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We report on the characterization of high quality sapphire single crystals suitable for high-resolution

X-ray optics at high energy. Investigations using rocking curve imaging reveal the crystals to be of

uniformly good quality at the level of �10�4 in lattice parameter variations, dd=d. However, investi-
gations using backscattering rocking curve imaging with a lattice spacing resolution of dd=d � 5

�10�8 show very diverse quality maps for all crystals. Our results highlight nearly ideal areas with

an edge length of 0.2–0.5mm in most crystals, but a comparison of the back reflection

peak positions shows that even neighboring ideal areas exhibit a relative difference in the lattice

parameters on the order of dd=d ¼ 10–20� 10�8; this is several times larger than the rocking curve

width. Stress-strain analysis suggests that an extremely stringent limit on the strain at a level

of �100 kPa in the growth process is required in order to produce crystals with large areas of the

quality required for X-ray optics at high energy. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4974106]

I. INTRODUCTION

White sapphire, i.e., a–Al2O3 corundum, single crystals

have excellent pressure and temperature stability, extreme

hardness, high transparency, and high dielectric constant. As

such they are suitable for many advanced optical applica-

tions such as medical lenses,1 light-emitting diodes,2 elec-

tronic substrates,3,4 and focusing devices.5,6 Sapphire is a

promising candidate for hard X-ray optical applications,7

high pressure cells for neutron scattering experiments,8,9 and

optical windows in corrosive atmospheres.10,11 Sapphire sin-

gle crystals with low- to medium- optical quality can satisfy

many demands whereas routine production in the highest

quality is still an unreached milestone. An emerging applica-

tion of sapphire is relevant to X-ray monochromatization.

Currently, common X-ray monochromators based on silicon

and germanium have significant limitations for application in

X-ray inelastic scattering due to their high crystal symmetry.

For Resonant Inelastic X-ray Scattering (RIXS) and Nuclear

Resonant Scattering (NRS), the relevant probe beam ener-

gies are defined by the elemental absorption edge and by spe-

cific nuclear resonance energies, respectively. Unfortunately

in most cases, the probe beam energy cannot be chosen to

match energies favorable for Si-based optics. Both the RIXS

and Nuclear Inelastic Scattering (NIS) (sometimes referred

to as nuclear resonant inelastic x-ray scattering (NRIXS))

methods require X-ray optics as analyzers12 or monochroma-

tors13 based on low symmetry crystals such as a-quartz or

sapphire, crystals which enable a quasi-continuous choice of

high resolution X-ray beams. For NIS, sapphire is currently

the only high-efficiency choice being explored for energies

above 30 keV because of the high Debye-Waller factor that

ensures high reflectivity. Note that multiple-crystal Si mono-

chromators often used at 10–25 keV are possible for a few

particular energies above 30 keV,14 however, with compara-

tively very limited spectral reflectivity.

Several nuclear transitions with energies above 30 keV

can be investigated by NIS, in particular, the transitions

of 125Te at an energy of 35.49 keV,15,16 of 121Sb at

37.13 keV,16,17 and of 129Xe18 at 39.6 keV. Theoretical cal-

culations13 predict for the sapphire backscattering mono-

chromator an energy bandwidth of 0.3–0.7meV, i.e.,

dE=E ¼ 1–2� 10�8 for these energies. In 2005, the first

Nuclear Forward Scattering (NFS) signal at 37.13 keV (121Sb

nuclear transition) using a sapphire backscattering mono-

chromator was recorded at the nuclear resonance scattering

beamline, ID18 at the ESRF,19 with a 7meV bandwidth.20 In

2007, NIS at the same energy with an improved resolution

of 4.5meV was reported.17 NIS experiments at 35.49 keV
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(125Te nuclear transition) have been carried out with 7.5 and

6.6meV energy resolution at BL09XU at SPring-821 and at

the nuclear resonance scattering station ID22N, ESRF,15

respectively. Thus, attempts to use sapphire as a high resolu-

tion monochromator for NIS show that the main limiting fac-

tor is the quality of available crystals, which is ten times

worse than the theoretical expectation. It was shown that it is

possible to achieve dE=E � 2� 10�8 using particularly

small volumes in the best crystal,16 at the cost of additional

focusing optics. Energy bandwidths of 1.2, 1.1, and

0.95meV were obtained at 37.13,16 35.49,16 and 39.6 keV

(Ref. 18) (121Sb, 125Te, and 129Xe nuclear transitions),

respectively. However, the possibility to reproduce the same

resolution with other sapphire crystals and achieving the the-

oretical energy resolution, which is factor 2 better than in the

previous studies, is questionable.

