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Many of the emergent properties in quantum materials manifest
themselves as low-energy collective excitations involving entwined
charge, spin, orbital, and lattice degrees of freedom. These properties
can lead to a number of exotic phenomena, such as high-temperature
superconductivity, colossal magneto-resistance, multiferroism, and to-
pological insulating phases. As these phenomena are now becoming a
new frontier for technology, there is an increased urgency to improve
the experimental identification of the underlying collective excitations.
In a little over two decades, resonant inelastic X-ray scattering (RIXS)
has proven itself as an indispensable probe of these low-energy excita-
tions, which it detects in an element-, orbital-, and momentum-resolved
fashion.

The two most critical experimental challenges for RIXS are the
throughput and the energy resolution, as the excitations detected by
RIXS suffer from a relatively low cross-section, and the most interest-
ing excitations are often either overlapping with or hidden by the tail
of the elastic line. These issues are interconnected, as improving the

energy resolution most often comes at the expense of throughput. A
worldwide effort to build new RIXS beamlines has gradually resulted
in over a tenfold improvement in resolving power £/AE in the last two
decades, with 30,000 as the current highest resolving power achieved
by the ESRF beamline ID32. Nevertheless, a significant portion of the
collective electronic and lattice excitations of interest to the condensed
matter community still require a higher resolving power in order to be
revealed.

Here, we report on the design and status of the soft X-ray RIXS
beamline at the National Synchrotron Light Source II (NSLS-II), called
SIX, standing for Soft Inelastic X-ray scattering. The design of SIX was
optimized to achieve a resolving power of 100,000 on both the beam-
line and spectrometer, for a combined resolving power of 70,000 at
1,000 eV, which would be the highest energy resolution achieved, while
maximizing the counting rate and providing continuous momentum
transfer tunability. This report describes the design and the mechanical
and optical challenges that had to be overcome during the construction,
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Figure 1: (a) Optical scheme of the beamline and spectrometer. (b) Footprint of the 105-m-long beamline (dashed black line), with locations of the main

optical elements superimposed with an aerial view of the NSLS-II ring.



and presents the first commissioning results of the beamline measured
with X-rays.

Beamline

This section describes the optical design and performance of the
beamline. Figure 1(a) shows an illustration of the beamline optical
scheme, and Figure 1(b) an illustration of the 105-m-long footprint of
SIX, which extends in a satellite building outside the main ring build-
ing. SIX is one of two long beamlines built at NSLS-II, together with
the hard X-ray nanoprobe (HXN) beamline.

The source for the beamline is a 3.5-m-long, 57-mm-period Apple 11
undulator. It is situated in a long high-f straight section of the NSLS-II
ring. The source is diffraction limited in the vertical dispersion direc-
tion over the full energy range of the beamline, which is 180-2300
eV. It provides horizontal linearly polarized light to below 180 eV, and
circular and vertical linearly polarized light to below the carbon K edge.

The first optical element of the beamline is a plane horizontal de-
flection, internally water-cooled mirror, M1. Its purpose is to absorb
unwanted power from the higher harmonics of the undulator to lessen
the heat load on downstream components. The monochromator is an
in-focus VLS plane grating monochromator (PGM), which is a well-
proven design that minimizes the number of optical components and is
flexible enough to correct for thermal distortions on the optics. Mono-
chromators based on this design have been installed at the ESM beam-
line [1], both branch lines of the CSX beamline [2], the NIST soft X-ray
beamline SST [3], all at NSLS-II and the Dreamline at SSRF [4]. The
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Figure 2: (a) X-ray beam profile on a YAG crystal located at the exit slit.
(b) Measurement and fit of the beam horizontal profile at the exit slit.

