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Over the past decade, the advances in grating-based soft X-ray spectrometers have revolutionized
the soft X-ray spectroscopies in materials research. However, these novel spectrometers are mostly
dedicated designs, which cannot be easily adopted for applications with diverging demands. Here we
present a versatile spectrometer design concept based on the Hettrick-Underwood optical scheme that
uses modular mechanical components. The spectrometer’s optics chamber can be used with gratings
operated in either inside or outside orders, and the detector assembly can be reconfigured accord-
ingly. The spectrometer can be designed to have high spectral resolution, exceeding 10 000 resolving
power when using small source (~1 um) and detector pixels (~5 pum) with high line density gratings
(~3000 lines/mm), or high throughput at moderate resolution. We report two such spectrometers with
slightly different design goals and optical parameters in this paper. We show that the spectrometer with
high throughput and large energy window is particularly useful for studying the sustainable energy
materials. We demonstrate that the extensive resonant inelastic X-ray scattering (RIXS) map of bat-
tery cathode material LiNij;3Co/3Mny30, can be produced in few hours using such a spectrometer.
Unlike analyzing only a handful of RIXS spectra taken at selected excitation photon energies across the
elemental absorption edges to determine various spectral features like the localized dd excitations and
non-resonant fluorescence emissions, these features can be easily identified in the RIXS maps. Study-
ing such RIXS maps could reveal novel transition metal redox in battery compounds that are sometimes
hard to be unambiguously identified in X-ray absorption and emission spectra. We propose that this
modular spectrometer design can serve as the platform for further customization to meet specific
scientific demands. © 2017 Author(s). All article content, except where otherwise noted, is licensed
under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4974356]
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Modular soft x-ray spectrometer for applications in energy sciences
and quantum materials

l. INTRODUCTION

When electrons in a material are excited by X-rays, the
system can return to its ground state by re-emitting photons
and electrons. Measuring the energy and momentum of emitted
photons and electrons, thereby using energy and momentum
conservations to deduce a material’s response to the excita-
tion photon field, has been one of the most direct ways to
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study the electronic structure of the material.!»> Although soft
X-ray spectroscopies based on measuring photons, such as
X-ray Emission Spectroscopy (XES), Resonant Inelastic X-
ray Scattering spectroscopy (RIXS), and X-ray Absorption
Spectroscopy (XAS) with fluorescence yield detection, are
known to have much smaller cross-sections compared to the
ones based on measuring electrons, unlike the electron spec-
troscopies, these photon spectroscopies can be used in the
presence of electric and/or magnetic fields. With elemental,
chemical, and bonding selectivity and bulk sensitivity, they
are the ideal techniques for in situ and in operando studies.’=°

© Author(s) 2017
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The key instrument for spectroscopic inelastic probes like
XES and RIXS is the soft X-ray spectrometer for analyzing the
energy of the emitted photons (in combination with a suitable
beamline). In the soft X-ray regime (below ~2 keV), reflection
gratings are commonly used for this purpose. In fact, grating-
based soft X-ray spectrometers (referred to as spectrometers
hereafter) will out-perform other types of photon analyzers,
like superconducting tunneling junction (STJ),”® transition
edge sensor (TES),’ and silicon drift detector (SDD),'%!! in
terms of attainable energy resolution.

Over the past decade, the rapid development of spectrome-
ters has revolutionized the soft X-ray spectroscopies in a wide
range of scientific fields. This is particularly true for RIXS:
active research using this technique to study various excitations
in strongly correlated materials manifesting emergent quantum
phenomena has offered new perspective to condensed matter
physics.>!>16 With advanced grating manufacturing technol-
ogy, varied line spacing (VLS) gratings ruled on spherical or
plane substrates are commonly used in these spectrometers.
Different optical schemes besides the Rowland circle geome-
try are explored: based on the success of prior high resolution
spectrometers,'”~'° some are pursuing the ultrahigh energy
resolution by using very long spectrometers (with dedicated
beamlines to deliver ~um beam on the sample) coupled to
horizontal collimating mirrors to enlarge the angular accep-
tance;’*?! some are aiming for high throughput by making
the spectrometers compact?>~2° or utilizing multiple orders of
gratings to record soft X-rays emitted from various elements
in the sample simultaneously.”” Some schemes even use the
energy compensation®® or cross-dispersion®’ concepts to take
advantage of the off-axis radiation that is blocked by the beam-
line exit slit to enhance the throughput or gain the incident
photon energy dependence information without loss of energy
resolution. Besides the reflection gratings, some spectrometers
use ultrahigh line density transmission gratings to improve the
throughput.**3! These advanced spectrometers, whether hav-
ing an astounding 15 m length to achieve ultrahigh energy
resolution, or being very compact to have ultrahigh throughput,
are designed with their respective mechanical novelties. Their
opto-mechanical designs are optimized for dedicated beam-
lines. What we propose here is different: a compact, portable,
and modular slitless spectrometer design for a wide range of
applications.

An attempt to produce a general purpose, compact spec-
trometer to serve the larger soft X-ray spectroscopy commu-
nity was initiated more than a decade ago by a commercial
company (VG Scienta) using the design of a constant line-
spacing, spherical grating spectrometer (GRACE, Rowland
circle geometry) from Nordgren et al.3> This spectrometer,
XES 350, has a fixed opto-mechanical design with resolving
power (RP, E/AE) up to 2000 when a 10 ym source is used.
Although an entrance slit can be used as the virtual source
when working with a large real source to preserve the RP,
using the entrance slit leads to severe reduction in the vertical
acceptance angle, which affects the throughput of spectrome-
ter. This aspect is well-recognized in free electron laser (FEL)
and bioscience research where enlarging X-ray beam spot on
the sample is often used in experiments to mitigate the sample
radiation damage issue.

