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Abstract: We report on the design, implementation, and perfor-
mance of an x-ray monochromator with ultra-high energy resolution
(AE/E ~ 2.7 x 1078) and high spectral efficiency using x rays with photon
energies E ~ 9.13 keV. The operating principle of the monochromator is
based on the phenomenon of angular dispersion in Bragg back-diffraction.
The optical scheme of the monochromator is a modification of a scheme
reported earlier [Shvyd’ko et al., Phys. Rev. A 84, 053823 (2011)], where a
collimator/wavelength selector Si crystal was replaced with a 100-um-thick
type Ila diamond crystal. This modification provides a very-small-energy
bandwidth AE ~ 0.25 meV, a 3-fold increase in the aperture of the accepted
beam, a reduction in the cumulative angular dispersion rate of x rays
emanating from the monochromator for better focusing on a sample,
a sufficient angular acceptance matching the angular divergence of an
undulator source (= 10 urad), and an improved throughput due to low x-ray
absorption in the thin diamond crystal. The measured spectral efficiency
of the monochromator was ~ 65% with an aperture of 0.3 x 1 mm?. The
performance parameters of the monochromator are suitable for inelastic
x-ray spectroscopy with an absolute energy resolution AE < 1 meV.
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OCIS codes: (120.4140) Monochromators; (340.6720) Synchrotron radiation; (300.6560)
Spectroscopy, x-ray; (230.1480) Bragg reflectors; (220.1920) Diamond machining.
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1. Introduction

High-resolution x-ray monochromators for hard x-rays (£ ~ 10 — 20 keV) with energy band-
widths AE ~ 1 —0.1 meV are indispensable tools for inelastic x-ray scattering (IXS) spec-
troscopy [1-3], nuclear resonant scattering spectroscopy [4, 5], ultra-precise crystal lattice
parameter measurements [6—8], x-ray interferometry [9], X-ray metrology, and for other ap-
plications in x-ray science. Different monochromator designs utilize common principles of
x-ray crystal optics (see [10] for a review). Monochromatization to bandwidths as small as
~ 0.13 meV has been demonstrated [11], however, with a low efficiency of a few percent. High-
efficiency ~ 40 — 70% can be achieved in monochromatization to bandwidths ~ 1 — 0.8 meV
[12, 13]. Here we present a hard x-ray monochromator with a unique combination of a very
small 0.25-meV bandwidth, a very high 65% efficiency, and steep spectral tails. The monochro-
mator is designed for applications in ultra-high-resolution IXS; however, it can be used in other
research fields as well.

The operating principle of the monochromator is based on the effect of angular dispersion in
Bragg diffraction from asymmetrically cut crystals [10, 14—16]. The basic implementation of
angular dispersive (AD) x-ray optics involves three major functional crystal elements: a colli-
mator (C), a dispersive element (D), and a wavelength selector (W). The C element collimates
the incident x-ray beam. The D element transforms the spectral spread of x rays into an angu-
lar spread. The W element acts as a wavelength selector, selecting the waves within a desired
angular, and thus spectral, interval [10, 16].

Angular dispersive x-ray optics can achieve sub-meV bandwidths, a very large angular ac-
ceptance of ~ 100 urad, and steep tails of the spectral functions. The realized previous AD
optical schemes [16-20] are highly suitable as analyzers for IXS spectrometers [10]. Spectral
efficiencies of ~ 16-20% were demonstrated.

In this work we show that design of AD optics can be optimized to yield x-ray monochro-
mators with an unmatched performance in terms of spectral efficiency and energy resolution
characteristics. The demonstrated efficiency and superior spectral properties render AD x-ray
monochromators perfectly suitable for IXS with very-high-energy resolution.
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The paper is organized as follows: In Sec. 2, we briefly describe previously demonstrated
AD optics, and how it can be modified to a highly efficient hybrid silicon-diamond monochro-
mator. In Sec. 3, details of the design and theoretical simulations of the spectral properties
of the monochromator are presented. Experimental details are given in Sec. 4. Sections 5, 6,
and 7 describe performance characteristics of the monochromator. The design and measured
performance parameters are summarized in Sec. 8.

