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Spherically bent crystal analyzers (SBCAs) are the dominant high-resolution hard x-ray optic in
the ongoing rebirth of laboratory-based x-ray absorption fine structure (XAFS) and x-ray
emission spectroscopy (XES) as well as in synchrotron methods such as high energy resolution
fluorescence detection (HERFD) and non-resonant x-ray Raman scattering (XRS). In the
overwhelming majority of cases, SBCAs are implemented in a ‘symmetric’ configuration on the
Rowland circle, wherein the diffracting crystal plane is nominally coincident with the analyzer
surface. We report here comprehensive investigations of ‘asymmetric’ operation of SBCA on the
Rowland circle, wherein the diffracting crystal plane is not coincident with the optical surface of
the analyzer. First, we have developed a laboratory spectrometer for XAFS and XES that is
specialized for asymmetric SBCA operation. We find several benefits, including the capacity to
use a single SBCA over a very wide energy range via ‘hkl hopping’ and the frequent ability to
eliminate Johann error, the most prevalent energy-broadening mechanism when using SBCA
symmetrically on the Rowland circle. Second, we expand these ideas to synchrotron facilities
with a demonstration study of HERFD and XRS where asymmetric operation also provided
advantage. Our results suggest that large-array systems for HERFD augmented with an
additional mechanical degree of freedom could streamline user operation and also indicate
benefits to XRS in the asymmetric configuration, where larger solid angle, larger sample-to-

detector distance, and decreased Johann error can be achieved simultaneously.
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1. Introduction

Spherically bent crystal analyzers (SBCAs), specifically those with Johann-type profiles!,
are hard x-ray optics that provide a useful combination of large collection solid angle and fine
energy resolution. This has resulted in their extensive use in the ongoing rebirth of laboratory-
based x-ray absorption fine structure (XAFS) and x-ray emission spectroscopy (XES)> 19 in
addition to their historical and continued use as workhorse optics for high-resolution photon-in
photon-out x-ray spectroscopy at synchrotron facilities.!'~1® With infrequent but valuable
exceptions!®22, such applications have been in a ‘symmetric’ Rowland circle configuration
wherein the diffracting plane is nominally coincident with the surface of the SBCA diffracting
wafer.

Here, we propose that asymmetric operation of SBCA on the Rowland circle is an
underutilized opportunity. The basic parameters for asymmetric Rowland circle operation are
defined in Fig. 1. In the Figure, note the asymmetry angle a., the need for a ‘mechanical’

analyzer angle 0y, and the inequality of the chord lengths p and d when o # 0. The usual

theorem for equality of inscribed angles still holds when a # 0 so that the optic still functions as

'SBCA

detector

source

Figure 1: Diagram of spectrometer components during asymmetric operation in the
reference frame of the SBCA. a denotes the angle between the diffracting plane for the
reflection Gy and the plane at the optic’s surface (nominally normal to the reciprocal

lattice vector Gy). Note the chord lengths d and p differ when a + 0.
2
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a monochromator in the Rowland plane, barring Johann error which will be discussed in detail
later. Out-of-plane astigmatism at large o can become considerable, but we find that is not a
significant limitation on energy resolution. It is not difficult to derive the dependence of the

parameters in Fig. 1 on the Bragg angle, 6, and a., specifically

p = Dsin (65 + a)

d = Dsin (05 — o) Egs. (1)
20 = 26]3
GM = GB + «

where D is the diameter of the Rowland circle or equivalently the radius of curvature of the
Johann SBCA.

With this background established, we address the potential advantages of asymmetric
operation as a central principle in spectrometer design. We denote by G, the reciprocal lattice
vector normal to the wafer surface and assume the wafer miscut is small. Choosing Gy is
equivalent to choosing which wafer material and orientation to use in the optic, and it determines
the useful energy range in symmetric operation -- Bragg angles below 60 deg generally suffer
degraded energy resolution due to Johann error and source-size broadening. While analyzer
harmonics sometimes enable high-resolution access to a few distinct energy ranges®?, both
laboratory instruments and synchrotron facilities typically fabricate or acquire a suite of SBCAs
having a variety of G vectors.