Rev. Sci. Instrum. 88, 013110 (2017)

In the process of developing a soft X-ray spectrometer for
both synchrotron and FEL applications, we took the approach
of modularizing the key components of a spectrometer such
that its mechanism can be reconfigured to work with different
types of gratings (plane or spherical figure) at either inside or
outside diffraction order, as well as with various source (e.g.,
from ~5 umto ~25 um in the current design) and detector pixel
resolutions (effectively 27 um in the commercial CCD or spec-
troCCD, see later discussion). This approach better capitalizes
the engineering effort invested in the mechanical design when
reconfiguration is needed. In addition, standardizing the spec-
trometer components allows the vendors to stockpile items,
such as grating substrates that have very long lead-time and
components that are costly when manufactured with small
quantity, to expedite the production and lower the unit cost.
The modular spectrometer can also serve as the platform for
further customization for specific scientific demands. This
paper reports two slightly different Hettrick-Underwood type
soft X-ray spectrometer designs using the modular mechanical
components: one with grating operated in the inside order for
working with a large source and small pixel detector (mod-
ular X-ray spectrometer or MXS, see Section II) and the
other with gratings operated in the outside order for work-
ing with a small source and the commercial CCD detector (see
Section IV).

The paper is structured as follows: in Section II, we present
the opto-mechanical design of MXS for a momentum-resolved
RIXS endstation (qRIXS, see Figure 1 for the CAD model).
In Section III, we show the preliminary XES and RIXS data
from battery cathode materials measured at BL8.0.1 of the
Advanced Light Source (ALS), Lawrence Berkeley National
Laboratory (LBNL), using MXS installed in another endsta-
tion called in sitru RIXS (iRIXS), which will be described
elsewhere. The spectrometer’s high throughput enables the
generation of extensive RIXS maps within few hours of mea-
surement time. By analyzing the RIXS maps, we show that
the obtained information can facilitate the energy research at
the ALS. In Section IV, we present the variation of MXS for
another project with distinct source parameters and perfor-
mance requirements. Although the detector assembly is quite

photon-in

FIG. 1. CAD model of qRIXS endstation with five modular soft X-ray
spectrometers (MXS) on top of the experimental platform.
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different, the variant uses nearly identical optical chamber (U-
bracket is changed for different mirror angle, see Section IT A)
as MXS. In Section V, we give the conclusions and outlook of
this project.

Il. DESIGN OF MODULAR SOFT X-RAY
SPECTROMETER (MXS)

A. Optical design

We hope to develop an endstation that can be used to
perform both static and time-resolved, momentum-resolved
resonant inelastic X-ray scattering spectroscopy. The static
measurements will be performed at the ALS, while the time-
resolved measurements will be performed at FEL facili-
ties, such as Linac Coherent Light Source (LCLS) at SLAC
National Accelerator Laboratory. For momentum-resolved
RIXS spectroscopy, the spectrometer needs to be moved in the
scattering plane relative to the incident photon beam so that
the photon momentum transfer to the sample Ag = k, — k,,
can be varied (changing k while fixing k) Here, k and k
are the momentum of incident and emitted photons, respec-
tively. Because qRIXS will be moved in between facilities,
the entire endstation needs to be mobile. This requirement
rules out the option of putting spectrometers inside the exper-
imental chamber, as the system will become too cumber-
some for transportation. It also prohibits the use of a slid-
ing face seal at the interface between experimental cham-
ber and spectrometers: there will be limited space to put
the spectrometer optics, and implementing such sliding seal
requires an integral design of the experimental chamber with
beamlines.

Based on our pervious experience, we decided to use up to
five standalone spectrometers mounted to the emission ports
on the experimental chamber that sits on top of a rotatable
platform.?>33 These spectrometers have to be supported from
the endstation platform, instead of from the floor underneath
them. In that regard, the Hettrick-Underwood optical scheme
with much simpler detector motion is chosen so that a lighter

Rev. Sci. Instrum. 88, 013110 (2017)

detector assembly can be constructed to reduce the cantilever
load. 3+

There are two optical elements in the Hettrick-Underwood
optical scheme (see Figure 2(a) for the schematic plot): a
spherical mirror for focusing the emitted X-rays from the
sample onto the imaging detector, and the VLS plane grat-
ing for dispersing photons with different energies, imaging
the virtual source created by the spherical mirror at the detec-
tor, and correcting the aberrations of both optical elements.
The VLS terms can be chosen to optimize the energy reso-
lution over a photon energy range, or at one photon energy
but correcting multiple high order aberrations. In the cur-
rent design, we choose the VLS terms such that high order
aberrations up to spherical aberration (F49 term) are cor-
rected at 640 eV (Mn L3 edge). As will be shown later, the
Hettrick-Underwood optical scheme also gives the relatively
good flat field imaging capability ideal for the energy materials
research.

There are other considerations in the optical design. The
spectrometer is required to have moderate energy resolu-
tion (maximum 5000 resolving power at 540 eV) to match
that of the monochromator of soft X-ray beamline (SXR) at
LCLS.3® In the meantime, it also needs to have high through-
put to accommodate the reduced photon flux density, which
is essential to avoid the non-linear effect induced by the
extremely intense X-rays from such a low repetition rate
source when the beam spot on the sample is small. Lim-
ited by the available space around the experimental floor, the
length of the spectrometer cannot exceed 2.2 m. The inte-
rior of the experimental chamber needs to be large enough to
house refocusing mirrors for the THz pump laser (off-axis
parabola). In addition, two isolation valves and a vacuum
transition section are needed in between the experimental
chamber and spectrometers so that when moving the spec-
trometers from port to port, both the experimental chamber
and spectrometers can stay under the vacuum. These factors
limit how close the spherical mirror can be placed relative to
the sample, which should be at least 0.7 m from our practical
experience.