2. From CDFDW to hybrid CDDW optics

The recent implementation of an AD optical unit [18,19] to obtain highly monochromatic x rays
with unique spectral properties includes three single crystals as shown in Fig. 1. The first crystal
(CFW) plays the role of a collimator (C) upon the first asymmetric Bragg reflection, a filter (F)
in transmission due to the anomalously high transmission effect, and a wavelength selector (W).
After the first reflection the collimated x-ray beam is incident on a strongly asymmetric second
crystal Dy, which acts as a dispersive element (D). A portion of the dispersion fan emanating
from D enters the anomalous condition for transmission through the CFW crystal. This portion
is further dispersed by a second dispersive element D, (identical to D) with doubled angular
dispersion rate and subsequently reflected from the CFW crystal, now performing the function
of the wavelength selector. Thus, this particular implementation of AD optics has an acronym
CDFDW.

Unlike conventional diffracting optics, the spectral bandwidth of AD optics does not directly
relate to intrinsic energy widths of Bragg reflections [10]. DuMond diagram analysis yields the
following estimate for the spectral bandwidth of the CDFDW unit [18]:

AE  ABL+ABy

E  4tanmp 1)

where AB[. is the angular divergence of x rays after the collimator, Afy is the angular ac-
ceptance of the wavelength selector, and 7np is the asymmetry angle of the D crystals (angle
between the reflecting atomic planes and the crystal surface).

The particular design of the CDFDW optics presented in [18] is advantageous for an ana-
lyzer. The large asymmetry of the Bragg reflection from the CFW crystal results in the favor-
able combination, first, of the large angular acceptance enabled by the C reflection; second,
of anomalous transmission, enabled by the F transmission; and third, of the small bandwidth,
enabled by the W reflection. However, this design is not optimal for a monochromator. The
use of highly asymmetric reflections results in serious drawbacks. First, the large asymmetry
in the C reflection increases the size of the reflected beam and requires very long D crystals to
accept the entire beam. Second, due to its large asymmetry the W reflection enhances dramat-
ically the cumulative angular dispersion rate of the entire system [19,21]. Angular dispersion
due to asymmetric reflections changes the position of the virtual source and, therefore, may
significantly impair focusing of x rays on the sample after the monochromator [22-24].

These problems can be mitigated and the CDFDW design can be better adopted for
monochromator applications using higher indexed Bragg reflection of the CFW crystal with
reduced asymmetry. This can still provide sufficient angular acceptance of the optics for the
incident beam from an undulator source with a ~ 10 — 15-urad angular divergence and enable
very high spectral resolution by keeping A6/ and Afw small (see Eq. (1)). However, the re-
duced asymmetry will deteriorate anomalous transmission and thus efficiency of the CDFDW
optics. The problem can be solved by avoidance of the anomalous transmission condition while
using a low-absorbing crystal material, such as diamond, to substantially reduce losses in trans-
mission. Recent advances in fabrication of high-quality diamond crystals and their use in high-
resolution, low-loss x-ray optics [25-30] enable practical realization of this approach.
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CFW

D,

Fig. 1. Scheme of the previously implemented CDFDW optics [18, 19]. The first crystal
(CFW) plays the role of a collimator (C) upon the first asymmetric Bragg reflection, an
anomalous transmission filter (F), and a wavelength selector (W). After the first reflection
the collimated x-ray beam is incident on a strongly asymmetric second crystal Dy. The x-
ray beam reflected from D enters the condition for anomalously high transmission through
the CFW crystal. The transmitted beam is further dispersed by a second dispersive element
D, with doubled angular dispersion rate and subsequently reflected from the CFW crystal,
now performing the function of the wavelength selector. The effect of angular dispersion at
the exit of the CDFDW optics is illustrated by an exaggerated divergent fan where photons
of different energies propagate at different reflection angles. Only angular dispersion of the
exit beam is shown for clarity.