VLS grating focuses and disperses the divergent light from the source
in the vertical direction onto the exit slit. The design is such that if the
grating is run at nearly constant c (cﬁ: cosb/cosa, where b and a are
respectively the diffracted and incident angles on the grating), proper
focusing is achieved over the entire energy range. Small variations in
¢y correct for the changes in aberrations as the energy is varied, and can
also be used to correct for heat-induced deformation of the optics. The
minimum number of optics and inherent tunability of the focus at the
exit slit make this design well-suited to high-resolution monochroma-
tors. The PGM is equipped with a plane internally water-cooled pre-
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Figure 3: Gas-phase X-ray absorption spectra measured at the Ar L, ;-edge (a), N, K-edge (b), and Ne K-edge (c), shown with their respective best fits
and the corresponding Lorentzian and Gaussian widths. Dependence of the width of the Gaussian contribution to the fit of the X-ray absorption spectra
on cg, assigned to the estimated instrumental resolution, for Ar (d), N, (e), and Ne (f).



mirror, M2, and three side-cooled gratings to allow for different energy
resolutions. The large length of the monochromator entrance and exit
arms (55 m from source to PGM, 42 m from the PGM to the exit slit)
allows for lower line density gratings to be used to achieve the same re-
solving power, which is important since the grating efficiency depends
upon the line density. For the ultra-high-energy-resolution grating, the
choice of parameters is dictated by the resolution requirements. For
a state-of-the-art slope error on the grating of 50 nrad, the minimum
line density required is 1800 mm™!, which results at 1000 eV in a total
energy resolution (beamline and spectrometer) of 16 meV with a 10
um exit slit opening, and 14 meV with a 5 mm opening. The choice
of parameters for the other two gratings depends on the usual tradeoff
between flux and resolution, and respective line densities of 1200 and
500 mm™! were chosen for the high- and medium-energy-resolution
gratings, respectively, which are predicted to result in 31 and 86 meV
total resolutions at 1000 eV with exit slit openings of 20 and 30 um,
respectively.

The tightest mechanical requirements on the beamline elements are
100 and 50 nrad RMS pitch stability for M2 and the gratings, respec-
tively. In the case of the gratings, this translates into a height change of
one end of the grating relative to the other of only 10 nm. The direct
encoder readout of the rotary encoders on both axes, with a bandwidth
of 2500 Hz, was measured with full water cooling flow of 0.85 GPM for

M2 and 0.45 GPM for the gratings. Pitch stabilities of ~15 nrad o for
M2 and ~7 nrad o for the grating were measured, which shows that one
of the major mechanical concerns—the short-term vibrational stability
of the PGM mechanism—is clearly met, even with full water flow.

Following the monochromator is a side deflection horizontal focus-
ing mirror, M3, which focuses the source horizontally onto the exit slit.
With this optical scheme, the source is now focused stigmatically onto
the exit slit, allowing the use of a single side-deflection ellipsoid to
refocus the monochromatic beam onto the sample, which is described
later. An image of the focused beam at the exit slit is shown in Figure
2(a). The predicted horizontal focus for this optic, 30 um, has been
achieved, as shown in Figure 2(b).

The exit slit of the PGM is located downstream of M3. In order to
measure the beamline energy resolution, an in-line gas cell, with a gas
manifold that enables to switch between up to four gases, is located
downstream of the exit slit. The energy resolution of the beamline has
been estimated for the medium-resolution 500 mm! grating, which is
mechanically ruled and blazed. To this end, gas-phase X-ray absorption
spectra were measured in the total ion yield mode, which is a conven-
tional method to estimate the energy resolution of soft X-ray beamlines
[5]. Spectra were measured at the L, ;-edge of Ar [6], and K-edges of
N, [7] and Ne [8]. The measured respective signals correspond to tran-
sitions of the Ar 2p electrons and N and Ne 1s electrons into unoccupied



Figure 4: (a) View of the sample
holder with the light produced by
the X-ray beam on a YAG crystal
at the sample position. (b) Vertical
profile of the beam focus at the sam-
ple position. (c) FWHM extracted
from Gaussian fits of the vertical
profile as a function of the exit slit
vertical opening, showing a depar-
ture from a linear behavior at low
exit slit vertical openings. (d) Hori-
zontal profile of the beam focus at
the sample position.

