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X-ray free-electron lasers (XFELs) are paving the way towards new experiments in many scientific fields, such as ultrafast
science, nonlinear spectroscopy, and coherent imaging. However, the strong intensity fluctuations inherent to the lasing
process in these sources often lead to problems in signal normalization. In order to address this challenge, we designed,
fabricated, and characterized diffractive x-ray optics that combine the focusing properties of a Fresnel zone plate with
the beam-splitting capability of a grating in a single diffractive optical element. The possibility to split the incident beam
into identical copies allows for direct shot-to-shot normalization of the sample signal, thereby greatly enhancing the
signal-to-noise ratio in experiments with XFEL radiation. Here we propose two schemes for the design of such diffractive
x-ray optical elements for splitting and focusing an incoming beam into up to three foci by merging a grating with a
focusing zone plate. By varying the duty cycle of the grating or the relative shift of the Fresnel zone plate structure, we are
able to tune the relative intensities of the different diffraction orders to achieve the desired splitting ratios. Experimental
confirmation of the design is provided with soft x-ray light (540 eV) and shows a good agreement with calculations,
confirming the suitability of this approach for XFEL experiments. © 2020 Optical Society of America under the terms of the

OSA Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.398022

1. INTRODUCTION

X-ray free-electron lasers (XFELs) are currently among the most
advanced light sources in the world. The possibility to gener-
ate extremely short pulses of high brilliance with high degree of
coherence from the extreme ultraviolet (EUV) regime up to hard
x-rays is outstanding and unique [1–3]. In this energy range, many
electronic transitions in matter can be probed, providing access
to ultrafast phenomena on the nanoscale [4]. Moreover, due to
the high intensity and short pulse lengths of XFEL shots, new
research opportunities open up in multiphoton interactions and
ultrafast processes on the femtosecond timescale. For example,
interactions of the electronic system with more than just one
photon during the lifetime of an excited core-hole state can be
studied in the femtosecond regime [5]. It has thus become possible
to apply multi-excitation spectroscopy techniques that combine
the selectivity and sensitivity of x-rays with the high intensity and
short pulse lengths of XFEL light, suitable for studying dynamic
processes in the nonlinear regime [6–8].

Although spectroscopy at XFELs promises exciting new
insights in many fields of science, its application is challenging
and not straightforward [9,10]. Due to the characteristic shot-to-
shot intensity fluctuations of XFELs, accurate detection schemes
with a high correlation are needed upstream and downstream of
the sample for every individual pulse. Moreover, the fact that the

intensities of XFEL pulses are typically very high rules out some
detection methods (e.g., photoelectron measurements because of
nonlinear space charge effects) and requires a high dynamic range.
As a result, normalization of the incoming radiation is mostly
performed in an indirect way, either by using spectrometers placed
upstream and downstream of the sample, or by splitting the beam
with a mirror placed halfway in the beam [8,11]. These methods
usually suffer from the fact that the correlation of the reference and
the signal after the sample can be affected by pointing instabilities,
distortions during beam transport, optical aberrations, diffraction
fringes, or other changes in the incoming beam on its optical path.

An elegant normalization scheme yielding excellent correlation
between the beam intensities can be obtained by the use of a trans-
mission grating as a beam splitter. Compared to a splitting mirror,
it has the advantage that pointing instabilities in the beam do not
affect the splitting ratio, as only the relative intensity changes as a
function of diffraction efficiency, and the incoming spatial inten-
sity distribution is conserved in all diffraction orders. The ratio of
intensities in the various diffraction orders is an intrinsic property
of the grating structures and largely insensitive to alignment of
the transmission grating. Such gratings have been successfully
implemented for absorption spectroscopy experiments at LCLS,
SACLA, and FLASH [12–14] by placing the sample in one of the
diffraction orders and using another as a reference. The drawback
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of this approach is that an additional diffraction grating in an opti-
cal setup decreases its overall efficiency, increases absorption losses,
and makes alignment more challenging.

