemical vapour deposition (CVD) were used to fabricate

the grating structures. Diamond membranes supported by

a silicon frame were purchased from Diamond Materials

GmbH, Germany. The grating structures were fabricated at

the Laboratory for Micro- and Nanotechnology at the Paul

Scherrer Institut (PSI), Switzerland, using electron-beam

lithography (EBL) and inductively coupled plasma (ICP)

etching in an oxygen atmosphere. Figs. 1(a) and 1(b) show a

sketch and an image of such a grating. The membrane has a

diameter of 5 mm and a thickness of 10 mm and is supported

by a 500 mm-thick silicon frame of size 10 mm � 10 mm. The

grating lines are produced over a large area of 2 mm � 2 mm,

large enough to make alignment convenient and simple, and to

accommodate the beam size of the European XFEL photon

energy. To avoid collapse of the grating lines during resist

development and ICP etching, the grating lines were

connected by support structures. The support structures are a

set of periodic lines perpendicular to the grating lines, having

a pitch that is ten times larger than the grating lines. The

diffracted intensity from the support structures is several

orders of magnitude smaller than that from the grating lines.

Further details about the gratings’ fabrication are given else-

where (David et al., 2011; Karvinen et al., 2012; Makita et al.,

2015, 2017). A measurement of the grating efficiency, along

with its spatial distribution across the grating area, is essential

as feedback for the optimization of the fabrication process.

Fig. 2(a) shows a scanning electron microscope (SEM) image

of grating lines of size 2 mm � 2 mm and pitch 150 nm.

Fig. 2(b) shows an SEM image of gratings taken at a 45� tilted

angle and etched to a depth of 1.2 mm, resulting in an aspect

ratio of 16. There is no remaining resist in the SEM image

from the fabrication and it was removed before experimental

measurements were performed.

3. Experimental setup

Several linear transmissive gratings with different pitches were

fabricated for hard X-rays in the energy range 5–20 keV

for the HIREX diagnostic spectrometer. To understand the

diffraction efficiencies and the structural homogeneities of the

gratings we have performed an experiment at beamline P10 of

PETRA III (Kalbfleisch et al., 2011). We have tested a grating

with a pitch of 150 nm at three different photon energies,

6 keV, 8 keV and 12 keV. Fig. 3 shows a sketch of the beamline
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Figure 1
(a) Sketch of the grating design etched into a free-standing diamond
membrane. (b) Image of a grating with grating lines extending over
2 mm � 2 mm on the Si substrate.



and Fig. 4 shows a photograph of the Coherent Diffraction

Imaging (CDI) setup in the experimental hutch EH2 at the

P10 beamline. The beamline has a silicon (111) double-crystal

monochromator (DCM). The beam size is defined by slits

which are located downstream of the DCM. The gratings were

mounted on a holder which itself was mounted on a DN100

flange and placed in the sample chamber. For the measure-

ments an unfocused beam of area 100 mm � 100 mm was

adjusted by the slits. The 2D Lambda detector developed at

DESY was used for data collection of diffraction orders from

the gratings. The Lambda detector is based on the Medipix3

chipset and has 55 mm � 55 mm pixel size and an area of

1536 pixels � 512 pixels (84.5 mm � 28.2 mm) and a frame

rate up to 2 kHz. The data were acquired with an exposure

time of 100 ms. A beam stop was placed in front of the

detector to block the direct beam. The detector was placed

outside the vacuum system. A flight tube with a 100 mm-thick

Kapton window at the exit flange provided an evacuated beam

path between sample chamber and detectors. The zeroth-

order and first-order diffraction efficiencies were measured

using a photodiode. In front of the photodiode a circular

aperture of diameter 100 mm was mounted on a linear stage,

allowing measurement of the intensity from the diffraction

order by scanning its position. The 2D Lambda detector was

used to acquire the higher diffraction orders from the gratings.

In order to achieve good separation between the zeroth order

and higher orders, the detectors were placed 5 m downstream

of the gratings.

4. Results

The diffraction efficiencies and the structural homogeneities

of the gratings are of crucial importance to better understand

and further optimize the fabrication process. Knowledge of

these parameters is also crucial to model the grating perfor-

mance and correctly adjust the absolute photon intensities in

the diffraction orders for the beam splitter applications at the

diagnostic spectrometer. The diffrac-

tion efficiency and homogeneity of the

grating surfaces with pitches of 150 nm

were tested for three different photon

energies, 6 keV, 8 keV and 12 keV.

The linear transmissive CVD diamond

grating was placed normal to the inci-

dent beam and 2% of the beam was

absorbed by the diamond membrane

of the gratings at 6 keV. The grating

lines were oriented in the vertical

direction, so that the diffracted beams

were deflected in the horizontal plane.

The gratings were placed in a vacuum

chamber with a vacuum level of the
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Figure 3
Sketch of the P10 beamline for measuring the grating diffraction efficiencies.

Figure 2
(a) Top view of an SEM image of the linear grating with a pitch of 150 nm
and support structure for stability of the grating lines. (b) Side view SEM
image taken at a 45� titled angle of the linear grating with a pitch of
150 nm and a depth of 1.2 mm.

