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The triple-crystal diffractometer installed at HASYLAB beamline BWS5 with a high-field wiggler of
critical energy 27 keV for DORIS II1, operated at 4.5 GeV electron energy, is described. Samples
can be mounted in large cryostats or furnaces normally used in neutron scattering experiments. The
instrument has been successfully applied to measure structure factors S(Q) in liquids and
amorphous materials, to collect full data sets of highly accurate structure factors for charge-density
work, to measure the spin component of the ground-state magnetization in transition-metal and
rare-earth compounds, to study the diffuse scattering from stacking faults and dislocation loops in Si
single crystals, and for the investigation of various aspects of structural phase transitions: critical
scattering in SrTiQ;, oxygen order and stripe order in high-7, materials. A crossed-beam technique
allows for local studies of texture, internal strain and phase changes in the bulk of materials.
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1. Introduction

Synchrotron radiation with energies above ~80keV
interacts only weakly with matter. Since the mean free
path is of the order of several millimetres, bulk properties
of large crystals can be studied and there are no window
problems associated with samples being mounted in
cryostats or furnaces. In most cases the electron binding
energies in atoms are much smaller than 80 keV, so that no
resonance scattering occurs. Extinction effects in Bragg
diffraction in imperfect single crystals are weak, i.e. only
small corrections to first-order Born approximations are
necessary in the interpretation of diffraction data. Bragg
angles are of the order of a few degrees and crystals are
studied in transmission geometry. The small Bragg angles
lead to polarization factors close to unity also in the hor-
izontal. Because of the short wavelength of the synchro-
tron radiation in use, diffraction experiments can be
performed up to very high momentum transfers.
High-energy synchrotron X-ray diffraction is considered
a new probe in condensed matter research because it
combines the high penetration power of thermal neutrons
with the extreme momentum space resolution achieved in
modern X-ray diffraction cxperiments. In addition, the
information content is strongly enhanced when the results
from triple-crystal diffraction work using high-energy
synchrotron radiation are combined with results obtained
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from neutron scattering experiments performed on the
same sample, because of the basic difference in the
intrinsic cross sections between the two techniques.
Advantage can also be taken of the possibility of com-
bining high momentum space resolution with high-energy
resolution achieved in inelastic neutron scattering experi-
ments, again using the same samples with both techniques.

The first triple-crystal diffractometer for high-energy
synchrotron radiation was built at the National Synchro-
tron Light Source (NSLS) at Brookhaven National
Laboratory and was first used at CHESS, Cornell Uni-
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Figure 1

Schematic drawing of a triple-crystal diffractometer for high-
energy synchrotron radiation. In reality, the Bragg angles are
only of the order of 2°. The monochromator crystal diffracts the
wavevector k;, out of the white divergent incident beam. The
sample and analyser crystals can be tilted so that arbitrary scans
through the scattering distribution in reciprocal space are
possible. w; represents the angle of rotation of the monochro-

mator, «, that of the sample and w; that of the analyser crystal.
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versity (Hastings et al., 1989). The layout in principle of
such diffractometers for a non-dispersive setting is shown
in Fig. 1. The corresponding k-space geometry in the
scattering plane is indicated in Fig. 2. The resolution of
such an instrument has been discussed by Neumann et al.
(1994) and by Riitt et al. (1995). In non-dispersive setting
the resolution in the scattering plane in the direction
parallel to the reciprocal-lattice vector G is Ag, ~ 2 x
107*A7!, and Agq, =~ 107 A~ in the direction perpen-
dicular to G for silicon 111 and 80 keV synchrotron
radiation. The asymmetry of the resolution in the scatter-
ing plane is due to the fact that the wavevectors k, and k,,,
representing the incident and the Bragg diffracted beams,
are about 20 times longer than the reciprocal-lattice vector
G. The resolution perpendicular to the scattering plane, as
determined by the detector aperture, is of the order Ag, ~
107 AL

For 100 keV synchrotron radiation the full width at half
maximum (FWHM) of the diffraction pattern of a perfect
silicon single crystal is typically of the order of a few tenths
of an arcsecond. Therefore, the triple-crystal dif-
fractometer must allow rotations of monochromator,
sample and analyser crystals in steps of <0.1 arcsec. The
long-term stability of the relative inclination of the ana-
lyser with respect to the monochromator crystal should
also be better than 0.1 arcsec. In order to make full use of
the fact that the same sample can be studied with neutrons
and by means of triple-crystal diffractometry using high-
energy synchrotron radiation, the sample stage should be
able to carry heavy cryostats or furnaces as used on neu-
tron spectrometers.