Here we overcome these problems by designing an optical
element that combines the functionalities of a focusing off-axis
zone plate and a beam-splitting grating in one. Such devices offer
a normalization scheme that enables dynamic and spectroscopic
experiments with high fluences and precise signal normalization
on a shot-to-shot basis. Related approaches have been pursued
to modify the imaging properties of Fresnel zone plate lenses
in x-ray microscopy applications to create differential interfer-
ence contrast [15–19]. We expand on the Chang et al. [15,16].
Specifically, we present two schemes for the design of diffractive
optical elements providing up to three focal spots, and we present
their theoretical description, which allows us to tune the rela-
tive intensity of the focal spots. This is of particular relevance for
pump probe experiments, as one beam can be used to probe the
pumped sample, the second beam probes the unpumped sample,
and a third beam provides a reference signal for normalization.
To demonstrate the feasibility of three-spot focusing for appli-
cations at XFELs, we present the fabrication of these optics from
radiation hard material based on our approach. Efficiency mea-
surements show an excellent quantitative agreement with our
calculations.

2. OPTICAL DESIGN AND DIFFRACTION THEORY

Combining two functionalities—focusing and beam splitting—in
a single optical element can be achieved by superimposing a grating
and an off-axis zone plate. The grating splits the beam along one
spatial direction, while the positive orders of the zone plate focus
the beam in the other spatial direction as illustrated in Fig. 1(a). By
using an off-axis zone plate, the zeroth, nonfocusing diffraction
order of the focusing functionality is spatially separated from its
first, focusing diffraction order, making a central stop and an order-
sorting aperture unnecessary for this application. The structures
of the off-axis zone plate are oriented, in a first approximation,
orthogonal to the lines of the beam-splitting grating. The optical
element thus generates a two-dimensional diffraction pattern,
and we can assign a pair of diffraction indices (m, n), where m and
n denote the diffraction order of the focusing zone plate and the
splitting grating, respectively. In this study, we mainly concentrate
on the zone plate’s first diffraction order (m = 1) and compare
the intensity distribution of the different diffraction orders of the

beam splitter, in line with the application to use multiple focus
spot for XFEL experiments. All diffraction efficiencies referred
to in this study are thus the relative diffraction efficiencies of the
beam splitter in the first, focused diffraction order of the off-axis
zone plate. Moreover, we assume the diffracting structure to be
binary, meaning that it consists of regions that either open or
filled to a certain height with a material having phase-shifting
and absorbing properties as described by its complex refractive
index n = 1− (δ + iβ). We describe two alternative designs for
an off-axis zone plate that contains a superimposed beam-splitter
grating. One way to superimpose the grating is the inversion of the
open and filled zones of the off-axis zone plate with a predefined
periodicity [pattern inversion, see Fig. 1(c)], also named the XOR
method [Fig. 1(a)]. This has the same effect as stacking an ideal
phase grating, meaning a grating inducing a phase shift of π and
zero absorption, onto the zone plate. Combining both function-
alities in one pattern strongly reduces the losses compared to the
actual stacking of a physical grating and a zone plate, which is a
great advantage of superimposing the beam-splitting properties by
design. The diffraction angle induced by the grating and thus the
beam separation in the focal plane is determined by the periodicity
of the inversion, corresponding to the grating pitch p and the
photon energy.

The duty cycle, meaning the width of the inverted part divided
by the inversion period, can be freely adjusted as shown in Fig. 1(d).
This affects the efficiency of the beam-splitting functionality as
described below. Another way of superimposing the grating and an
off-axis zone plate is the shift of the filled zones by a fraction of their
period [pattern shift, see Fig. 1(e)]. Here the degree of the shift
defines the relative intensities of the resulting grating diffraction
orders.

In both designs, it is possible to tune the relative intensities in
the focal spots, i.e., the efficiency of the grating diffraction orders,
by variation of either the duty cycle of the inversion or the zone
shift. Especially the efficiency of the grating’s undiffracted beam
(n = 0) can be controlled precisely. In principle, this opens up two
special cases: (i) a two-beam scheme, where the undiffracted beam
of the grating is suppressed and the first grating orders (n =±1)
are used for measurement and normalization, respectively, and
(ii) a three-beam scheme, where three identical copies of the
beam are made available, which is relevant, e.g., for pump-probe
experiments.