(a) ) (b) 60§
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FIG. 2. (a) Schematic illustration of Hettirck-Underwood optical scheme. ((b)-(g)) SHADOW simulations showing the scattered dot images at the detector
plane at selected photon energies: (b) 200 eV, (c) 400 eV, (d) 540 eV, (e) 640 eV, (f) 800 eV, and (g) 1000 eV. In each panel, three photon energies (one central
and two detuned) are used to show the energy resolution. The amount of energy detuning is listed in each panel. (h) The calculated (black line) and measured
(markers) grating efficiency curves. The red filled circles and blue open diamonds denote the efficiencies from the central and right (viewing from upstream)

grating stripes on the substrate.
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Since this spectrometer (named MXS) is designed to work
with X-rays from FEL where a large beam spot (e.g., 25 um
or larger vertically) will be used to mitigate sample radia-
tion damage issue, we plan to use an R&D CCD detector
that has 5 um pixel spatial resolution to achieve the moder-
ate RP (spectroCCD, with 5 um (v) x 45 um (h) rectangular
pixels; details of this spectroCCD will be described else-
where). Alternatively, we can use the KBr-coated small pore
microchannel plates with CMOS based detector (timepix) to
achieve ~7 um spatial resolution after centroiding.”*® Thus
in the optical design, the source and detector pixel sizes are
set to 25 um (along the dispersion direction of spectrome-
ter grating; the other dimension can be up to 1 mm in size)
and 7 um, respectively. The source and detector pixel con-
tributed resolutions are balanced at 640 eV, and the grat-
ing will be operated in inside order (+1). One should note
that when working with a smaller source, such as ~10 ym
that is available at synchrotron beamlines, the resolution of
MXS will be limited by the detector pixel size even with
these novel detectors. For now, we will use a commercial
CCD detector (ANDOR, D0O936) in MXS until the aforemen-
tioned novel detectors are properly packaged to work with the
spectrometer.

The following parameters are used in the optical design:
rsy = 0.9 m, ryyg = 0.1 m, and rgp ~ 1.1 m (this distance
will depend on photon energy), R = 29.472 m, 6 = 88°, and
a = 88.5°. Here, rsy, rug, Ygp are the sample-to-mirror,
mirror-to-grating, and grating-to-detector distances. R is the
radius of the spherical mirror and 6 is its incidence angle.
a is the incidence angle of the grating (see Figure 2(a)).
The spectrometer grating will be operated in (nearly) con-
stant incidence angle mode (see Section II D 2). The max-
imum angular acceptance is 2.6 mrad (v) X 60 mrad ((h),
see later discussion). We follow the approach by Amemiya
et al®* to determine the VLS terms. The calculated
VLS terms go (constant), g; (linear), g, (quadratic), and g3
(cubic) are (in SHADOW*!#? convention): go = 24 000 1/cm,
g1 =435.2591/cm?, g» =5.757 I/cm?, and g3 = 0.07 l/cm*. The
local groove density g(w) can be calculated using the equation:
g(w)=g0+g1 Xw+ g2 Xw? + g3 Xw>, where w is the (signed)
tangential position of grooves relative to the grating pole.
With these VLS parameters, the focal length rgp will change
by about 6 mm from 1100.7 mm (1000 eV) to 1094.3 mm
(200 eV). Thus, a linear translation stage will be required to
move the detector along the optical path to stay in focus.

B. SHADOW ray-tracing results

Figures 2(b)-2(g) show the SHADOW ray-tracing results
with the aforementioned parameters at selected photon ener-
gies. In the simulations, the source is a 25 ym (v) X 100 um (h)
rectangle. The beam divergence is 2.6 mrad (v) X 60 mrad (h),
matching the clear apertures of spherical mirror and VLS plane
grating. The slope error contributions to energy resolution are
negligible and are not included in the simulations. Each panel
shows the scattered dot image at the detector plane normal to
the optical path, which is produced by propagating photons
with three different energies (one central and two detuned
energies; energy detuning is listed in each panel) through
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the spectrometer. From these figures, one can see that this
optical design will give moderate RP around 5000 at 640 eV.
RP decreases with increasing photon energy, and it drops down
to ~3000 at 1 keV. At high photon energy, the resolution will
be limited by the source size, thus RP can be slightly improved
by reducing the source size (close down the beamline slits).
Although RP increases rapidly with decreasing photon energy,
as can be seen in Figures 2(b) and 2(c), one should note that
after correcting the aberrations, the resolution will be limited
by the detector pixel size.

C. Grating efficiency

To increase the spectrometer throughput, we plan to stack
multiple (3 for the current optical design) spectroCCD sensors
side-by-side to enlarge the horizontal acceptance angle up to
60 mrad. To take advantage of this wide detector, the clear
apertures of spherical mirror and VLS plane grating are set to
80 mm (1) X 80 mm (w) and 90 mm (1) X 80 mm (w), respec-
tively. The mirror and grating substrates have dimensions of
90 mm (I) X 90 mm (w) and 100 mm (1) X 90 mm (w) so
that there are 5 mm gaps all around the clear apertures. The
spherical mirror and plane grating substrates are manufactured
by Carl Zeiss GmbH and InSync, Inc., respectively. The mea-
sured slope error of the mirror is 0.3 urad (RMS), and it is
better than 0.2 urad for the grating substrates. Instead of hav-
ing a very wide grating that will have wrong groove spacing
g(w) around the edges, there are three identical grating stripes
on a substrate, with each stripe having the dimension of 80
mm (I) X 20 mm (w) and 3 mm gaps in between the stripes. X-
rays reflected off these gaps (un-ruled area) will have different
emission angles (8, 5 =260 — « and is positive in this conven-
tion) compared to the ones reflected off the gratings. They will
be blocked by the beam masks (see later discussion), produc-
ing dark stripes on the CCD. These dark stripes can be used to
place the source position relative to the center of the grating
stripe.

These gratings are etched directly into the silicon substrate
and coated with Au by Shimadzu Corp. They have laminar
groove profiles with 35% land width and 6.5 nm groove depth
to optimize the efficiency around 640 eV. The grating effi-
ciency is calculated using GSolver® and measured at BL6.3.2
atthe ALS. The calculated (black line) and measured (markers)
efficiencies are shown in Figure 2(h). The calculation shows
that due to the use of high line density, the maximum efficiency
is slightly less than 5% around 640 eV. The central stripe
(red filled circles) has measured efficiency better than 90%
of the theoretical value, suggesting its high groove fidelity.
Although the side stripe (blue open diamonds) has slightly
lower efficiency, presumably due to a slightly different groove
profile, it still has >80% of the theoretical efficiency. So for
practical applications, all stripes can be used with comparable
efficiencies.

