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Abstract
We present the design and performance of a polarized resonant soft x-ray scattering (RSoXS)
station for soft matter characterization built by the national institute of standards and
technology at the national synchrotron light source-II (NSLS-II). The RSoXS station is located
within the spectroscopy soft and tender beamline suite at NSLS-II located in Brookhaven
national laboratory, New York. Numerous elements of the RSoXS station were designed for
optimal performance for measurements on soft matter systems, where it is of critical
importance to minimize beam damage and maximize collection efficiency of polarized x-rays.
These elements include a novel optical design, sample manipulator and sample environments,
as well as detector setups. Finally, we will report the performance of the measurement station,
including energy resolution, higher harmonic content and suppression methods, the extent and
mitigation of the carbon absorption dip on optics, and the range of polarizations available from
the elliptically polarized undulator source.

Keywords: x-ray scattering, resonant soft x-ray scattering, beamline, soft matter, NEXAFS,
x-ray spectroscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

Resonant soft x-ray scattering (RSoXS) is an emerging tech-
nique for the nanostructure characterization of soft matter.

∗ Authors to whom any correspondence should be addressed.

It has been demonstrated that by using variable wavelength
x-ray probes around the light element absorption edges of car-
bon, nitrogen and oxygen, the resonant behavior of chemi-
cals containing these elements can be used as fingerprints of
the molecular bonding environment, including the molecular
orientation [1–3]. By measuring the spatial distribution of the
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x-rays scattered by a material, the ensemble nanoscale struc-
ture of molecules within it can then be probed. Although it
is a relatively recently developed technique, there has been
significant advancement within the field over the last decade
[4–8]. Particular utility of RSoXS has been found in the
characterization of polymers including extensive use to char-
acterize nanoscale structure in organic electronics materials
[8, 9]. These materials typically have important length scales
of ≈10 nm, about the average exciton diffusion length [10],
and ≈1 μm which is the scale of electronic components in
devices such as thin film transistors [11]. These two length
scales coincide with readily achievable scattering angles at
carbon absorption edge, which have tended to be the most ver-
satile energy range for probing organic materials with RSoXS.

There are numerous unique benefits to using soft resonant
x-rays to probe structure. Resonant effects allow increased and
variable contrast between different chemical moieties by tun-
ing the probe energy. A helpful analogy is a painting in a room
lit by a variable-color light bulb. Some choices of color might
enhance the contrast between objects in the painting, while
others might downplay some difference and enhance others.
For conventional electron-, x-ray-, and neutron-based scatter-
ing and imaging methods, the level of contrast—the color of
the blub—is fixed by the sample, leaving only approaches
that modify the sample composition such as staining or radi-
olabeling—painting a new painting with different paints—to
vary the contrast. Radiolabeling can be expensive or imprac-
tical and staining can alter the sample structure. Scanning the
wavelength with soft x-rays can be easier and result in a more
complete understanding of the structure. Polarized soft x-rays
further deliver a capability not found in conventional methods:
contrast based on molecular orientation, enabling the direct
measurement orientational correlations within both pure and
multicomponent systems.

RSoXS experiments present several challenges the most
prevalent of which are caused by the lower energy of the
x-rays. Compared to higher energy x-rays like those used
in medical imaging or traditional scattering experiments Soft
x-rays (generally defined by energies less than 2 keV) have
a considerably shorter penetration depth through most mate-
rials and even atmosphere (this is why low energy x-rays are
called soft—because they do not propagate far through air and
so pose less of a radiological threat to humans). This require-
ment leads to one of the major drawbacks of using soft x-rays
in the past: the whole experiment including the full path of the
x-rays, the sample and the detector must be located in a high
vacuum environment, making the range of samples and envi-
ronments limited. This low energy also means that penetration
through samples is limited and special detectors sensitive to
these lower energies must be used. For a transmission exper-
iment, only thin films of <1 μm and ideally ≈100 nm thick-
ness are suitable to measure. For this reason, although different
geometries are possible [12], RSoXS is to date often thought of
as a thin film characterization tool. Although soft x-ray scatter-
ing has an extensive history in hard condensed matter [13, 14],
where the goal is often to monitor diffraction peaks and coher-
ence effects, and the added complexity of reaching the carbon

edge is often avoided, the existence of soft matter-centered car-
bon K absorption edge scattering facilities has until now been
extremely limited, with only a single widely used facility avail-
able to the scientific community [15]. In this paper we present
a novel design of a facility dedicated to the measurement of
soft matter systems in a variety of environments. Whereas this
previous RSoXS facility was built on a reflectometer base and
limited by controls and detector technology available at the
time, the design we present was intended from the beginning
for soft matter scattering.