In order to quantify the effect of both approaches on the rel-
ative intensity distribution, we start from the equations for the

Fig. 1. (a) Geometry of an optical element that combines focusing and splitting, creating multiple focus spots for use in an XFEL experiment. The first
index denotes the diffraction order of the focusing zone plate, the second index the order of the splitting grating. (b) Off-axis zone plate without a super-
imposed grating. (c) Off-axis zone plate combined with a phase grating by periodic inversion of the zone structure (pattern inversion) with a duty cycle
d = 0.5. (d) Pattern inversion with a grating duty cycle of d = 0.32. (e) Zone structures shifted by one quarter of the zone plate period (pattern shift).
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diffraction efficiencies of a one-dimensional diffraction grating
[20,21]:

Im(d , k)
I
= ηm =

[
sin(dmπ)

mπ

]2

· [1+ exp(−2ktβ)

− 2 exp(−ktβ)cos(ktδ)](m > 0), (1)

I0(d , k)
I
= η0 = d2

+ (1− d)2 exp(−2ktβ)+ 2d(1− d)

× exp(−ktβ)cos(ktδ)(m = 0), (2)

where Im(k) is the intensity for a diffraction order m, I is the inci-
dent intensity, d is the duty cycle (structure width divided by the
period), k is the wavenumber, t is the grating line thickness (in
beam propagation direction), and β and 1− δ are the imaginary
and real parts of the refractive index, respectively. From Eq. (1), it
becomes clear that even diffraction orders vanish for a duty cycle
of d = 0.5, independent of the complex index of refraction of the
material or the photon wavenumber. For the zeroth-order signal,
a particular duty cycle exists for every grating with π phase shift
(ktδ = π ), where the intensity drops to zero. In the ideal case of
a phase grating without absorption, i.e., β = 0, a duty cycle of
d = 0.5 leads to a complete suppression of the zeroth and all even
orders. For nonzero absorption (β 6= 0), the duty cycle for zeroth-
order suppression deviates from 0.5, while higher even orders still
vanish for d = 0.5.

We consider two particular cases that will form the basis of our
approach, and we focus on the intensity ratio of the ±1st and the
zeroth grating diffraction orders that are of most interest here. To
illustrate the effect of the duty cycle on the diffracted intensity,
we consider the case of an ideal phase grating, where ktδ = π and
β = 0:

I1(d)
I
= η1 = 4

[
sin(dπ)
π

]2

, (3)

I0(d)
I
= η0 = (2d − 1)2. (4)

These equations describe the situation for the pattern inversion
approach, where the splitting efficiencies induced by the phase
grating depend on the duty cycle of the inversion as shown in

Figs. 1(c) and 1(d). This effect is plotted for the zeroth and first
diffraction order (n = 0 and n = 1) in Fig. 2(a).

If the duty cycle is fixed to d = 0.5, the phase shift is
expressed as ϕ = ktδ, and the trigonometric relation sin2(x )=
1/2(1− cos(2x )) is used, we can derive the following expressions
for the efficiencies:

I1(ϕ)

I
= η1 = 2

[
sin(π/2)

π

]2

· [1− cos(ϕ)] = 4

[
sin(ϕ/2)

π

]2

, (5)

I0(ϕ)

I
= η0 = (1+ cos(ϕ))/2= 1− sin2

(ϕ
2

)
= cos2

(ϕ
2

)
. (6)

These equations describe the situation for the pattern shift
approach, where the phase shift induced by the grating corresponds
to the displacement of the filled zone as a fraction of the periodicity
in units of 2π . An inversion represents a translation by half of the
periodicity and thus corresponds to a phase shift of ϕ = π . The
resulting diffraction efficiencies for n = 1 and n = 0 are plotted in
Fig. 2(b).

From Fig. 2, it becomes obvious that the function for the
zeroth order is different in both cases. It follows a parabola shape
as the duty cycle is changed (pattern inversion), while it follows a
cosine shape as the filled zones are translated (pattern shift). The
first-order functions are the same as can be seen from Eqs. (3)
and (5).