The difficulty in growing sapphire crystals can be

related to a binary composition requiring two elements, Al

and O, as compared to the crystals like silicon requiring only

one element. Also, molten sapphire has a high viscosity,22

g ¼ 1:8� 10�5 m2 s�1, that may allow lattice defects to

form more easily than the low viscosity of, e.g., silicon23

with g ¼ 3� 10�7 m2 s�1. Furthermore, the relatively high

melting temperature of 2030K certainly makes the control

of thermal gradients more challenging. The quality of the

sapphire crystals clearly depends on the production method.

A wide range of growth techniques have been refined, such

as Czochralski, Kyropoulos, and heat exchanger methods, in

order to overcome the crystal quality problems related to

growth issues.2,24,25 The crucible and insulation material, the

purity of the raw material, the growth rate and temperature

gradient control are the main parameters for the growth of

high-quality crystals. Several numerical analysis studies of

the Kyropoulos technique estimating the temperature gradi-

ent, the temperature of the reactor,24 and the thermal stress

distribution26 have aimed at defining how to produce

improved sapphire crystals. These studies reveal high thermal

stresses at the interface between the seed and crystal as well

as at the shoulder and at the bottom part of the boule. Limited

improvements have been achieved and extensive reviews on

sapphire growth and applications are documented.27,28

Quantifying and understanding imperfections in single

crystals calls for advanced characterization methods. Their

non-destructive nature makes several X-ray based techniques

well suited. X-ray diffraction topography using either a poly-

chromatic (white radiation) or a monochromatic beam is an

imaging technique based on Bragg diffraction.

The rocking curve evaluation with a monochromatic

beam is one of the most commonly used techniques for quan-

titative measurement of crystalline perfection, with one of

the first studies of rocking curves being a measurement of a

ruby crystal (Al2O3) documented in 1965.29 Adams et al.

reported the effects of dislocations, residual grinding, polish-

ing, mosaic structure, and twinning on the crystal quality.30

Quality assessment of several sapphire substrates revealed a

full width at half maximum (FWHM) of the rocking curves

in the range of a few tens of arc-sec to arc-min.30 In the fol-

lowing, all angular and energy widths will be quoted as

FWHM. A combination of X-ray diffraction rocking curves

and atomic force microscopy (AFM) showed that sapphire

wafers treated with chemo-mechanical polishing with subse-

quent chemical etching have better surface smoothness com-

pared to those treated only by mechanical polishing or by

chemo-mechanical polishing.31 Nowadays, a large number

of topographs can be recorded by a CCD camera in a

Rocking Curve Imaging (RCI) setup at synchrotron radiation

facilities.32 These topographs can be analyzed with software

that enables automatic high-speed treatment of large data

volumes to reveal a wealth of spatially resolved information.

Sapphire single crystals suitable as high resolution mono-

chromators require quantitative RCI with a resolution of

dd=d � 10�7–10�8, which corresponds to the theoretically

expected dE=E. Such high sensitivity requires Bragg reflec-

tions with a small width of 0.02–0.2 arcsec (Ref. 33) if the

Bragg angle is not within a few tenths of a degree of 90�.

These measurements are challenging even with synchrotron

radiation sources. One way to achieve the required sensitivity

is to use backscattering RCI, where the investigated crystal is

installed in backscattering diffraction geometry and the rock-

ing curve measurements are performed by variation of the

incoming X-ray energy using multiple-crystal Si high-

resolution monochromators (HRM) with dE=E � 3–6� 10�8.

In backscattering geometry, reflections with the Bragg angle

very close to 90� are used. The advantage of backscattering

RCI is that due to the large angular acceptance of the back

reflections, the reflectivity becomes insensitive to the lattice

inclination and depends only on the lattice variation dd=d.
By taking advantage of the features of the RCI and the

backscattering geometry, the intrinsic energy widths of the

reflectivity curves have been evaluated with a resolution of

dE=E � 10�7–10�8 in quartz,34 diamond,35 and sapphire.16

The last study has evaluated imperfections in C-plane sap-

phire crystals, i.e., with [0 0 0 1] direction as surface normal,

(hkil) indices are given for the sapphire reflections, where

i¼�ðhþ kÞ, with a small beam of 0.1� 0.2mm2 and a spa-

tial resolution of 0.4mm using slits after a high resolution

monochromator operating at 23.9 keV.16 The sapphire crys-

tal studied in Ref. 16 has a few high quality regions that

make it suitable as a backscattering monochromator at beam-

line ID18, ESRF.