Soft matter is often amorphous, and even when crystalline,
has high levels of paracrystalline disorder compared to inor-
ganic materials [16]. Soft x-rays, due to their larger wave-
lengths (≈4.5 nm at the carbon absorption edge) have a lower
fundamental limit of accessible momentum transfer (q). Only
spacings >3 nm are accessible at the carbon edge before
the scattering angle is too large to collect. This range of the
nanometer scale (≈10 nm to ≈1 μm) falls in what for higher
energy probes is often called the small angle scattering (SAS)
regime. Although the angles can be quite a bit larger than
the name indicates, RSoXS can measure many of the same
systems and shares numerous experimentation and analysis
approaches with other SAS techniques. Although SAS exper-
iments are typified by diffuse scattering, there are also many
natural and artificial systems with crystalline spacings at these
larger size scales including self-assembled block copolymers.

When scattering in this regime is diffuse, as is most com-
mon in poorly ordered soft materials, the scattering intensity
can be weak, and long collection times may be desired. How-
ever, it is important to consider that soft matter is generally
extremely susceptible to beam damage. This consideration
makes soft x-ray diffuse scattering with a large, extremely sen-
sitive area detector ideal for probing the structure of materials
before the system is affected by the probe [17]. Whereas in
hard matter diffraction often a very small beam is desired to
resolve sharp peaks, if focusing on more diffuse systems, the
beam can be spread over a larger area of the sample, spreading
out the radiation dose while also enabling a statistical ensem-
ble measurement of nanoscale structure. This maintains the
size scale sensitivity, allowing much longer relative exposure
times to reveal nanoscale structure in Fourier space from the
scatter before damaging it. There is still benefit to minimiz-
ing exposure, so collecting as much of the scattered beam as
possible with the larger sensitive detectors placed close to the
sample is beneficial.

Soft matter most often consists of organic materials, so
operation at the carbon absorption edge is critical to enable
maximally enhanced and variable contrast from composi-
tion and orientation discussed earlier. Unfortunately, this
energy range is notoriously difficult to measure because optics
exposed to x-rays tend to grow carbon films. The x-rays reflect-
ing off the optics crack carbon-containing molecules even in
excellent vacuum environments, and carbon radicals gener-
ated near a mirror surface tend to stick and build up over time
precisely at the location where x-rays are incident on the mir-
rors. This phenomenon in turn leads to inconsistent reflection
efficiency around the carbon absorption edge, resulting in a
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Figure 1. RSoXS layout and schematic. (A) (left frame) a ‘Subway’ schematic of beamline (courtesy of Dr., Nicholas Quackenbush)
showing layout of the SST beamlines, and the relative placement of RSoXS and optical components. In the right frame, a 3D rendering of
the inside of the RSoXS chamber with (B) the incoming x-ray beam, (C) TEM sample holder with sample in position, (D) the multi sample
holder just out of position, above the beam. From the sample position two cones of scattered light are shown incident on (E) Wide angle
beamstop and diode, (F) the WAXS detector CCD (the rest of the camera is made partially transparent for clarity), (G) the small angle
beamstop and diode and finally (H) the SAXS detector CCD.

so-called ‘carbon dip’. Hence, around the energy of most inter-
est, not only is there lower flux, but the flux can vary dras-
tically, requiring careful normalization. Recently there have
been several advances in mitigating this effect, and herein we
will present the near complete removal of this issue in our
facility.

A final challenge of soft matter measurement is that the
functional structures often only exist in a swollen or dispersed
state and does not persist when a sample is dried out and put
in a vacuum system. In situ or operando measurements are
possible but must include encapsulation between soft x-ray
transmissive windows, which typically must be �500 nm. We
will also describe our approach to in-situ RSoXS experimen-
tation using holders that are cross-compatible with electron
microscopy platforms.

