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The Spherically Bent Crystal Analyzer (SBCA) is a widely adopted hard x-ray optic, renowned for
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its good energy resolution and large collection solid angle. It is frequently employed in synchrotron-

based techniques like Resonant Inelastic X-ray Scattering (RIXS) and X-ray Emission Spectroscopy
(XES), as well as in the rebirth of laboratory-based X-ray Absorption Fine Structure (XAFS) and
XES, and its predominant use has been in ‘symmetric’ operation on the Rowland circle. The re-
cent study of Gironda et al. (J. Anal. At. Spectrom., 2024, 39, 1375) emphasizes the benefits
of ‘asymmetric’ SBCA operation, demonstrating the use of multiple crystal reflections from a sin-

gle SBCA to broaden its accessible energy range. Furthermore, Gironda et al. demonstrate that
asymmetric operation frequently mitigates energy broadening intrinsic to Johann optics and propose
that under a specific Rowland circle configuration, designated here the Johann Normal Alignment
(JNA), such broadening is eradicated altogether. We report extensive ray tracing simulations and
new experimental results to scrutinize the impact of asymmetric configurations on energy broaden-

ing and detector plane defocusing. We find that the performance of asymmetric SBCA operation

generally exceeds its symmetric counterpart in energy resolution when no analyzer masking is used
and, with strategic detector placement, the decrease in detection efficiency due to defocusing can be
minimized. Spectroscopic imaging is adversely affected by the detector plane blurring, but rejection
of scattering from special environment windows in x-ray Raman imaging is still feasible and high
imaging quality can be recovered by Johann-like analyzer edge masking. These results help inform
future, more common implementation of asymmetric reflections with SBCA in several synchrotron
applications and in laboratory-based XAFS and XES.

1 Introduction

The spherically bent crystal analyzer (SBCA) is one of the most
widely used hard x-ray optics due to its favorable combination of
fine energy resolution and large collection solid anglel. SBCAs
are used in synchrotron x-ray light source endstations that per-
form Resonant Inelastic X-ray Scattering (RIXS)E]'@, X-ray Emis-
sion Spectroscopy (XES)®Z, and X-ray Raman Scattering.
SBCAs are also the most commonly used x-ray optic in the on-
going rebirth of laboratory-based X-ray Absorption Fine Structure
(XAFS) and X-ray Emission Spectroscopy (XES)m.

This broad and successful implementation of SBCAs has almost
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exclusively used “symmetric" operation on the Rowland circle (see
Figure[Th and [Ip). The exceptions have come from small correc-
tions in wafer miscut for laboratory spectrometers’? rare cases
in synchrotron inelastic x-ray scattering when a desired SBCA ori-
entation was not available but could be accessed with modest de-
viation from the nominal surface planes of an available SBCA™LY,
and in the recent work of Gironda et al.’20,

In Gironda et al. 2%, it was demonstrated that an asymmetric
operation of the SBCA on the Rowland circle offers significant ad-
vantages that may have been underutilized. In particular, it pro-
vides the opportunity to harness a multitude of crystal reflections
from a single analyzer, thus widening the energy range accessible
using any single SBCA and enabling a natural automation to ac-
cess a wide energy range without need for exchanging and align-
ing multiple SBCA. Moreover, when properly configured, asym-
metric operation can greatly reduce, and sometimes fully elimi-
nate, energy broadening from so-called Johann error.

The source of the Johann error is due to the diffractive crys-
tal being spherically bent to twice the radius of the Rowland cir-
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Fig. 1 (a) By positioning the source (S) and detector (D) symmetrically
on the Rowland circle, the detector selects the energy to be detected
through Bragg diffraction. (b) By setting the SBCA bent radius to be
twice as the Rowland circle, all diffracted rays from the analyzer are
(approximately) focused onto the detector. (c) When operating asym-
metrically a new reflection plane Gy is introduced. The E* lines mark
the configuration where 6+ oo =90deg. (d) The diffracted rays are still
approximately focused onto the detector, with slight blurring which will
be discussed later in this paper.