In both cases, a duty cycle of d = 0.5 or a shift of ϕ = π leads
to a maximum intensity of 4/π2

≈ 40.5% in each first order
and suppresses the zeroth order, which are the parameters where
the patterns become identical. This is the desired geometry for
splitting the beam in two equally intense copies. For three equally
intense copies, the first orders and the zeroth order must have the
same intensity, which occurs at the crossing points of the curves.
In the inversion case, this point is found at duty cycles d = 0.27
and d = 0.73, leading to a relative beam intensity in each of the
three beams of 21%. In the case of shifted zones, this point occurs

at a phase shift of ϕ = 2 · asin
(
±( 4

π2 + 1)
−1/2

)
= 0.32 · 2π and

0.68 · 2π at a relative beam intensity of 29%.
So far, we have only considered the case of a one-dimensional

phase grating. However, we are interested in the case where the
phase grating superimposes an off-axis zone plate. Thus, it is
important to investigate whether this leads to significant changes
when using two-dimensional optics as a normalization scheme.

Fig. 2. Calculated efficiencies for a phase grating as a function of (a) duty cycle and of (b) the phase shift with a fixed duty cycle of d = 0.5. Note
the different course of the zeroth-order functions while the first-order function are the same.
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For this purpose, we approximate the zone plate as a grating and
treat the whole optic as a two-dimensional grating, which is a good
approximation for off-axis zone plates, where the fraction of the
zone plate pattern is far from the optical axis. This means that we
now have two diffraction duty cycles d1, d2, corresponding to the
diffraction indices m and n. By integration of the unit cell in the
Fourier space, the equation for the intensity Im,n(k, d1, d2) for
m 6= 0, n 6= 0 can be derived analogously to the one-dimensional
case (see Supplement 1 for a step-by-step-calculation) [19–21]:

Im,n(k, d1,d2)

I
= ηm,n =

[
2 sin(d1mπ) sin(d2nπ)

mπnπ

]2

·
[
1+ exp(−2ktβ)− 2 exp(−ktβ) cos(ktδ)

]
.

(7)

For our application of a focusing and beam-splitting normali-
zation scheme, we consider the first diffraction order of the zone
plate only. Moreover, we want the highest intensity for this first
diffraction order, which is achieved for a zone plate duty cycle of
d1 = 0.5. Setting m = 1 and d1 = 0.5, Eq. (7) becomes identical to
Eq. (1). Introducing the pattern shift for this case, the integration
of the unit cell in the Fourier space yields (see Supplement 1 for
details)

Im,n(k, s, d2)

I
= ηm,n =

[
2 sin(d2nπ) sin(s · π)

nπ2

]2

· [1+ exp(−2ktβ)− 2 exp(−ktβ) cos(ktδ)]. (8)

In the case of the three-spot application, we are not only
interested in the case of m = 1, n =±1, but also in the case of
m = 1, n = 0. Here the intensities I1,0(d2) and I1,0(s) in the
pattern inversion and pattern shift designs can be derived in the
same way:

I1,0(k, d2)

I
= η1,0 =

[
2d2 − 1

π

]2

·
[
1+ exp(−2ktβ)− 2 exp(−ktβ) cos(ktδ)

]
,

(9)

I1,0(k, s)
I

= η1,0 =

[
cos(s · π)

π

]2

·
[
1+ exp(−2ktβ)− 2 exp(−ktβ) cos(ktδ)

]
.

(10)

These equations have the same form as shown in Fig. 2 for
the one-dimensional case. Thus, the considerations made above
for the one-dimensional phase grating are also applicable for the
two-dimensional case, if we compare the relative intensities of the
split beam spots in the first diffraction order of the off-axis zone
plate.

3. FABRICATION AND OPTICAL PERFORMANCE
OF MULTIFOCUS ZONE PLATES

Based on the concept discussed above, we have fabricated a series
of multifocus zone plates with various grating duty cycles for
the pattern inversion and various degrees of movement for the
pattern shift, keeping the duty cycle of the zone plate at d = 0.5

for maximum intensity in the first zone plate order. As discussed
above, the grating duty cycle or pattern shift determines the
relative intensity between the zeroth and the first diffraction
orders of the split beam. Additionally, the grating pitch defines
the diffraction angle and thus the angular splitting of the focal
spots.