Asymmetric operation modifies these considerations. Any single crystal has a multitude
of additional crystal planes at various angles to the surface. Each allowed reflection capable of
diffraction in an asymmetric configuration gives an additional useful energy range dependent on
its own d-spacing. Hence, as a first advantage, we show below that asymmetric operation of a
single SBCA can permit high-resolution performance for photon energies from 5 keV through 10
keV and beyond with no gaps in the energy range. The good performance of many different
reflections of various Miller indices (4k/) from a single analyzer is a major result of the present
study, and we find it appropriate to introduce the term ‘A4l hopping” when a monochromator
jumps between different Miller indices of a single SBCA to adjust energy range or to improve

energy resolution, which we now address.
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The second advantage of asymmetric operation is the minimization or even elimination of
Johann error for SBCAs; prior work by Suortti and others for curved analyzers on the Rowland
circle as well as asymmetric applications in other fields and other classes of optics motivates and
supports this inquiry?!-?22435_ Briefly, Johann analyzers possess a radius of curvature for the
diffracting wafer that is equal to the diameter of the desired Rowland circle. This yields the
necessary suface orientations but results in small displacements between the wafer surface and
the Rowland circle at the analyzer edges with corresponding errors in the Bragg angle upon
moving away from the analyzer center. There is consequently a characteristic low energy tail in

the analyzer’s energy response function3®.

SBCA

—
(5}
=i
Q
p—

sphere
center

wafer

Figure 2: An infinitesimal single crystal element (right) of a spherically bent crystal analyzer
(left), demonstrating a geometric argument for the elimination of Johann error in asymmetric

Rowland geometries when the source is close to the sphere-center of the SBCA curved wafer.

The underlying principle for suppression of Johann error via asymmetric operation is
illustrated in Fig. 2. As shown, consider the special case where all incident x-rays have an
incoming path exactly normal to each infinitesimal crystallite that makes up the SBCA surface,
i.e., the special case where a point source is located at the sphere center of the curved analyzer
wafer surface. The key observation is that for every point on the analyzer surface, the angle
between an arbitarily chosen reciprocal lattice vector Gy and the incident x-ray is the same
everywhere on the surface. Hence, in this special case the Bragg angle is the same at every point
on the surface and Johann error from the lack of coincidence between the edges of the analyzer

and the Rowland circle is eliminated. More generally, asymmetric operation allows operation

4
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with the source closer to the sphere center than is often possible symmitrically, and hence with
dereased Johann error. We illustrate this later with XANES and XES measurements.

Finally, a third benefit comes from those special geometries that are expected to fully
eliminate Johann error, as described by Fig. 2. Non-resonant x-ray Raman scattering (XRS), i.e.,
the non-resonant inelastic x-ray scattering from semicore levels, gives a hard x-ray analog to
electron energy loss spectroscopy and allows x-ray spectroscopy on low-energy shells while
using high-energy photons. This capability has seen sufficient demand that several dedicated
facilities have been constructed at synchrotron facilities’”*. However, the extremely small
cross-section for inelastic scattering from the semicore levels makes all XRS spectrometers
subject to severe competition between the collection solid angle and the energy resolution. The
best practice to date has been to use banks of 1-m SBCA as close as possible to a backscatter
geometry in symmetric Rowland operation, together with considerable diligence to reject
background scatter'>!417-18_ That being said, achieving highest energy resolution still requires
analyzer masking to reduce Johann error; in some cases, small off-circle broadening is accepted
as a compromise that aids with clearance between detector and the beam spot on the sample!3.
The more recently available 0.5-m SBCA having four times the solid angle of the older 1-m
SBCA have not been used for XRS because their larger angular size results in far larger Johann
error in symmetric operation. On the other hand, the Johann-rejection strategy of Fig. 2 provides
a possible path toward simultaneously attaining large solid angle, fine energy resolution, and
large clearance between sample and detector. XRS measurements are performed in so-called
inverse-scanning mode where a single energy is chosen for the outgoing (analyzed) photon while
the incident monochromator is scanned to create the necessary range of energy losses: the
spectrometer must have low Johann error at only a single energy.