In this study, we report on the quality assessment of sap-

phire crystals with the purpose of monochromatization of a

synchrotron X-ray beam at high energies. We show a quanti-

tative analysis of the crystalline quality using different

topography techniques and in particular, demonstrate the use

of high-throughput backscattering RCI over large areas with

a spatial resolution of 55 lm. We found small areas with

almost perfect crystallites in several crystals. A relative

stress in the order of 40(5) kPa is determined, stress which

causes displacements in d-spacing even in these nearly ideal

crystallites.

II. EXPERIMENTAL

We investigated the quality of five sapphire single crys-

tals grown by the Kyropoulos and Bridgman techniques, see

crystal details in Table I. These crystals were grown in the

Shubnikov Institute of Crystallography in Moscow and

044901-2 Jafari et al. J. Appl. Phys. 121, 044901 (2017)



selected from a batch studied by white beam topography

(WBT), reported in Ref. 36.

First, crystal #1 was characterized by RCI at beamline

BM05, ESRF. The schematic setup for this experiment is

shown in Fig. 1(a). In the RCI setup, the 20keV beam coming

from the silicon high heat load monochromator (HHLM) with

chosen Si(1 1 1) reflections is diffracted by the sapphire when it

fulfills the Bragg condition of the reflection (0 0 0 6) with

Bragg angle 8.2�. The intrinsic angular width of this reflection

is about 0.3 arcsec. However, due to the mismatched Bragg

angles of Si(111) and sapphire (0 0 0 6), the energy bandwidth

of the upstream monochromator and incoming beam divergence

affect the rocking curve width. The numerical calculations pro-

vide the rocking curve width for the ideal sapphire crystal to be

4 arcsec taking into account an energy bandwidth of 2.8 eV and

a beam divergence up to 15lrad. At the same time, the band-

width of the monochromator varies with the heat load and static

curvature of the monochromator crystals and could be smaller

than expected. Thus, 4 arcsec can be considered as an estimated

value for the expected rocking curve width, which gives a char-

acteristic sensitivity of the method to the lattice spacing33 as

dd=d ¼ C= tan hB � 10�4, where C is the experimentally mea-

sured rocking curve width measured in the experiment.

Whereas the expected width of the rocking curve depends on

the monochromator properties, the relative changes of the rock-

ing curve widths, measured under the same experimental condi-

tions, reveal relative changes in the crystal quality.

The pre-characterization with a standard setup at BM05,

ESRF, enabled us to obtain a general overview of the crystal-

line quality of the selected crystal and enabled both compari-

son with earlier studies and correlation with the other

methods. As expected, the sensitivity of this set-up is suffi-

cient for applications requiring medium quality sapphires but

insufficient for high-resolution applications.

An image is recorded in the CCD detector for each angular

step of �0.9 arcsec. By rocking the sapphire crystal, sequences

of topographs were recorded and then assembled to yield a

topograph of the entire crystal. We used the Visrock program

for numerical analysis of sequences of digital X-ray images.37

The same crystal was studied using white beam topogra-

phy in transmission geometry using a large beam size in

order to assess the overall quality across the crystals and to

visualise possible macroscopic defects such as dislocations

or inclusions. This study was performed at BM05, ESRF.

The schematic backscattering RCI setup designed at the

beamline ID18, ESRF, is depicted in Fig. 1(b). The beam

after the HHLM was further monochromatized by a

multiple-crystal channel-cut Si HRM38 consisting of two

TABLE I. Characteristics of the investigated sapphire crystals, the Bragg reflection, and the incident photon energy used to measure each crystal in backscat-

tering RCI. DE is the intrinsic theoretical bandwidth.

Crystal # Growth technique Surface plane Diameter/Thickness(mm) Reflection Energy (keV) Extinction length(lm) DE (meV)

1 Kyropoulos (0001) 22/1 0 1 �1 50 23.905 145 1.57

2 Kyropoulos (01�12) 40=1:1 7 10 17 18 23.858 130 1.71

3 Bridgman (0001) 27=2:5 0 1 �1 50 23.905 145 1.57

4 Kyropoulos (0001) 30/1 0 1 �1 50 23.905 145 1.57

5 Kyropoulos (10�12) 30/3 7 10 17 18 23.858 130 1.71

FIG. 1. (a) A schematic representation of the setup of the rocking curve imaging at BM05, ESRF. A silicon high heat load monochromator (HHLM) of two

Si(111) reflections was used to adjust the synchrotron radiation to an energy of 20 keV. The sapphire was located close to the CCD detector. (b) Schematic

view of the backscattering RCI experimental setup at ID18, ESRF. Starting left and following the beam (yellow): high heat load monochromator, high-resolu-

tion monochromator (HRM), asymmetrically cut Si(111) crystals with btotal ¼ 10, the sapphire crystal under study, avalanche photo-diode (APD) detector, and

MaxiPix detector. The diffracted intensity from back reflections of sapphire has been recorded by the MaxiPix detector after moving the APD detector out of

the beam.