Since we are interested in XFEL applications, we need to use
radiation-hard materials such as diamond [22] or silicon [23,24].
The latter can be readily patterned by established processes, more-
over, silicon exhibits a large phase shift to absorption ratio δ/β
in the EUV region from 30 to 90 eV and in the soft x-ray region
between 500 and 1000 eV, which is essential to obtain high diffrac-
tion efficiencies. The size parameters for nanostructuring such an
optical element are similar to those of an off-axis zone plate as used
for time streaking or as analyzer for spectroscopy [8,25–27]. The
zone plate diameter, photon energy, and outermost zone width
define the focal length, whereas the aperture of the zone plate
determines the numerical aperture and thus the diffraction-limited
resolution.

In view of future application of the beam-splitting optics for
studies on complex materials at the oxygen K -edge, we designed
the optical elements for a photon energy of 540 eV [28–30].
The flow of the fabrication process is depicted in Fig. 3. A 1 µm
thick single crystalline silicon membrane is coated with a 10 nm
chromium layer by thermal evaporation and spin coated with
a 70 nm thick polymethylmethacrylate (PMMA) resist layer.
The pattern of the diffractive optical element is written into the
resist by electron-beam lithography at 100 keV electron energy.
The exposed PMMA is removed in a development step, and this
pattern is subsequently transferred into the chromium mask by
etching the exposed area with a chlorine-based plasma. After
removal of the resist in acetone, the pattern is etched ∼650 nm
deep into the membrane. The first-order diffraction efficiency
of a silicon grating with such structures can be calculated to be
23%; this value is reduced by a factor of 2 due to absorption in
the remaining∼350 nm silicon support. The fact that the optical
elements are made from single crystalline silicon makes them tol-
erant to high radiation loads, as there are no interfaces where layers
of different materials could crack or delaminate at elevated tem-
peratures. These monolithic silicon structures are achieved after
selective removal of the Cr mask in a final etching step. However,
for the here presented experiments at a synchrotron source, we left
the Cr mask intact.

Both optical designs (pattern inversion and pattern shift) were
fabricated with different duty cycles and shifts using the process
described above. For a better comparison of the inverted and
the shifted design, we define the shift s as the displacement of a
filled zone related to the local zone plate period (i.e., the width
of a transparent and a filled zone pair). For the inversion design,
the duty cycles d = 0, 0.2, 0.27, 0.32, and 0.5 were fabricated.
For the shifted design, the shifts s = 0, 0.1, 0.2, 0.27, 0.32, and
0.5 were fabricated. Obviously, the inverted pattern with d = 0 is
identical to the shifted pattern with s = 0 (an off-axis zone plate
without modification), and the inverted pattern with d = 0.5 is
identical to the shifted pattern with s = 0.5 [see Fig. 1(c)]. Each
off-axis zone plate had a size of 1 mm× 1 mm. The grating pitch
(i.e., the periodicity of the pattern modification) was 604 nm, and
the outermost zone width of the off-axis zone plate was 230 nm,
giving a separation of 0.95 mm between neighboring focal spots
and a focal length of 250 mm.

https://doi.org/10.6084/m9.figshare.12657542
https://doi.org/10.6084/m9.figshare.12657542
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Fig. 3. Fabrication steps for the beam-splitting diffractive optics. The individual steps are described in the figure as well as in the text.

Fig. 4. SEM micrographs of different multispot zone plate designs. The horizontal zone plate structures are superimposed by a phase grating. The grat-
ing can be added by inversion of the structures with (a),(b),(c),(d),(h) a defined grating pitch and duty cycle, or (a),(e),(f ),(g),(h) by shifting the zones by a
defined fraction of the period: (a) d = 0, inversion or shift is zero; (b) d = 0.2, structure inversion; (c) d = 0.27, structure inversion; (d) d = 0.32, structure
inversion; (e) s = 0.2, zone shifting; (f ) s = 0.27, zone shifting; (g) s = 0.32, zone shifting; (h) d= 0.5 or s = 0.5; inversion and shift are the same and yield
an identical pattern. All scale bars are 500 nm.