In the following it is demonstrated that use of a thin diamond crystal with a special
asymmetry as a collimator/wavelength-selector in AD x-ray optics yields a high-energy-
resolution monochromator with an unmatched performance at an intermediate hard x-ray en-
ergy (= 9 keV). With such an operating energy, the monochomator is perfectly suitable to both
high- and medium-energy storage-ring synchrotron radiation facilities, as well as x-ray free-
electron lasers (XFEL). The reduced x-ray absorption in the collimator/wavelength selector
results in a substantial improvement in the spectral efficiency of the monochromator (~ 65%)
and in the absence of the anomalous transmission condition (at the expense of some broadening
in the tails of the spectral resolution function). The modified monochromator has a narrower
spectral bandwidth of ~ 0.25 meV due to the optimized angular acceptance/divergence charac-
teristics and a reduced angular dispersion rate of the monochromatized x rays for better focusing
on a sample. Due to absence of the anomalous transmission the monochromator can be used
away from the exact backscattering geometry, thus avoiding potential problems with intensity
losses due to multiple Bragg diffraction.

3. Design and theory

The optomechanical scheme of the monochromator in the dispersion plane is shown in Fig. 2(a).
Figure 2(b) is a three-dimensional representation of the path of the x-ray beam through the
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(b)

sub/meV beam

Fig. 2. (a) Optomechanical scheme of the monochromator (see text for details); (b) a three-
dimensional representation of the path of the x-ray beam through the monochromator.

monochromator. The scheme comprises three diffracting crystals and five consecutive interac-
tions of x rays via particular Bragg diffraction conditions. The implemented angular degrees of
freedom are shown by rotation arrows. The angular degrees of freedom in the dispersion plane
(a plane composed by the reciprocal vectors of the participating Bragg reflections and normals
to the crystal surfaces) are denoted as 0, (:)D] , and ®D2- Note that the angle 0 corresponds to
rotation of the entire optical assembly in the dispersion plane. The other angular degrees of
freedom }p,, ¥p,, Xc, and @c represent rotation of crystals in the planes perpendicular to the
dispersion plane. These angular motions facilitate optical alignment of the monochromator.

An x-ray beam from a double-crystal, high-heat-load pre-monochromator (not shown in the
figure) with an energy bandwidth of AEx ~ 0.57 eV and with an angular divergence of the
undulator source (=~ 10 prad) is incident on a diamond CW crystal. The diamond 133 Bragg
reflection with an asymmetry angle n¢ = 48° is utilized. In the first interaction the diamond
crystal plays the role of a collimator. The reflected beam collimated by the asymmetric di-
amond 133 reflection is incident on a dispersing element D; [Si (008) crystal with a large
asymmetry angle np = 88°]. The Bragg reflection from D, in the vicinity of the exact back-
scattering condition produces an angular dispersed x-ray beam (dispersion fan) where different
reflection angles correspond to different photon energies. In the third interaction the dispersion
fan is transmitted through the diamond crystal with little absorption.

We note that unlike the CDFDW optics, there is no substantial enhancement of the transmit-
ted intensity in the anomalous transmission condition due to low x-ray absorption and smaller
asymmetry of the diamond crystal. Thus, transmission through the diamond crystal does not
perform the function of a spectral filter F and an appropriate acronym for the monochromator
is therefore CDDW.

In the fourth interaction the dispersion fan transmitted through the diamond crystal is re-
flected from D, element, which is identical to D;. This enhances the angular dispersion by a
factor of two. In the final fifth step, a small fraction of the dispersion fan emanating from D,
crystal; is reflected from the diamond crystal, which now plays the role of the wavelength selec-
tor (W). This results in a dramatic reduction in the spectral bandwidth. The described interac-
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tions are illustrated below using theoretical calculations of energy-dependent x-ray reflectivity.
Crystal parameters used in the calculations are given in Table 1.

Table 1. Elements of the CDDW optics and their crystal and Bragg reflection parameters
as used in all dynamical theory calculations and in the experiment: h,k, [, Miller indices
of the Bragg diffraction vector H; 1y, asymmetry angle; 6y, glancing angle of incidence;
by = —sin(6y =1y )/ sin (6 F Ny ), asymmetry ratio; AE;‘;) and A6}, Bragg’s reflection
intrinsic spectral width and angular acceptance in symmetric scattering geometry, respec-
tively; and d, crystal thickness. X-ray photon energy E = 9.1315 keV.