044901-3 Jafari et al. J. Appl. Phys. 121, 044901 (2017)



channel-cut crystals in the nested design where Si(6 4 2)

reflections with asymmetry parameter b¼�0.043 are chosen

for the outer channel-cut crystal and symmetric Si(12 12 12)

reflections are chosen for the inner channel-cut crystal. The

energy of the HRM was chosen between 23.840 and

23.905 keV in order to match the sapphire backscattering

reflections listed in Table I. For this energy range, the theo-

retical energy bandwidth of the HRM is obtained by numeri-

cal calculations between 0.63meV and 0.73meV dependent

on the incoming beam divergence. Experimentally, a band-

width of 0.9meV has been measured using nuclear reso-

nance scattering by 119Sn at 23.88 keV. The deviation from

the theoretical value is due to the imperfections of the Si

crystals across the beam spot, and an energy bandwidth of

0.7meV is expected for small parts of the beam, as seen by

individual 55 lm size pixels of the detector, see below.

In order to cover a large area on the investigated crystals,

the beam downstream of the HRM has been enlarged in the

vertical direction by using two asymmetric Si(111) reflections

with combined asymmetry parameter, btotal ¼10. Due to the

large angular width of these reflections, they do not modify

the energy resolution for the HRM. The beam at the studied

crystals had a size of �1:9� 2:5 mm2 (H�V) FWHM. The

beam back-reflected by the sapphire, installed in near back-

scattering geometry with a Bragg angle hB of 89:90� was col-
lected by a two-dimensional MaxiPix detector, with

55� 55lm2 pixel size. The intensity in each pixel was mea-

sured as a function of incoming energy tuned by the HRM

with an energy step of 0.5meV while the sapphire crystal

stayed at rest and constant temperature. Thus, a set of rocking

curves for 4� 3.5mm2 (H�V) spots on the sapphire crystal

were obtained with a spatial resolution of 55lm. The data

sets were analyzed and maps of the rocking curve width and

of the maximum position were recorded. In order to charac-

terize the entire surface, the crystal was moved in the trans-

verse directions relative to the beam, and the same

measurements were repeated.

The theoretical rocking curve widths for the ideal crys-

tals were calculated numerically taking into account all crys-

tals in the optical setup and incoming beam divergence of

15 lrad expected at this energy at the beamline ID18.

However, the dependence of the widths on incoming beam

divergence is very small, as expected for this setup.

III. RESULTS

The map of the rocking curve widths measured by RCI

for crystal #1 is shown in Fig. 2(a). The straight line (pointed

at by the tip of the black filled arrow) and the yellow area

below it are artifacts caused by diffraction from the sample

holder. The map shows that the width in most of the crystal

regions varies between 3.0 and 4.0 arcsec, which is compara-

ble with the value estimated for an ideal crystal and ideal

optical setup. Thus, for most of the crystal regions, the

broadening of the reflection is not more than 30% of the

ideal width. The reasonable quality with a precision of

dd=d ¼ 10�4 is also confirmed by the rocking curves shown

in Fig. 2(b). These rocking curves were acquired at four indi-

vidual spots, 1–4, in Fig. 2(a) and normalized to the

maximum intensity. The rocking curves at spots 1 and 2 have

symmetric ideal shapes with widths of �3.6 arcsec. Almost

the same width is observed for spot 3. Only the rocking curve

at spot 4 shows broadening mainly due to the presence of two

peaks corresponding to areas with different lattice spacings or

with misorienation of the lattice planes. If this effect arises

from variations in the lattice spacing, the lattice parameter

variation can be estimated to be dd=d � 1:6 �10�4.

However, much higher sensitivity to defects can be

obtained by an investigation of the topograph performed at

the slope of the rocking curve.39 The topograph of crystal #1

obtained in reflection, Bragg, geometry is shown in Fig. 2(d)

together with the white beam topograph shown in Fig. 2(c).

