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High-reflectivity high-resolution X-ray crystal

optics with diamonds

Yuri V. Shvyd'ko'*, Stanislav Stoupin’, Alessandro Cunsolo"?, Ayman H. Said' and Xianrong Huang?

Owing to the depth to which hard X-rays penetrate into
most materials, it is commonly accepted that the only way
to realize hard-X-ray mirrors with near 100% reflectance
is under conditions of total external reflection at grazing
incidence to a surface. At angles away from grazing incidence,
substantial reflectance of hard X-rays occurs only as a
result of constructive interference of the waves scattered
from periodically ordered atomic planes in crystals (Bragg
diffraction). Theory predicts that even at normal incidence
the reflection of X-rays from diamond under the Bragg
condition should approach 100%—substantially higher than
from any other crystal. Here we demonstrate that commercially
produced synthetic diamond crystals do indeed show an
unprecedented reflecting power at normal incidence and
millielectronvolt-narrow reflection bandwidths for hard X-rays.
Bragg diffraction measurements of reflectivity and the energy
bandwidth show remarkable agreement with theory. Such
properties are valuable to the development of hard-X-ray
optics, and could greatly assist the realization of fully coherent
X-ray sources, such as X-ray free-electron laser oscillators'3.

Diamond is a material with superlative physical qualities: high
mechanical hardness, high thermal conductivity, high dispersion
index, high radiation hardness, high hole and electron mobilities,
low thermal expansion and chemically inert!. Technological
applications of diamond crystals are increasing not only in the
traditional fields of cutting, grinding and polishing tools, but
also in high-tech applications, such as diamond-based electronic
devices, wide-bandgap radiation detectors, ultraviolet-emitting
diodes, biochemical sensors, high-pressure cells and thermal sinks,
to name only a few. Very recently, diamond crystals have been
identified as indispensable for the realization of X-ray free-electron
laser oscillators (XFELOs), next-generation hard-X-ray sources of
the highest average and peak brightness and extremely narrow
bandwidth"?. The special role of diamonds in the feasibility of the
XFELOs is due to their outstanding reflectivity for hard X-rays in
Bragg diffraction, thus far only predicted in theory (Fig. 1a).

The high reflectivity of crystals in Bragg diffraction is inti-
mately connected with the perfect crystal structure. Progress in
fabrication, characterization and X-ray optics applications of syn-
thetic diamonds was substantial in the past decade®. Still the
diamond crystals available commercially as a rule suffer from
defects: dislocations, stacking faults, inclusions, impurities and so
on. Synthetic high-purity (type Ila, low nitrogen content) crystals
grown with a high-pressure, high-temperature technique are gen-
erally considered to have the highest crystal quality and the lowest
density of defects among commercially available diamonds'®".
X-ray topography studies have demonstrated crystals with relatively
large ~4 x 4 mm? defect-free areas'’. However, critical outstanding
questions remain open. Can the remarkably high reflectivity of

a 1.00
R
.
0.98 1
L3
< 0971
0.96 1
0954 °
5 10 15 20 25
Ey (keV)
b
oyl
10° R
~ 0 .0":::".‘
g. 2 o ’::" ¢
:‘/I 102* - 0“0. °
L]
5 * .. °
2 .
e T T T T T
5 10 15 20 25
E,, (keV)
c 21 e
1024 .
% 5 L] 0‘ . .
£ 2 * o’ .
= . .’.o .o
105 e .
< 5 ’00...'.'.0.'.
LYY LY
21 .x...:o:..”o.
5 10 15 20 25
Ey (keV)

Figure 1| Calculated peak reflectivity, interaction length and reflection
energy bandwidth for X-rays in Bragg backscattering from diamond for
all allowed reflections with Bragg energies E,, up to 30 keV. a, Peak
reflectivity R,,. b, Crystal thickness L, required to attain the peak reflectivity
R,,. €, Energy width AE,,. The upper set of points in a and ¢ and the

lower set in b represent the even Bragg reflections in diamond. The
complementary set of points represents the odd reflections. The crosses
indicate the theoretical results for the (995) Bragg reflection used in the
experiment. Calculations are carried out using the dynamical theory of
X-ray diffraction in thick crystals, as described, for example, in ref. 14.

diamond crystals that is predicted in theory be achieved in practice?
Is the quality of the diamond crystals available at present sufficiently
high for practical use as high-reflectivity X-ray mirrors for XFELOs
and other highly advanced technology applications relying on
high crystal perfection?