Crystal/ H NH Oy by AEIS_I AQI“; d
function (hkl) (deg) (deg) (meV) (urad) (mm)
Cw/C 133 480 56.1 -0.145 399 6.5 0.1
D /D 008 88.0 89.9 -1.1 25 1870 20
CW/W 133 48.0 56.1 -6.9 39.9 6.5 0.1

Figure 3 shows the energy dependence of reflectivity calculated using the dynamical theory
of x-ray diffraction from crystals upon each consecutive interaction in the monochromator.
The origin of the energy scale corresponds to the backscattering energy Eo ~ 9.1315 keV of
the Si 008 reflection with the asymmetry angle 1p = 88°. The calculations were performed
in the two-beam approximation under the assumption that the reciprocal vectors of all Bragg
reflections lie in the dispersion plane. The silicon and diamond crystals were assumed to be
perfect crystals at a temperature of 300 K. A Gaussian angular distribution with a standard
deviation of 5 urad was assumed for the incident beam. Angular offsets of 200 prad from the
exact back-scattering angles to the D crystals were used in the calculations. According to the
theory, the energy bandwidth of the monochromator is AEy; ~ 0.246 meV (full width at half
maximum or FWHM) and the peak throughput (maximum reflectivity) is 7 ~ 58%. We note
that Eq. (1) yields AEy; ~ 0.39 meV, which is a slight overestimation of the energy bandwidth
typical for DuMond analysis [10]. However, this estimate is very helpful in the design of AD
optics since it demonstrates functioning of the optics and provides an estimate for the energy
bandwidth.

For comparison, a Gaussian function of the same energy width (FWHM) is plotted in Fig. 3
(dashed line) as an example of a distribution with steep tails. We note that unlike the CDFDW
optics [18], the absence of anomalous transmission in the design of the monochromator does
not allow us to approach the tails of the Gaussian distribution over several orders of magnitude
in theory. Nevertheless, the resulting tails of the spectral resolution function are much steeper
than those of a Lorentzian distribution found in conventional backscattering optics.

Another important characteristic of AD optics is the cumulative angular dispersion rate of
the output x-ray beam. For optics used as a monochromator, this angular dispersion rate should
be minimized to avoid defocusing of x rays on the sample [22-24]. The opposite situation of a
large cumulative dispersion rate is particularly beneficial for the analyzer, which enables hard
x-ray spectrographs [19].

The cumulative dispersion rate of the CDDW optics can be estimated as 2 ~ 2bw Zp [19].
In the present case, the asymmetry ratio of the wavelength selector is by = -6.92 and the disper-
sion rate of the D-crystal is Zp ~ 6.27 urad/meV . Thus, Z, ~ —87 urad/meV. This value is
about three times less than the value of —314 urad/meV demonstrated earlier for the CDFDW
unit having a Si (022) CFW-crystal with a greater asymmetry ratio bw [19].

If x rays emanating from the monochromator are focused on a sample using an optical fo-
cusing element with a focal distance of f ~ 1 m, the minimum possible size of the focal spot
will be Ax = fPUAEy =~ 20 um. This is consistent with design values for inelastic x-ray spec-
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Reflectivity

Fig. 3. Dynamical theory calculations of the spectral distribution of x rays after each suc-
cessive reflection indicated by number and color, from the crystals of the angular dispersive
monochromator. Black dashed line shows a Gaussian distribution of the same full width at
half maximum. The insert shows the same distributions on the linear scale in the vicinity
of the Si 008 backscattering energy Ey.

trometers.

Finally, due to a reduced asymmetry ratio of the CW crystal, the vertical size of the beam
accepted by the monochromator is increased in comparison to that of the CDFDW unit if the
length of the D crystal remains unchanged. The 3-fold increase results from the choice of the
CW Bragg reflection with the by asymmetry ratio reduced by a factor of 3. The vertical accep-
tance estimated using simple geometrical considerations is

L
s = —sin(6c + 1c) ~ 0.46 mm, 2)
bw

where L = 90 mm is the length of the D-crystal used in the experiment. For comparison, the
CDFDW unit has a maximum vertical acceptance of ~ 0.15 mm for the same length of the
D crystals. This optimization of the vertical acceptance allows us to increase the photon flux
delivered by the monochromator.

