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Abstract. We present wave-optical simulations and a coherence analysis of the photon beam
transported through a soft X-ray beamline, paying particular attention to a focusing varied
line spacing (VLS) plane grating monochromator (PGM). We show that this beamline optical
element used in several soft X-ray beamlines at synchrotron sources and free-electron lasers
can cause a non-negligible spatial coherence degradation. We demonstrate that the origin of
this effect arises from the coupling between spatial and spectral properties of the photon beam
generated by the grating. The latter implies that space and frequency dependencies are not
separable after such a dispersive element. It is shown which parameters are essential for this
effect and how they are linked to each other.

1. Introduction
Existing and future diffraction-limited storage rings promise an enormous enhancement of the
spatial coherence properties of the photon source by reducing the electron emittance [1-4]. This
is particularly evident in the energy range of hard and high-energy X-rays. In the soft X-ray
range, most existing sources are already diffraction limited, at least in the vertical direction.
However, in this photon energy range, diffraction-limited storage rings are expected to achieve
a spatial degree of coherence of the total beam of nearly 100% and thus resemble a laser source
in terms of spatial coherence. In this case, the photon flux of the source can be considered
completely coherent, and thus, the spatial degree of coherence does not need to be increased by,
e. g., slit systems at the expense of flux. These beam properties not only bring new scientific
opportunities, but also pose enormous challenges for the optical layout of the beamlines and
the quality of the optics used. The high spatial coherence of the source must be preserved by
the photon beam transport system to make it available for the actual experiment at the end
of the beamline. It has already been demonstrated that the spatial coherence degradation of
the source may occur, e. g., due to optical surface defects [5-8|, incoherent scattering [9,10], or
vibrations of optical elements [11-13]. The latter effect imposes the most significant influence
on the spatial coherence so far. This becomes obvious with modern beamline designs and their
use of almost exclusively horizontally deflecting optics, which are less susceptible to vibrations.
One way to reproduce experimental measurements or identify the phenomena of spatial
coherence degradation and clarify their cause, is through wave-optical simulations [14, 15].
Wave-optical simulations allow to explore various beamline design options including real optical
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surfaces, vibrations, misalignments and many other aspects. Almost every simulation tool
that offers wave-optical calculations also has built-in tools to determine the spatial coherence
properties from the obtained wave fields. Many of the coherence analysis tools can also be
integrated in existing wave-optical simulation software or the coherence can be calculated
externally using the obtained wave fields. The presented results are based on wave-optical
simulations with slightly polychromatic light using the software Xrt [14] and are supported
by experimental observations [13,16,17]. In the following, we present that the soft X-ray
focussing variable line spacing plane grating monochromator (VLS-PGM) used in many soft
X-ray beamlines is a source of spatial coherence degradation and can cause a huge drop in
spatial coherence. Here, we describe the effect of the spatial coherence degradation by the
monochromator and show which parameters are decisive for it and what are the dependencies.

2. Beamline layout and focusing VLS-PGM

The beamline layout used for the wave-optical simulations is based on the layout of the P04
beamline at PETRA III [18] (see figure 1). The insertion device is an APPLE-II undulator,
which delivers photon energies in the range of E = 250 — 3000 eV in the first harmonic. The
first element of the beamline is a beam-defining aperture which is located 27.9 m downstream
from the source. It serves as an angular filter and increases the spatial coherence when the
aperture is closed. The monochromator is a focusing VLS-PGM and consists of a plane mirror,
a variable line spacing (VLS) plane grating and an exit slit unit (EXSU). The monochromator is
located 46 m downstream from the source. The VLS plane grating spectrally splits the photon
beam due to angular dispersion. Due to the variable line spacing of the grating, the photon
beam is additionally focused on the exit slit in the vertical direction, which is located 25 m
behind the grating. The exit slit selects a certain bandwidth and defines the energy resolution
of the monochromator. The plane mirror in front of the grating illuminates the grating at an
angle of incidence that simultaneously satisfies the grating equation nkA = sin a +sin 8 and the
focusing condition of the plane grating cos 5/ cosa = cs¢ [19]. The angles o and /3 are the angles
of incidence and diffraction, n is the diffraction order, A is the wavelength, k is the line density,
and cyy is the fixed focus constant. When scanning the photon energy with the monochromator,
cyr is kept constant, resulting in exact focusing with fixed entrance r and exit arm length 7.
The magnification of the VLS grating is defined by [20]:

,’,_/

: (1)
r-Cff

Using the distances shown in figure 1 and described above, and a cyy = 2.0 (PETRA III beamline
P04, k = 1200 1/mm grating), the source is demagnified with M = 0.27 onto the exit slit. Due to
the angular dispersion of the grating, the photon beam of each wavelength is focused individually
at a different z-positions along the exit slit (see figure 1). Due to the finite resolution function
of the monochromator and the finite photon beam size for each wavelength, the individual
photon beams also overlap, representing the angular dispersion function of the grating. The
spatial extend of the dispersed photon beam at the exit slit position can be determined by the
reciprocal linear dispersion AA/Az [21] and the bandwidth of the illuminating photon beam
AF and is given by:

M:

1.24-1073 - nkr'[m)]
A =
2mm] cos 3 - E?[eV]
A photon beam incident on the VLS grating with a photon energy of £ = 1200 eV and an

energy bandwidth of AE = 200 meV will generate a beam profile with a size of Az = 89 um
(FWHM) at the exit slit position.

AE[eV] 2)
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3. Wave-optical simulations

For the wave-optical simulations we used the software Xrt [14]. For efficiency and performance
reasons, a filament electron beam with zero energy spread was used as the source of radiation
which means that the photon source is characterised only by the intrinsic properties of a single
electron. Such a photon source has a spatial degree of coherence of ( = 100%. The photon
energy has been set to £ = 1200 eV for all simulations. Furthermore, the size of the beam-
defining aperture was chosen to be 50 pm x 400 pgm (h x v). In addition, a horizontal size of
50 pm was set for the exit slit.

Assuming that the statistical process is stationary, the calculation of the spatial coherence is
based on the standard methods [22] and the use of the coherent mode decomposition (CMD) [23].
As a result, one obtains the spatial degree of coherence ¢ and the coherent fraction (CF) of the
investigated wave fields. Both are single values that represent the spatial coherence properties of
the total beam. The photon beam energy bandwidth AFE used for the simulations was selected
such that the quasi-monochromatic approximation can be applied for the coherence analysis
methods, which is the case if AE <« E [22,23]. In the simulations, it was ensured that the
number of electrons used lead to reasonable statistics where the obtained spatial coherence
values converge and does not change anymore with increasing number of electrons. The number
of modes was chosen such that the cumulative sum of the mode weights always equals one.
These two facts lead to reliable coherence values for the presented simulations.

4. Results and discussion

To analyse the spatial coherence properties of the photon beam along the beamline and thus
the influence of the VLS plane grating monochromator on the spatial coherence properties, the
spatial degree of coherence ( was determined at three different positions. The first position
(screen A) has been set after the beam-defining aperture and closely before the plane mirror,
the second position (screen B) is after the grating and closely before the exit slit, and the third
position (screen C) is after the exit slit (see figure 1). As mentioned in the previous section,
the source generates a fully coherent beam with a spatial degree of coherence of ( = 100%. In
case of a monochromatic source with just a single photon energy E = 1200 eV, the VLS grating
monochromator generates a focused beam at the exit slit position with a size of o, = 7 pm (rms)
based on the magnification described in equation (1). The exit slit size was set to we. = 20 pm
in this case. The spatial degree of coherence of the photon beam at screen A, B, and C is
¢ = 100%, as expected. The exit slit size is larger than the beam size at the exit slit and
therefore has no effect on the beam size or spatial coherence after the exit slit.