In this paper we address all three of these proposed benefits. We describe a new
laboratory-based XAFS and XES hard x-ray spectrometer specifically designed to enable easy
exploration of asymmetric Rowland geometries. With this instrument we demonstrate skl
hopping over a broad energy range and also demonstrate the minimization of Johann error
through choice of the favorable special geometry with the source near the spherical center of the
analyzer. These benefits also appear in our preliminary synchrotron studies, where we use
asymmetric reflections to access the otherwise inconvenient Zn Ko, for high-energy resolution

fluorescence detection (HERFD) x-ray absorption spectroscopy and also use an optimal
5
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asymmetric configuration for XRS via an 0.5-m radius SBCA. This ensemble of results across
laboratory and synchrotron venues supports the hypothesis that asymmetric operation of SBCA

has been underutilized and suggests directions for further inquiry.

ll. Laboratory Spectrometer Design and Operation

We now present the six main spectrometer systems in order: the x-ray enclosure, x-ray
sources, the detector and its subassembly, the optic, the motorization of the primary Rowland
circle degrees of freedom, the additional motorized degree of freedom used to rotate many
different desired reflections into the Rowland plane, and the overall control software.

The spectrometer is housed in a steel enclosure, approximately 1.8-m wide by 1.5-m deep
by 1.3-m tall. The slightly oversized enclosure provides ample space for special sample
environments in the future such as a cryostat or additional equipment such as a potentiostat for
operando electrochemical measurements. The computer-aided design (CAD) rendering in Fig. 3
shows the design of the spectrometer and its key components in Rowland circle geometries
configured for XAFS and XES measurements in Fig. 3 (a) and (b), respectively. In XAFS mode
(Fig. 3 (a)), a 100 W X-ray source (Varex VF-80 Pd-anode tube) with variable width entrance
slits to adjust apparent source size is placed on-circle via manual slide. In XES mode (Fig. 3 (b)),
a 3 kW X-ray source (Varex OEG-76H W-anode tube) with a preliminary 1 mm fixed-width
entrance slit on the sample enclosure is placed on-circle via manual slide. A kinematic feature at
the fixed source location ensures precise placement of radiation entrance slits on circle. A 100 W
x-ray tube with a tungsten anode, but otherwise identical to the XAFS-mode source, was used for
commissioning in XES measurements (not shown in the figure).

The detector is a silicon drift detector (SDD) with 150 mm? area sensing element
(KETEK AXAS M-1) mounted on a motorized linear stage (Velmex XSlide) to adjust the
detector-analyzer chord length. The optics are 0.5-m radius of curvature SBCAs (XRS Tech).
The chord lengths and angular positioning of the detector and optic are motorized. The optic and
detector subassemblies are concentrically mounted on the 6 and 260 rotation stages, respectively,
of a repurposed goniometer from a commercial X-ray diffraction instrument (Bruker D8

Advance). The 6 and 20 stages of the goniometer are independent, allowing for the o offsets
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required in asymmetric operation. The entire goniometer-detector-optic subassembly is mounted

on a motorized linear stage (Velmex tandem BiSlide) to adjust source-analyzer chord length, p.

oNOYTULT D WN =

30 Figure 3: Top-view CAD renderings of the spectrometer configured for (a) XAFS and (b)
32 XES measurements. The key components are outlined with boxes and labelled as follows:
33 (A) detector, (B) 100 W XAFS source, (C) Adjustable-width XAFS entrance slit, (D) crystal
35 analyzer and optic tower, (E) XES sample enclosure and entrance slit, and (F) 3 kW XES

37 source.

39 For automated asymmetric operation, an additional motorized degree of freedom we refer
41 to as the ‘clock angle’ or ¢ is required in the optic subassembly. This additional degree of
freedom also enables motorized tilt-free correction of crystal miscut.*> CAD renderings of the

44 optic cartridge, the full optic tower assembly, and the ¢ rotation stage and direction are shown in
46 the three panels of Fig. 4. The cartridge mounts concentrically on a small, motorized rotation

48 stage (Velmex B5990TS). The fine adjustment x-y stage at the base of the optic tower aligned the
optic on the rotation axis of the goniometer during spectrometer commissioning.

51 Recalling from the introduction the requirements for asymmetric Rowland

53 configurations, the spectrometer achieves these geometries by using independent rotation and

55 linear stages. Representative symmetric and asymmetric configurations are shown in CAD

57 7
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renderings in Fig. 5. Specifically, Fig. 5(a) shows a typical symmetric operation at an

unfavorable 0p far from backscatter, whereas Fig. 5(b) shows an asymmetric configuration at the

(a)

Figure 4: (a) An optic cartridge is loaded into the optic tower subassembly. (b) The fully
assembled motorized optic tower which concentrically indexes the crystal on a motorized
rotation stage. (¢) The motorized azimuthal (¢) degree of freedom allows for tilt-free

correction of crystal miscut and for automated asymmetric operation.

same O but satisfying the condition of 0z + a = 90 deg, the configuration that is expected to
eliminate Johann error, recall Fig. 2. It is important to note Fig. 5(a) and (b) could be at radically
different energies because of the different d-spacings for Gy and Gy, . The purpose of the Figure
is to demonstrate the difference in geometries in these different diffracting conditions. Note that
the chord lengths between source-and-analyzer and analyzer-and-detector become unequal when
a+0.