D. Mechanical design

The CAD model of MXS is shown in Figure 3(a). It
comprises three major components: optics chamber, detector
assembly, and mounting mechanism.
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FIG. 3. CAD models showing (a) an overview of MXS, which comprises
three major components: optics chamber, detector assembly, and mounting
mechanism, (b) the optics carriage, and (c) the interior view of the optics
chamber.

1. Optics chamber

The optics chamber is compact so that multiple spectrom-
eters can be placed close to each other (see Figure 1). Neverthe-
less, the mechanical design gives enough interior room to hold
moderate size optics. The dimension of the optics chamber is
16.40 in. (L) x 10.00 in. (W) x 7.50 in. (H) (not including the
motion feedthroughs). The maximum size of the optics that
can be installed in the current design is 90 mm (W) X 100 mm
(L). The interior of the optics chamber is shown in Figure 3(c).
We use the flange-mount design for housing the optics: mirror
and grating assemblies are attached to a rectangular stainless
steel-aluminum bimetal base flange. Both mirror and grat-
ing substrates are captured inside their own Al carriages (see
Figure 3(b)). The substrates have two side grooves, allow-
ing them to be held down by three BeCu leaf springs against
the 1/4-100 spring-loaded adjustment screws in the back side
(Siskiyou, 100TPI-0.2H-VC, also see Figure 7(b)). Three
spring plungers (Vlier, SSS52) and same 1/4-100 adjustment
screws are also used to secure the substrates horizontally. This
method of grabbing optics against the counter force springs
ensures that no net force can be transmitted to the optical
surface to distort the surface figures.

The mirror and grating carriages are attached to a U-shape
bracket via flex pivots (Riverhawk, 5016-600). This U-bracket
can be machined precisely so that the distance between the cen-
ters of flex pivots is exactly 10 cm. If one wishes to change
the mirror incidence angle 6 and/or ry, one only needs to
replace this U-bracket and adjust the length of wire linkage
accordingly (see Section IV). The U-bracket is then attached
to the bimetal base flange. Since the entire assembly is very
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compact, the positions of the optics relative to the centers of the
flex pivots can be adjusted by turning the 1/4-100 adjustment
screws under the survey of coordinate measurement machine
(CMM). The whole optics chamber can then be fiducialized
using CMM to achieve the precision better than 5 um and
installed to the endstation and beamline with fiducial infor-
mation [there are four fiducial monuments on the rectangular
base flange for recording the fiducial information].

The mirror and grating angles can be changed by the
motorized linear feedthrough and linear translation stage,
respectively. This degree of freedom offers the opportunity
for users to partly compensate errors such as wrong VLS
parameters and alignment error during the beam-based opti-
mization without breaking the vacuum of the spectrometer.
For the three MXS installed in qRIXS, we use stepper motors
with integrated control boards (IMS, MDI3CRL23B7-EE, and
MDI3CRL17A4-EE) [NEMA 23 motors are used for mir-
ror drive, grating drive, and the detector rotation, whereas
NEMA 17 motor is used for detector translation]. For the MXS
installed in /RIXS, they are regular stepper motors (Parker,
HV232-01-FL and HV173-01-FL).

For the mirror drive mechanism, a wire linkage is used
to attach the mirror carriage to the linear feedthrough. The
mirror carriage is pre-loaded against the pulling force; thus
by pulling this wire linkage, the mirror angle can be changed.
The motion of wire linkage is recorded by an absolute opti-
cal encoder (MicroE, M3000-M10-200-1; 0.1 um resolution)
with glass scale (MicroE, L30) all mounted inside the linear
feedthrough. The translation is converted to the mirror angu-
lar rotation using CMM, and the converted step resolution is
1.7 prad per encoder count.

The same wire linkage concept is also used in the grat-
ing carriage. For better stability, a linear translation stage is
used instead (ALM, MLP3-3-1). The translation of this stage
is recorded by an optical encoder (Renishaw, RGH24Y-50F-
33A; 0.1 um resolution) with optical tape scale (Renishaw,
RGS-20S) and a magnetic reference mark mounted on the side
of the stage. The converted step resolution for grating rotation
is also 1.7 urad per encoder count. Since the stepper motor is
coupled to the linear translation stage through a 10:1 gearhead
(Parker, PX23-010-S2), the stability of grating angle is better
than 1.7 urad.

A set of blades forming the four-jaw aperture is placed
before the spherical mirror. Each blade can be independently
adjusted (manual or motorized) by the linear feedthroughs
(VacGen, ZLDS950 and ZLDS925). The aperture will not only
be used to define the illumination on optics during normal oper-
ation, but can also be used to find the center of optics in the
initial alignment and commissioning process. Additional beam
masks are installed before the spherical mirror and after the
VLS grating to further minimize the scattered X-rays off the
optical path that can be accidentally reflected into the detector.
There are additional mounting holes inside the spectrometer
fly tube between the grating and detector. If needed, more beam
defining masks can be installed using these mounting holes.
All internal components and the rectangular optics chamber
are made out of Al (except the blades that are made out of
OFHC copper) for their lightweight. The optics chamber is
sealed using Al wires for UHV compatibility.
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2. Detector assembly

A commercial CCD detector (ANDOR, D0O936-BN) is
currently mounted at the end of spectrometer fly tube, which
is connected to the optics chamber via an 8 in. bellow. This
big bellow allows the detector to be rotated about the pivot
point close to the grating pole, and translated along the optical
path to fulfill the focusing condition. The detector transla-
tion is achieved by using two sets of linear guides (THK,
HRW21CA1UU), one master and one slave, at both ends of the
fly tube. This motion, which is 25 mm in the current design, is
motorized so that the detector translation can be synchronized
with photon energy scan. To overcome the vacuum and bellow
forces, a miniature gearhead (Harmonic, CSF-11-30-2XH-J)
is used for the NEMA 17 motor on the master guide assembly.
The detector position is recorded by the Renishaw RGH24Y
optical encoder, same as the one used in the grating drive stage,
with tape scale and magnetic reference mark.