cle, resulting a gap between the crystal periphery and the Row-
land circle (Figure [Ip). This causes a Bragg angle deviation at
the analyzer edges in the Rowland plane and consequent energy
broadening. When operating asymmetrically (Figure [Tk and[1}),
a new angular parameter « is introduced which is defined to be
the angle between the SBCA wafer normal and the lattice vector,
G, of the chosen new reflection (or equivalently the angle be-
tween the crystal face and the selected reflection plane). It should
be noted that the crystal normal vector continues to be oriented
toward the bottom of the Rowland circle, and Gy bisects the
incident and the reflected rays. When an additional mechanical
degree of freedom, ¢, is added to rotate the SBCA about its own
cylindrical axis the spectrometer user can then bring any desired
Gy into the Rowland plane. This is the basis of the demonstra-
tion in Gironda et al. of performance over a wide energy range
with a single SBCA. While overlapping signals from unfortunate
combinations of different asymmetric reflections is possible, the
pole-plot style maps of Gironda et al. using a broadband source
show that this is a rare occurrence.

As discussed previously by Suortti et al.?l, when 6z + o =
90deg the source coincides precisely with the sphere center of
the SBCA (see E* lines in Figure[Tk and see Figure[2)). For a given
6p, we define such « as oy, i.e. oy =90deg — 6. In this concep-
tually important configuration and ignoring bending strains, the
incident X-ray beam impinges normally at all points on the wafer
surface with a constant angle 6g between the incident ray and the
chosen reflection plane (Figure [2). As a result, a Bragg angle of
90deg — a; is maintained at every point on the spherically-curved
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Fig. 2 Graphical representation of the Johann normal aligment (JNA).
The left figure shows a sectional view of the SBCA and all crystal element
(dt) normal vectors point towards the sphere center of the SBCA. The
right figure shows one specific crystal element, where incident x-ray is
along the crystal normal and maintains a constant angle o; with respect
to éhkl-

wafer face of the optic, effectively eliminating the Johann error.
We call this optimal configuration the Johann Normal Alignment,
henceforth JNA.

While Gironda et al.’?? showed a successful utilization of asym-
metric operation in improving energy resolution through a series
of experimental results, we go beyond that here. In this paper, we
present an extensive geometric ray tracing study of asymmetric
Rowland circle operation of SBCA's under conditions immediately
relevant for experiment both in the laboratory and at the syn-
chrotron. We focus on two key issues. First, we examine the
energy response function of SBCAs as a function of experimental
configuration with an emphasis on suppression of Johann error.
We find that the Johann error is completely suppressed at JNA,
and we provide a broad survey of the benefit of asymmetric oper-
ation on energy resolution. Second, we use a purely geometrical
calculation (hence ignoring penatration and analyzer strain ef-
fects2223) to address what may be the largest drawback to asym-
metric operation of SBCA, i.e., the poorer focus on the detector
and especially the increased sagittal defocusing. We discuss the
effects of this defocusing under two cases, namely the decrease
in detection efficiency due to limited detector sensor area and
the degradation in spatial resolution when doing X-ray Raman
Imaging. While initially worrisome, we confirmed from simula-
tion and experiment that this unwanted sagittal defocused can be
controlled by appropriate SBCA masking. These results directly
inform the case-specific decision of best practice for asymmet-
ric operation constrained by the available detector size, and thus
seek to improve future experiment design using SBCA in asym-
metric configurations.

2  Method

To computationally implement the Rowland geometry, we use
the open-source ray tracing software XRay Tracer (xrt)2%. Though
the xrt package has the capability to calculate x-ray diffracted by
deformed crystal, we found that the stress and strain effect has
minimal influence on our results (contributes less than 0.5 eV of
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broadening when at symmetric 6 = 60deg, and 0.2 eV when un-
der JNA). We expect this effect to be even smaller when analyzers
with strain relief cuts are used. Hence, our simulation is purely
geometric. A typical run of simulation includes three distinct opti-
cal elements: an x-ray source, a SBCA, and a detector. The source
is circular with a diameter of 50 um, characterized by a flat energy
distribution spanning a specified energy range. The number of in-
cident rays ranges from 5M to 50M between studies. The SBCA
is a Si(551) analyzer, possessing a bend radius of 500 mm and a
crystal face diameter of 100 mm; these sizes match SBCA's most
often used in synchrotron and laboratory applications. The detec-
tor has a circular face, featuring an active area of 150 mm?; this
matches the dimensions of the widely employed KETEK AXAS-
M detector. The spatial placement of these components on the
Rowland circle (with a radius of 250 mm) is determined by the
prescribed 65 and a.