The spectrometer control software consists of two main components. First, a library of
routines was written in Python (Jupyter) to generate ASCII files with component-by-component
instructions for each step in any desired spectrometer scan. Second, LabView software was
written to interpret the scan definition files and execute the desired measurements by
commanding the motors and reading the detector. The LabView software can define
measurement projects that perform sequences of measurements each parametrized by a different
scan definition file including for successive scans using different Gy,. For both XAFS and XES,

the energy is scanned by stepping the crystal angle 8yand satisfying the Rowland circle

geometry at a particular Bragg angle by driving the p, detector, and 20 stages.
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Figure 5: (a) Symmetric spectrometer operation at 65 = 65 deg in XAFS mode. (b)
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to demonstrate instrument capabilities to characterize the advantages of asymmetric operation.
For XAFS, standard metal reference foils of Cu and Ni (EXAFS Materials) were used. To
demonstrate the extended energy range afforded by asymmetric operation, a multi-component
transition metal oxide sample was prepared for XES. Equal masses of V,0;, MnO, FeO, NiO,
CuO, Zn0O, and SrTiO; were dry milled together to homogeneously mix the sample. The multi-
component powder was enclosed in a polyimide pouch for XES study.

XRS and HERFD-XANES measurements were performed at sector 25-1D of the
Advanced Photon Source. This used a Si(111) double crystal monochromator and a set of
Kirkpatrick-Baez mirrors to achieve an approximately 100 um by 100 um spot size on the
sample. The monochromator was not detuned, and the resulting expected energy resolution is 1.2
-1.3eV at 8700 eV. An Eiger S 500K camera (Dectris Corp.) was used to measure the x-rays
analyzed by the SBCA (XRS Tech) and an SDD (Hitachi, Vortex) was used to measure total
fluorescence yield in the HERFD study. The HERFD sample was a ZnO film with embedded Ge
nanocrystals, prepared by sequential sputtering of ZnO and Ge targets under reactive ZnO
growth conditions**. The XRS sample was an 0.9-mm diameter cylinder of randomly oriented
graphite in a low-Z binder (mechanical pencil lead). For both studies the incident flux was

~3x10'2 ph/sec.

V. Results and Discussion

IV.A. The Asymmetric Rowland Geometry in the Laboratory

We begin by illustrating a central motivation of asymmetric operation, i.e., the large
number of crystal planes that are available and the consequently wide energy range that can be
accessed with fine energy resolution for a single SBCA. See Fig. 6. In panel (a) we show the
calculated locations for a large number of asymmetric reflections for a Si(551) analyzer in terms
of the asymmetry angle a (radial direction in the polar plot) and the clock angle ¢ (azimuthal
direction in the polar plot). Note that the Gy=(551) reflection itself is at the center of the polar
plot. In panel (b) we show an experimental survey of the (a, ¢) space at 6g= 82 deg and find
excellent agreement with the calculations of panel (a). In addition, as shown by the color scale

indicating the dominant energy detected at a given location, we observe that a very large energy
10
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range can likely be patched together by hkl-hopping between different asymmetric
configurations. This type of study is readily performed in the laboratory because of the very

broad bremsstrahlung spectrum of x-ray tubes. Panels (c) and (d) show analogous calculations

oNOYTULT D WN =

and experimental results for a Si(221) analyzer. Miller indices in panels (b) and (d) were
identified by consistency between the theoretical (o, ¢) polar plot with all allowed reflections
12 and the results of converting the observed energy of an experimental reflection to the sum of

14 squared indices by Bragg’s law.

57 11
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Figure 6: Polar plots in (a, ¢) for calculated and measured reflections. (a) Calculated values
of selected asymmetric reflections of a Si(551) analyzer. (b) Experimental data for Si(551)
SBCA obtained by sampling phi-alpha space values at a fixed Bragg angle. (c¢) Calculated
values of asymmetric Si(211) reflections. (d) Experimental data for Si(211) SBCAs. A
threshold on reflection intensity was implemented to remove background in experimental

data.