Both topographs show significant amounts of defects not vis-

ible in the map of rocking curve widths. The defects do not

always correlate in both topographs. There can be several

reasons for this. One reason is that white beam topography

was used in transmission geometry and the other methods

were used in reflection geometry. A second reason is related

to extinction rules. A defect is only visible if it deforms the

diffracting lattice planes (HKL). If the diffracting lattice

planes are different, then one is sensitive (or insensitive) to

different components of the strain-field of the given defect.

So a direct consequence is that the visible or invisible details

of a defect image need not be the same in two images

obtained with a different diffraction condition (diffraction

vector, normal to the diffraction plane). In Laue or transmis-

sion geometry, which we used in the case of white beam

topography,36 we may detect defects in the whole illumi-

nated crystal volume, starting from the beam entrance sur-

face to the exit surface. In Bragg or reflection geometry,

FIG. 2. (a) The map of the rocking curve widths obtained from crystal #1

using rocking curve imaging. The white arrows point to the region where

rocking curves are displayed in panel (b), were measured and the black filled

arrow points the artefact from the aluminium sample holder. The large crys-

tal defect is shown inside the drawn ellipse. Blue denotes smaller width and

red larger width. (b) Rocking curves obtained at spots labeled in (a). (c)

White beam topograph in transmission, Laue, geometry, the black arrow

shows the diffraction vector, g. (d) Monochromatic beam topograph

recorded at the slope of the rocking curve with the rocking curve imaging

setup in reflection, Bragg, geometry.
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which was used in the case of monochromatic beam topogra-

phy, the intensity of the X-ray wave fields in the crystal plate

decreases exponentially with the distance from the entrance

surface. Consequently, in this last geometry, defects on or

close to the entrance surface give more intense defect images

than those close to the exit surface. The visibility of defects

in deeper regions of the crystal plate depends on the reflec-

tion used, the energy of the X-rays used, the plate thickness,

and the atomic numbers of the crystal components, that

means, to a large degree, on the product of absorption coeffi-

cient times plate thickness. For the present conditions (low

Z, rather high energy, rather thin crystal plate), the defects in

deeper regions should still be visible.

In order to test the feasibility of the method, the back-

scattering RCI was first applied to a Ge crystal, which has

almost ideal quality. Here, the Ge(5 15 15) reflection was

used at an energy of 23.880 keV with an intrinsic width of

2.85meV (dE=E ¼ 12� 10�8). For each pixel, the widths of

the rocking curve and positions of the maximum of the

curves were determined and the corresponding maps are dis-

played in Figs. 3(a) and 3(b) in units of relative lattice

parameter variation, dd=d, which is equivalent to dE=E. In
addition, examples of rocking curves obtained at a few

labeled pixels are shown in Fig. 3(c). The width of the reflec-

tion is very uniform across the area with the exception of the

lines (yellow color) where a larger width is observed. These

lines are due to the scratches on the surfaces visible to the

eye. The average value of the widths for good areas is

3.2meV, which is close to the theoretical value of 3.0meV

obtained by numerical calculations. The position of the

reflection maximum is also the same across the good areas of

the crystal and shifted by up to 2meV at the scratches. The

lattice spacing close to the surface scratches is slightly differ-

ent from that in the middle area of each zone. This is related

to strain fields near the scratches that have similar conse-

quences to those of intrinsic crystal defects. As can be seen

from the bottom part of Fig. 3(a), these scratches are very

close to each other, which actually make the strain-free parts

rather small. The shift is due to the decrease of the lattice

constant at the scratches on the order of dd=d � 5� 10�8.

This study shows that, indeed, this imaging backscattering

topography setup can provide reliable information about

crystal quality with a relative precision of 10�7–10�8.

Backscattering RCI was applied to characterize sapphire

crystals using the reflections ð0 1 �1 50Þ and ð7 10 17 18Þ with
intrinsic widths of 1.5 and 1.7meV, and similar extinction

lengths, see Table I. Taking into account the 0.7meV HRM

bandwidth, the numerical calculations provide 1.59meV and

1.77meV energy widths for the reflectivity curves of the

ideal crystals. Due to the rather large step of 0.5meV in the

scans of the rocking curves, the precision of the parameters’

estimation is about 0.2meV.

The backscattering topography maps of crystal #1 mea-

sured with reflection ð0 1 �1 50Þ at an energy of 23.906 keV

are shown in Fig. 4. The integrated intensity distribution on

the detector is shown in Fig. 4(a) where the modulation by

the beam intensity profile is visible for the �40 crystal posi-

tions. The rocking curve width map of the entire crystal is

shown in Fig. 4(b). For a chosen spot denoted by the square

frame in the full map in Fig. 4(b), a detailed map of the

widths and of the energy distributions at the peak positions

are shown in Figs. 4(c) and 4(d), respectively. Note that due

to uncontrolled small drifts of the absolute energy of the

HRM used in the experiment, we can compare the position

of the maximum reflectivity curves only within one illumi-

nated spot, among the �40 spots used to raster the crystal,

where the energy is tuned simultaneously for all pixels in the

detector.

