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The design and implementation of new beamlines featuring side-bounce (single-
reflection) diamond monochromators at Cornell High Energy Synchrotron
Source (CHESS) are described. Undulator radiation is monochromated using
an interchangeable set of diamond crystal plates reflecting radiation in the
horizontal (synchrotron) plane, where each crystal plate is set to one of the low-
index Bragg reflections (111, 220, 311 and 400) in either Bragg or Laue reflection
geometries. At the nominal Bragg angle of 18° these reflections deliver
monochromated X-rays with photon energies of 9.7, 15.9, 18.65 and 22.5 keV,
respectively. An X-ray mirror downstream of the diamond monochromator is
used for rejection of higher radiation harmonics and for initial focusing of
the monochromated beam. The characteristics of the X-ray beam entering the
experimental station were measured experimentally and compared with the
results of simulations. A reasonable agreement is demonstrated. It is shown
that the use of selected high-dislocation-density ‘mosaic’ diamond single-crystal
plates produced using the chemical vapor deposition method yields a few-fold
enhancement in the flux density of the monochromated beam in comparison
with that delivered by perfect crystals under the same conditions. At present, the
Functional Materials Beamline at CHESS, which is used for time-resolved in situ
characterization of soft materials during processing, has been outfitted with the
described setup.

1. Introduction

A single-reflection high-heat-load crystal monochromator is a
well known concept for monochromatization of synchrotron
radiation (Lennie et al., 2007; Jiang et al., 2012; Gomez et al.,
2018). The monochromator selects a narrow energy bandwidth
from a wide polychromatic (bending magnet, wiggler) or
multi-harmonic (undulator) spectrum of incoming synchro-
tron radiation using a particular Bragg reflection. The mono-
chromated X-ray beam can be used for a variety of
experiments as long as the chosen photon energy yields a good
signal contrast, and energy tunability in a wide range (AE >
10 eV) is not required. Applications are found using X-ray
imaging, X-ray fluorescence and many methods of X-ray
scattering.

The single-reflection approach has a number of advantages.
For one, a convenient space-preserving beamline layout can
be implemented, especially if the X-rays are reflected in the
horizontal plane (the so-called side-bounce configuration).
Additionally, monochromator motion control is relatively
straightforward due to relaxed angular tolerances. Losses in
diffraction efficiency due to heat-load-induced strain of the
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crystal lattice are minimal for a single-reflection mono-
chromator compared with a double-crystal monochromator,
where the efficiency may be reduced because the second
(thermally undistorted) crystal reflects the divergent beam
emanating from the distorted first crystal (Bilderback et al.,
2000). Also, for a single-reflection monochromator radiation
heat-load mitigation is simplified (e.g. water cooling versus
cryocooling), especially if robust single crystals with low X-ray
absorption and high thermal conductivity like diamond are
employed. These properties of the monochromator’s crystal
are also essential for beam multiplexing solutions at
synchrotrons and XFELs (Als-Nielsen et al., 1994; Griibel
et al., 1996; Juanhuix et al., 2014; Dippel et al., 2015; Zhu et
al., 2014).

In this work, the design, implementation and performance
characteristics of two new side-bounce beamlines at the
Cornell High Energy Synchrotron Source (CHESS) are
reported. These beamlines were built as part of the recent
facility upgrade (CHESS-U). Each of the two beamlines,
designated beamline 2B and beamline 3B, is equipped with an
individual undulator source (Temnykh et al., 2013, 2016) and a
diamond multi-crystal side-bounce monochromator operating
at a set of four fixed photon energies. One of the main chal-
lenges for the beamline implementation was the lack of a
stable supply of large diamond plates of high crystal quality
[i.e. crystals produced using the high-pressure high-tempera-
ture method (HPHT)]. Instead, selected commercially avail-
able chemical vapor deposited (CVD) single crystals were
used. These crystals featured working regions characterized by
a uniformly high dislocation density to increase the reflection
intensities, as well as a minimal effective crystal-lattice
curvature to prevent unpredictable focusing of the reflected
beam and thus any possible substantial increase in the size of
the beam profile (Stoupin et al., 2019a).

The key characteristics of the monochromated beam
(photon flux, energy bandwidth and dimensions of the beam
profile) were measured and compared with the results of ray-
tracing simulations for perfect crystals. Our analysis indicates
that selected imperfect CVD crystals operating in the Laue
(transmission) geometry yield a few-fold enhancement in the
flux density of the reflected beam. This increase, leading to a
relative energy resolution of about AE/E ~ 10>, can be
tolerated by a large number of experiments. The characteristic
sizes of the profiles of CVD diamond-reflected beams in the
experimental station were found to be manageable (e.g.
3 mm x 5 mm), and even beneficial in some experiments (e.g.
an increased field of view for X-ray radiography). One of the
newly constructed beamlines was chosen to host the Func-
tional Materials program at CHESS, where X-ray scattering
and X-ray imaging methods are used to perform materials
research.