orbitals. The experimental spectra are deconvoluted to determine the
Gaussian and Lorenztian contributions to the linewidths, the Lorentzian
part being the natural linewidth of the excitation and the Gaussian part
being the monochromator resolution. The problem with this method
for such a high-resolution beamline is that the instrumental contribu-
tion is ~10x less than the natural linewidth, so that the deconvolution
becomes extremely sensitive to background subtraction at the mini-
mum in the beamline resolution. To overcome this deficiency, we take
the absorption spectra as a function of the monochromator cy factor;
this tunes the vertical focus of the monochromator for some distance
upstream and downstream of the exit slit, varying the beamline con-
tribution to the resolution. Thus, a trend line is built up, which allows
us to specify an upper bound on the beamline resolution. We find ex-
perimentally that the upper bounds for the energy resolution are 9 meV,
22.4 meV, and 44.9 meV at 244 eV, 400 eV, and 867 eV, respectively.
This compares reasonably well with our fully coherent estimations of
the beamline resolution using the actual measured line density of the
500 mm! grating, which are 7.2 meV, 13.9 meV, and 42.4 meV, respec-
tively, for a 30 wm opening of the exit slit. The simulated resolutions
are somewhat less than the experimentally determined values, which
suggests that there is either some improvement to be made in the opti-
cal alignment of the beamline or that we are reaching the limit of gas
phase absorption measurements to accurately determine the beamline
resolution. Commissioning of the spectrometer will give us the ideal
tool to measure the beamline resolution and will help to clarify these
issues.

The choice for the refocusing optics on the beamline was an el-
lipsoidal mirror, simultaneously focusing in the horizontal and verti-
cal directions at the sample position. This was the highest risk mirror.
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Ellipsoidal mirrors with low figure error are very difficult to fabricate,
mainly due to the small and varying sagittal radius and the problems
this poses for accurate metrology. Many different options for the refo-
cusing optics were considered carefully during the design of the beam-
line, including KB mirrors and aberration compensating toroid pairs.
A key requirement was that the incident beam on the sample must be
horizontal, to keep the scattering plane of the spectrometer horizontal,
which would require a third plane deflection mirror in the case that a
KB mirror was used. The ellipsoid has a challenging figure, with a cen-
tral tangential radius of 65.5 m and a central sagittal radius of 44.9 mm,
and slope errors specified to 0.5 prad RMS tangential and 2 prad RMS
sagittal. The mirror did indeed prove challenging to manufacture, and
in order to not delay commissioning, a first mirror that met the slope er-
ror specifications in the tangential direction but not the sagittal (6 prad
RMS) has been installed. This will result in the vertical focus at the
sample being 1.4x larger than the design value. Since there are several
factors in addition to the source size that contribute to the spectrometer
resolution, when the actual focus is traced through the spectrometer, the
loss in resolution is only 1.5 meV in the ultra-high-resolution mode. In
the meantime, a second mirror is being produced to the specifications,
and will be swapped with the current one when ready.

The results of the commissioning of M4 are summarized in Figure
4. Figure 4(a) shows an image of the X-ray beam obtained with a YAG
crystal located at the focus of the beam. The vertical and horizontal pro-
files of the beam, measured by scanning a cleaved piece of silicon wafer
across the beam, are respectively shown in Figures 4(b) and 4(d) for a
30 um vertical opening of the exit slit. The best fits of these profiles
yield full widths at half maximum (FWHM) of 13.2 um in the vertical
and 6.2 wm in the horizontal. While the horizontal experimental focus



is in excellent agreement with the predicted value of 5 um, the experi-
mental vertical focus is substantially larger than the predicted value of
5 um for the 500 mm-! grating. In order to understand this discrepancy,
the dependence of the vertical focus of the beam on the vertical opening
of the exit slit was measured and is shown in Figure 4(c). A departure
from the expected linear relationship is found at lower values of the exit
slit opening, which likely hints at a finite contribution from the Si wafer
edge straightness for the vertical knife edge scans. We will be able to
further refine the vertical focus when a Shack-Hartmann wave front
sensor is installed at the downstream end of the beamline.