The map of rocking curve widths reveals that the crystal

quality varies strongly on a pixel by pixel base. Closer

inspection reveals features similar to the white beam topog-

raphy. For example, the big defect in the bottom right part of

the topograph in Figs. 2(c) and 2(d) appears in white in the

map in Fig. 4(b). Regions that only exhibit a few dislocations

in the middle left part have the best resolution and are shown

as dark blue. Examples of the rocking curves measured in

the best and worst areas are presented in Figs. 4(e) and 4(f).

The detailed maps of Figs. 4(c) and 4(d) show that there

are 4 spots of almost ideal quality with the characteristic

edge length of 0.2–0.5mm marked by numbers 1–4 in the

figure. The quality of these spots is confirmed by the rocking

curves taken at the spots and shown in Fig. 4(e). The charac-

teristic width at these spots is dd=d ¼ 6� 10�8, i.e., an

energy bandwidth of 1.43meV. However, the peak position

varies from point to point and a spread over dd=d ¼ 12

�10�8 can be seen between curves 3 and 4. Such variation

of the lattice constant between almost ideal spots is two

times larger than the width of the reflection. The bad quality

of the reflections on the border between good spots is partly

due to the overlap of the areas with different lattice

parameters.

For crystal #2, the map of rocking curve widths was

recorded with the reflection ð7 10 17 18Þ and is shown in Fig.

5(a). Only tiny areas exhibit a width dd=d < 10� 10�8. The

rest of the crystals is highly deformed mainly on the left

side. A smaller region denoted by the white rectangle was

selected and the corresponding width (Fig. 5(b)) was ana-

lyzed. The rocking curves in the center of the good spots are

FIG. 3. Backscattering rocking curve imaging maps of a Ge crystal. (a) The

map of the rocking curve widths in units of jdd=dj ¼ jdE=dEj. (b) The map

of the rocking curve centers in units of dd=d. (c) Rocking curves measured

at the pixels labeled in (a) and (b).
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shown in Fig. 5(c). The good spots have an edge length of

0.2–0.5mm. These rocking curves are symmetric and with-

out any satellite peaks, similar to the first crystal. An average

width of about 8� 10�8 was obtained, corresponding to

2.0meV. This value is close to the expected 1.8meV for an

ideal crystal. However, again the peak positions are spread

in a range of 50� 10�8, 6 times larger than the width of the

reflection, see the peak position map in Fig. 5(d).

The maps for crystal #3 are shown in Fig. 6. The reflec-

tion ð0 1 �1 50Þ, as for crystal #1, was used here. However,

FIG. 4. The maps of backscattering

rocking curve imaging of crystal #1.

(a) Total intensity map obtained by

integration of the flux over rocking

curve. This map represents the beam

profile. Different spots correspond to

the different positions of the crystal.

(b) The map of the rocking curve

widths in units of jdd=dj ¼ jdE=Ej. (c)
A part of this width map in (b) at one

crystal position, marked by the white

square in (b). (d) The map of the rock-

ing curve centers in units of dd=d for

the same area as in (c). (e) and (f)

Rocking curves measured at the pixels

labeled by numbers in (b) and (c).

FIG. 5. Backscattering rocking curve imaging maps of crystal #2. (a) The

map of the rocking curve widths. (b) The map of the rocking curve widths

taken for one crystal position marked by the white square in (a). (c) Rocking

curves measured at the pixels labeled by numbers 1, 2, and 3 in (b). (d) The

map of back reflection peak positions of the rocking curves taken for one

crystal position marked by the white square in (a).

FIG. 6. Backscattering rocking curve imaging maps of crystal #3. (a) The

map of the rocking curve widths. (b) The map of the rocking curve widths in

the area marked by the white square in (a). (c) Rocking curves measured at

the pixels labeled by numbers 1, 2, 3, 4, and 5 in (b). (d) The map of back

reflection peak positions of the rocking curves taken for the same area

as (b).
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this crystal was grown by a different method, see Sec. IV

and Table I. High quality spots with area with an edge length

of 0.2–0.5mm are distributed over almost the entire crystal.