2. Design

2.1. Beamline optical design

The design and layout of the spectroscopy soft and tender
(SST) beamline suite is described elsewhere [18]. In the ini-
tial design of the SST beamline suite, the RSoXS station was
not included. The beamlines shown in figure 1(A) consist of
two canted undulators which share a straight section of the
synchrotron ring. The canting angle was designed so that the
interaction between the two beamlines is minimal and each can
operate independently. The soft x-ray undulator is an ellipti-
cally polarized undulator (EPU) with a period of 60 mm. In the
front end of the beamline, the initial SST-1 (soft) mirror hor-
izontally reflects the emission from its respective undulator,
sending the soft x-rays down the SST-1 beamline. After pass-
ing through several slits and apertures, the soft beam is then
reflected by a plane second mirror onto a variable line spac-
ing plane grating monochromator (PGM) of different groove
densities depending on the resolution and energy range of

x-ray desired. The PGM focuses the beam vertically. M3 is the
final x-ray optic reflecting and focusing horizontally before the
RSoXS station. To combat carbon buildup on the mirrors, all
of the optical tanks are kept at a low partial pressure oxygen,
discussed in more detail below.

Both focal points (horizontal from M3 and vertical from the
PGM) coincide at the exit slit of the monochromator. RSoXS
is located directly downstream of this exit slit, at a point where
the beam is diverging both horizontally and vertically. Down-
stream mirrors refocus the beam into downstream stations
described elsewhere [18, 19]. The choice of a diverging spot is
advantageous to RSoXS because, as explained in the introduc-
tion, high beam flux density can cause beam damage, so while
greater total flux is useful for decreasing exposure times and
increasing experimental speeds, flux density is not. By using
a diverging beam, rather than a focal spot, we can maintain
the flux, but reduce the flux density to a level where an exper-
iment can be conducted before damage becomes a problem.
This only works because the lower limit of momentum trans-
fer is driven by geometry, not by beam size (and the associated
drop in resolution of the momentum transfer q). While this
is often a limit in hard small angle x-ray scattering (SAXS)
instruments, the larger scattering angles to reach the same q in
a soft x-ray instrument avoid this issue. A compromise beam
size of 250 μm was decided upon for optimal flux with mini-
mal flux density while still ensuring low angle scattering (and
the ability to measure smaller samples). The initial slits can
be adjusted to vary this beam between 50 μm and 450 μm for
cases where either the sample heterogeneity or low angle scat-
tering angles can be compromised for greater flux. In this low
flux density setup, a whole spectrum of energies can be col-
lected in the same spot. This limits beam damage from initial
exposures negating the usefulness of later exposures for most
soft materials, greatly simplifying experiments requiring many
exposures on the same sample.
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2.2. RSoXS station layout

The layout of the measurement station, designed in collabora-
tion with FMB-Oxford [20], is presented in figures 1(B)–(G).
The first element of the station after M3 is the first set of slits,
which act both as the exit slit of the monochromator (energy
selecting slits, vertically) and the horizontal beam defining
slits. The beam then passes through the incident intensity mon-
itor, which in operation consists of a fine gold mesh in the path
of the beam, to measure≈50% of the beam current for normal-
ization. Following this is the piezo shutter, capable of exposure
times as low as 1 ms, and the second scattering slits. The final
set of scattering slits is located at the upstream entrance of the
scattering chamber, followed directly by the sample position,
where either of two manipulators can place samples into the
beam [figures 1(C) and (D)]. Less than 10 mm downstream
from the sample, the wide angle x-ray scattering (WAXS)
beamstop [figure 1(E)] can be placed into the beam, which
can measure x-ray flux (and absorption of the sample) and
which blocks the direct beam from hitting the WAXS detector
[figure 1(F)]. The WAXS detector is placed as close as 10 mm
but normally 15 mm downstream from the detector, collect-
ing ≈60o scattering angles in all directions. When the WAXS
detector and beamstop are withdrawn, the direct and scattered
beam can continue on to the SAXS beamstop [figure 1(G)]
[both figures 1(E) and(G) have AXUV-HS5 photodiodes [20]
with 1 mm active area, mounted on custom 2 mm wide ceramic
substrates] and detector [figure 1(H)] 500 mm downstream,
where again the incident flux can be measured, and smaller
angle scattering can be measured. The lower limit of scattering
angle is driven by the beamstop width of 2 mm, correspond-
ing to a minimum scattering angle of 0.1o an expanded low
angle limit for RSoXS data collection. It is possible to par-
tially withdraw the WAXS detector and measure both small
and wide angle scattering simultaneously, although the frame
around the WAXS detector CCD means the q ranges in this
simultaneous mode do not quite overlap, and the 45o approach
angle of the WAXS detector means that this mode also com-
promises the highest angles as well. General operation consists
of centering each of the detectors on the beam in turn, where
360o of scattering azimuth (save for blocked shadow of the rel-
evant beamstop) can be collected at once, which is particularly
important for polarization-sensitive measurements. Because of
the in-line placement of the whole scattering station, all of
these elements are designed such that they can be automat-
ically removed from the beam to allow downstream stations
to operate, allowing efficient use of beamtime while loading
samples.