For the discussion of imaging capability under asymmetric op-
eration, we include two sets of detector plane results. The first set
of images are taken using an in-lab spectrometer at University of
Washington?? which operates on Rowland geometry with a 500
mm Rowland circle diameter and 100 mm diameter SBCAs. This
in-lab spectrometer uses a 100 W X-ray source (Varex VF-80 Pd
anode tube) which has an effective source size of about 1 mm,
and a Si(551) analyzer for our particular measurement. The de-
tector plane images are collected (exposure time 500 seconds)
using a camera with a sensor area of 14 mm x 14 mm and a pixel
size of 55 yum.

The second set of images are taken at sector 25-ID-D of the
Advanced Photon Source. That beamline has a Si(111) double-
crystal monochromator feeding into a Kirkpatrick-Baez mirrors to
deliver a beam with a 100 um (V) x 200 um (H) spot size onto
a 4 um thick Co foil. The Co Ka; fluorescence was the source
for an 0.5-m radius SBCA Rowland circle system. This used the
531 reflection of a Si (211) SBCA, with 6g = 77.06deg and a =
14.96deg. The detector plane image is captured by an Eiger S 500
K pixelated area detector with pixel size of 75 um.

3 Results and Discussion

3.1 Johann Error Characterization

In Figure [3] a sequence of crystal analyzer face images is de-
picted at various « for g = 75deg. The coloration in these im-
ages signifies the energy deviation from the energy E, due to
Johann error. Under symmetric operation (o« = 0deg), the en-
ergy deviation reaches -3 eV at the crystal edge. Conversely, at
o = oy = 15deg (where o is the required angle for achieving
JNA for a given 6p), the energy deviation approaches zero and
displays a uniform distribution. As « surpasses oy, Johann error
re-emerges, but manifesting a positive energy deviation. As a re-
minder, the improved energy resolution at JNA was demonstrated
experimentally in Gironda et al., such as by very high resolution
measurement of Cu XANES with different Bragg reflections, 65,
and asymmetries .20

In Figure [4] we show the energy response functions corre-
sponding to the analyzer face images presented in Figure [3| At
o = oy = 15deg the response function is symmetrical about 0 eV

Journal of Analytical Atomic Spectrometry

with a FWHM of approximately 0.04 eV attributed to source size
broadening. For o < o the response functions display a low-
energy tail, whereas for a > a; they instead exhibit a high-energy
tail.

In Figure [5| we show the standard deviation of the response
function (oyesp) as a function of «. The standard deviation de-
creases from 0.77 eV when a = 0deg (symmetric operation) to
0.12 eV at JNA when o = oy =90deg — 0p. Recall that the broad-
ening for a = o is due to the finite source size.

In Figure [f] we provide a more complete exploration of energy
broadening in the 2-D space of 6z and «. Note that 0., exhibits
a minimum along the dashed line where o + 6 = 90deg. Also
note that oy, remains small, i.e. around the range of an eV,
within the range of o + 6z > 80deg, . However, Oy, increases
rapidly when a + 6z drops below 80 degrees. With this we can
provide a recommendation range of 6 and o when running an
experiment with an unmasked analyzer to maximize solid angle

On the other hand, if an experiment requires o + 6z < 80deg
then masking the analyzer edges should be considered, just as is
commonly done for symmetric operation. Hence we repeat the
simulation of Figure 4 with a 30-mm wide analyzer mask (see
Figure[7), which gives a 38% of active area comparing to the un-
masked case. Unsurprisingly, we observe the response function
standard deviations are greatly reduced for all & compare to Fig-
ure 4] except when o = a; = 15deg where the response function
is unchanged.

In conclusion, through examining the response functions un-
der various cases, we see that the energy resolution is greatly
improved through asymmetric operation, especially when « is
close to ;. Applying a mask to the SBCA edges in the Row-
land plane, as often done in symmetric case, further reduces the
energy broadening. This facilitates the use of multiple reflection
planes within a single SBCA without the concern of compromising
energy resolution.

3.2 Detection Efficiency Study

While SBCA-based spectrometers can use many different de-
tectors, the strong background rejection of silicon drift detector
(SDD) makes them the most popular choice. In the context of
asymmetric operation, the typical SDD active diameter (Dspp =
13.8 mm) raises the issue of signal losses. The key issue is shown
in Figure[8|where intensity maps are shown for the detector plane
at the Rowland circle at 6 = 75deg and various a. As « increases,
both the width and especially the height of the detected beam in-
crease.