They are separated by bad quality interface lines due to the

scratches on the surface. The rocking curves from good areas

in one frame are compared in Fig. 6(c). Most of these rock-

ing curves have an asymmetric shape with satellite peaks.

The average width of these curves is determined to be about

dd=d ¼ 9� 10�8 or 2.3meV, which is 50% larger than theo-

retically expected for an ideal crystal. A peak position spread

is also observed for the selected narrow rocking curves.

However, the characteristic spread value dd=d ¼ 3� 10�8 is

smaller than in the other crystals of this study. The measure-

ments of crystals #4 and #5 indicate comparatively poor

quality of these crystals, see Fig. 7.

IV. DISCUSSION

As seen by RCI in Fig. 2, crystal #1 is comprised of

large areas with rocking curve widths of �4 arcsec, which

signifies almost uniform quality at a resolution level of

dd=d � 10�4. Typically, the average widths of the rocking

curve of crystals with medium-high quality are a few tens of

arcsec.30,40 However, with the technology developed in the

last decade, widths as good as 9.43 arcsec (Ref. 2) and

8.7 arcsec (Ref. 41) have been achieved. The latter result was

achieved with crystals grown by the Rubicon Technology

Inc. company, measured with reflection ð0 0 0 6Þ (Bragg

angle of 21�) at 8 keV.

A much higher resolution level of dd=d � 7� 10�8 is

provided by RCI in backscattering geometry where resolu-

tion is defined by the width of the rocking curve. In addition,

a spatial resolution of 55 lm was obtained over the entire

crystal surface. Accordingly, the more than 3 orders of mag-

nitude higher strain sensitivity reveals the presence of het-

erogeneous defects or grown in local stresses within each of

the samples that are not detectable with the �10�4 strain sen-

sitivity of RCI. Several spots of almost ideal quality and

with an edge length of 0.2–0.5mm were found in the maps

of all crystals. In principle, such spots can be used for effi-

cient monochromatization of the X-ray beams by using a

focused incoming beam. However, most of the crystal areas

have worse quality with broadening of the reflectivity curves

up to dd=d � 3–5� 10�7. Such quality would lead to an

energy bandwidth of the monochromator at 35 keV of about

10–18meV, which is not acceptable for NIS. However, such

quality could be reasonable for analyzers used in RIXS, since

it would provide an energy bandwidth of 5meV, for the

X-ray energy of 10 keV.

Whereas good spots with symmetric rocking curves

exist in all crystals, their quality is slightly different. The

highest quality is obtained for the crystals #1 and #2 grown

by the Kyropoulos method. The crystal #3 grown by the

Bridgman method shows the rocking curve �50% broader

compared to the theoretical expectation.

In addition to the width of the rocking curves, we also

obtained the peak positions over the crystal area. We found

that even for good spots the peak positions are different due

to variations in the lattice parameters, which lead to charac-

teristic variations at dd=d � 10–20� 10�8. In a crystal with

dislocations, lattice planes far from the dislocation could be

subjected to a homogeneous stress that reduces the d-spacing

with respect to a perfect crystal. Conversely, tensile stress

would increase the d-spacing. The compressed lattice planes

diffract the beam at a lower wavelength or higher energy.

We can estimate the relative stress between the dislocation-

free regions in crystal #1 along the beam direction, i.e., nor-

mal to the C plane, because the chosen ð0 1 �1 50Þ reflection
is nearly perpendicular to the surface. The internal stress (r)

in the crystal can be derived from the lattice strain (dd=d)
and elastic tensor c according to r ¼ c � dd=d. A relative

stress of 40(5) kPa is obtained from the relative shift in the

position of peaks 3 and 4 in Fig. 4(e) considering the c33
elastic constant from Refs. 42 and 43. According to numeri-

cal simulations, due to thermoelastic stress during growth

the best part of a Kyropoulos grown boule exhibits an abso-

lute stress value similar to 600 kPa.44 However, most parts of

the crystal exhibit values in the range of MPa to GPa.26,44,45

A numerical study on thermoelastic stress distributions for

silicon grown by a similar technique, the Czochralski

method, calculates the stress values between a few MPa and

40MPa,46 much smaller than typical in sapphire. So, not

only the average stress in the crystal must be lowered but

also its relative change throughout the crystal must be

reduced before sapphire crystals, which can be considered as

perfect for X-ray optics, can be grown.

The data gathered in this study also suggest that crystals

with surface oriented perpendicular to ½0 0 0 1� have less

X-ray visible lattice defects than those cut perpendicular to

½0 1 �1 2� and ½1 0 �1 2� directions. The Kyropoulos technique is
known as an effective method to grow sapphire crystals with

high quality, especially in large diameters.2 Nevertheless, a

comparison of crystals #1 and #4 shows that the quality of

crystals grown by the same conditions changes dramatically.