While scattering is the main purpose of the station, it can
also perform simultaneous transmission NEXAFS, as each
of the beamstops holds a soft x-ray-sensitive photodiode in
the direct beam, with incident flux measured on a fine gold
mesh located directly after the beam-defining initial slit. There
is also a drain current measurement from the multi-sample
manipulator, enabling total electron yield (TEY) NEXAFS
measurements. Other NEXAFS modes including partial elec-
tron yield and florescence yield are currently available in the
downstream station and will be optional future upgrades for

the RSoXS measurement station. TEY and absorption NEX-
AFS are always taken simultaneously with scattering data but
can also be collected separately in a faster fly scanning mode.

2.3. Detectors

The detectors are both 4096 pixel x 4096 pixel resolution
flange-mounted, soft x-ray sensitive ≈ 60 mm square CCDs
designed by greateyes GmbH [20]. In operation, the back-
illuminated CCD surfaces are cooled to −80◦ C via thermo-
electric cooling. In regular operation, both detectors read out
in a 4 × 4 binning mode (with 60 μm effective square pixels)
in ≈1 s. The binning is used to increase the readout speed at
low noise levels, while maintaining a resolution much smaller
than the beam size on the detector (≈250 μm nominal). Fur-
ther binning would reduce the readout speed further, but at this
binning setting the readout time of the CCD matches the move
time for the undulator and monochromator and complements
typical exposure times of ≈1 s. CCD technology was chosen
because it allows the greatest signal to noise and flux effi-
ciency with the largest detection area, giving the best chance of
measuring the samples nanostructure and chemistry before the
beam itself alters it. Faster detection systems are under devel-
opment and even in use on other soft x-ray beamlines [15], but
these systems currently come with increased noise and there-
fore would require increased flux on the samples before the
same signal to noise ratio could be reached. We have also found
that the exposure times we generally require to obtain statisti-
cally relevant diffuse scattering measurements match the speed
capabilities of the CCD detector well, but to make proper use
of the increased flux of future sources, faster, highly efficient,
low noise soft x-ray detectors will be necessary.

The challenge of designing a layout where maximal angular
range of scattering is collected while also minimizing the num-
ber of exposures to collect that angular range led to the dual
small and wide angle (SAXS/WAXS) detection setup. With
this setup, two exposures can generally capture the entire range
of RSoXS (from <0.1o to >60o) for a sample, allowing for
maximum collection efficiency and minimum beam damage.

2.4. Sample manipulators

Two sample manipulators allow for a maximal range of
experimental systems to be measured. The primary, vertically
mounted high throughput sample stage is designed to accom-
modate 200 mm × 25 mm of samples. For typical transmis-
sion window frame sizes of ≈5 mm, with necessary spacing
between samples to allow manipulation, more than 130 trans-
mission samples can be mounted simultaneously. The sample
mount is replicated outside of the station on a sample imager,
which automatically takes 9 high resolution optical images of
the sample bar, so that the relative positions and measurement
locations can be entered into the data acquisition system before
loading into the vacuum chamber. [an image of a section of this
holder, labeled by the software is also shown in figure 2(A)]
The sample holder typically takes ≈1 h to pump down to the
requisite vacuum.