4. Experimental

The optomechanical design of the monochromator is based on that of the CDFDW optics
[31-33]. The Si (022) CFW crystal was replaced by a thin diamond CW crystal with the 133
working Bragg reflection. Requirements on the crystal geometry and orientation are summa-
rized in Fig. 4(a) showing a side and top view sketch of the desired crystal. A small miscut
angle o = 1.5° from the (001) crystal plane yields an asymmetry angle 1¢ = 48° for the work-
ing Bragg reflection, which is an optimal design value for the CDDW monochromator.

Type Ila diamond single crystals were grown at the Technological Institute for Superhard and
Novel Carbon Materials (Troitsk, Russia) using the temperature-gradient method at high static
pressure and high temperature (e.g., [26]). After the crystallization process, diamond crystals
were cut by a laser from the {001} growth sector furthest from the seed and mechanically
polished to fabricate crystal plates with a thickness of about 100 um. The miscut angle o was
deliberately introduced and verified after polishing.
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Fig. 4. (a) Side and top view sketch of the desired crystal showing the requirements on
diamond (133) crystal geometry and orientation. The arrows and Miller indexes denote
reference reciprocal vectors. The miscut angle & = 1.5° from the (001) crystal plane yields
the desired asymmetry angle n¢ = 48° for the working diamond 133 Bragg reflection. (b)
A photograph of the diamond crystal with dimensions scale given in mm. The dashed box
represents the maximum size of a footprint of an x-ray beam in the working configuration
of the monochromator. (c) X-ray Lang topograph of the diamond crystal obtained using
C 220 reflection in transmission (Laue) geometry. Crystal orientation in (b) and (c) is the
same as in (a) (top view).

White-beam x-ray topography using a laboratory source was performed to determine lattice
directions in the crystals. To reveal information about crystal defects and to select the best crys-
tal plate, x-ray Lang topography was performed using an XRT-100 x-ray topography instrument
(Rigaku) equipped with an Ag K source.

Figure 4(b) shows a photograph of the selected plate. For the incident beam with a cross
section of 0.5 x 1 mm?, the expected footprint on the diamond is about 3.3 x 1 mm?, as shown
in Fig. 4(b) by a dashed box (working region).

Figure 4(c) shows a Lang topograph obtained in transmission (Laue geometry) using C 220
reflection. The orientation of the diamond plate as shown in Figs. 4(b) and 4(c) corresponds to
that of Fig. 4(a) (top view).

The results of Lang topography suggest an absence of crystal defects in the working region.

Synchrotron experiments were performed at the undulator beamline 30-ID at the Advanced
Photon Source at Argonne National Laboratory. To improve heat exchange and the overall ther-
mal stability the entire CDDW monochromator assembly was held in a helium atmosphere.
In addition, each D-crystal was placed into an enclosure with a heating element. The heating
elements were operated by a control loop feedback mechanism including temperature sensors
attached to each D-crystal. During the course of the measurements the temperature of the D
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Fig. 5. Scheme of the experimental setup detailing the measurement of the spectral res-
olution function of the CDDW monochromator using a high-energy-resolution analyzer
(CDFDW+W). The scheme shows the setup in the horizontal scattering plane plane. A
spatial separation of the eV beam transmitted through the CW diamond crystal (red) and of
the monochromatized sub-meV beam (green) is accomplished using angular offsets in }¥p,
and ¥p,. The eV beam is blocked by slits while the sub-meV beam is transmitted through
the high-energy-resolution analyzer and measured using a detector (Det).

crystals was controlled with an accuracy of ~ 1 mK (rms) using at least two temperature sen-
sors for each crystal (to ensure uniform temperature distribution). The resulting possible photon
energy deviation due to mismatch in temperatures of individual crystals and non-uniform tem-
perature distribution was negligible [~ 0.04 meV (rms)].

To accommodate the geometrical acceptance of the monochromator (Eq. (2)) and to avoid
edge effects, the size of the primary eV beam was limited to 0.3 x 1.0 mm? (vertical x horizon-
tal) using a slit. The photon flux of the eV beam accepted by the slit was ~ 1 x 103 photons/s.
The slit was placed at a distance of ~ 30 m from the source, which limited the angular di-
vergence of the eV beam to ~ 10 prad. It is possible that an additional angular divergence
originates from small angle scattering of the primary beam from the blades of the slit. The
monochromator was placed at a distance of ~ 37 m from the source. Thus, the design value
for the vertical acceptance of the monochromator (0.46 mm) limits the angular spread of the
incident beam to a maximum value of ~ 12 urad.