Here, we show that commercially available synthetic diamond
crystals, of type Ila, have a high degree of perfection with ~10’
perfectly arranged, strictly periodic crystallographic planes of
atoms. Almost theoretical values were measured for the spectral
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Figure 2 | Reflectivity of X-rays in backscattering as a function of photon energy, according to dynamical theory'" calculations. Solid lines: the
(995) Bragg reflection in diamond, E,, = 23.77 keV. Dashed lines: the (19 7 5) Bragg reflection in Si, with a comparable Bragg energy £, =23.80 keV.
a, Thick crystals d > L,,. b, Crystal thickness d= 0.4 mm, as in the experiment.

width AE =2.9meV, and for the reflectivity R = 89%, in Bragg
diffraction at normal incidence to the reflecting atomic planes
of hard X-rays with photon energy E = 23.7 keV. The reflectivity
is several times higher than the reflectivity of Si crystals under
similar conditions. These findings open up vistas for entirely new
highly advanced technology applications of diamonds and new
opportunities in X-ray optics, in particular.

Total (100%) reflection is achieved in Bragg diffraction of X-rays
from crystals provided, first, there are no losses in the crystal
owing to, for example, photoabsorption, and, second, the crystal is
sufficiently thick. Bragg diffraction is a coherent scattering process
from periodically arranged atomic planes. The extinction length
L™ measures the interaction depth of X-rays with the crystal
lattice in Bragg diffraction. It is an invariant value for each Bragg
reflection. Typically a crystal thickness of ~10L" is required to
achieve total reflectivity'®. Figure 1b shows the dynamical theory
calculations for L, = 10L™ for all allowed Bragg reflections in
diamond, defined by the diffraction vector H (H =2x/d,, d, is
the interplanar distance). For a larger H, that is, for a larger Bragg
energy (E, = hc/2d,—photon energy at backscattering, with & as
the Planck constant and ¢ as the speed of light in vacuum), thicker
crystals are required to achieve the maximum reflectivity (Fig. 1b).

The thicker the crystal, the smaller the energy width AE of
the Bragg reflection (Fig. 1c). The relative energy width AE/E of
the Bragg reflection is

where N; = d/d, is the number of atomic planes through crystal
thickness d (ref. 14). Thus, E/AE measures the quantity of the
perfectly arranged atomic planes in the crystal contributing to Bragg
diffraction; AE/E is a fingerprint of the crystal perfection.

In reality, photoabsorption always exists, and 100% reflectivity
is never achievable. However, the peak reflectivity could be close
to 100% provided the photoabsorption length P! in the crystal is
much larger than the extinction length: LP* > L. This is fulfilled
for crystals with a high Debye temperature and composed of low-Z
atoms. The high Debye temperature ensures rigidity of the crystal
lattice, and thus the smaller number of atomic planes required for
maximum reflectivity. The low Z ensures larger photoabsorption
lengths. Diamond, Be, BeO, AL O3, SiC and so on are among
attractive crystals. However, diamond, owing to the superlative
qualities mentioned above, is most favourable. Figure la shows
the peak reflectivity values in diamond in Bragg backscattering.
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More than 99% reflectivity is predicted by the dynamical theory
calculations for Bragg reflections with E, > 10keV. Debye-Waller
factors are calculated using a Debye temperature of 2,200 K. The
results shown in Fig. 1 were calculated for backscattering, which
is a representative case, with the smallest reflectivity for the
given Bragg reflection.

To probe larger crystal depths, reflections with large Bragg
energies E, have to be used. In the present studies, the (995) Bragg
reflection is used with E,, = 23.765keV. To achieve the theoretical
reflectivity of R, =0.99, a crystal with d > L, ~ 1 mm thickness
is required. Such a crystal should show a Bragg reflection spectral
width of AE, =2.3 meV (Fig. 2a). The dashed line in Fig. 2a shows
for comparison the reflectivity from Si, the (19 7 5) Bragg reflection,
for photons with a similar energy. The Debye temperature of Si
(~540K), which is smaller than in diamond, reflects a less rigid
atomic lattice, requiring more atomic planes (thicker crystals:
d > L, >~ 3 mm) to attain maximum reflectivity. In silicon, L, be-
comes comparable to the photoabsorption length LP! and results in
asignificantly lower reflectivity, as compared with that of diamond.

A typical size of crystals used in these studies is ~8 x 4 mm? with
a thickness d >~ 0.4 mm. The latter is, however, smaller than L, of
the (995) Bragg reflection. For diamonds with d >~ 0.4 mm, theory
predicts a larger value for the spectral width AE, (d) = 2.8 meV,
and a smaller although still very high value for peak reflectivity
R, (d) =0.92 (Fig. 2b). The dashed line in Fig. 2b shows a much
lower reflectivity of Si of the same thickness for comparison.