2. Beamline layout and operating principles

The layout of the side-bounce beamlines is shown schemati-
cally in Fig. 1. Fig. 1(a) shows the top view illustrating the

Table 1

X-ray source characteristics.
R.m.s. horizontal size, s, 0.57 mm
R.m.s. horizontal divergence, s, 53 prad
R.m.s. vertical size, s, 0.028 mm
R.m.s. vertical divergence, s, 16 prad

horizontal (synchrotron) plane, while Figs. 1(b) and 1(c) show
the side views.

The X-ray source (S) has finite dimensions and finite
angular divergence. The source characteristics, calculated
using the SPECTRA program (Tanaka & Kitamura, 2001)
taking into account the parameters of the storage ring (Shanks
et al., 2019) and the parameters of the undulator (Temnykh et
al., 2013, 2016), are summarized in Table 1.

The divergent X-ray beam (gray in Fig. 1) emitted by the
source is incident on the diamond crystal plate (C) of the
monochromator (a symmetric Laue reflection is illustrated).
The sizes of individual components, and the divergence of the
X-ray beam, are exaggerated for clarity. The reflected beam
(aqua) is converging, which illustrates the effect of pseudo-
focusing in the Laue geometry (Sanchez del Rio et al., 1995).
The beam is either bypassed [Fig. 1(b)] or reflected [Fig. 1(c)]
by the harmonic rejection mirror (M) and intercepted by the
area detector (AD) placed in the experimental station at a
distance corresponding to a nominal sample location. The
undulator beam is restricted by a vertical fixed aperture Ay =
1 mm placed just upstream of the monochromator. There is
no beam-limiting aperture in the horizontal direction. The
monochromated beam can be shaped using two sets of vari-
able slits. The first set (S x SY¥) is placed just downstream of
the monochromator while the second set (Sj; x S{) is placed
near the sample position (upstream of the area detector). The
horizontal slit blades are shown schematically in Fig. 1(a). The
vertical aperture and vertical slit blades are shown schemati-
cally in Fig. 1(b) but omitted from Fig. 1(c) for clarity.

Figure 1

Beamline layout (see text for details). (a) Top view (horizontal/
synchrotron plane), (b) side view of the mode with the beam bypassing
the X-ray mirror, and (c) side view of the mode with the beam reflected
from the mirror.
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Table 2 Table 3
Beamline distances (m). Main design characteristics of the monochromator for beamline 3B.
Distance Reflection Ex (keV) Geometry AE, (eV)
Beamline L L, v qn 9.742 Bragg 3.75
2B 16.95 12.0 115 220 15.907 Laue 6.08
3B 16.84 8.0 125 131 18.652 Laue 713
: : : 400 22.496 Laue 8.59

To preserve the original beam direction after reflection
from the mirror, the scattering plane of the reflection is tilted
by adjusting the monochromator crystal’s azimuthal angle by
an amount

0
Ay =—1m,
sin O

¢y

where 60y is the angle of incidence to the X-ray mirror and 6c
is the Bragg angle of the reflection. A value of 18° was chosen
by design for each of the two beamlines. This arrangement
leads to a vertical offset of the beam by an amount

zy = Ly tan 26y, 2)

where Ly, is the distance from the crystal to the mirror. Values
for Ly, along with the source-to-monochromator distance L,
and monochromator-to-sample distance L,, are given in
Table 2 for the two beamlines 2B and 3B. Given typical values
for 6y of a few milliradians (the optimized value depends
on the working photon energy), the resulting offset is a few
millimetres. While the mirror positions remain fixed, the
mirror can be bypassed by an adjustment of A x of the crystal.
This has been found useful for diagnostic purposes during
beamline alignment and commissioning.

The side-bounce monochromator of each beamline holds
four diamond crystal plates aligned for four different reflec-
tions which correspond to four photon energies of the Bragg
reflected beam. Switching between the reflections requires
translation and angular adjustment of the water-cooled copper
block holding the crystal plates. For each reflection, the
positions of the monochromator and mirror are stored. The
saved positions can be optimized and updated during beam-

(@)

Figure 2

line alignment. After the optimization, switching between
different reflections/energies is achieved by a single software
command. More details on the monochromator are presented
in Section 3.