The diamond CW crystal diffracts x-ray photons within a 130-meV bandwidth with close-
to 100% reflectivity. The rest of the primary incident x-ray beam, having a 0.57-eV band-
width, is transmitted through the monochromator slightly attenuated by the diamond crystal.
The monochromatized x-ray beam (sub-meV beam) resulting from interactions 1-5 (Section 3)
propagates in the same direction as the transmitted beam with a vertical offset of only ~ 100 um
(the thickness of the diamond crystal). The intensity of the sub-meV beam is weaker by more
than three orders of magnitude than that of the eV beam. It is clear that in a coplanar diffraction
geometry (all reciprocal vectors lie in the same dispersion plane) the two beams will over-
lap. In order to separate the eV beam and the sub-meV beam, angular offsets in }¥p, and }p,
were introduced, which resulted in a deflection of the sub-meV beam in the horizontal plane as
shown in Fig. 5. The eV beam was then blocked by a slit. This non-coplanar geometry is also
illustrated in Fig. 2(b).

The angular deviation Ay of the sub-meV beam from the transmitted eV beam is achieved
by variations of angles %, of the D crystals (n=1,2):

1
Ay, = 7ZAXCOSZGC 3)

These variations change the glancing angles of incidence to the reflecting atomic planes, such
that the new value 6, is related to the old value 6p, as follows:

sin @~ sin6p, coSAXp, . 4)
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The change in the glancing angles of incidence may result in an energy change of the monochro-
matized x rays. In our experiment, Ay = 2.2 mrad, A}, ~ 0.2 mrad and A6, ~ — 55 urad.
The corresponding energy change is only |[AE | ~ 1 meV.

5. Tuning reflectivity curves

The main tuning curves of the monochromator are shown in Fig. 6 (filled circles, solid lines).
Insets in each subfigure show schematically directions of crystal rotations in the angular scans
and the path of the x rays to the detector (det). The curves are in a reasonable agreement
with theoretical calculations performed in the two-beam approximation (dashed lines). The
theoretical calculations were performed under the assumption that all reciprocal vectors of the
reflections lie in the dispersion plane.

Figure 6(a) shows an angular dependence of x-ray reflectivity after the first interaction. The
FWHM of the curve (93 urad) is correctly predicted by the theory. This value is larger than the
intrinsic width of the asymmetric diamond 133 Bragg reflection (A6c = A8S //b¢c ~ 17.1 pirad)
due to the energy spread of the incident radiation (AEy ~ 0.57 eV).

Figure 6(b) represents the angular dependence of x-ray reflectivity after the third interac-
tion in the vicinity of exact backscattering from D;. A drop in intensity is observed in the
experimental data in an angular range of about 100 urad (FWHM). This drop is greater than
the one predicted using the two-beam approximation. The approximation takes into account
only one channel for x-ray intensity loss, the diamond 133 reflection of the beam backscattered
from the D; crystal, as shown by the gold arrow in the inset of Fig. 6(b). The larger observed
intensity drop can be attributed to additional losses due to multiple-beam diffraction in back-
scattering. In order to avoid such losses, a positive angular offset from the exact backscattering
6@D1 ~ 200 urad was introduced, as illustrated by the green-filled arrow in the figure.

Figure 6(c) shows x-ray reflectivity from all crystals of the CDDW monochromator as a
function of @D . Measurement of this curve serves as a confirmation for the presence of the sub-
meV beam passed through the monochromator and is the final step in the alignment procedure.

Figure 6(d) shows x-ray reflectivity from all crystals of the monochromator as a function of
the common rotation angle 8, thus representing the angular acceptance of the monochromator
for the eV beam. The resulting angular width of the curve (~ 21 urad) can be understood as
a convolution of the intrinsic angular acceptance of the first reflection (~ 17 urad) and the
angular divergence of the incident eV beam (~ 12 urad).