The detector and its drive mechanism are captured by
a pair of carbon fiber arms. Carbon fiber is chosen for its
exceptional mechanical rigidity and lightweight, and the fibers
are laid in such a way that the coefficient of thermal expan-
sion (CTE) is minimized. The detector assembly is driven
by a motorized jacking screw underneath the optics chamber,
which gives the rotational motion needed when measuring X-
rays with different photon energies (see Figure 2(a) for the
schematic plot). A 10:1 gearhead (Parker, PX23-010-S2) is
used for the NEMA 23 motor on the jacking screw. The angular
rotation is recorded by an optical encoder assembly (Renishaw,
RGH20050F33A and RESR20USA075) mounted on the rota-
tional axis. In this configuration, the total angular range for
detector rotation is 12.1°, with step resolution of 0.27 urad per
encoder count. During the commissioning, we observed the
long-term angular stability better than 5 encoder counts (1.4
urad). This stability is acceptable considering the relatively
short acquisition time with ANDOR detector. All motorized
motions are protected by the high precision mechanical limit
switches (Baumer, Mycom F100/80).

With the mechanism shown in Figure 3, the detector posi-
tion (or rgp), as well as the detector and grating angles (hence
a and B angles), can all be changed independently. One can
show that by varying « slightly from the designed angle (88°
in this case) and searching for the global minimum of the vec-
tor sum of coma F3p and spherical aberration F4o with rgp
satisfying the focusing F( term, the aberrations can be signif-
icantly reduced. This approach, called coma-free operation and
is commonly used for the spherical VLS grating spectrometers,
can also be realized in our spectrometer design.*3

3. Support mechanism

The spectrometer will be supported off the top experimen-
tal platform using a six-point kinematic mount that consists of
six flat and round (20 in. radius) surfaces. These kinematic
contacts are made out of hardened stainless steel. This mount-
ing mechanism is designed specifically for the spectrometers
in qRIXS endstation, and it will depend on the applications.
In general, if the spectrometer does not have to be moved,
the support can be built directly on the floor to enhance the
stability.
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lll. PERFORMANCE OF MODULAR SOFT X-RAY
SPECTROMETER (MXS)

A. Straight beam test

We use a synchrotron beam straight through a pinhole
to test the energy resolution of MXS at BL6.3.2 at the ALS.
The test configuration is shown in Figures 4(a) and 4(b). A
25 um pinhole is mounted at the end of a sample stick, which
is attached to the manipulator so that the pinhole can be moved
around the photon beam to maximize the transmission. The
spectrometer is aligned to the beamline using fiducial infor-
mation. Because the synchrotron beam is highly collimated
compared to the divergent X-rays emitted from the sample,
only a small region around the center of the optics will be illu-
minated. With such small footprints (w ~ 0), the aberrations
will become negligible. Thus the straight beam test can only
be used to validate the best performance of the spectrometer.

The test is performed around 500 eV with beamline resolv-
ing power (E/AE) set around 3000, and the results are shown in
Figure 4(c). The markers represent the integrated intensity on
CCD across the non-dispersive direction (horizontal direction
in this design), and the red and blue lines are Gaussian fittings.
Two photon energies are shown in this figure: 500 eV (red
filled circles) and 501 eV (blue open squares). The FWHM of
the peak is 0.3 eV, suggesting that RP is around 1600. This
RP is roughly a factor of 4 smaller than the designed value.
Although ANDOR DO936-BN has 13.5 pm square physical
pixels, the large point spread function (PSF) gives the effec-
tive ~27 um pixels.!” Thus the spectrometer RP is expected
to be reduced by a factor of 4 (~27/7) owing to the lower

pinhole

ooo SRLTYS
580 585 590 595 600
detector pixel

FIG. 4. (a) Photograph showing the setup of straight beam test at BL6.3.2
at the ALS. The red arrow indicates the beam path. (b) Zoom-in view of
the interior of the pinhole chamber, where pinhole is attached to the end of
a sample stick. (c) Test results at 500 eV and 501 eV photon energies. The
markers are the data from CCD and red and blue lines are the Gaussian fittings.
The thick black line shows the simulated beam profile from a 25 yum circular
pinhole, and the thin dashed black line shows the effect of broadening by the
detector point spread function (see text).



013110-7 Chuang et al.

spatial resolution of CCD pixels. This is illustrated by the
thin dashed line in this figure, which is the convolution of
the thick black line (simulated histogram of the beam from
a 25 pm circular pinhole at 501 eV) and a Gaussian func-
tion with 27 yum FWHM representing the contribution from
the detector PSF. The discrepancy in the peak widths is due
to finite beamline resolution, which is not considered in the
simulation.

B. Preliminary XES and RIXS measurements

One of the four MXSs built at the ALS thus far is cur-
rently installed in the in sifu RIXS (JRIXS) endstation at
BL8.0.1 at the ALS. The details of the iRIXS endstation will
be described elsewhere.* iRIXS is developed with focuses on
studying materials for sustainable energy applications; there-
fore, having high detection efficiency and a wide photon energy
window is essential for the spectrometer to perform in situ and
in operando measurements.

One of the main research topics at iRIXS is the energy
storage (battery) materials, which is the core of electric vehi-
cles and grid scale electricity storage.*> Among all modern
battery technologies, lithium-ion battery remains to be the
system-of-choice in terms of energy density, ever since the
first generation LiCoO,/graphite based batteries were com-
mercialized in the 1990s. One of the technical challenges for
Li-ion batteries is the development of positive electrode mate-
rials with safe, low-cost, and high-capacity performance.*®
Extensive efforts based on soft X-ray absorption spectroscopy
have been invested to study the battery electrode materials
under both ex situ>**® and in situ**>° conditions. Replacing
Co in LiCoO, with other elements while retaining the layer
structure, e.g., forming materials like LiNipgCoq.15Alp.0502
and LiNij;3Co13Mny;30;, to improve the performance and
reduce the material cost has been one of the promising
approaches in both academic and industrial research and
developments.**>! Additionally, LiNi;;3Co;3Mn;30, repre-
sents a typical multi-element system for soft X-ray spec-
troscopy. Therefore, we show the experimental XES and
RIXS data from LiNij;3Co13Mny30; in Figure 5 to show-
case the potential of utilizing MXS for studying energy
materials.