The second sample manipulator is compatible with a stan-
dard FEI [20] transmission electron microscopy (TEM) holder,
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Figure 2. Interactive alignment of samples. (A) an interactive an image of the sample bar presented to the user with labels
added in as the user selects where to make measurements. Note the programmatically displayed red labels are provided for
the user to identify which sample is which so in this paper their content is not relevant and not intended to be conveyed by this
figure (B) From these optical guesses, a low resolution, fast spiral scan of each sample starting at the user-selected position
ending when the user sees a suitable location for energy/polarization scans.
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which typically holds one sample at a time. In a fortuitous
coincidence the penetration depths of soft x-rays are simi-
lar to those of electrons used in TEMs. Thus, the significant
engineering efforts underway to bring sample environments to
nanometer-scale vacuum environments for TEM experiments
can be directly translated to soft x-rays. The vacuum holder is
shown in detail in figure 1(C). The load lock design allows the
safe pump down and introduction of the TEM sample holder
tip to the sample location within≈15 min without endangering
the vacuum level of the chamber or interfering with the large
detector face as close as 1 cm from the sample. This new built-
in TEM holder compability in an RSoXS chamber now enables
the use of commercial environmental stages for, e.g., temper-
ature, liquid and gas environments, electrochemical potential,
and strain.

2.5. Software design

The instrument’s controls platform is based on BlueSky and
DataBroker [21], a new suite of beamline control software
developed for national synchrotron light source-II (NSLS-
II) that aims to bring the modern scientific Python ecosys-
tem to real-time control and data acquisition. This software
platform enables rapid, on-the-fly creation of user scans, intel-
ligent, multimodal routines for sample mapping and measure-
ment spot selection, and physics-aware control of the beam-
line optics. For example, the undulator gap and phase and
monochromator parameters are set based on interpolation of
simulation data generated with the Radia package [22] using
the Python xarray library [23]. This approach allows direct
connections between the beamline control code and scientific
analysis software and enables features such as adaptive scan-
ning. Similarly, the DataBroker environment, driven by a pro-
duction database backend, allows rapid querying of all past
runs to determine metadata for future runs. For example, the
instrument estimates the time a given scan will take by averag-
ing the runtimes of the past 100 scans of a given type that were
acquired on the beamline. This database query executes in well
under 200 ms and allows real-time optimization of instrument
performance and user feedback.

The user workflow is also improved by the instrument
software. During sample pump down, the user interactively
identifies the locations of the samples by clicking points on the
high-resolution optical image and assigns acquisition ‘plans’
to each sample [figure 2(A)]. Typical BlueSky acquisition
plans are prepared for scans of many absorption edges of note,
but user defined plans can be added as well, and are gen-
erally prepared ahead of beamtime. Such plans are typically
≈ 10–20 lines of Python code using easy-to-understand syn-
tax. Once the sample holder is moved into the chamber the
instrument can automatically find two small through holes at
either end of the bar and use the positions of those fiducials
to correct for rotation of the bar between the optical image
and the chamber and translate the optically-defined positions
to the chamber manipulators. Because the optical placement
of the samples is not completely reliable for locating precise
locations where the best scattering can be taken on each sam-
ple, there is an optional spiral scanning routine which can

quickly acquire exposures on a grid of positions on the sam-
ple at a non-resonant (with less beam damage) energy around
each optically identified location. These scans are shown as in
figure 2(B). The user can examine these images and understand
the inhomogeneity of the sample and pick one or more optimal
locations with representative scattering for further acquisition.
If attended by the user, the spiral scan can cease and move on
to the next sample once the user has identified a suitable loca-
tion from the x-ray scattering images collected so far. Machine
learning will be used in the future to automatically recommend
spots.

Once optimal sample locations are identified, RSoXS scans
typically take ≈10 min to run through an absorption edge with
≈150 exposures with high energy resolution and a nominal
exposure time, although after this initial run, higher resolution
or longer exposure time plans can be prepared for a second
run if desired. Operation at several polarizations is typically
acquired to ensure that any polarization-induced anisotropy is
identified [9, 24]. After the scans are run in one mode, small
angle or wide angle, the other detector configuration is typi-
cally loaded and the scans are run once again. Thus, for a full
scan in both modes and two polarizations, ≈1 h is needed for
each sample. Although targeted energies can also be collected
much faster for well-understood systems, we highly suggest all
users collect the data necessary for a full hyperspectral anal-
ysis. Further reduction of the time required for these scans
is expected as the overhead time between exposures is fur-
ther reduced. This image step and the pre-prepared procedures
allow for highly efficient use of beamtime, as once the samples
are loaded into the system (during which downstream stations
can be using the x-ray beam), the spiral scans and acquisi-
tion scans can be begun immediately with no live alignment
of each sample required. This control system has also allowed
for successful remote operation during the 2020 COVID-19
pandemic, requiring only the initial loading of samples to be
done by the beamline scientist in person.