A white-beam X-ray topogram of a selected diamond is shown
in Fig. 3a. The image is produced by the (113) Bragg reflection and
indicates that the crystal is of relatively high quality in most of
the central and upper regions. The main defects in these regions
include a few dislocations (fine black lines), a relatively large
stacking fault (the black ribbon) and some small stacking faults
close to the dislocations. In the central part, there are a few
millimetre-squared areas free of defects. In the lower part of the
crystal, the crystalline quality is worse with stacking faults and
dislocations mixed together.

In the next step, the Bragg reflectivity of the selected crystal
was measured with highly monochromatic X-rays as a function of
photon energy in nearly exact backscattering geometry. Figure 4
shows the experimental set-up. X-ray photons with energies close to
the Bragg energy E,, = 23.765 keV of C(995) are monochromatized
to a bandwidth AE, >~ 1 meV, which is smaller than the expected
energy width AE, (d) =2.8 meV of the C(995) Bragg reflection.

Reflectivity curves as a function of the X-ray photon energy
are measured with the X-ray beam illuminating different parts of
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Figure 3 | X-ray images of the sample diamond crystal. a, White-beam X-ray topogram of the diamond crystal plate in transmission. b,¢, Colour maps for
the relative spectral width, AE/AEmin (b), and the relative peak reflectivity for the (995) Bragg reflection, R/Rmax (€), at different points on the diamond
crystal, measured with a 23.765 keV X-ray photon beam of 0.7 x 0.7 mm? cross-section. The beam footprint is larger than the pixels on the colour maps,
and has been reduced in size to allow for direct comparison with the underlying white-beam topogram.

High-heat-load
monochromator

High-resolution

Undulator monochromator

APD, APD,

]
23.7 keV
X-rays

{ Bandwidth } {Bandwidth } Bandwidth
=100 eV =1.7 eV AE, =1meV

‘*\_(-\. mmn
‘2@ (995) ﬁz

0=2x10"4 Diamond

|, =025m

=10m

Figure 4 | Experimental set-up. (See the Methods section for details.) The diamond reflectivity measurements were carried out with £ = 23.7 keV X-rays.
An extremely highly monochromatic X-ray beam was used with a bandwidth of AEx >~1meV, smaller than the energy width of the studied

C(995) reflection. The monochromatization is achieved by successive applications of two X-ray monochromators: the high-heat-load diamond
monochromator and a Si HRM. The highly monochromatic beam impinges on the diamond crystal, placed at a distance ~10 m downstream from the HRM.
The (995) planes in the diamond crystal are oriented with a very small angular offset © >~ 4 x 10~* rad from normal incidence. X-rays are reflected with a
scattering angle deviating from 180° by 2@ and detected by an avalanche photodiode APD;. The small deviation © from normal incidence ensures a
negligible contribution of the angular spread in the incident beam on the reflectivity measurements. The APD; detector is used to measure the

absolute reflectivity.

the crystal. An avalanche photodiode APD; is used as the X-ray
detector. The colour maps of the relative energy widths and relative
peak reflectivities are shown in Fig. 3b and ¢, respectively. The
results reveal an inhomogeneous quality of the crystal. However,
in agreement with the topography studies, the regions with a small
defect density feature a narrow energy width and high reflectivity
(red pixels), that is, high perfection.

The filled circles in Fig. 5a show an experimental energy
dependence of the Bragg reflectivity, representative among those
with the narrowest energy width. The dependence is plotted on a
logarithmic scale. Figure 5a, inset, shows the same dependencies on
a linear scale. The energy width is AE = 2.9 meV, which matches
perfectly the expected AE,(d) = 2.8 meV, if the photon energy
spread AE, =1 meV is also taken into account. The oscillations on
the wings in Fig. 5a are due to the interference of the waves reflected
from the front and the rear crystal surfaces. This interference is
another fingerprint of high crystal quality. The period is E; = hc/2d
(ref. 14). This simple relation allows one to directly ascertain
the crystal thickness to be d = 415(5) um. The dotted line in
Fig. 5a shows the results of the calculations of the reflectivity for a
d = 415(5)-um-thick crystal, for perfectly monochromatic X-rays.
The solid line represents similar calculations, assuming a 1 meV
broad Gaussian distribution of X-ray photon energies, as in the
experiment. The experimental curve in Fig. 5a is scaled to best fit
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the tails of the theoretical curve. The scaling factor is the only free
parameter. Comparison shows a remarkable agreement between
the measured and calculated dependencies, in the shape and the
energy width. The only difference is that the peak value ~0.87(1)
of the scaled experimental curve is slightly smaller than the peak
reflectivity of R, (d) =0.91, expected in theory.