Figure [9] shows this broadening effect of the detector image
experimentally. In the left column, we show the detector plane
images collected from the in-lab spectrometer. Due to the limited
sensor size, images were stitched to capture the full beam. Note
that horizontal dark lines in the experimental results are due to
analyzer strain relief cut, not image stitching. Both images were
taken at Op = 75deg, and the crystal reflections used were 551
and 553 for the symmetric and asymmetric case, respectively. The
column on the right shows the corresponding simulations. One
can see that the beam height agrees well between simulation and
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Fig. 3 Crystal analyzer face images of a Si(551) analyzer operating at 5 = 75deg (corresponding to Ey = 8439€V) and multiple values of the asymmetry
. The mechanical angle of the spectrometer is indicated by 6y, which is defined through the relation 6y, = 65 + 0. The simulation employs a source

size of 50 um. At o = a; = 15deg the Johann error is eliminated.
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2; experiment, while the extent of sagittal broadening appears to be
43 slightly less significant because of the difficulty in detecting weak
44 signals at the tail in the experimental case.
45 Fortunately, as we will show next, the signal loss due to sagittal
46 broadening can be improved by strategically placing the detector
47 behind the Rowland circle. To explore how detection efficiency
48 can be optimized through detector placement, we first present a
49 geometrical explanation on how beam shape changes from the
50 point behind the Rowland circle.
51 While Johann crystal analyzers offer good on-circle focusing
52 in the Rowland plane when employing a point source, as illus-
53 trated in Figure [1] (b) and (d), the vertical focusing exhibits a fi-
54 nite height, see Figure This is because the SBCA focal point in
55 the meridional plane is behind the Rowland circle, consequently
56 resulting in a vertical (meridional) line focus of the point source
57 on the Rowland circle and a horizontal (sagittal) line focus posi-
58 tioned behind it.
59
60
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Fig. 7 Integral normalized response functions at 6g = 75deg and selected
values for a. The simulation parameters are the same as in FigureEbut
with a 30-mm wide analyzer mask.

The distance from the vertical focus (1,,) to the crystal is repre-
sented as f,,, whereas the corresponding distance for the horizon-
tal focus (I;) is labeled as f;. Under symmetrical configuration,
these distances have been well studied, and similar calculations
for the asymmetric case give

Jm=Rsin(6p — ) €3]
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Fig. 8 Detector plane images at the indicated values of o when 63 =75deg. A noticeable defocusing in the vertical direction can result in decreased

detection efficiency because of finite detector size.

simulation

experimental
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Fig. 9 A comparison between experimental (left) and simulated (right)
detector plane image under symmetric (top) and asymmetric (bottom)
configuration. All images are taken at 63 = 75deg with a Si(551) analyzer.
The 553 reflection were used for the asymmetric case. The effective
source size is about 1 mm.

and
3 Rsin’(6z + @)
sin(6p — o) cos(2(6p + t))

fs = (2)

6 | Journal Name, [year], [vol.], 1

where R is the radius of curviature. The beam height at the verti-
cal focus (h,,) and the width at the horizontal focus (wy) are

hn = 2(fs _fm)tan(dzxirful) 3)
and
ws = 2(fs _fm)tan(%/) @

where 7y is the sagittal angular size of the analyzer viewed from
the source and d,;,; is the analyzer diameter.

Using these expressions, we then can define the distance f.
from the crystal face to the minimum circle of confusion (CC) at
location I, i.e. where the beam height equals the beam width

hm(f: 7fm) .

)
I 4wy

Jee = fm+
The analytical results inform the ray tracing needed for a fully
quantitative picture.

In Figure [T1]we extend the series of detector images presented
in Figure [10| to the asymmetric case, where a = 15deg (middle
column) and a = 25deg (right most column). Notice in all cases,
the beam spot is most compatible with the circular SDD active
region near I.., suggesting that repositioning the detector strate-
gically could improve detection efficiency.