12



Page 13 of 26 Journal of Analytical Atomic Spectrometry

1
2
3
4
5 . . . .
6 Symmetric Si Analyzer Range Asymmetric Si(551) Range
TN T¥ i 1 i T T 1 i 1 1

7 Minimum i | ! Minimum i i i

J | Bragg Ange H (733)] _BrgsAngl UL B
8 (800) -ﬂ (;.les U I I - . 60-65 I . .

1 65-70 i i ' y

?O (551)1 ?:)-;S . . (642)4 70-75 i i l : .

- 5-81 551y EEE 7585 ;
11 (444) W 75-85 I. . (4:)- i .. -.
12 (533) S“[?E"gf‘ I . zsn:- .I .
1 e
12_ (440) 4 L E . . (?20). ok ScIEEdgeI l- .
15 (333)4 J‘ 1“‘"'““‘ . . ! i J\ Ko ‘ . . t
16 W Al : @a0)] | Abmission] || S | :
17 (422) I l (333)4 . . i
18 131} i @22 1B i
19 oo AN o | | |
20 (400) - I LI i (311]1' [ | E
21 i85 6 1 8 9% 1o Zt' 56 7 8 9 0
22 Energy (keV) Energy (keV)
23
;g Figure 7: (Left) Diagram of the energy range achievable operating symmetrically with the Si
26 SBCAs commonly used for transition metal XAS and XES: G, = (100), (110), (111), (211),
27
28 (331), (533), (551). The vertical gray lines indicate emission lines and the vertical black
;g dashed lines indicate K-edges between 4 and 10 keV. (Right) Diagram of the energy range
g; achievable operating asymmetrically with a Si(551) SBCA. Duplicate reflections, those that
33 cover the exact same energy range at the same Bragg angle are omitted for clarity.
34
35 In both Fig. 6 (b) and (d) an azimuthal smearing is seen in the experimental results at
36 .
37 large values of a near the borders of the pole plots. When at large asymmetries the chord length
gg d from the SBCA to the detector becomes much smaller than the vertical radius of curvature of
40 the analyzer, resulting in a significant vertical (perpendicular to the Rowland plane) extension
41
42 and enlargement of the sagittal defocusing of the analyzed x-rays. The loss of intensity that
43 . . . .
44 occurs when the analyzed beam height is larger than the active diameter of the spectrometer’s
22 SDD is a confounding factor that leads to a trade-off between analyzed flux and the experimental
47 convenience of asymmetric operation.
48
49 In Fig. 7 we compare the energy ranges of a conventional suite of SBCA operating
?1) symmetrically and the accessible diffraction planes of a single SBCA operated asymmetrically.
5; This is investigated for the energy range of absorption edges and emission lines of the 3d
5
54 transition metals. A comprehensive energy range is possible with a single analyzer operating
55 . . .. . . .
56 asymmetrically and a suitable reflection is nearly always available that is close to the special
57 13
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condition (with the source moderately close to the analyzer spherical center) for a given emission
or absorption edge. Hence, both a large energy range and high energy resolution should be
expected with the Si(551) analyzer studied in the right panel of Fig. 7. We emphasize that there
are complicated trade-offs between energy range coverage and analyzed flux (due to the vertical
extent of the analyzed beam, described above), and we do not claim that Si(551) is necessarily
optimal, although it does illustrate a favorable case for the argument being made here.

We next access a series of planes of the Si(551) SBCA on the amalgam XES, see Fig. 8.
We measure Ka, Kf, and valence-to-core (VTC) emission en masse with a single analyzer,
demonstrating an expanded energy range through 4kl hopping. The optimal reflections for the
study are given in the left-hand side of Table 1; the experimental reflections used modestly differ
in some cases. Fifteen emission lines spanning ~5 keV to ~14 keV were collected across seven
elemental species using nine unique diffraction planes from the Si(551) analyzer. By
comparison, under symmetric operation at useful Bragg angles the Si(551) crystal has an energy
range of only ~8.2 — 9.3 keV and the same emission measurements would require a considerable

number of separate Si optics, even if somewhat inferior Bragg angles were employed.

Table 1. Optimal asymmetric reflections for Gy = Si(551) and best symmetric counterparts for
3d transition metal XES, where both Si and Ge analyzers are considered for the symmetric case.