Figure 5(a) shows the non-resonant XES spectra col-
lected in 1 min (red line) and 5 min (black line) at 900 eV
excitation photon energy. Although the spectrum recorded
in 5 min has sufficient statistics for detailed lineshape anal-
ysis, the one recorded in just 1 min is enough for iden-
tifying gross spectral features. The wide energy window
of the spectrometer allows the features at O K, Mn L;3,
Co Ly3, and Ni L3 edges to be recorded simultaneously.
Additionally, due to the high detection efficiency, the much
weaker Ly3 — M decay channels®? of Mn, Co, and Ni (in
energy ranges marked by black horizontal bars) can also be
observed. Such high efficiency and wide energy window of
MXS spectrometer provide the most ever efficient probe of the
valence band electronic structure with elemental and orbital
sensitivities.

Figure 5(b) shows the RIXS map with excitation pho-
ton energies scanned through the Mn L; 3 absorption edges.
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FIG. 5. (a) XES spectra of LiNij;3Co13Mny /30, taken at 900 eV excitation
photon energy with 300 (black) and 60 s (red, magnified by a factor of 5)
measurement time. (b) RIXS map with excitation photon energy scanned
through Mn L; 3 edges. The elastic line and localized dd excitations are marked
by pink and white dashed lines, respectively. The vertical broad lines are the
non-resonant fluorescence features.

The energy resolution for this measurement is 0.5 eV. Using
commercial XES 350 to record one RIXS spectrum can often
take about 30 to 60 min, but the high efficiency of the MXS
spectrometer reduces this time down to minutes. Thus pro-
ducing such finely spaced, 0.2 eV energy step in this case,
full energy range RIXS mapping takes about 4 h. The ben-
efit of RIXS mapping compared to selected RIXS spectra
at few photon energies is evident. In the case of Mn L3
edge RIXS spectroscopy, one can see that the RIXS spec-
tra from simple reference MnO>? already exhibit the admix-
ture of different types of emissions over the 10 eV energy
loss window, let alone the spectra from materials such as
Li(Ni,Co,Mn)O; that are expected to be more complicated.
Figure 5(b) demonstrates the reliable extraction of multi-
ple dd excitation modes (excitations associated with inter 3d
orbital transitions): the energy distribution of the emitted pho-
tons associated with the core-level excitations is defined by
the well resolved localized dd RIXS features (white dashed
lines; parallel to the elastic line denoted by the pink dashed
line) and non-resonant fluorescence features (vertical broad
features). As the dd excitations are highly sensitive to the
oxidation states of 3d transition metal elements,” such high-
efficiency RIXS mapping could reveal novel transition metal
redox in battery compounds that are sometimes unclear in
typical XAS experiments (due to the large core-hole lifetime
broadening).
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IV. MODULAR SOFT X-RAY SPECTROMETER
FOR OUTSIDE ORDER OPTICAL DESIGN

A. Optical design

As mentioned earlier, this modular X-ray spectrometer
MXS can also be used with gratings operated in outside order
(—1). One example is the spectrometer we developed for a
beamline at Taiwan Photon Source (TPS), which has a pair of
highly demagnifying Kirkpatrick-Baez (KB) mirrors to deliver
a tightly focused beam (2 um vertically, with 10 ym beamline
exit slit setting) onto the sample. The spectrometer will be used
in energy materials research, and is required to have a wider
operating photon energy window from 250 eV to 1000 eV. The
spectrometer’s resolving power should be higher than 3000
over this energy window, and it should be optimized around
285 eV (C K edge) and 640 eV (Mn L edge). One should use
commercially available CCD detectors in the spectrometer for
day 1 experiments; however, the design reserves the option
for future upgrade to advanced detectors with smaller pixels
to improve the resolving power. Since a commercial ANDOR
DO0936-BN CCD detector will be used in this spectrometer,
to balance the source and detector pixel contributed resolu-
tions, the gratings will need to be operated in outside order.
The spectrometer will be used in energy materials research,
so having the nearly flat field imaging capability like MXS
is highly desirable. In that regard, the Hettrick-Underwood
optical scheme is also selected for this case.

Two gratings are used to cover a wide photon energy
range: low energy grating (LEG, 250 eV to 700 eV) and high
energy grating (HEG, 500 eV to 1000 eV). Both gratings will
be operated in constant included angle (26), instead of con-
stant incidence angle (@) mode, for lower horizon energies. 26
is set to 174° to balance the throughput, e.g., the combination
of optics reflectivity and the vertical acceptance angle, and RP.
The optical design balances the energy resolutions from a 5
um source and 13.5 um detector pixels at 420 eV for LEG (see
later discussion). The source size in this design is larger than
what can be delivered by the beamline. The choice is made
such that there is room for future upgrade with a small pixel
imaging detector, where swapping out the current ANDOR
CCD with new detector will automatically improve the energy
resolution.

To accommodate the difference in the incidence angle of
the spherical mirror (6 is changed from 88° to 87°) without
invoking extensive redesign of the optics chamber, the grat-
ing pivot is vertically shifted by 3.509 mm. This increases
ruc by 0.306 mm. We keep the spectrometer length to be
shorter than 3 m to maximizing the throughput with moderate
RP. With these considerations, the following parameters are
used in optical design: rgy = 1.25 m, ryc = 0.100 306 m,
rep ~ 1.2 m (this distance will depend on photon energy), R
=24.355 m, and 6 = 87°. The maximum angular acceptance is
3.4 mrad (v) X 26 mrad (h) for each ruling. Again, we follow
the approach by Amemiya et al. to determine the VLS terms
that optimize the spectrometer resolution at 420 eV. For LEG,
they are go = 9000 l/cm, g; = 149.746 l/cm?, g, = 2.0058
1/cm3, and g3 = —0.008 1/cm*. As for HEG, the central line
density is scaled up by a factor of 2 while the ratios between
VLS terms remain unchanged. Hence the VLS terms for HEG

Rev. Sci. Instrum. 88, 013110 (2017)

are go = 18 000 l/cm, g = 299.492 l/cm?, g, = 4.0016 l/cm?,
and g3 = —0.016 1/cm*. The scaling of line density shifts the
coverage energy range by the same factor.