To find the optimal detector location, we examine the detection
efficiency (with detector diameter equals Dgpp) under symmetric
and asymmetric configurations when 6 = 75deg as a function
detector location (Figure[12)). The SBCA bent radius is set to be
500 mm and with a crystal face diameter of 100 mm. The position
of I,, (red), I; (green) and /.. (blue) is marked with dashed lines.
An additional black line (Ispp) at 68.4 mm marks the location
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detector images at I, I.c, and I; (with 05 = 75deg and o = 0deg) are shown at the bottom, with additional images at the midpoints of each segment.
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Fig. 11 Detector plane images at g = 75deg and a =0, 15, and 25 deg. Each row from top to bottom correspond to I, I, and I respectively.
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where the beam horizontal width is equal to the circular detector
sensor diameter.
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Fig. 12 Efficiency of detector with diameter Dgpp = 13.8 mm as a function
of the detector off-circle position, evaluated under both symmetric and
asymmetric configuration at 6z = 75deg.

We find the maximum efficiencies typically are at detector posi-
tions near I, as suggested earlier, and often occurs at a location
slightly in front of Igpp in all cases. Since the location of Ispp does
not depend on 6 and a, the results suggest Ispp as a pragmatic
static location for detector placement when utilizing asymmetric
configuration.

To give a more holistic view, we quantitatively examine the ef-
fect of detector position on detection efficiency under asymmetric
operation when the detector active area diameter equals Dgpp.
Again, the issue here is the possible mismatch between the SDD
active region size and the often larger dimension of the analyzed
beam at the detector face. In Figure we show the detection
efficiency at Ispp in the 2-D space of a and 0p, in which we ob-
serve that the detection efficiency exhibits an oval contour. We
have also shown labeled points for the best analyzer selection (Si
or Ge) for the 3d transition metal Koy emission lines (with Scan-

Journal of Analytical Atomic Spectrometry

dium omitted due to its infrequent appearance in XES studies).
Table [1] gives the emission lines and associated analyzers, Bragg
angles asymmetries, and reflections. While a full treatment of an-
alyzer selection is outside of the scope of the present paper and
is discussed elsewhere26, we have included the ‘best’ performing
reflection for context: typical losses are less than 30% for lower-
energy emission lines, while the plethora of possible d-spacings
as energy increases makes asymmetric operation lossless in terms
of detection efficiency effects.

30 100

o (deg)
Ipp detection efficiency (%)

Fig. 13 The detection efficiency for a detector with an active area diam-
eter Dgpp positioned at Ispp. Labeled points indicate the best analyzer
selection for the 3d transition metal Koy emission lines, where 6g, a, Gy,
and Gy for each emission line is detailed in Table Here R =500mm
and dy, = 100mm.

3.3 Asymmetric Operation In X-ray Raman Imaging

X-ray Raman scattering (XRS), sometimes also grouped under
the term nonresonant inelastic x-ray scattering, uses hard x-rays
to measure of the x-ray absorption spectrum for weakly bound
shells2728 This comes with three main advantages, all accru-
ing from the use of high energy incident photons. First, the
higher penetrating power of hard x-rays ensures truly bulk-like
measurement without risk of self-absorption effects. Second, the
high penetrating power, again, greatly simplifies and in some
cases uniquely enables the measurement in special sample en-
vironments of the XAS spectrum for low-energy edges. These
uses have been most prominent in high pressure studies using
diamond anvil cells2230, Finally, the large momentum transfers
available from inelastic scattering of the incident photon allows
tuning of selection rules, enabling measurement of a plethora of
final state orbital angular momenta®Z.

However, these scientific benefits of XRS are inhibited by its
very weak signal, requiring not just very high intensity syn-
chrotron beamlines but also multianalyzer spectrometers seeking
to maximize the collection solid angle. A complete discussion of
such instrument design is outside the scope of this manuscript,
but we note that the careful considerations of Huotari et al. 19 il-

Journal Name, [year], [vol.], 1 l9
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Table 1 Associated analyzers, bragg angles symmetries, and reflections for the labeled points in Figure

Emission Energy (eV) 63 a G Gy

Ti Ko 4510 76.35 15.79 Ge(400) Ge(511)
VKo 4952 74.67 9.73 Ge(331) Ge(553)
Cr Ko 5416 82.33 0 Ge(422) Ge(422)
Mn Ko 5899 74.82 9.45 Ge(511) Ge(311)
Fe Ka 6404 75.43 8.05 Ge(440) Ge(551)
Co Ko 6930 77.07 6.35 Si(531) Si(642)
Ni Ko 7478 73.9 11.99 Ge(533) Ge(642)
Cu Ko 8048 76.47 4.37 Ge(711) Ge(511)
Zn Ko 8639 81.48 0 Si(642) Si(642)

lustrate well the reasons behind not just the continued use of 1-m
radius of curvature optics but also the fact that even those optics
are often masked to remove (or decrease) Johann error at some
cost in collection solid angle.