Scanning electron micrographs (SEM) of the two types of
multifocus zone plate are shown in Fig. 4. Note that in the case
of the inversion design an additional fabrication challenge arises.
Small duty cycles d result in very narrow structures, which are
inherently difficult to fabricate. This challenge evidently becomes
more severe with small splitting periods. On the other hand, the
shifting strategy suffers considerably less of this effect, because the
duty cycle remains at 0.5 in all cases, also for small shifts s, and no
features smaller than the half-pitch of the diffracting structures
need to be produced.

The multifocus zone plates were characterized at the SIM
beamline at the Swiss Light Source (SLS) [31,32] at 540 eV photon
energy. The diffraction pattern, as outlined in Fig. 1(a), was imaged
with a MÖNCH detector [33]. In Fig. 5, we show the intensity
profile generated by the different multifocus zone plates. The
images show the nondiffracted, transmitted beam (m = n = 0)
as large square and the different focused beam copies (m = 1,
n =−2 . . . + 2) as small squares as sketched in Fig. 1(a). The
experimental results also confirm that the duty cycle and shift

of the grating determines the relative intensities of the different
focal spots. As predicted by the calculations, three equally intense
spots can be achieved using the inversion design and a duty cycle of
d = 0.27 [Fig. 5(c)] or s = 0.32 [Fig. 5(h)] and two equally intense
spots by suppressing the zeroth grating order for d = s = 0.5
[Fig. 5(e)]. The integrated spot intensities plotted in Figs. 5(j)
and 5(k) reveal the excellent agreement between the measured
data with the theoretical curves. Please note that the higher grat-
ing orders are more effectively suppressed with the pattern shift
method. In a three-spot application, the pattern shift approach
hence yields a higher efficiency in the three diffraction spots. This
can be seen in Figs. 5(j) and 5(k), where in the inversion approach,
21% of the intensity of the first zone plate order goes to each of
the three spots, whereas it is 29% in each spot for the pattern
shift approach. We measured an efficiency of ∼6% in the order
m = 1, which is split according to the splitting ratios as described
above.
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Fig. 5. Relative intensity profiles generated by the different multifocus zone plates for (a) d = 0, (b) d = 0.2, (c) d = 0.27, (d) d = 0.32, and (e) d =
0.5 using the pattern inversion approach, and (f ) s = 0.2, (g) s = 0.27, and (h) s = 0.32 using pattern shift approach. The relative intensities for (j) the
inversion design and (k) the shifted design obtained from the measurements (symbols) compared to the calculations (solid lines). The vertical axes were nor-
malized to an intensity of 1 for m = 1, n = 0, and d = s = 0. Dashed lines mark the corresponding positions of the multifocus zone plates of (a)–(h). Note
that higher orders are effectively suppressed in the pattern shift design making it better suited for a three-spot application. Please note that the intensity gra-
dient within the illuminated squares is due to an inhomogeneity of the incoming beam caused by an alignment issue and is not a property of the optics.

4. CONCLUSIONS AND OUTLOOK

In this work, we demonstrated the properties of beam-splitting
focusing optics and discussed their possible applications in XFEL
experiments. Such optics are a combination of an off-axis zone
plate and a phase grating that are superimposed by design. This
beam-splitting grating allows us to split the beam in multiple parts,
where the individual intensities of chosen diffraction orders can be
controlled by choosing a different duty cycle or shift of the grating.
Since the off-axis zone plate has zones that diffract perpendicular to
the beam-splitting direction, it acts as a focusing device, producing
in particular spatially separated zeroth and first orders. In that way,
focusing to different spots without the need for an order-sorting
aperture or beam stop becomes possible.