B. SHADOW ray-tracing results

Figures 6(a)-6(e) show the SHADOW ray-tracing results
with the aforementioned optical parameters for LEG at
selected photon energies. The results for HEG will be the
same, except the energies and energy resolutions are scaled
up by a factor of 2. Hence HEG has the same RP at LEG
at scaled photon energies without considering the slope error
contributions. In the simulations, a 5 ym (v) X 100 um (h)
rectangular beam is used as the source. The beam divergence
is 3.4 mrad (v) X 10 mrad (h), matching the length of clear
aperture of spherical mirror and the width of ANDOR CCD
detector. However, the footprint on the grating will be narrower
than the 35 mm ruled width. The slope errors (0.32 urad and
0.15 prad for spherical mirror and plane grating substrates,
respectively) are not included in the simulations, but they are
expected to become noticeable with future upgrade with small
pixel detector. Each panel shows the scattered dot image at the
detector plane normal to the optical path.

From Figure 6(c), one can see that the designed RP for
LEG at 420 eV will exceed 6000. This RP increases rapidly as
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FIG. 6. ((a)-(e)) SHADOW simulations showing the scattered dot images at
the detector plane at selected photon energies: (a) 225 eV, (b) 300 eV, (c) 420
eV, and (d) 750 eV. In each panel, three photon energies (one central and two
detuned) are used to show the energy resolution. Panel (e) is the result at 225
eV, same as panel (a), except rgp is kept at 1.275 m. (h) The calculated (lines)
and measured (markers) grating efficiency curves. The red and blue curves
are for Au coated HEG and Ni coated LEG, respectively.
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photon energy decreases, and at 300 eV (Figure 6(b)), it can
even approach 10 000. One should note that below 420 eV,
the spectrometer resolution is limited by the source size. Thus
during the normal operation, RP can be further improved
by closing down the beamline slits. On the other hand, RP
decreases as the photon energy increases. The spectrometer
resolution above 420 eV will be limited by the detector pixel
size, as can be seen from the effective vertical width of the
image that is smaller than the 13.5 ym pixel size (for example,
see Figure 6(d)). So in the case of 750 eV, the actual RP will
be lower than 4000.

To achieve the best energy resolution, the detector posi-
tion needs to be varied with respect to photon energy to stay
in focus. This can be accomplished by using a linear trans-
lation stage to move the detector along the optical path. For
energies above 300 eV for LEG (or 600 eV for HEG), rgp
remains around 1.2 m. rgp increases rapidly as photon energy
decreases: rgp becomes 1.255 m at 255 eV and 1.77 m at
225 eV. In order for the detector to stay in focus at low pho-
ton energies, a very large translation stage will be needed
to provide such long travel. However, the spectrometer has
considerable depth of focus that RP is somewhat preserved
even if the detector is not in focus. This is demonstrated in
Figure 6(e) where we repeat the same simulation as that in
Figure 6(a), except rgp is kept to 1.275 m. Although the
images do not show a sharp edge as those in Figure 6(a),
the spectrometer RP is still preserved. This large depth of
focus permits the use of a smaller translation stage for detec-
tor motion and greatly simplifies the mechanical design of the
detector assembly.

C. Grating efficiency

Like MXS, the spherical mirror and plane grating sub-
strates are manufactured by Carl Zeiss GmbH and InSync,
Inc., respectively, and the gratings are ruled by Shimadzu Corp.
The clear apertures of spherical mirror and grating substrates
remain to be 80 mm (1) X 80 mm (w) and 90 mm (1) x 80
mm (w), respectively. But unlike MXS where there are three
identical gratings on a single substrate, this spectrometer has
two different gratings ruled on a single substrate (also see
Figure 7(b)). Each ruling has the dimension of 80 mm (1)
X 35 mm (w) and a 4 mm gap in between the rulings. The
LEG is coated with Ni to have higher efficiency at low photon
energy. It has the laminar groove profile with 30% land width
and 10 nm groove depth to optimize the efficiency around 540
eV. The HEG is coated with Au and has the laminar groove
profile with 40% land width and 6 nm groove depth to opti-
mize the efficiency around 850 eV. The calculated (lines) and
measured (markers) efficiencies are shown in Figure 6(f). The
blue and red curves/markers are results from LEG and HEG,
respectively.

Ni coating gives LEG a very high efficiency, up to 23%,
at 500 eV. However, the measured efficiency deviates signifi-
cantly from the calculated one, presumably due to the absorp-
tion of the surface oxide layer. This efficiency drops below 5%
above 700 eV and shows Ni absorptions around 850 eV. On
the low energy side, at 300 eV, the efficiency remains around
10%, which is sufficient for carbon-based materials research.
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FIG. 7. Photographs showing (a) the spectrometer developed for a beamline
at Taiwan Photon Source, (b) the internal construction of the optics chamber
with Ni coated LEG and Au coated HEG, and (c) the detector assembly.

For HEG, the grating efficiency approaches 0 around 400 eV
due to horizon energy. The efficiency increases monotonically
with photon energy and reaches ~7% around 800 eV. Although
limited by the measurement that we do not have data points
above 1000 eV, the comparison between calculated and mea-
sured efficiencies suggests that the grating can still be usable
up to 1500 eV. We notice that there is a crossover between
the efficiencies of LEG and HEG around 700 eV. In addition,
based on SHADOW simulations in Figures 6(a)-6(d), RP of
LEG decreases rapidly around this energy. Therefore for prac-
tical applications, we expect the users will use HEG above 700
eV to have better efficiency and energy resolution.