37.5mmJL S

S hkl_ . —— with det offs
g G = Si(660) nwc;t(;et%f?seiet
[ R=1m
2220 dgue=350 um
g E 913 — QQO
&5 | E=9687eV
L
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—
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-0.4 -0.2 0.0 0.2 0.4
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Fig. 14 (Top) To gain more sample clearance and still maintaining focus
when operating at higher 6p, the source and the detector is displaced
off the Rowland circle symmetrically by 37.5 mm. (Bottom) Response
functions at 6 = 89deg when R=1m and: (i) the source and the detector
is displaced off the Rowland circle by 37.5 mm (blue); (ii) no detector
and analyzer offsets is applied (orange).

One use of XRS is Raman imagine, or direct tomography=2. It

uses the fact that extended source gives an extended image, to
generate images with both spectral and spatial information. In
the work of Huotari et al. 19, they reported that the state-of-the-
art Raman imaging is constrained to near back scattering Bragg
angles due to the energy broadening caused by Johann error and
analyzer strains. To obtain more sample clearance but maintain
quality of focus on the detector plane, the source and the detec-
tor are displaced off the Rowland circle which introduces another
source of energy broadening (see Figure[I4). At 65 = 89deg with
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Si(660) 1-m radius SBCA, our ray tracing shows the energy broad-
ening due a 75 mm detector offset is 0.52 eV. This is much larger
than source sizes for any typical focused beam, and is a large part
of the error budget.

Together with the maximization of the collection solid angle,
these issues motivated Gironda et al.2% to make use of the JNA
configuration with the much larger, 0.5-m radius of curvature
SBCA. There, they make a first claim that the full solid angle of the
newer optics (four times that of the traditional 1-m radius optics,
even before masking) can be effectively used in XRS. Moreover, by
utilizing the JNA configuration, operation at lower 6p is allowed
hence more sample clearance is obtained and no detector offset is
required. This asserts a new paradigm for the design of such spec-
trometers: a small cluster of the larger, more tightly curved optics
in JNA configurations will give a mechanically simpler and more
cost-effective alternative to traditional designs while also increas-
ing spectrometer solid angle and exhibits good energy resolution.

For bulk measurements, i.e., homogeneous sample not in spe-
cial samples environments, the argument of Gironda et al.?Y, is
persuasive. However, as admitted by those authors, a signifi-
cant portion of XRS studies are performed in special sample envi-
ronments where the XRS imaging methods that either reject the
background inelastic x-ray scattering from sample chamber win-
dows'l? or even complete spatial mapping of the XRS spectrum
across a chemically inhomogeneous sample®2, We have previ-
ously mentioned (see Section and Figure |8) the larger aber-
rations of the analyzed radiation on the nominal detector plane
when working asymmetrically on the Rowland circle. Here, we
address the consequences of those aberrations on XRS imaging
applications.

This is illustrated by means of a case study of a typical diamond
anvil cell used in x-ray Raman imaging, as shown in Figure [15{2.
We simulate this extended source under JNA at 6z = 80deg with
multiple 50 um sources spaced across the beampath through the
gasket and sample. As shown in Figure the detector-plane
image produced by the sample (left panel) and the gasket (right
panel) are examined separately. The red line defines the bound-
ary of the suggested range of interest (ROI). It is taken to be the
region where the pixel intensity is greater than 45% of the max-
imum intensity from the sample, and it captures roughly 75% of
the sample signal.

To quantify the contamination of sample signal by the photons
scattered from the gasket, we first calculate the percentage of
the sample signal (57%) and percentage of the environment sig-
nal (43%) with respect to the total intensity (all within the given
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Fig. 15 A schematic diagram for a typical diamond anvil cell used in
x-ray Raman imaging where the top shows a sectional view seen a the
Rowland plan, with a top down view shown at the bottom. The sample
with 0.5 mm diameter is placed at the center of a gasket.

05 =80deg; a=10deg

y (mm)
y (mm)
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Fig. 16 Detector image from the sample (left) and the gasket (right)
under JNA when operating at 6 = 80deg. The region outlined with the
red indicates the ROl when calculating signal intensity. Note the the
texture in the images is solely artifacts from plotting due to low image
resolution.