3. Side-bounce diamond monochromator
3.1. Optomechanical design

The four diamond reflections chosen for the high-heat-load
monochromator on the side-bounce beamlines are 111, 220,
131 and 400. The photon energies corresponding to the
nominal Bragg angles for these reflections are shown in
Table 3. The table also shows the values of the energy band-
widths estimated as

5 , T2
AEtzEX[(AtpcotQC) +s,,,d] : 3)

where Ay =~ 124 prad is the divergence of the incident
undulator beam and &, is the intrinsic relative energy width
of a given diamond reflection (perfect crystal, w-polarization).
Both values are taken as full widths at half-maximum
(FWHM). Estimates by equation (3) are valid for the case of
nearly perfect crystals and represent the total energy band-
width of the reflected beam across the FWHM size.

Each of the reflections required a separate diamond crystal
plate. The arrangement of the plates is shown schematically in
Fig. 2(a) for the 3B beamline monochromator. The undulator
beam (gray) is incident on a particular reflector. The reflected
beam is shown in aqua. In the figure, the 111 reflector is being
used. This reflector has a slightly asymmetric Bragg geometry

Optomechanical design of the monochromator. (a) Optical arrangement of the diamond plates for the 3B beamline with respect to the incident (gray)
and reflected (aqua) beams and the block holding the plates. (b) A picture of the block (made of nickel-plated copper) holding the diamond plates (3B
beamline). (¢) Mechanical assembly of the monochromator (see text for details).
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denoted by the asymmetry angle 7. A rectangular copper
block holding the crystals is tilted at 6 with respect to the
incident beam. The edges of the block serve as an angular
reference for the alignment of the crystal plates on the block.
The schematic for the 2B beamline is similar except that all
reflectors are aligned in Laue (transmission) geometry.

Fig. 2(b) shows a picture of the block holding the diamond
plates. The water-cooled block, which is removable, is made of
nickel-plated copper. The reflectors are installed using adjus-
table clamps, which support the lower portion (approximately
half) of each plate and restrain each plate’s motion with only
minimal applied pressure. The lower portions of the plates are
in thermal contact with the block using InGa eutectic (viscous
liquid at room temperature), while the upper (working)
portions are exposed to the undulator X-ray beam. The basic
idea of the described crystal-mounting scheme was based on a
preliminary design of diamond monochromators at the Linac
Coherent Light Source (LCLS). This preliminary design,
however, was not adopted at the LCLS in favor of an alter-
native solution (Stoupin et al., 2014).

Fig. 2(¢) shows the mechanical assembly of the mono-
chromator. The block holding the reflectors is placed, via
bellows, in a vacuum chamber connected to the supporting
structure. The chamber can be translated in the horizontal
(synchrotron) plane using a pair of linear translation stages (x
and y directions). These translations enable centering of a
particular reflector on the incident beam. A viewport in the
chamber enables video monitoring of luminescence in the
diamond plates excited by the incident X-ray beam, thus
providing visual alignment confirmation. The linear transla-
tion stages are installed on a segmented circle stage, which
performs azimuthal rotation (x) of the crystal. The segmented
circle stage is placed on an elevation stage (z direction) having
a range of motion which permits complete retraction of the
plates from the incident beam. Finally, at the base of the
assembly is the rotation stage controlling the scattering angle
(). To accommodate the copper lines that supply the cooling
water, the angular ranges of motion for x and 6 are limited to
about £5°. Therefore, accurate placement of the reflectors on
the block is essential.

3.2. Choice of the diamond crystals

Based upon the horizontal source size and the divergence
parameters of the X-ray source, the nominal horizontal size of
the incident X-ray beam at the monochromator’s location is
calculated to be about b, >~ 2.5 mm (FWHM). Therefore, at
the Bragg angle of 6- = 18°, the length of the crystal plate
required to intercept the beam size in the Bragg geometry is
I, =b,/sin 6. = 8.1 mm. High-quality HPHT diamond crystal
plates of such lengths and a specified crystallographic surface
orientation are not widely available. The advantages of using
high-quality (nearly perfect) crystals in the Bragg geometry
are wavefront preservation and very high reflectivity (nearly
100% for diamond). Fortunately, it was possible to acquire one
large plate with a close to 111 surface orientation. The 0.5 mm
thick plate was fabricated by New Diamond Technology

60, [prad] 3 AQ [urad] 30
13 13
12 !y 12
1= v 2
11 1} ] \ 11
10 = 10 2
9 1 9
= 8 8
g 7 0 7 28
>~ 6 6
5 1 5
4 4 57
3 3
-2
111 2 2
f 1 1
0 - 0 26
01234567 01234567
x [mm] x [mm]
Figure 3

Rocking-curve topographs for the large diamond plate, which was chosen
as the 111 Bragg reflector in the high-heat-load monochromator of
beamline 3B. The topographs show peak position (86,,) and curve width
(A0). The dashed rectangle (~8.5 x 1.8 mm) shows a region of reason-
ably good quality. The projection of the 111 reciprocal vector on the
surface of the plate is shown with a black arrow (3.3° miscut).