For each emission line, the configuration expected to have the least Johann error is given in bold.

Best Si Best Ge
Emission Energy G O o O Symmetric O Symmetric O

(eV) (deg.) (deg.) (deg.) Analyzer (deg.) Analyzer (deg.)

V KB 5428 (331) 66.47 2131 87.78 (331) 66.47 (422) 81.49
MnKo 5900 (422) 71.44 2384 95.28 (422) 71.44 (511) or (333) 74.81
MnKB 6492 (333) 66.04 2721 93.25 (440) 84.06 (531) 86.94
FeKa 6405 (333) 67.85 2721 95.06 | (511)or(333) 67.85 (440) 75.42
Fe KB 7059  (531) 73.11 1397 87.08 (531) 73.11 (620) 79.04
NiKo 7480 (620) 74.87 27.67 102.54 (620) 74.87 (533) 73.87
Ni Kp 8267 (551) 80.49 16.1 96.59 | (551)or(711) 80.49 (642) 82.7
CuKo 8046 (444) 79.45 2721 106.66 (444) 79.45 (551) or (711) 76.55
CuKp 8904 (731) 80.03 21.61 101.64 | (731)or(553) 80.03 (800) 79.91
ZnKa 8637 (642) 81.57 13.34 9491 (642) 81.57 (553) or (731) 77.04
ZnKB 9570 (733) 77.56 2495 102.51 (733) 77.56 (555) or (751) 82.57
SrKa 14,161 (884) 7535 1142 86.77 | (777)or(1151) 77.77 (991) 81.09
SrKp 15,825 (1262) 78.13 1825 96.38 | (1333)0r(995) 80.53 |[(1353)or(1191) 80.6

14
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VKB V5,0, Mn Ka MnO Fe Ko FeO
G,=Si(551) 0,=66.5° | | G,=Si(551) 0,=714° | | G,=Si(551) 0, =67.8°
Gy =Si(331) w=7L7° | | Gu=5i422) 0,,=953°| | Gu=5i(333) 8,=95.1°

oNOYTULT D WN =
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Figure 8: Emission lines measured asymmetrically with a Si(551) analyzer, arranged in order
47 of ascending energy, presented with no background subtraction. The Bragg angle required to

49 select the nominal energy of the emission line is given for each scan.

52 Having established the comprehensive advantage of a greatly increased energy range, we

54 now address the proposed second benefit of asymmetric operation: an enhanced energy
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Figure 10: Symmetric and asymmetric energy response functions corresponding to Fig.9 (a)

and (b), demonstrating the reduction of Johann error.
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24 2

o
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26
27 i : S
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30
31 . . .
32 Figure 11: Kf, 3 emission spectra of (a) Cu and (b) Zn. Spectra were collected using the
gi Si(551) SBCA symmetrically and with the most optimal asymmetric plane. Further from
35 backscatter, the symmetric reflection analyzer response function broadens due to Johann
36
37 error. On the other hand, the asymmetric reflection response function is narrow because of a
gg mechanical analyzer angle, 6y, close to 90 deg.
40 3 - - .-
a1 resolution compared to symmetric cases through elimination of Johann error when 6g + @ = Oy
jé ~ 90 deg. Ray tracing simulations in Fig. 9 show the reduction of Johann error when
44 approaching this special condition. Fig. 9 (a) shows an equatorial full-range broadening of ~9 eV
45
46 at the analyzer edge of an SBCA at 6 = 65 deg. Fig. 9 (b), at the same photon energy, shows
47
48 less than 10% as much broadening (with an opposite sign) for Og = 77.5 deg and a = 14.9 deg.
49 . el g1 .
50 The ray tracing results show the availability of an asymmetric plane at the same energy as
g ; its conventional symmetric counterpart but with improved energy resolution via reduction of
53 Johann broadening. This is further illustrated in Fig. 10, which shows the energy response
54
55 functions corresponding to cases (a) and (b) of Fig. 9. The general consideration that Johann
56
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Figure 12: Cu K XANES measured using a Si(551) analyzer symmetrically and Gy, = (553)
reflection asymmetrically, compared to synchrotron results. At 8978.9 eV, 05 = 0y = 65.2 deg
symmetrically whereas 0g = 77.5 and 6y = 92.5 deg. The asymmetric configuration eliminates
Johann error by operating mechanically at near backscatter. Masking the edges of the
analyzer removes Johann broadening in the symmetric case, whereas masking in the

asymmetric case shows no appreciable difference in energy resolution. Spectra are offset for

error is smallest when the source is near to the SBCA sphere center is also investigated in Table
1, where the most favorable cases with respect to this condition are shown in bold for each
emission line. The asymmetric option from even the single favorable case of a Si(551) analyzer

are always quite close to the best choices among Si or Ge analyzers used symmetrically and is

generally better by this metric.