Software development currently underway will implement
real-time data reduction, slicing, and display. The integration
of beamline control with a widely-used programming plat-
form (Python) also enables the direct integration of machine
learning-based data treatments with beamline control, from
automatic detection of flaring and other common measure-
ment errors to Gaussian process-based intelligent search of
parameter and phase spaces.

3. Performance

The RSoXS station passed the NSLS-II readiness review in
February 2019, and was commissioned through the first half
of 2019, hosting its first user beamtime in August 2019. User
operations increased through the first months of 2020, includ-
ing commissioning of the first liquid environmental exper-
iments, but then in-person user activity ceased due to the
COIVD-19 pandemic. In all, 13 user beamtimes have been
accommodated at the RSoXS station to date, with several pub-
lications [25, 26] at the time of preparing this manuscript. We
will report on several important aspects of the performance
of the RSoXS station, including the energy flux, resolution,
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higher harmonic energetic contribution and suppression, the
suppression of the carbon dip, and the characterization of the
polarization available from the EPU source.

3.1. Flux

The experimental incident flux on the sample was measured as
the flux incident on the WAXS beamstop photodiode with slits
in the experimental position (that is producing a ≈ 250 μm
square beam on the beamstop). This results in a 28 nA flux
at 280 eV, which corresponds to ≈ 2 × 109 photons s−1, and
450 nA at 750 eV (near the peak performance of the beamline)
corresponding to ≈ 1 × 1010 photons s−1. This result is from
the high-resolution, low-flux, 1200 lines/mm grating with an
exit slit size of 25 μm, resulting in the highest energy reso-
lution and minimum higher harmonic contribution. Use of the
250 lines/mm grating and a slit size of 50μm, produces 920 nA
on the photodiode or ≈ 5.7 × 1010 photons s−1 at 300 eV,
although this sacrifices some energy resolution and includes
significant higher order contamination leading to the use of the
1200 lines/mm grating for scattering applications, vide infra.

3.2. Higher harmonic contributions

The x-ray spectrum produced by a periodic undulator includes
sharp, intense peaks at not only the fundamental but also inte-
ger multiples of that energy also called higher harmonics. For
example, an undulator set to produce 200 eV photons will also
produce (400, 600, and 800) eV photons. Unfortunately, the
use of diffractive optics means that all these energies will also
be focused by the PGM into the same exit slit position. Thus,
when doing an energy scan across the carbon absorption edge
from 280 eV to 300 eV, the beamline is also scanning 560 eV
to 600 eV, 840 eV to 900 eV, etc. And when 300 eV photons
might produce a scattering ring at 6o, the 600 eV photons will
produce that same ring at 3o and the 900 eV rings will pro-
duce that same ring at 2o and so on. This can be exacerbated
in thick samples, where the fundamental energy photons may
be absorbed significantly while the higher harmonics penetrate
much further and produce stronger scattering. This is demon-
strated at 170 eV in figure 3(A), where the second order peaks
occur in between the fundamental peaks in the diffraction of a
grating with 100 nm and 1 μm features. Although these peaks
are lower intensity than those from the fundamental, this can
make interpretation of diffraction difficult. At the higher end
of the beamline energy range, as shown in figure 3(B), there is
considerably less higher harmonic light as those energies are
not efficiently produced or propagated by the beamline.

There are several higher harmonic rejection strategies. One
method is to use an extra mirror or several mirrors placed at
an angle at which the fundamental energy can reflect with
near total reflection while the higher energies are above their
respective critical angles and so are absorbed by the mirrors.
This is the strategy employed by the previous RSoXS beam-
line and many hard x-ray beamlines [15]. However, adding
more mirrors can add further complications, including more
surfaces for carbon contamination to hurt performance around
the carbon edge, and difficulty in maintaining a consistent sam-
ple spot and slit locations. For this reason, we find that using

Figure 3. Low angle Scattering and higher harmonic mitigation.
(A) (170 eV) (B) (1700 eV) diffraction patterns collected from a
linear grating with 100 nm and 1 μm pitches. Pointed out is the
corresponding third order 1 μm peak at two energies,
(corresponding to an effective spacing of approximately 0.3 μm) the
smallest scattering angle resolvable at 1700 eV. (C) diffraction from
drop cast 300 nm polystyrene nanospheres in a crystalline phase
collected at 285 eV using the different gratings and CFF values in
the inset legend.