(Russia). It was characterized with rocking-curve X-ray
topography in the double-crystal nondispersive configuration
using an Si 220 asymmetric beam conditioner (Stoupin et al.,
2016) and a photon energy of ~8 keV on the 1-BM beamline
(Macrander et al., 2016) at the Advanced Photon Source
(Argonne National Laboratory). Rocking-curve topographs
showing peak position" 86,, and curve width? A@ are presented
in Fig. 3. The dashed rectangle (~8.5 x 1.8 mm) shows a
region of reasonably good quality. The variation in the curve
width in this region was found to be < 0.5 purad root-mean-
square (r.m.s.) and the variation in the peak position across
the region was about 3 prad (excluding edge effects). The
surface orientation was found to be 3.3° off the (111) plane
(polishing miscut). The misorientation direction is shown in
Fig. 3 using the projection of the 111 reciprocal vector (black
arrow) on the crystal surface. The crystal was employed as the
111 reflector (photon energy 9.74 keV) in the monochromator
of beamline 3B.

CVD single-crystal plates procured from Applied Diamond
were used for all other reflectors. These plates featured lateral
sizes of 7 x 7 mm (square), a thickness of 1 mm and a uniform
high dislocation density of p > 1 x 10° cm™2. The dislocation
density was greater than what conventional X-ray topography
techniques can resolve (Bowen & Tanner, 1998), as confirmed
in our prior study (Stoupin et al., 2019a), which included
white-beam Laue X-ray topography. This resulted in an
increase in the reflection intensities due to the enhancement of
the effective intrinsic energy bandwidth (Stoupin et al., 2018,
2019b). The CVD plates were of two distinct crystallographic
orientations: plates of the first type had a nominal (110) edge

! The peak position was determined as the average of the angular positions
(mid-point) of the left slope and right slope of the curve; the slope positions
correspond to the half-maximum level.

2 The curve width was calculated as the difference between the slope positions,
thus representing full width at half-maximum.
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orientation (i.e. 110 reciprocal vector normal to the edge of
the plate), while plates of the second type had a nominal (100)
edge orientation. For plates of both types, the nominal
orientation of the working 7 x 7 mm surface was (001). The
average crystallographic orientation was measured using a
Multiwire X-ray back-reflection instrument at Cornell Center
for Materials Research. The precision of this instrument was
approximately 0.2°. The measured angular deviations from the
nominal orientation did not exceed 3°. The measured angular
deviations were taken into account during initial alignment
of the plates on the copper block. To achieve a convenient
arrangement of the plates with respect to the nominal hori-
zontal and vertical directions of the beamline layout, the 111
and 220 Laue reflectors were of the first type [(110)-edge
orientation], while the 131 and 400 reflectors were of the
second type [(100)-edge orientation]. In this scheme, orien-
tation of the 131 reflector on the block required an azimuthal
rotation of ~18° with respect to the top surface of the block, as
illustrated in Fig. 2(b) (the edge of the 131 reflector is tilted
with respect to the top surface of the block). Selection of the
best crystal plates was performed using X-ray rocking-curve
topography (Stoupin et al., 2019a). Maps of the effective
radius of curvature in the scattering plane were calculated
using spline interpolation of the rocking-curve peak position
across the plates. Plates with working regions of relatively
large effective radius of curvature (R, > 30-70 m) were
selected. This criterion was used to prevent defocusing due
to an unknown effective lattice curvature and the related
substantial increase in the size of the reflected beam.

4. Beamline characterization and simulation
4.1. Experiment and simulation details

In this work we report the results of characterization on
beamline 3B due to more detailed measurements conducted
on this beamline. The results of studies of the CVD diamond
reflectors on beamline 2B were found to be similar, bearing no
contradiction to our conclusions. The characterization was
performed while the storage ring was operated at a positron
current of 50 mA, generating a substantial heat load for
the primary optical components (the maximum operational
current is set at 200 mA). No indication of a substantial
change in the monochromator’s performance was found
during more recent tests conducted at 125 mA.

Profiles of the monochromated beams were imaged using
the area detector (AD, as shown in Fig. 1). The adjustable slits
So and S; were fully open. An attenuator (a stack of Si wafers)
was placed in front of the area detector to prevent image
saturation. With the beam bypassing the X-ray mirror [cf.
Fig. 1(a)], it was found that the signal on the detector was
affected by higher radiation harmonics. Therefore, inter-
pretation of images collected in this mode requires caution.