ROI), then the sample to environment signal ratio is found to be
1.3. This shows that asymmetric operation at 6z = 80deg (with
R =50cm) still maintains a high signal-to-environment ratio even
with the detector image blurring, while the sample clearance in-
creases from 8.2 cm (when using symmetric geometry with source
and detector offset) to about 17 cm.

Although asymmetric operation offers advantages for XRS, it
also presents limitations. When the sample environment shares
the same element as is being studied in the sample, their sig-
nal peaks coincide in the Raman spectra. In such instances, any
contamination from the environment is likely prohibitive. Simi-
lar concerns arise when using XRS to spatially map an extended,
inhomogeneous sampleY.

Luckily, appropriate analyzer masking can effectively reduce
the extent of sagittal broadening as shown in Figure where
we show synchrotron results (top row) and corresponding simula-
tions. Recall that here we have 65 = 77.06deg and o = 14.96deg.
A series of images were taken with different analyzer masks cov-
ering the edges of the analyzer along the Rowland plane, and the
illumination width ranges from full illumination to 30 mm. The
middle row shows its simulated counterpart. Notice that these
images have shadows which we have not seen in previous stud-
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ies, which is due to the fact that the detector placement is not
normal to the reflected beam off the analyzer for this instrument.
Also note that the rotation of the experimental images are due
to small misalignment of the source in the direction perpendicu-
lar to the intended Rowland plane, and the slightly thicker width
is a result of the detector being slightly off circle. The bottom
row is showing the simulated images with 6 mm displacement of
the detector out of the Rowland circle, and 10 mm of source dis-
placement perpendicular to the Rowland plane. They agree well
with the experimental data. In any event, we see that masking
effectively reduces sagittal broadening in both the simulated and
experimental results, which greatly benefit the use of asymmet-
ric operation in Raman imaging. These results show that there
is a beneficial trade-off between solid angle and imaging capabil-
ity for XRS, and support the use of JNA configurations for XRS
imaging.

Conclusions

The recent Gironda et al. study gave a convincing experimental
argument that asymmetric operation of spherically bent crystal
analyzers (SBCAs) was an underutilized opportunity. Here, we
have gone beyond that work in several directions. First, the con-
ceptual rationale for the possible elimination of Johann error in
asymmetric operation has been made quantitative. Specifically,
we find a significant reduction in Johann error when operating
asymmetrically, with complete elimination observed under the Jo-
hann Normal Alignment (JNA). We provide detailed insights into
the standard deviation of the response functions (oy.s,) across a
wide range of 6p and o, offering guidelines on best practice for
asymmetric operation.

Second, we explore the optimization of detector placement to
mitigate signal losses resulting from sagittal image broadening
under asymmetric operation. We propose a static location, Ispp,
for detector placement, and show that the detection efficiency
remains close to maximum for a given 6z and o under this ar-
rangement.

Thrid, we extend our analysis to the effect of sagittal defocus-
ing on X-ray Raman imaging, emphasizing the importance of spa-
tial resolution, particularly in applications requiring sample envi-
ronment signal rejection. Through the examination of a typical
diamond anvil cell under JNA at 65 = 80deg, we demonstrate
that the signal-to-background ratio remains useful at 1.3, while
increasing the sample clearance to about 17 cm (with half me-
ter Rowland radius). The benefit of asymmetric operation is even
clearer when effective analyzer masking is applied, where sagittal
broadening significantly reduces, highlighting the effectiveness of
asymmetric operation in maintaining signal integrity and gaining
sample clearance.

In conclusion, our findings highlight the underutilization of
asymmetric operation despite its manifold benefits. We foresee
a widespread adoption of this approach in both synchrotron and
laboratory settings in the near future. Moving forward, further
research should extend beyond purely geometric calculations.
Moreover, guidelines on the selection of analyzers and reflections
that suits typical experimental constraints are needed2®. With
continued investigation, we can unlock the full potential of asym-
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Fig. 17 Experimental (top) and simulated (middle) images shown how masking the edges of the analyzer (along the Rowland plane) can effectively
reduce sagittal broadening. The slight rotation and thicker width of the experimental result are due to small misalignment of the source and the
detector. The bottom row shows the simulated images with 6 mm displacement of the detector out of the Rowland circle, and 10 mm for the source

in direction perpendicular to the Rowland plane.

metric operation, enhancing the capabilities of X-ray spectroscopy
and imaging methods.
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