Energy tuning of the monochromator is accomplished by the simultaneous rotation of the
D crystals in opposite directions as shown in the inset of Fig. 7, in the same way as for the
CDFDW optics [18]. The relationship between the angular and the energy scales is given by

60 = 6—EtannD, 5)
Ey
where 00 and 8E are accordingly angular and energy deviations from the exact backscatte-
ring [18]. The measured angular tunability range of the monochromator is 57 purad (FWHM),
which corresponds to an energy range of ~ 18.2 meV. This is shown by the second x-axis scale
in Fig. 7 in units of photon energy. The total energy tunability range can be increased by varying
the temperature of the D crystals.

6. Spectral resolution function

This section provides details on the measurement of the spectral resolution function of the
CDDW monochromator. A scheme of the experimental setup in the dispersion (vertical) plane
is shown in Fig. 8(a). The energy bandwidth of the monochromator was evaluated using an ex-
isting CDFDW unit in combination with a Si (022) channel-cut crystal (+W). The use of a +W
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Fig. 6. Main tuning curves of the CDDW monochromator (filled circles and solid lines),
representing angular dependencies of reflectivity of x rays: (a) from the CW crystal, as a
function of éc; (b) from the CW crystal, from the D; crystal, and transmission through
the CW crystal, as a function of ®DI ; (c) from all crystals of the CDDW monochromator
(i.e., after all five interactions) as a function of (:)Dz; (d) from all crystals of the CDDW
monochromator as a function of 6. The last curve represents the angular acceptance of the
CDDW monochromator for the eV beam. The dashed lines show results of numerical cal-
culations using the dynamical theory of x-ray diffraction in the two-beam approximation.
The insets in each subfigure show schematically the directions of crystal rotations in the
angular scan and the path of the x rays to the detector (det). To avoid intensity losses due
to proximity to exact backscattering, an angular offset 5®D| ~ 200 urad was applied as
shown in (b) by the green-filled arrow. The gold arrow in the inset of (b) shows the x-ray
beam reflected consecutively from the D crystal in backscattering and backwards from the
diamond crystal

element allows us to select a narrow bandwidth of AE ~ 0.1 meV from the energy bandwidth
of CDFDW (AE ~ 0.4 meV) [21]. The experimentally measured curve is shown in Fig. 8(b)
(filled circles). A theoretical curve (solid line) was calculated using a convolution of the spec-
tral distribution functions of the monochromator and the CDFDW +W analyzer. The spectral
bandwidths of the two curves match with good accuracy. The bandwidth of the spectral resolu-
tion function of the CDDW monochromator can be estimated assuming that the CDFDW +W
analyzer has a theoretical bandwidth of 0.08 meV and that the two can be added in quadrature
to yield the measured value of 0.263 meV. The resulting bandwidth AEjy; = 0.25 +0.01 meV
(FWHM) is consistent with the theoretical value (0.246 meV).

A Gaussian (dashed line) and a Lorentzian (dash-dotted line) functions with the same FWHM
are plotted for comparison. The spectral tails of the resolution function are only slightly worse
than those predicted by the theory, yet about an order of magnitude steeper than those of the
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Fig. 7. Energy tuning curve of the CDDW monochromator (solid circles and lines) per-
formed by simultaneous variation of angles (:)Dl and C:)D2 (as shown in the inset) The dashed
line shows the result of numerical calculations using dynamical theory of x-ray diffraction
in the two-beam approximation.

Lorentzian function at an offset of a few meV from the peak. This is particularly important in
inelastic x-ray scattering experiments to resolve low-intensity inelastic features in the proximity
to the elastic line. The measured resolution function suggests that the spectral function of the
monochromator provides a dynamic range of ~ 103 at an energy offset of about 2 meV (i.e.,
high spectral contrast).

7. Spectral efficiency and delivered photon flux

Another important characteristic of the performance of the monochromator is the spectral effi-
ciency:

Iy AEx
- Ix AEy
Here, Ix is the photon flux of the incident eV beam, I, is the photon flux of the sub-meV beam,
and AEx /AE)y is the ratio of their energy bandwidths. The spectral efficiency given by Eq. (6)
is not to be confused with the theoretical peak throughput, which is T ~ 58% (see Fig. 3).
The theoretical spectral efficiency is &y ~ 68%. The measured value ~ 65 % was slightly
lower that the theoretical prediction, which can be attributed to crystal imperfection. Still, it
is exceptionally high compared with that of the existing high-energy-resolution multicrystal
monochromators (e.g., [11,34-38]).