X-ray flux characterization was performed using an N,-
filled ionization chamber of length 6 cm and an online calcu-
lator (Revesz, 2007). The mass—energy absorption coefficient
taken at the corresponding photon energies (Hubbell &

Seltzer, 2004) was assumed as the mechanism responsible for
the production of electric current in the ionization chamber.

The slit S, openings (gaps) were set to S = 2 mm and S =
6 mm (essentially not limiting the beam in the vertical direc-
tion), while the gaps of slit S; were set to 2 mm X 2 mm.

The undulator K parameter was optimized by maximizing
the intensity passing through both slits onto the ionization
chamber. The radiation bandwidth was measured using a
crystal analyzer operating at Si 111 and Si 333 reflections
[symmetric Si(111) crystal] using a method developed by
Batterman et al. (2021).

Ray tracing was performed using Lux, which is a program
based upon the BMAD toolkit (Sagan, 2006) for charged-
particle and X-ray simulations. The simulations assumed a
Gaussian source with the nominal parameters of Tables 1, 2
and 3. Perfect diamond crystals were modeled with a specified
thickness and asymmetry parameters corresponding to the
values measured for the actual crystal plates. The aperture Ay
and the effective crystal size in the horizontal direction were
the beam-limiting apertures in the simulations of the full beam
profiles. In the simulations of the X-ray flux, slits Sy and S
(2 mm x 2 mm gaps) were introduced at the corresponding
locations. These settings were consistent with the experi-
mental conditions. The measured parameters and those of ray-
tracing simulations are summarized in Table 6.

4.2. Diamond 111 Bragg reflector

The data for the 111 reflector represent an important
benchmark for evaluation of the beamline performance since,
assuming symmetric reflection of a perfect crystal, the radia-
tion wavefront of the reflected beam should be preserved.
The beam profile is expected to be that of the corresponding
undulator harmonic (Gaussian, to a good approximation),
propagated to the observation plate of the detector and
clipped by the Ay aperture and by the lateral effective size of
the crystal in the horizontal direction (~2 mm). Therefore, the
beam profile is expected to be Gaussian but truncated in the
vertical direction (the beam size is expected to be comparable
with the vertical aperture size of 1 mm) and, less prominently,
truncated in the horizontal direction (due to the much larger
horizontal divergence and the source size).

The images of the beam profiles collected for the 111
reflector under different conditions are shown in Fig. 4. In
these tests, the mirror was set to 6y = 3.8 mrad, and the
undulator was optimized to achieve maximum flux at its third
harmonic. Fig. 4(a) shows a profile of the beam bypassing the
X-ray mirror. Fig. 4(b) shows a profile of the beam reflected
from the mirror while the mirror benders’ positions are set to
minimize the curvature. Fig. 4(¢) shows a profile of the beam
reflected from the mirror while the mirror benders are set to
provide best focusing at the detector position. The contour
lines represent the two-dimensional Gaussian fits of the
profiles, while the side plots show center slices (in the hori-
zontal and vertical directions) of the profiles (blue lines) and
the slices of the corresponding Gaussian fits (black lines).

J. Synchrotron Rad. (2021). 28, 429-438
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Images of the beam profiles collected with the area detector (AD) for the 111 reflector in different conditions: (a) the beam bypasses the X-ray mirror,
(b) the beam is reflected from the mirror while the positions of the mirror’s benders are set to minimize its curvature, and (c) the beam is reflected from
the mirror while the benders are set to provide best focusing at the detector position.

Table 4

Vertical and horizontal beam sizes (FWHM) for the 111 reflector at the
detector position: calculated using equation (4), measured with the
monochromated beam both bypassing the mirror and in reflection from it,
as well as simulated using ray tracing for a crystal of concave shape with a
radius of curvature R = 70 m.

Condition d, (mm) d, (mm)
Nominal beam 3.36 0.95
Mirror-bypassed beam 2.37 1.13
Mirror-reflected beam 2.14 0.89
Simulation (BMAD) 2.29 0.93

The measured beam profiles in Figs. 4(a) and 4(b) reveal
noticeable deviation from the Gaussian shape in both vertical
and horizontal directions. The profile in the vertical direction
is affected by the mirror’s imperfections. It is difficult to
quantify the vertical size exactly (due to the combined effect
of the aperture and that of the mirror imperfections), yet it
seems to be close to the nominal expected size. The latter can
be calculated as
= [52, +52(L, + Lo)] ", )

azyr
where s, is the size of the source and s;, is the source
divergence (Table 1). Table 4 summarizes the calculation of
the nominal beam sizes according to equation (4), along with
the observed values estimated using the Gaussian fits.