The same analysis was performed for a polychromatic source with a very narrow photon
energy bandwidth of AF = 200 meV. This bandwidth results in an energy resolution of
AE/E =1.6-10"% at 1200 eV so that the quasi-monochromatic approximation can be applied
for the coherence analysis methods. We found that at a finite bandwidth of AE = 200 meV, the
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beam at the source and at screen A still has a spatial degree of coherence of ( = 100%, this is
also true for all bandwidths below AFE = 600 meV. In this case and at these positions, the spatial
coherence properties of the photon beam is therefore decoupled from the spectral properties of
the beam, which is to be expected. The photon beam size after the grating is determined by
AF incident on the grating as described in equation (2). Hence, at screen position B spatial and
spectral properties are correlated to some extent. When analysing the coherence properties of
the photon beam at screen B, we found that the degree of spatial coherence drops significantly
to ¢ = 17% (at AE = 200 meV). This is at first glance a very surprising and unexpected
result, since the photon beam at this position is a superposition of several fully coherent single
Gaussian beams whose spacing is determined by the dispersion properties of the grating. We
further analysed the coherence properties after the exit slit at screen C to investigate the effect
of the slit on the spatial coherence properties of this beam. For this, the slit size was varied
between w, = 100 pm and 8 pum and the spatial degree of coherence of the photon beam at
screen C was determined (see figure 2). We found that the spatial degree of coherence increases
with decreasing slit size, which is an expected result considering the coherence properties of the
incident beam. The obtained results are in line with several independent experimental findings
which also describe that the assumed fully coherent beam of the source at soft X-ray beamlines
in the vertical direction show a rather low spatial degree of coherence in this direction and that
it can be increased or decreased with closing or opening the exit slit, respectively [13,16,17].
The experimental findings thus support the results of the simulations. Starting from an exit slit
size of around w, = 20 pm and going towards smaller exit slit sizes, we see an effect which is
opposite to the expected behaviour. Below an exit slit size of w. = 20 pum, the degree of spatial
coherence saturates to ( = 56% and remains constant with decreasing exit slit size. Looking
at the transmitted AF, we see the same effect. The photon energy bandwidth even remains
constant with AF = 25 meV. In terms of AF, this is an expected behaviour since the minimum
photon energy bandwidth achieved is determined by the dispersion properties of the grating
and cannot be further reduced by closing the exit slit. The observed phenomena lead to the
assumptions that there is a strong correlation between the spatial coherence properties and the
spectral properties of the photon beam after the grating, similar to the spatial dimensions as
described in equation (2).

To explore this effect in more detail and to determine its dependencies, we set a fixed exit
slit size of we = 20 pm and varied AE of the source (see figure 3). In figure 3(a), we compare
the degree of spatial coherence at screen B and screen C as a function of AE. Figure 3(b) shows
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Figure 3. (a) Comparison of the obtained spatial degree of coherence between the photon
beam incident on the exit slit (screen B) and the photon beam after the exit slit (screen C) for
different incident photon energy bandwidths (AE = 10 meV - 600 meV). The exit slit size has
been set to we = 20 pm. (b) Spectrum of the photon beam at screen C for a set of five different
incident photon energy bandwidths.

the transmitted photon energy bandwidth at screen C as a function of the incident photon
energy bandwidth at screen B. We found, that in case of AF = 10 meV and AF = 20 meV,
the spatial degree of coherence is similar to the monochromatic case. The photon beam, in
this case, is smaller than the 20 pm exit slit size and hence even the photon energy bandwidth
of the incoming and transmitted beam is the same. At AF = 50 meV the size of the photon
beam incident on the exit slit is slightly larger than the exit slit size. The transmitted photon
energy bandwidth is even slightly smaller than the incoming one. In this case, the degree of
spatial coherence of the incoming and transmitted beam is different. After the exit slit the
spatial degree of coherence is about 10% larger. With increasing AFE, we found that the degree
of spatial coherence determined at screen C converges to ( = 50% and does not further decrease
whereby the degree of spatial coherence at screen B further decreases. We see that this happens
exactly at the point where the transmitted AE = 44 meV does not change anymore due to the
finite bandpass of the 20 pum exit slit size.

5. Conclusion

The conclusion from the simulations and the obtained results is that due to the dispersive
properties of the grating, the spatial coherence properties of the photon beam after the grating
are coupled with its spectral properties and exhibit a certain dependency. The spatio-frequency
coupling is caused by the spatial redistribution of different wavelength by the grating. Photon
beams with different wavelengths still overlap at the exit slit position. The degree of overlap is
determined by the size of the individual photon beams of each wavelength and their separation
defined by the grating. In the decoupled state, as it is the case upstream of the grating
before dispersion occurs, the degree of spatial coherence is unaffected. Hence, we assume
that the spatio-frequency coupling is the root cause of the spatial coherence degradation.
Caution is advised when the photon bandwidth becomes so large that the quasi-monochromatic
approximation no longer applies and the temporal coherence properties affect the spatial
coherence properties. We have found that the degree of spatial coherence after the exit slit
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is mainly determined by the bandpass and thus the angular dispersion of the grating if a
large photon beam (large energy bandwidth) is incident on the exit slit, which is the case
at the beamline. Thus, due to this dependence, the transmitted beam is to a large extent
independent of the spatial coherence of the incident beam. Nevertheless, the simulated data
show that the VLS plane grating monochromator can lead to a non-negligible spatial coherence
degradation. The effect of spatial coherence degradation of the photon beam in the dispersive
direction was experimentally observed utilizing first [13, 16, 17] and second order correlation
theory [24]. Further simulations with varying photon energies and grating parameters can be
performed to find out to what extent this effect can be mitigated to ensure an optimal coherent
flux even for highly-coherent radiation sources. More details will follow in a forthcoming paper.
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