the monochromator itself and its pre mirror as rejection mir-
rors is more effective. The incident angle of the mirror and
grating can be increased to a point where the higher order light
propagates through the optics with much lower efficiency than
the first order light. Two methods we have employed to raise
the incident angle are first using a higher density line pattern
than would normally be used at low energies, and secondly,
to change the constant of fixed-focus (CFF) of the monochro-
mator. Changing the CFF too much in a PGM unfortunately
means the focal length also changes, or energy resolution is
lost. The RSoXS station uses a slit position 1.5 m downstream
of the designed position, allowing a CFF to 1.7 for the 1200
lines/mm grating.

Although theoretically the EPU should produce mainly
odd order harmonics, and indeed these are quite evident in
figure 3(C), the even orders are also produced. The reduction
in third and fourth order light can be seen when using the 250
lines/mm grating and moving from a CFF of 1.6 to 1.3. To
begin to remove second order light effectively, however, the
1200 lines/mm grating (reducing the fundamental flux by ≈15
times) is required. Continued enhancement is observed as the
CFF is lowered from 2 to 1.5. For the reasons discussed above
1.7 is operationally as far as can be reached while maintain-
ing energy resolution with the current grating. This position
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Figure 4. EPU polarization rotation and carbon dip.

effectively removes third order harmonics, and greatly reduces
second order. Future improvement is planed with a new grat-
ing including optimal groove dimensions and coating material
to further increase this performance. The examples shown in
figure 3 are chosen for the severity of higher order harmonics
when examining sharp diffraction peaks, and in these cases the
higher harmonic light is also magnified either through diffrac-
tion efficiency or absorption of the fundamental energy. The
quantitative ratio between the different harmonics is difficult
to measure and has not to date been done at this measurement
station. It is important to note that in most diffuse scattering
experiments higher harmonics are of little effect compared
to these diffractive peak examples, although their presence
should always be considered.

Of note also in figure 3 is the low angle performance of the
SAXS detector. We can clearly see the 300 nm spacing diffrac-
tion peak even at 1700 eV, showing that greater than 2 μm
resolution is achievable to either side and below the beamstop
at the carbon edge. At the low energy extent of the beamline
(90 eV) this size limit is>6μm, while at the high energy extent
of the beamline (2200 eV), >200 nm is achievable.

3.3. Polarization rotation

One of the key benefits of an EPU design is the ability to
change the polarization of the soft x-rays produced while
maintaining the flux and path of the x-ray beam. Thus, in
the same footprint on the sample, polarization can be rotated
from horizontal to vertical and even to circular. To demon-
strate this a variable incident angle TEY NEXAFS experiment
was conducted on the same exact footprint of a highly ori-
ented pyrolytic graphite sample. The graphite has a distinctive
angle dependent NEXAFS response around the carbon absorp-
tion edge, demonstrating both the energy resolution as well as
the polarization of the beamline at these different polarization
settings. The raw data is shown in figure 4 demonstrating the
consistent performance of the measurement station at these
settings, with the flux not changing meaningfully between
these different polarizations. Fitting the angular dependance
of the peaks in the NEXAFS spectrum using QANT [27], a
linear polarization of >97% is demonstrated.

Figure 5. Liquid flow cell experiment (A) a schematic of the TEM
flow cell tip. (B) TEM collected of solution. (C) time resolved
scattering profiles collected from the same solution and tip in the
RSoXS station.

3.4. Carbon dip

Also shown is the photodiode response for the scans in figure 4,
showing both the consistency in flux, and the notable near
absence of any trace of a carbon dip. The carbon dip was
essentially removed from the station through the use of a par-
tial pressure of ≈1 × 10−5 Pa oxygen leaking into the optical
chambers, and the minimum of optical elements before reach-
ing the RSoXS station [17]. Here the proximity to the exit slit
of the monochromator and lack of a tertiary focusing optic
after the monochromator exit slit leads to a key benefit of the
RSoXS station location within the beamline. All optics for
RSoXS have white, pink or zero order light incident on them in
operation, allowing a low level of oxygen in the mirror cham-
bers to continuously scavenge x-ray generated carbon radicals
and keep the optics effectively carbon free.