Endstation

A view of the interior of the sample chamber is shown in Figure 5.
The sample, not shown in this figure, can be either attached at the end of
a cryostat coming from the top of the sample chamber, or mounted on
an in-vacuum kinematic diffractometer, which consists of a piezo-based
hexapod combined with polar and azimuthal piezo rotation stages. The
sample is surrounded by a circular, rotatable platform, referred to as
an optics wheel in Figure 5. It serves the dual purpose of holding and
positioning photodiodes that can be used to measure diffraction and
fluorescence yield signals off the sample, and also the hexapod system
of the pair of horizontal deflection parabolic collection mirrors, M5,
which need to be positioned in line with the spectrometer arm at any
scattering angle.

Incoming
beam

The optical scheme of the spectrometer is shown in Figure 6(a), and
a photograph of the spectrometer arm is shown in Figure 6(b). Follow-
ing a detailed analysis of the advantages and disadvantages of several
viable designs, a Hettrick-Underwood optical scheme, which uses a
vertical focusing mirror (M6), was chosen for the spectrometer. While
the detailed analysis and basis for our decision have been previously
published [9], the main point is here summarized. The goal of the in-
strument is to reach the highest resolution possible while still maintain-
ing a reasonable throughput. That requires at least three mechanical
degrees of freedom, which are the output arm length r,, the incident
angle on the grating, and the diffraction angle from the grating. The
Hettrick-Underwood design allows us to minimize the range of these
mechanical movements while, at the same time, providing a nearly up-
right focal plane at the detector. This will be critical to meet the tight
mechanical stability requirements. In order to minimize the aberrations
over the entire energy range, it is necessary to change the included
angle on the grating. In other large RIXS spectrometers, the mechani-
cal solution to this is to change the height of the detector. In our case,
this would require raising the detector up to 4.2 m above ground level,
while maintaining a vertical stability at the detector of less than 0.5 um.
Our solution to this problem was to add an additional plane deflection
mirror (M7) in a Riemer-Torge mount [10] to keep the direction of the
diffracted beam constant and the detector close to ground level. We
have traded optical complexity for mechanical simplicity.

Figure 5: View of the interior of the sample chamber, from the side opposite to the spectrometer arm.



To address the challenge of reasonable throughput, the two horizon-
tal collection mirrors, M5, were added within the sample chamber at a
reasonable working distance of 145 mm from the sample position. The
placement of the mirrors in close proximity to the sample allows us to
maximize the horizontal acceptance of a single mirror. Furthermore, it
allows us to place another mirror directly opposite. There are then two
collimated beams traveling down the spectrometer. Since the distance
between the two beams is not too large, it is possible to use a single set
of downstream optics for both of the beams. This doubles the through-
put of the spectrometer, while using a single set of optics.

To estimate the feasibility of the design to achieve reasonable count
rates, the throughput of the SIX spectrometer design was compared
with that of the original SAXES instrument at SLS [11], a spectrom-
eter with a proven scientifi ¢ record. To estimate the throughput, we
calculate the beamline fl ux at the sample from the known source and
optical design of the beamline. For the spectrometer, we take into ac-
count the refl ectivity weighted horizontal and vertical acceptance of
the optics, as well as the grating effi ciency. With three gratings on the
beamline and two on the spectrometer (1250 mm! and 2500 mm'!),
with various combinations of these there are several different resolution
modes possible. In the medium-resolution mode of SIX (86 meV total
energy resolution), over 10 times the throughput of SAXES should be
achieved, at slightly better resolution. The high-resolution mode of SIX
(31 meV total energy resolution) is expected to offer similar throughput
to SAXES, and the ultra-high-resolution mode (14-16 meV total en-
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Figure 6: (a) Optical scheme of the spectrometer. (b) Inside view of the
satellite building housing the 15-m-long spectrometer.