This is likely due to the inability to control all the known

parameters such as the growth rate and temperature gradient

or other unidentified parameters.

The impact of discrete dislocations on the lattice param-

eter variations was investigated by comparison of the white

beam topographs and the map of widths in crystal #1 as

shown in Fig. 8. Here, blue, red, and black contours shows

regions with widths of 2, 4, and 6meV in the map of the

rocking curve widths plotted on top of the white beam topo-

graph. In general, the higher the density of defects visible in

FIG. 7. The maps of rocking curve widths of (a) part of crystal #4 recorded

at reflection (0 1 �1 50) and (b) crystal #5 recorded at reflection (7 10 17 18)

using the backscattering rocking curve imaging setup.
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topographs, the poorer the quality of the reflections. At the

same time, the best resolutions in the rocking curve widths

map do not necessarily signify the absence of defects. The

reason for this disagreement is the limited depths of the

backscattering reflection. The extinction length of the

ð0 1 �1 50Þ reflection is 145 lm at 23.9 keV, which is smaller

than the 1mm thickness of the crystal. Thus, defects inside

the crystal cannot be detected by backscattering topography

but are visible in the white beam transmission topograph. In

order to check the distribution of defects through the depth

of the crystal, backscattering topography on the crystal #1

has been performed from both sides. It was found that the

maps of the rocking curve widths from both sides are, in gen-

eral, similar, so that the density of the defects is uniform

through the crystal. However, these results do not exclude

the presence of deeper defects in the bulk of crystal to which

backscattering topography is not sensitive. These defects

would be visible with backscattering topography at higher

energy.

In addition to the material-specific insights that we

obtained on sapphire crystals, another result is the demon-

stration of high throughput rocking curve imaging in back-

scattering geometry. The measurement duration is short, e.g.,

scanning a 20mm diameter crystal takes about an hour. This

is the technique of choice for determining lattice parameter

variations with a high sensitivity of dd=d 	 10�8 in nearly

perfect single crystals. Note that the sensitivity could be

improved by the choice of a narrower bandwidth monochro-

mator, such as discussed in Ref. 47. The resolution can be

improved further using differential intensity measurements

at the slope of the rocking curve as often used for topogra-

phy.33,48 Assuming the best intensity resolution of

dI=I � 0:05, we estimate that the backscattering topography

method with the HRM used here can provide a dd=d resolu-

tion down to 10�10.

In this modified topography-like setup, tuning the

energy of the incident beam instead of rocking through the

Bragg angle of the crystal provides direct access to lattice

parameter variation and reveals changes in the peak position

of rocking curves with high precision. Another advantage of

the setup used is the relatively large beam size obtained by

combining a magnifying arrangement of asymmetrically cut

crystals together with a large area pixel detector, a combina-

tion which provides a solution for utilizing backscattering

geometry RCI imaging map in large areas in a reasonable

time at a synchrotron radiation facility. We note that this

technique can in principle be applied in a larger energy

range, not restricted to specific nuclear resonance energies.

The only requirement is the construction of a HRM with

meV bandwidth, which is now possible between 6 and

30 keV. For the purpose of backscattering RCI, in contrast to

nuclear resonance scattering, the HRM energy can be chosen

freely and the method does not require very high flux. Thus,

an extension to higher energies is possible.

V. CONCLUSION

In this study, X-ray characterization of several high

quality sapphire single crystals has been performed using

three methods: white beam topography, RCI, and backscat-

tering RCI. The RCI results show the crystals to be of almost

uniformly good quality at a lattice parameter resolution of

dd=d � 10�4, typically sufficient for visible light applica-

tions. At the same time, backscattering RCI with resolution

dd=d � 5� 10�8 reveals mixed quality through all crystals.

Nearly ideal regions with an edge length of 0.2–0.5mm were

found. However, the lattice parameter even for the ideal

spots varies in the range of dd=d ¼ 10–50� 10�8, which is a

few times larger than the width of the reflection. We attribute

this variation of the lattice parameters to the presence of

regions with local stresses of �40 kPa generated during crys-

tal growth. Stresses of this magnitude must be expected with

the current procedure of sapphire growth. Thus, in order to

obtain sapphire crystals of sufficient quality for X-ray high

resolution monochromators or analyzers, the crystal growth

procedure has to be improved in order to decrease the rela-

tive thermoelastic stress.
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