The size of the focused beam for an ideal focusing lens is
d, = [(L, — Ly)/(L, + Ly)]s,, which is approximately 24 pm
(FWHM) in the present case. The measured size of the
focused beam in Fig. 4(c) is 47 pm. An estimate of the increase
in the focused beam size due to the mirror’s spherical aber-
rations was performed using an expression by Susini (1995).
The estimated increase was found to be ~5 pm. Therefore, the
discrepancy between the measured size and that of the ideal
lens is dominated by other imperfections of the mirror such as
slope errors and micro-roughness.

The measured horizontal size of the beam without focusing
is about 1 mm less than the nominal horizontal size. Note that
it remains approximately the same in the two conditions,
which suggests that the presence of higher radiation harmo-
nics [Fig. 4(a)] and imperfections of the X-ray mirror are not
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Figure 5
The beam profile on the detector simulated using ray tracing for the 111
reflector with a radius of curvature R = 70 m (concave shape).

the primary reasons for the observed mismatch. The mismatch
can be explained by crystal bending due to imperfect
mounting. We performed a ray-tracing simulation to quantify
the radius of curvature R, which leads to the observed
reduction in the horizontal size. The ray tracing was
performed for the slightly asymmetric 111 diamond reflection
n = 3.3° in the geometry of the experiment (including the
beam-limiting aperture, which is a combination of Ay and the
lateral size of the crystal).® Fig. 5 shows the simulated beam
profile of the 111 reflector assuming R = 70 m and a concave
shape with respect to the incident beam.

The case of the 111 reflector includes known objects and
quantities (undulator radiation, a nearly perfect crystal
affected by mounting strain, an X-ray mirror and a set of
apertures/slits) and where X-ray propagation is well under-
stood using the simple principles of geometric optics and
available ray-tracing tools. The estimates and simulations
show that the performance characteristics of the 111 reflector
are not ideal, but the discrepancies can be explained using
realistic imperfections.

3 Note that the limited lateral size of the crystal and the asymmetry of the
reflection cannot explain the observed discrepancy.

434 s Stoupin et al. - Side-bounce beamlines at CHESS
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4.3. CVD diamond Laue reflectors

Scattering from misoriented blocks within an imperfect
crystal leads to an increase in the angular divergence, not only
in the scattering (horizontal) plane but also in the vertical
plane [see e.g. Wuttke (2014)]. As a result, the size of the beam
profile inevitably increases in both dimensions. At the same
time, the integrated reflectivity of the CVD crystal can be
greater by an order of magnitude or more (Stoupin et al.,
2018). For those experiments which do not require the high
energy resolution provided by perfect crystals (AE/E ~10™%),
an increase in the total available size of the beam can be
considered an advantage provided that the flux per unit area
(flux density) is not reduced. The resulting enlarged beam can
then be limited by an aperture and/or focused on a sample
using secondary optics (Stoupin et al., 2019b) without a
substantial loss in the throughput of the experiment.

The beam profiles of the 220, 131 and 400 CVD diamond
Laue reflectors measured in the characterization experiments
are shown in Figs. 6(a)-6(c). These profiles were measured for
the beams reflected from the X-ray mirror with the mirror’s
benders set to minimize the mirror’s curvature. Adjusting the
positions of the benders in the available motion range in an
attempt to focus the beam onto the detector did not yield any
appreciable reduction in the beam size. This outcome indicates
that the distortion of the radiation wavefront by the CVD
diamond reflectors does not permit re-imaging of the radiation
source.

The measured profiles are compared with the corre-
sponding beam profiles simulated using ray tracing in perfect
crystals in Figs. 6(d)-6(f). An increase in the characteristic
sizes of the beam profiles is observed for the CVD reflectors
compared with the profiles of the corresponding perfect-

Table 5

Characteristic dimensions (FWHM) of the beam profiles for the 220, 131
and 400 diamond reflectors: measured using the area detector (dy, dy)
and simulated using ray tracing for perfect crystals (d, d).

Reflector d¢ (mm) dy (mm) d} (mm) dy (mm)
220 4.8 3.1 1.8 0.9
131 3.4 1.2 1.4 0.9
400 4.0 24 1.8 0.9

crystal simulations. The sizes of the increased profiles can be
reasonably quantified using 2D Gaussian fits, as shown by the
side plots in Fig. 6 showing the center slices of the profiles and
the corresponding projections of the 2D Gaussian fits. For
all profiles in Fig. 6, the corresponding characteristic sizes
(FWHM) are summarized in Table 5. The profiles of the 220
and 400 reflectors permit comfortable beamline operations
with nearly flat beam profiles slit-limited to 2 x 2 mm.