To show this Johann error reduction in practice, Cu and Zn K XES on the amalgam
sample were measured using both (somewhat unfavorable) symmetric and (rather favorable)
asymmetric configurations. Fig. 11(a) and (b) shows significant difference in the width and
symmetry of the characteristic emission. The symmetric spectrum is broadened with a tail
primarily because of Johann error, as well as some contribution from source size broadening.
Asymmetric reflections with 0y near backscatter have improved energy resolution through

elimination of Johann error. The effect is more evident in Fig. 11(b) as the symmetric Zn
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measurement is far from backscatter at 6 = 58 deg, so broadening is more pronounced. The

standard deviation of the energy response function calculated via ray tracing in the asymmetric

oNOYTULT D WN =

(@)

Ni metal reference foil
G, =Si(551)
— G, =(551)
—— Gy, =(551)
—— Synchrotron

W(E) (arb. units)

cdge

0, =77.8 deg

il

19 8400 8600 8800
Energy (eV)

22 L(b)

Symmetric

Asymmetric

Synchrotron

®
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Figure 13: Ni K XAFS measured using a Si(551) analyzer symmetrically and with the G, =
40 (551) reflection asymmetrically, compared to synchrotron results. Both spectra show

42 agreement with synchrotron data. Spectra are offset for clarity of presentation.

44 case of the Zn measurement was 0.6 eV, compared to 4.6 eV in the symmetric case. The

46 broadening in the asymmetric case is largely from source size effects.

48 To further investigate energy resolution effects, we performed transmission mode

49 XANES and EXAFS studies on metal reference foils in symmetric and asymmetric SBCA

51 configurations. Fig. 12 shows Cu XANES, selected for the well-known shoulder feature in its

53 rising edge, measured symmetrically and asymmetrically with and without analyzer masking and

compared to synchrotron data. Johann error both broadens and shifts the spectra, as shown in the
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unmasked symmetric case having 0g = 0y = 65.2 deg at the absorption edge, and analyzer
masking improves the energy resolution of the symmetric data. However, the asymmetric spectra
are unaffected by analyzer masking as Johann error is eliminated in the optical configuration
with Og = 77.5 and 0y = 92.5 deg, and the asymmetric spectra shows superb energy resolution
with no loss of information compared to the synchrotron reference data.

Next, the Ni K-edge EXAFS was measured symmetrically and asymmetrically using the
Si(551) analyzer and reflections Gy = (551) and Gy,; = (551) and compared to synchrotron data.
The raw EXAFS and y(k) are shown in Fig. 13 (a) and (b). There is again no loss in information
between synchrotron and laboratory XAFS. The symmetric and asymmetric results are identical
here because the Johann broadening in the symmetric case has little effect for spectrally broad

features over the large energy range studied.

IV.B. Synchrotron Measurements

Having demonstrated some benefits of asymmetric Rowland geometry in laboratory x-ray
spectroscopy, we extend the discussion to synchrotron x-ray measurements. Fig. 14 shows the
asymmetric Rowland geometry of the monochromator for a HERFD-XANES measurement,
tuned to the Zn Ko, emission energy for a study of a ZnO thin film. Note that while Si(642) is
the preferred symmetric analyzer, it is an uncommon SBCA and in our case did not exist at any

of the several beamlines performing XES or HERFD at our synchrotron, whereas the Si(211) is

Asymmetric
E =8639 eV
a=10.9°
Opragg = 81.4°
l eMECh. =92.3°

Figure 14: The asymmetric configuration implemented for HERFD-XANES measurements.
Note the longer source-detector chord length (blue arrows), allowing greater flexibility in

special sample environments and less size constraints than a symmetric counterpart.
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relatively common for its (422) reflection to study XES for vanadium. Fig. 15 shows the
HERFD-XANES collected using the asymmetric G, = (642) reflection of a Si(211) SBCA
compared to total fluorescence yield (TFY) results, and shows significant suppression of the Zn
K-shell lifetime broadening This result supports the use of asymmetric configurations for
HERFD and XES at synchrotron light sources. The addition of ‘clock angle’ degrees of freedom
to the common designs for multi-SBCA arrays for HERFD*4¢ would therefore allow hkl-
hopping with increased user convenience, i.e., when a single analyzer is favorable for all user-
desired emission lines in a given study, jumping between the different energy ranges would not
require changing the SBCA and retuning.