D. Mechanical design

The optics chamber is nearly identical to MXS for qRIXS
and iRIXS endstations. Since the grating pivot is vertically
shifted by 3.509 mm relative to the mirror pivot, the only com-
ponents inside the vacuum chamber that are modified are the
U-bracket and beam mask after the grating (see Figure 3(c)).
In the airside, the stepper motors are changed (OrientalMotor,
PKES69AC) to be compatible with the control system at TPS
beamline.

The detector assembly is shown in Figure 7(a). The
ANDOR D0O936-BN CCD detector is mounted on an XY plat-
form (see Figure 7(c)) formed by a linear translation stage
(ALM, 11742-01-SPA, set at 80 mm travel range) and two
transverse linear rails (THK, HRW21CA2UUC1+320L). A
spectrometer fly tube is connected to the optics chamber and
detector via two bellows. This fly tube is suspended from a
guide tube, which has the pivot point at the upstream coupling
flange and two slots to allow the suspension studs to slide
along the length of the tube. The detector can be translated
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along and across the beam path to stay in focus and detect the
X-rays diffracted from different gratings (see Figure 7(b)). The
translational degrees of freedom are motorized using stepper
motors (OrientalMotor, PKE564AC-HS100) so that the detec-
tor motion can be synchronized with photon energy scans.
The translations are recorded using Renishaw RGH24 opti-
cal encoders, with tape scales and magnetic reference marks
like the ones on the grating drive mechanism. The mechanical
limit switches (Omeron, D5A-3210) are also used for motion
protection.

The spectrometer is supported by an 80-20 top frame,
which is connected to the 80-20 base frame using six-struts
(see Figure 7(a)). Since the spectrometer will be fixed at 90°
emission geometry, the 80-20 frame is designed to have lower
profile for better rigidity and stability. The space between the
experimental floor and the bottom frame will be filled with
granite blocks to provide a stable platform.

E. Straight beam test

Without a suitable beamline and endstation to commis-
sion the spectrometer with X-rays emitted from the sample, we
resort to the straight beam test. As discussed earlier, this test
can only validate the best performance of the spectrometer, if
its RP is lower than that of the beamline. The test is performed
atBL8.0.1 atthe ALS with a similar setup shown in Figure 4(a).
In the test, a 5 um pinhole mounted on the sample stick serves
as the virtual source. The detector is translated side ways to
collect X-rays diffracted from LEG (test is done on LEG only).
Figure 8(a) shows the binned spectra on CCD at selected pho-
ton energies. To measure different photon energies, the grating
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FIG. 8. (a) Straight beam test results at selected photon energies for LEG.
(b) Resolving power of spectrometer as a function of photon energy deter-
mined from the Gaussian fittings to the curves in panel (a). Two sets of curves
correspond to two repeated measurements.
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needs to be rotated towards the spherical mirror. This changes
a and B angles and brings the images back to the detector.
Unlike MXS, the CCD detector does not move in the vertical
plane.

Because the 5 um pinhole is placed further downstream
from the focus of an upstream vertical focusing mirror (beam
spot is ~4 orders of magnitude larger than the pinhole size at
pinhole location), to have sufficient flux for the test, the beam-
line slits are opened up to 60 um (entrance slit) X 60 um (exit
slit). With this large slit setting, the beamline RP is around 4000
at 300 eV and it drops down to <2000 at 500 eV (with medium
energy grating in the beamline monochromator). From
Figure 8(b), one can see that the spectrometer has reason-
ably good RP at low photon energy, reaching 4000 at 300 eV.
However, RP decreases monotonically with increasing pho-
ton energy and drops below 1000 above 550 eV. Compared
to the simulations in Figure 6, it is clear that the measured
RP is at least a factor of 2 lower than the simulated one. The
reduced RP is not due to the larger pinhole in use, as the inspec-
tion of pinhole under microscope confirms its 5 um size. The
27 um effective detector pixel is also considered in calculat-
ing the theoretical RP. The lower RP is in fact contributed by
the beamline resolution with large slit setting. Or equivalently,
this spectrometer has higher RP than beamline under this test
condition. We expect that with this spectrometer installed at
the beamline at TPS, proper commission can be performed to
validate its performance.

V. CONCLUSIONS AND OUTLOOK

We have developed a modular soft X-ray spectrometer
design based on the Hettrick-Underwood optical scheme. We
have constructed 5 spectrometers, four identical ones (called
MXS) for applications at the ALS and LCLS, and a variant that
will be used at TPS beamline. MXS has three identical grat-
ing rulings on one substrate, which will be operated in inside
order; whereas for the TPS spectrometer, there are two differ-
ent grating rulings (LEG and HEG) on one substrate that will be
operated in outside order. Furthermore, MXS works with larger
source spot (25 um in design) while the variant works with a
small source spot (5 um in design). Although these spectrome-
ters had slightly different design goals and optical parameters,
they were all built using nearly identical components. Their
performances were tested using a straight synchrotron beam
through the respective pinhole, but the resolving power was
limited by the detector pixel resolution (for MXS) or beamline
resolution. The preliminary XES and RIXS results from bat-
tery cathode material LiNij3Co1,3Mn130; using the high effi-
ciency MXS showecase its potential in producing the full energy
range RIXS maps. This kind of RIXS maps, encompassing
rich information about the electronic structure and elementary
excitations, can facilitate the materials research with X-ray
spectroscopies.

The versatile mechanical design of MXS makes it an
ideal platform for further customization for specific science
needs. For example, it can be used with spherical VLS grat-
ing where one optical element performs both focusing and
energy monochromatization. For that, one simply removes the
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spherical mirror assembly (carriage and drive mechanism)
from the optics mount and adjusts the entrance and exit ports
on the Al chamber accordingly. The spectrometer can also be
designed to be very compact for high throughput partial fluo-
rescence yield detection, as the optics can be placed very close
to the sample if allowed by the acceptable energy resolution,
aberration, clear apertures, and mechanical mounting mecha-
nisms. Such compact spectrometer will have performance that
rivals the SDD in terms of energy resolution, but much simpler
to operate and user friendly. Although the current mechanical
design does not have the capability to switch the gratings,
this can be easily incorporated by using in-vacuum translation
stage with in-vacuum piezo motors.
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