By combining both optical elements in one composite optics,
the absorption losses are strongly reduced, alignment is much
easier, and the grating can be designed as a perfect phase grating
by inverting the written structure of the zone plate or by shift-
ing the zones in a periodic pattern. Implementing an additional
phase grating simply by design into another diffractive optical
element yields huge advantages in control of beam intensities,
as the phase-shifting properties do not depend on mechanical
properties like etching depth, material constants, or the photon
energy. In the future, such optics can be widely used for different
applications at XFELs, synchrotrons, and lab sources. The benefit

for XFEL science has already been proven in two user experiments.
In an experiment at the DiProI beamline at FERMI, the two-spot
scheme using a superimposed grating of duty cycle of d = 0.5
or shift of s = 0.5 was used in a time-streaking experiment with
two incident energies [34]. The same approach enabled the first
user experiment at the SCS beamline at the European XFEL.
Splitting the beam in two spots, one copy for probing and one as
reference, allows, in a more general picture, the normalization of
spectroscopic data to account for intensity fluctuations that are
inherent to free-electron lasers, in particular those that work with
self-amplified spontaneous emission. In both user experiments
the Si structures resisted the intensity of the XFELs without any
observable damage. Adjustment of the duty cycle of the overlaying
grating to d = 0.27 or s = 0.32 splits the beam in three focused
parts of the same intensity. This scheme is useful to obtain quan-
titative absorption data. Experiments that profit in particular
from this scheme are ultrafast pump-probe experiments, where
one beam copy probes the pumped material, another copies the
unpumped material, while the third copy acts as a reference beam.

In summary, this scheme strongly improves spectroscopy at
XFELs and has a unique potential for future applications in steady-
state as well as ultrafast experiments at XFELs, synchrotrons, and
lab sources such as high-harmonic-generation sources.
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23. P. R. Ribič, B. Rösner, D. Gauthier, E. Allaria, F. Döring, L. Foglia, L.
Giannessi, N. Mahne, M. Manfredda, C. Masciovecchio, R. Mincigrucci,
N. Mirian, E. Principi, E. Roussel, A. Simoncig, S. Spampinati, C. David,
and G. De Ninno, “Extreme-ultraviolet vortices from a free-electron
laser,” Phys. Rev. X 7, 031036 (2017).

https://doi.org/10.6084/m9.figshare.12657542
https://doi.org/10.1038/nphoton.2010.176
https://doi.org/10.1088/1367-2630/12/3/035021
https://doi.org/10.1038/nphoton.2012.233
https://doi.org/10.1103/PhysRevLett.108.233401
https://doi.org/10.1021/ar800258z
https://doi.org/10.1021/ar800258z
https://doi.org/10.1073/pnas.1308604110
https://doi.org/10.1073/pnas.1610729113
https://doi.org/10.1038/s41598-017-07069-z
https://doi.org/10.1063/1.3236540
https://doi.org/10.1016/j.sbi.2012.08.006
https://doi.org/10.1063/1.4736725
https://doi.org/10.1063/1.4736725
https://doi.org/10.1364/OE.24.022469
https://doi.org/10.1364/OE.24.022469
https://doi.org/10.1063/1.4821108
https://doi.org/10.1364/OL.44.002157
https://doi.org/10.1364/AO.41.007384
https://doi.org/10.1364/OL.31.001564
https://doi.org/10.1016/j.sab.2007.03.005
https://doi.org/10.1364/AO.16.001088
https://doi.org/10.1364/JOSA.64.000301
https://doi.org/10.1364/JOSA.64.000301
https://doi.org/10.1038/srep00057
https://doi.org/10.1103/PhysRevX.7.031036


Research Article Vol. 7, No. 8 / August 2020 / Optica 1014

24. J. Vila-Comamala, K. Jefimovs, J. Raabe, B. Kaulich, and C. David,
“Silicon Fresnel zone plates for high heat load x-ray microscopy,”
Microelectron. Eng. 85, 1241–1244 (2008).

25. F. Marschall, Z. Yin, J. Rehanek, M. Beye, F. Döring, K. Kubiček, D.
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P. S. Miedema, J. Soltau, D. Raiser, V. A. Guzenko, L. Szabadics,
L. Kochanneck, M. Baumung, J. Buck, C. Jooss, S. Techert, and
C. David, “A zone-plate-based two-color spectrometer for indirect
x-ray absorption spectroscopy,” J. Synchrotron Radiat. 26, 1266–1271
(2019).

28. B. Rösner, F. Döring, P. R. Ribič, D. Gauthier, E. Principi, C.
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