The profile of the 131 reflector [Fig. 6(b)] has an obvious
tilted appearance. The fits include a rotation angle as a fit
parameter. The fitted tilt was approximately 24°. The origin of
the rotation of the beam profile appears to be related to the
direction of a contour of equal lattice orientation in the
corresponding CVD diamond plate, as evident from the
results of rocking-curve topography (see supporting infor-
mation for details). This effect could be useful for tailoring the
beam profile to the needs of an experiment at the primary
stage of beam monochromatization.

5. Photon flux and energy bandwidth

Table 6 provides a summary of the measured energy band-
width AE® and the photon flux F° along with the values from
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(a)-(c) Beam profiles of the 220, 131 and 400 CVD diamond Laue reflectors measured using the area detector, and (d)—(f) beam profiles of the

corresponding reflectors simulated using ray tracing for perfect crystals.
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Table 6
Summary of 3B beamline characterization parameters (S, and S; slit gaps
set to 2 mm X 2 mm).

K is the undulator parameter, U, the undulator harmonic, AE" the energy
bandwidth (FWHM) from the ray-tracing simulation (perfect-crystal model),
AE* the measured energy bandwidth (FWHM), F' the photon flux from the
ray-tracing simulation combined with SPECTRA calculations, F° the
measured photon flux, G = F/F' x A'/A° the gain in the photon flux density
(A' = dd} from Table 5, and A° = 2 x 2mm). Note that the theoretical
(simulated) flux numbers are corrected for the transmission of a high-heat-
load limiting filter (0.75 mm of graphite), the transmissivity of a 0.5 mm thick
Be window and the reflectivity of the X-ray mirror (~90%).

AE' AE°
Reflector K U, (V) (eV)

F' (photons
per second)

F* (photons
per second) G

111 232 3 28 1.4 (0.5) 1.9 x 10% 1.3 x 10" NA
220 235 5 40  9(1) 6.9 x 10" 43 x 10" 25
131 211 5 55 12(3)  3.5x 10" 2.2 x 10" 2.0
400 208 6 62  22(1) 22 x10" 1.7 x 10" 3.1

the ray-tracing simulations (AE", F'). It also provides the
undulator K parameters and the undulator harmonics U,
chosen to maximize the undulator output at the corresponding
operating photon energies of the reflectors. As mentioned
above, due to the high quality of the crystal, the 111 reflector
case represents an important benchmark in the analysis of the
resulting values. From the comparison of the experimental
and simulated bandwidths, it appears that the measurement
method somewhat underestimates the ray-tracing result of
2.8 eV (derived for a crystal with a radius of curvature R =
70 m). At the same time, the measured photon flux is about
40% less than the simulated value. This mismatch could be
related to a number of factors, including non-ideal perfor-
mance of the undulator and non-ideal alignment of all indi-
vidual optical components to the common optical axis. Thus,
further analysis should take into account possible under-
estimation of the photon bandwidth and the maximum avail-
able photon flux. Nevertheless, the measured value of the
photon flux corresponding to the CVD reflectors is greater by
a factor of at least 6. A comparative metric that is more
relevant for the purpose of performance evaluation is the flux
density gain G = F°/F' x A'/A°, where A' = dd} (from Table 5)
and A° = 2 mm X 2 mm. The flux density gain is reported in
the last column of Table 6. The calculation takes into account
the characteristic sizes of the simulated beams, which are less
than 2 mm x 2 mm (see Table 5).

6. Applications

Recent experiments conducted on the 3B beamline were
focused on a direct-ink-write 3D printing process using
epoxy-nanoclay fiber-reinforced composites. These studies
serve as an example to illustrate the capabilities and range of
applicability for the beamline. Among the relevant experi-
ments conducted on the 3B beamline, some were focused on
fiber alignment kinetics during 3D printing (Croom et al.,
2021), while others were focused on studies of the filler
morphology of the printed parts (Trigg et al., 2021).

Fig. 7 (top) shows a schematic of the 3D printing process,
involving an ink-extruding nozzle where fiber alignment was
investigated using in situ X-ray radiography/phase-contrast
imaging (PCI), and the printed roadmap where the
morphology of the cross section was investigated using small-
angle X-ray scattering (SAXS) in raster-scanning mode.

The in situ X-ray radiography/PCI was performed using
the 15.9 keV X-ray beam of the 220 CVD diamond reflector.
Sequences of images were acquired using an ANDOR Neo 5.5
CMOS area detector equipped with an LuAG:Ce scintillator
crystal using frame rates up to 25 frames per second. The
nominal pixel size of the area detector, taking into account the
5x optical magnification, was 1.3 pum. The velocity field was
determined using particle-image velocimetry (PIV), which
evaluated the motion of fibers through the nozzle (Willert &
Gharib, 1991). Accurate PIV measurement with a spatial
resolution of ~100 pum was demonstrated under flow condi-
tions with velocities up to 2.7 mms~'. Fig. 7(a) shows an
example of the calculated velocity field near the tip of the
nozzle, superimposed on a selected detector frame (radio-
graph).