We now move to our last study, a demonstration of XRS with an SBCA in an asymmetric
configuration. Here we again used the Si(211) analyzer asymmetrically accessing the G, =
(642) reflection, approximately satistfying the condition 6g + @ = 6y = 90 deg at 8702.9 eV.
The elastic line, measured by scanning the Si(111) double crystal monochromator, is shown in
Fig. 16. The shape and (near) symmetry of the elastic peak illustrates a favorable energy
response function for the experimental realization. The FWHM is 1.25 eV, which is comparable
to the expected resolution of the Si(111) double crystal monochromator without second-crystal
detuning, i.e., the analyzer is adding little broadening in this configuration. In addition, the
source/sample-detector chord length of ~150 mm is quite large compared to that for synchrotron

XRS spectrometers. This is beneficial due to the easier rejection of stray scatter and the larger

1.0f ZnO thin film
= E‘EF P 0,—-81.4 deg
83 0, =92.3 deg
g
=
S 0.6
=,
204
W
=
202t
—
0.0

9650 9660 9670 9680 9690
Energy (eV)

Figure 15: Zn HERFD-XANES measured with G, = (642) of a Si(211) SBCA.
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Figure 16: Elastic lines measured using a Si(211) analyzer asymmetrically G, = (642),
demonstrating Johann error elimination and narrowing of the analyzer response function

when operated asymmetrically.
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Figure 17: XRS of graphite showing elastic, inelastic, and XRS features of C K-edge.

a Bragg angle of 79.1 deg. The elastic peak FWHM is approximately 1.3 eV.

Measured with Si(211) using Gy, = (642). The analyzer was mechanically at backscatter with

clearance for special sample environments. This configuration is best used with a focused beam

to avoid source broadening, given the ~81 deg Bragg angle. We note that asymmetric operation

of curved analyzers have been used before to accommodate unequal source-analyzer and

analyzer-detector chords required by ancillary equipment.3347 However, here we make use of
asymmetric operation to get high energy resolution and large analyzer solid angle together with

good sample-to-detector clearance. Similar resolutions are reported in a prior XRS study using
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the von Hamos (non-Rowland) configuration*®, but it should be noted that contemporary XRS
end stations overwhelmingly use arrays of SBCAs.!%141718 The resulting wide energy scan of the
inelastic x-ray scattering and the C K-edge XRS itself are shown in Fig. 17, main panel and inset,
respectively. The results indeed agree with the well-known spectrum for graphite. While these
results are preliminary, they build on the strength of the prior demonstrations in this paper and
strongly suggest the use of 0.5-m radius SBCA in XRS measurement, especially when a study
requires focusing and thus makes source broadening irrelevant.

We note one detail missing from our present study: 0.5-m SBCA are typically sliced for
strain relief which raises the question of whether the XRS imaging modality that is now is

common use*’** may exhibit some degradation. This is an important topic for further study.
V. Conclusions

We investigate the merits of asymmetric Rowland geometries of spherically bent crystal
analyzers (SBCAs) for laboratory based XAFS and XES as well as for synchrotron studies of
high energy resolution fluorescence detection (HERFD) and x-ray Raman scattering (XRS).
Several benefits of asymmetric operation are demonstrated. First, a single SBCA employed
asymmetrically can use skl hopping to access a large range of crystal planes and corresponding
d-spacings, greatly extending the useful energy range with fine energy resolution compared to
conventional symmetric operation. Second, by satisfying the condition that the source be at least
relatively near to the SBCA sphere center, asymmetric Rowland geometries can mitigate or
eliminate Johann error. Third, asymmetric Rowland geometries can significantly increase the
clearance between sample and detector when the nominally perfect sphere-center geometry can
be used. The combination of suppressed Johann error, larger solid angle (by use of the 0.5-m
SBCA enabled by the elimination of Johann error), and large source-detector distance makes

asymmetric operation an especially appealing paradigm for the design of future XRS endstations.
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