The measured photon flux of the sub-meV beam after the monochromator was 1.8 x 10°
photons/s with the nominal incident eV beam size of 0.3 x 1.0 mm? (vertical x horizontal).
With an increase in the incident beam size an increase in the delivered flux was obtained up to
3.3 x 10” photons/s, however, the spectral efficiency dropped to ~ 52 %.

(6)

Em

8. Summary and conclusions

The design and measured performance parameters of the CDDW monochromator are summa-
rized in Table 2.

In conclusion, we have designed, built, and evaluated a hybrid diamond-silicon angular-
dispersive x-ray monochromator, which can be used for high-energy-resolution inelastic x-ray
scattering. It has an energy resolution of AE ~ 0.25 meV and spectral efficiency of 65 %.
The monochromator utilizes x rays with a photon energy of ~ 9 keV. Therefore, it is appli-
cable both at high-energy and at medium-energy storage ring synchrotron radiation facilities,
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Fig. 8. (a) Scheme of the experimental setup in the dispersion (vertical) plane. (b) Spec-
tral resolution function of the CDDW monochromator against CDFDW +W analyzer. The
experimental spectral resolution function is shown by filled circles; the black solid line
shows spectral resolution function calculated using the dynamical theory of x-ray diffrac-
tion. Other functions with the same FWHM are shown for comparison: Gaussian (dashed
line) and Lorentzian (dash-dotted line).

as well as at XFEL facilities. The operation of the monochromator is based on the effect of
angular dispersion in Bragg diffraction from asymmetrically cut crystals. It does not rely on
the intrinsic energy widths of Bragg reflections. This, in combination with a choice of low ab-
sorbing diamond crystal for a collimator/wavelength selector, allows us to overcome the energy
resolution versus efficiency trade-off of conventional high-energy-resolution x-ray optics. The
demonstrated spectral efficiency of the monochromator is particularly remarkable considering
the small spectral bandwidth and the operating x-ray energy.

Other advantages of the monochromator in comparison to the CDFDW optics implemented
earlier are the 3-fold increase in the aperture of the accepted beam and the reduction in the cu-
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Table 2. Design and measured parameters of the CDDW monochromator: AEy;, FWHM
of the spectral resolution function; 8 E)y, accessible energy range (FWHM) provided by
angular tunability (Eq. (5)); A6y, angular acceptance; V, maximum (theory) and nominal
(experiment) vertical acceptance; €y, spectral efficiency [Eq. (6)]; and /), delivered photon
flux at the 30-ID undulator beamline with the incident beam cross section of 0.3 x 1.0 mm?.
AEy 5EM ABy |4 Em Iy
(meV) (meV) (urad) (mm) (%) (ph/s)
Theory 0.246 23.5 17 0.46 68 -
Experiment ~ 0.25 18.2 17 032 65 1.8x10°

mulative angular dispersion rate of the outgoing x rays for better focusing on a sample. The an-
gular acceptance of the CDDW monochromator (~ 17 prad) is about five times smaller than the
angular acceptance of the CDFDW optics. However, it perfectly matches the angular divergence
of an undulator source. The measured performance parameters of the monochromator are suit-
able for non-resonant inelastic x-ray spectroscopy with an absolute energy resolution < 1 meV
and other high-energy-resolution applications.

Finally, we demonstrate a working application of the state-of-the-art diamond crystal tech-
nology in high-resolution x-ray optics. Physical properties of diamond, such as high thermal
conductivity, low thermal expansion, low x-ray absorption, and high radiation hardness make
it a preferable material for x-ray optics at synchrotrons and XFELs. Due to the choice of a thin
diamond crystal as the primary crystal, operation of the monochromator is feasible with the
intense self-seeded incident XFEL beam [29] in beam-sharing mode [39]. The monochromator
does not transmit photons within a narrow energy band of ~ 105 meV (the intrinsic energy
width of the first reflection), which is smaller than the energy width of the self-seeded x-ray
beam (=~ 0.5 eV). The photons outside of the narrow energy band are transmitted through the
diamond crystal (= 50 % transmission at 9.13 keV) and can be delivered to the next experi-
mental station. The transmission can be improved using thinner diamond crystals.
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