Direct measurements of the absolute reflectivity are carried out
using detector APD,. It counts the photons scattered from a double-
layered 2 x 20 um low-absorbing (~0.2%) Scotch Magic Tape,
installed in the incident and reflected beams 0.25 m upstream from
the diamond crystal (see Fig. 4). A value proportional to the net
intensity I (E) = I + Iz (E) of X-ray photons incident on the crystal
and reflected from the crystal is measured. The absolute crystal
reflectivity is then determined as R(E) = [I(E) — L]/[L,(1 — A)],
assuming that I, = I(E) when the photon energy is detuned
from the reflection peak: E > E, & 20 meV. Taking into account
absorption of photons propagating 0.5m in air from the tape
to the crystal and back, and in the tape, A = 0.029. The filled
circles in Fig. 5b show the results of the measurement. The peak
reflectivity is determined as R = 0.89 4-0.015, which is very close
to the expected R, (d) = 0.91 and is in agreement with the indirect
measurements, shown in Fig. 5a.

The high X-ray reflectivity of diamond combined with its stabil-
ity under high-heat-load conditions, and the recently demonstrated
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Figure 5 | Reflectivity of X-rays as a function of photon energy E in
Bragg backscattering from the (995) atomic planes in diamond,

E, =23.765keV. a, Filled circles: experimental data. Dotted line:
dynamical theory calculations for a 415-um-thick crystal and perfectly
monochromatic incident X-rays. Solid line: calculations for the X-rays
with a 1meV bandwidth, as in the experiment. Inset: The same
dependencies shown on a linear scale. b, Results of the absolute
reflectivity measurements.

low thermal expansion of less than 1078 K™™' at temperatures
<100K (ref. 15) makes diamond potentially valuable in the de-
velopment of high-efficiency, high-resolution X-ray optics for use
in next-generation fully coherent X-ray sources, such as XFE-
LOs (refs 1, 2) and seeded X-ray free-electron lasers'®. More-
over, high-reflectance normal incidence diamond X-ray mirrors
could enable the realization of high-finesse X-ray Fabry—Pérot
interferometers'*'”—devices that will be useful as interference
spectral filters (monochromators and analysers) for inelastic X-
ray scattering spectroscopy with an unprecedented narrow band-
width AE <100 ueV (AE/E < 107%) and large angular acceptance

2/AE/E ~200 urad.
Methods

The diamond reflectivity measurements were carried out with E = 23.765keV
X-rays at undulator beamline IXS/XOR 30-ID of the Advanced Photon Source.
An extremely highly monochromatic X-ray beam was used with a bandwidth
of AE; >~ 1 meV, which is smaller than the energy width of the studied
C(995) reflection, AE, (d) = 2.8 meV. The monochromatization is achieved by
successive applications of two X-ray monochromators. First, the high-heat-load
diamond monochromator selects photons with a 1.7 eV bandwidth. In the
second step, a Si high-resolution monochromator'® (HRM) selects photons

to a desired bandwidth of AE, >~ 1 meV. The highly monochromatic beam
AE, /E ~4 x 1078 with an angular divergence of about 10 purad(V) x 20 prad(H),
and a cross-section of 0.7 x 0.7 mm? impinges on the diamond crystal, placed
at a distance ~#10 m downstream from the HRM. The crystal temperature is

T =300K. The (995) planes in the diamond crystal are oriented with a very
small angular offset © ~ 4 x 10~* rad from normal incidence. X-rays are reflected
with a scattering angle deviating from 180° by 2© and detected by an avalanche
photodiode APD;. The small deviation © from normal incidence ensures

a negligible contribution of the angular spread in the incident beam on the
reflectivity measurements.

Synchrotron white-beam topography was applied to select the crystal with
the lowest density of defects, among the available samples. Imaging of the crystals
was carried out at beamline X19C of the National Synchrotron Light Source, in
transmission geometry.
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A large interaction length of hard X-rays with crystals, typically more than
10 wm, see Fig. 1b, requires high perfection in the crystal volume rather than of
the crystal surface. Diamond crystal plates with (111) orientation, of type Ila, are
used in the studies, grown with a high-pressure, high-temperature technique by
Sumitomo Electric Industries. Type Ila material has a low density of defects and
less than 1 ppm concentration of impurities. Such an amount of impurities most
probably has a negligible influence on the measured properties, well below the
detection limit of the extremely sensitive method used.
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