3.5. Environmental cell

We demonstrate the scattering of x-rays through an aqueous
environment via TEM and scattering data collected using the
same in-situ flow cell, the Poseidon Select from Protochips
[20] as shown in figure 5(A). Both experiments were per-
formed using crossed 50 μm × 550 μm silicon nitride win-
dows, 50 nm thick, with 500 nm flow spacer. Prior to sample
loading, the silicon nitride windows were cleaned for 2 min
in acetone, 2 min in Isopropanol, and 15 min with UV-ozone.
The cell is assembled and sealed with DI water. The aqueous
sample was pumped into the flow cell using a syringe pump at
a rate of (50 to 300) μl h−1. The same sample of 5 mg ml−1

80 nm gold nanoparticles was used for both experiments and
was used as-received from Nanopartz [20] (Loveland, CO).
Figure 5(B) shows TEM data acquired at the National Center
for Electron Microscopy at Lawrence Berkeley National Lab-
oratory. Images were collected using the Themis [20] micro-
scope operated at 300 kV, using a high speed Ceta camera
and an XFEG source. Figure 5(C) shows the scattering sig-
nal, collected every 30 s. The signal from the gold nanoparti-
cles slowly increases as the nanoparticle solution enters the
measurement volume of the cell, converging on the signal
from the pure nanoparticle solution. Although this is not res-
onant scattering, this result demonstrates the capability within
the RSoXS station. Significantly faster time resolution could
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Figure 6. Wide angle resonant scattering example.

be achieved with optimized flow cell geometries and using
absorption resonances to enhance or reduce scattering contrast
both between different components and between components
and the medium in seconds.

Intense research currently targets natural and synthetic
aqueous nanostructures such as micelle nanocarriers, lipo-
somes, molecular machines, and nanodisc lipid bilayers. This
new RSoXS instrument introduces the ability to extract real-
time bond-specific chemical and orientation information label
free and in situ to environmental stimuli [28]. Such informa-
tion could revolutionize the pursuit of understanding and con-
trol of molecular biofunctions and targeted smart medicines
and thus embodies an exciting new area of research to which
RSoXS will contribute.

3.6. Organic electronics with wide q range

Finally, we demonstrate the high angle performance of the
scattering station on organic electronic materials in figure 6.
Of note is the 360o of azimuthal scattering achievable with
the WAXS detector in the closest position, where character-
ization of the energy dependance of a device relevant length
scale diffraction peak is demonstrated. The sample studied in
figure 6 is a photovoltaic ‘double-cable’ polymer that has a
conjugated ‘p-type’ backbone with pendant perylene bisimide
‘n-type’ units [29]. The bulky nature of the side chains
[figure 6(A) inset] results in a relatively large side-chain stack-
ing distance of ≈6 nm. The ring observed in figure 6(B) under
resonant conditions corresponds to the first order sidechain
stacking peak, which exhibits notable anisotropy. This demon-
strates that the RSoXS station can collect a full ring of scatter-
ing corresponding to size scales approaching the wavelength
of the probing x-rays, (4.35 nm at 285 eV, 13.8 nm at 90 eV
and 0.56 nm at 2200 eV), opening up the possibility of study-
ing resonant and polarization diffraction effects at soft x-ray
energies near the wavelength limit.

3.7. User access

The RSoXS station was built and is operated at NSLS-II
by the local national institute of standards and technology
(NIST) partner group. Users can apply for merit-based user
access to the facility through the normal NSLS-II user access
portal (www.bnl.gov/ps/userguide/) or through collaboration
with NIST scientists. Any interested users should contact the
beamline scientist to help plan experiments.

4. Conclusion

The RSoXS station was designed as a soft matter measurement
station focusing on mitigating beam damage and making max-
imal use of every photon interacting with the sample. This led
to a unique layout for a scattering beamline, being in a diver-
gent part of the beamline rather than a focal spot while still
achieving world class carbon-edge q range collected by low
noise CCD detectors. This simplified design has allowed for
near complete removal of the carbon dip, while maintaining
stable, high-flux and high-resolution spectroscopy. The EPU
produces highly linear polarization with minimal flux varia-
tion, while the control system has allowed for efficient remote
operation.
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