The SAXS mapping of the roadmap’s cross section on the
microscale was performed using the 9.7 keV X-ray beam of
the 111 diamond reflector. A secondary focusing optics
(compound refractive lens) was used to create an
~2.5 x 10 um beam with a photon flux of approximately
10" photons s~'. The SAXS data were collected by a Pilatus
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Figure 7

Studies of a direct-ink—write 3D-printing process using epoxy-nanoclay
fiber-reinforced composites, which illustrates the beamline capabilities.
(Top) A schematic of the process involving an ink-extruding nozzle where
fiber alignment kinetics was investigated using in situ X-ray radiography/
phase-contrast imaging (PCI), and the printed roadmap where the
morphology of the cross section was investigated using small-angle X-ray
scattering (SAXS). (a) An example of the calculated velocity field near
the tip of the nozzle, superimposed on a selected frame (radiograph).
(b) A map of the cross section, showing the extent of nanoplatelet
orientation extracted from the SAXS dataset.
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200K detector using a ‘flyscan’ mode, in which the sample was
translated continuously in the vertical direction while the
detector was triggered at each 5 pm (0.1s) interval. Each
vertical sweep of the sample was followed by a horizontal
sample translation and vertical carriage return. The mapped
area was 1.82 mm x 1.55 mm (vertical x horizontal). Each 2D
map took approximately 3.5 h to complete. Fig. 7(b) shows the
image of the cross section where the mapped parameter is the
extent of nanoplatelet orientation extracted from the SAXS
dataset (Trigg et al., 2021).

These recent experiments were performed while the storage
ring was operated at a positron current of 50 mA. Further
enhancements to the in situ beamline capabilities due to
improved image statistics are anticipated upon the planned
transition to storage-ring operations at 200 mA.

7. Summary

In summary, we have reported on the design and imple-
mentation of beamlines featuring side-bounce (single-
reflection) diamond monochromators at the Cornell High
Energy Synchrotron Source. Undulator radiation is mono-
chromated using an interchangeable set of diamond crystal
plates reflecting radiation in the horizontal (synchrotron)
plane, where each crystal plate is set to one of the low-index
Bragg reflections 111, 220, 311 or 400. At the nominal Bragg
angle of 18° these reflections deliver monochromated X-rays
with photon energies of 9.7, 15.9, 18.65 and 22.5 keV, respec-
tively. The 111 reflector is a nearly perfect diamond crystal
plate implemented in the Bragg (reflection) geometry, while
the remaining reflectors are selected high-dislocation-density
single-crystal CVD diamond plates implemented in the Laue
(transmission) geometry.

The case of the 111 reflector serves as a benchmark to
compare the results of experimental measurements of the
reflected beam characteristics (size of the beam profile,
photon flux and energy bandwidth) and those of ray-tracing
simulations. A reasonable agreement is demonstrated. In the
other cases [crystal plates oriented in the Laue (transmission)
geometry] it is shown that the use of the pre-selected CVD
diamond plates yields a two- to three-fold enhancement in the
flux density of the monochromated beam in comparison with
the simulated flux density delivered by a perfect crystal. This
enhancement is accompanied by an increase in the energy
bandwidth, which can be tolerated by a large number of
synchrotron experiments (e.g. radiography, small- and wide-
angle X-ray scattering, or X-ray fluorescence). At the same
time, the enlarged sizes of the beam profiles provided by the
CVD crystals (resulting from the increased angular divergence
upon reflection from an imperfect high-dislocation-density
crystal lattice) can be considered an advantage for certain
experiments (e.g. an enlarged field of view in radiography).

In this work, beamline characterization was performed
while the storage ring was operated at a positron current of
50 mA. No indication of a substantial change in the mono-
chromators’ performance was found during more recent tests
conducted at 125 mA. A four-fold increase in the reported

value of the photon flux is anticipated at the final stage of the
storage-ring commissioning where it will be routinely oper-
ated at 200 mA. Thus, the photon flux of the monochromated
beam could reach values as high as 1 x 10" photons s™' in
certain cases.

During the facility upgrade, two similar beamlines were
implemented featuring slightly different monochromator-to-
sample distances. At present, one of the implemented beam-
lines hosts the Functional Materials program, where X-ray
scattering and X-ray imaging methods are used to perform
materials research (e.g. studies of the direct-ink-write 3D-
printing process).
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