ergy resolution) 6—-12% of the SAXES throughput. This can seem low,
but the ultra-high-resolution mode will be primarily used to measure
the lower energy-loss features. These features are expected to be often
resolution limited, which helps the throughput. In order to understand
this, we consider N photons collected in a feature that is resolution lim-
ited for matching resolutions ¢ on the beamline and spectrometer. The
feature observed on the detector has a height proportional to N and
width of V26. With an increase of the beamline resolution by a factor of
10, which requires us to decrease the vertical opening of the exit slit, the
flux on the sample is decreased by at least a factor of 10. The same does
not apply on the detector with an increase of the spectrometer resolu-
tion by a factor of 10, as the spectrometer is slitless and the resolution is
increased by changing the grating to a higher line density. Ignoring the
difference in the grating efficiency, and counting the same amount of
time as in the previous case, there are N/10 photons in the feature, but
since it is resolution limited, the width of the feature is now 10 times
less as well, or (\/20/ 10), so the peak height remains unchanged. Thus,
for resolution-limited features, we expect to get reasonable throughput
even in the ultra-high-resolution mode.

Whereas for non-resolution-limited features an increase in reso-
lution results in a decrease in intensity proportional to the number of
photons, for resolution-limited features it leads to a narrower energy
spread of the intensity, which in turn results in a larger peak height
normalized to the number of photons. This phenomenon is expected to
help mitigate the low throughput of the ultra-high-resolution mode for
the resolution-limited RIXS features.

The mirrors M6 and M7 and the two spectrometer gratings are lo-
cated in the same optics tank, which can be moved across a granite
track to change the experiment scattering angle. When doing so, the de-
tector chamber at the downstream end of the arm is also moved across
the outer granite track, and the pipe section between the two chambers
is dragged along on both ends by each chamber. Flatness of both granite
tracks is key to minimize realignment of the optics after changing the
angle of the spectrometer arm. Height deviations of 34 um RMS for
the optics tank track and 47 um RMS for the detector chamber track
were measured over the entire scattering angle range, 38—150° from the
incident beam. Such small height deviations will ensure that little to no
realignment of the optics is needed upon rotation of the arm.

Continuous rotation of the spectrometer arm without breaking the
vacuum connection with the sample chamber will soon be enabled,
thanks to an innovative device called a triple rotating flange (TRF),
whose concept is described in [9]. While waiting for the delivery of
this device, a blank-off flange for the sample chamber with six fixed-
angle ports is being used instead of the TRF, and offers the capability to
choose between six fixed scattering angles in the 38—150° range.

Another critical ingredient to a successful implementation of ultra-
high-resolution RIXS is the thermal stability of the experimental area.
The temperature stability performance of the SIX satellite building is
0.3°C total variation over 12 hours, or 0.025°C variation over one hour.
Based on the relevant time scale for the collection of a soft X-ray RIXS
spectrum, and the respective coefficients of expansion of the materi-



als located under the spectrometer optics, we have determined that a
0.025°C variation will not alter the energy resolution of the experiment,
even in the ultra-high-resolution mode.

Outlook

The last few years have seen the merging of impressive advances in
synchrotron instrumentation and RIXS-based research, culminating in
the funding and development of next-generation RIXS instruments at
several light sources around the world. Each of these new instruments
will help push the frontiers of the technique through its own strengths
and characteristics. SIX, with a novel optical approach, will strive to
provide ultra-high-resolution RIXS capabilities to the community, who
can look forward to an extremely exciting future as science starts com-
ing out of this new generation of state-of-the-art instruments.
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