Figure 4
Photographs of the experimental hutch 2 of beamline P10 and the sample
vacuum chamber (with installed gratings), flight tube and Lambda
detector.



order of 10�7 mbar; at the detector position the separations

between the zeroth-order and first-order diffracted beam was

6.8 mm at 6 keV and 3.3 mm at 12 keV photon energy. The

separation of orders with respect to the direct beam (zeroth

order) can be calculated when the pitch of the gratings, the

photon energy and the distance between gratings and detector

are known. In order to investigate the homogeneity of the

grating structures we have scanned the grating surface by

moving the sample holder over an area of 2 mm � 2 mm and

acquired data with the photodiode. Fig. 5(a) shows the effi-

ciency mesh in the first-order diffraction at a photon energy

of 6 keV. The efficiency variation across most of the grating

surface is within 20%. However, the left bottom edge of the

gratings has a 55% lower efficiency than measured at the

centre of the surface, as shown in Fig. 5(a). This is due to the

fact that the diamond membranes are not flat but exhibit a

curvature, which results in errors in the focus settings during e-

beam lithography. Errors in the focus setting have an effect on

the electron-beam size and writing fields stitching accuracy.

This then causes local variations of the grating line width and

depth, or the duty cycle. Fig. 5(b) shows the measured and

calculated diffraction efficiency as a function of photon energy

for a grating with 150 nm pitch. The calculations for diffraction

efficiency used publicly available data from the Berkeley

Laboratory Centre for X-ray optics (http://henke.lbl.gov/).

The diffraction efficiency was measured by the photodiode.

The measured diffraction efficiency is 37% of the calculated

values. This discrepancy in efficiency values between

measurement and calculation arises from the fact that in

theoretical calculations the structures consist of perfect binary

squares and the fabrication imperfections are not taken into

account. Fig. 6(a) shows the higher-order diffractions. The

zeroth-order beam is blocked by a beamstop to protect the

Lambda detector and to see the low-intensity signal coming

from the diffraction orders. Data were collected for a photon

energy of 6 keV. The diffraction spots are spread horizontally

and are visible up to the fifth order of diffraction. The finer-

spaced diffraction spots along the vertical direction are caused

by the support structures of the gratings, which are typically

80% less in intensity than those coming from the corre-

sponding first-order diffraction spot. In between the diffrac-

tion orders there is another very weak intensity signal which is

due to the intrinsic scattering function of the grating. Fig. 6(b)

shows the intensity of the higher diffraction orders obtained

from line profiles through the Lambda detector image. The

negative-order diffraction intensity is slightly larger than that

on the positive-order side which is mainly due to the fact that

the gratings are not perfectly aligned to the incoming X-ray

beam. We aligned the gratings perpendicular to the incident
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Figure 5
(a) Efficiency map of the first-order diffraction from gratings with 150 nm
pitch at a photon energy of 6 keV. (b) Diffraction efficiency as a function
of photon energy. The calculated values are shown as a black line.
Measured diffraction efficiencies are shown as blue triangles.

Figure 6
(a) Lambda detector spatial data showing the grating diffraction at a distance of 5 m downstream of the grating. The zeroth-order beam is blocked by a
beam stop. The higher-order diffractions are spread in the horizontal direction. The vertical diffraction spots are due to support structures in the gratings.
Those spots are very low in intensity with respect to the horizontal diffraction orders. (b) Intensity line profile from the Lambda detector image across
the grating diffraction orders up to the fourth order.



X-ray beam. However, we suspect there is slight misalignment

with respect to the incident angle around the vertical axis

which would explain the fact that the negative orders are

slightly larger than the positive-order diffraction.

5. Summary

Linear transmissive CVD diamond gratings were tested as

beam splitters at the P10 beamline at PETRA III, DESY. The

results show that fabricated gratings with 150 nm pitch have

homogeneous grating structures. The homogeneity of the

grating structure measurement will be used as feedback

information to further optimize the e-beam lithography

parameters for grating fabrication. In particular, we can use

the measurements to adjust the proper focusing of the elec-

tron beam across the curved diamond membrane surface.

The measurement parameters are also used as feedback for

operation of the gratings in the HIREX spectrometer. The

diffraction efficiencies into first-order diffraction are sufficient

to use these gratings as beam splitters. Non-invasive spectral

measurements of the XFEL beam and the zeroth-order beam

will be delivered to the scientific endstations for experiments.

The efficiency variation map helps us in aligning the gratings

to the beam to a position with homogeneous grating structure.

The gratings are mounted on the linear manipulator which

allows them to be aligned relative to the incoming X-rays such

that impinge on the uniform grating structure which is

obtained from the measurement results at the P10 beamline.

The tested gratings are now installed in the HIREX diagnostic

spectrometer. In the HIREX spectrometer we have installed

150 nm and 200 nm pitch gratings. The 200 nm pitch grating

shows comparable results with the 150 nm grating. Depending

on the photon energy, we plan to use the different grating

pitches: the 200 nm pitch gratings will be used for the photon

energy range 3–5 keV, while the 150 nm pitch gratings will be

used for 5–20 keV. This diagnostic spectrometer is installed in

the photon tunnel XTD9 of the SASE1 undulator beamline.

The HIREX spectrometer is an online device using diamond

diffraction gratings of different pitches as beam splitters. A

silicon crystal with fixed bending radius is used as the energy-

dispersive element. A Gotthard detector (Mozzanica et al.,

2011) with MHz rate acquisition capability is used for

recording spectra at high pulse repetition rates, whereas a

Photonic Science sCMOS camera is used at low repetition

rates. The characterization of diamond gratings using the high-

resolution small-angle X-ray scattering setup at P10 beamline

provides an efficient approach for non-invasive studies of such

optics and feedback for manufacturing of high-quality X-ray

optics.
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