The outline of the paper is as follows. After a descrip-
tion of the high-field wiggler installed at the DORIS II1
storage ring and the HASYLAB high-energy wiggler
beamline BWS5, the design of the triple-crystal dif-
fractometer, the optical control system for long-term
stability and the performance of the diffractometer will be
discussed. Finally, a number of typical applications are
presented.
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Figure 2

Scattering geometry in reciprocal space for a triple-crystal
diffractometer for high-energy synchrotron radiation. k, and kj,
represent the wavevectors for the incident and the diffracted
beams (k = 51 A”! for 100 keV photon energy). G is the
reciprocal-lattice vector (G = 3.3 A~ for silicon 220): Scanning
the sample corresponds to a transverse scan. Tilting the analyser
corresponds to a movement along the Ewald sphere. Because of
the small Bragg angles of about 2°, an analyser scan differs by
only a little from a longitudinal scan.

Table 1
Parameters of the DORIS III high-field hybrid wiggler.
Period length 226.0 mm
Maximum field at 20 mm gap 20T
Maximum K value 33.0
Number of poles 340
Device length 40m
Magnet dimensions
Length 77.7 mm
Width 130.0 mm
Height 217.4 mm
Volume 2187.0 cm’
Weight 16.6 kg
Pole dimensions
Length 353 mm
Width 90.0 mm
Height 189.4 mm
Overstand 2.0 mm
Chamber 2 x 2mm’
Permanent field. B, ~1.15T
Maximum operating temperature 333K
Total weight of magnet material 1100.0 kg
Total power 198 WmA ™!
Power density 130 W mA~' mrad 2
E. (DORIS at 4.5 GeV) 27 keV

2. High-field wiggler at the DORIS Il storage ring

The storage ring DORIS was originally built for high-
energy physics experiments and later used also as a source
of synchrotron radiation. Since 1982, for two-thirds of the
available beamtime, DORIS has been operated in collid-
ing-beam mode at electron/positron energies of 5.3 GeV
and used for synchrotron radiation experiments in para-
sitic mode. During the remaining time the storage ring was
operated with different electron optics and an electron
energy of 4.5GeV for the production of synchrotron
radiation in dedicated mode. From June 1993, the storage
ring DORIS 1II, with seven new insertion-device beam-
lines, has been operated as a fully dedicated synchrotron
radiation source. Since April 1994, the machine has been
operated with positrons of 4.5 GeV energy. The horizontal
emittance of the ring at that energy is 400 nmrad and the
coupling is of the order of 3%. Most of the HASYLAB
beamlines are optimized for angular flux. The high-field
wiggler was designed to reach a critical energy close to the
value for the bending-magnet radiation obtained when
DORIS was operated at 5.3 GeV electron energy.

The parameters for the HASYLAB high-field wiggler
HARWI 2 are presented in Table 1. For a detailed
description of the device and its performance see Pfliiger
(1992, 1993, 1994). The permanent magnets in the hybrid
structure are made of NdFeB. The strongest field achieved
is 1.966 T at a gap of 20 mm. Fig. 3 shows the spectral
angular flux of the HASYLAB high-field wiggler, and a
comparison is made with the performance of the two
insertion devices installed at the high-energy beamline
ID15 at the ESRF.

3. HASYLAB high-energy beamline BW5

The parameters of the synchrotron radiation beam pro-
duced by the high-field wiggler are given in Table 2. At a



92 A triple-crystal diffractometer for high-energy synchrotron radiation

DORIS current of 100 mA. the total beam power is
approximately 20 kW. The corresponding power density of
13 kW mrad™ required several changes in beamline
design as compared with the other HASYLAB wiggler
beamlines. Fig. 4 shows the beamline layout in the hor-
izontal plane. For a more detailed description of the
beamline and its key components, see Hahn (1993). Owing
to the high magnetic field, the wiggler emits radiation in a
wide horizontal fan of opening angle 7.5 mrad, whereas
presently only approximately 0.3 mrad are used at the
experimental station. Therefore, at a distance of 10 m from
the wiggler the beam is collimated from a width of
~80 mm down to ~20 mm. The device has to take up
~15 kW of synchrotron radiation power, which is absorbed
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Comparison of the angular flux spectra of the HASYLAB high-
field wiggler (DORIS operated at 4.5 GeV, 100 mA) and the
asymmetric wiggler and the wavelength shifter installed at the
high-energy beamline ID1S at the ESRF (6 GeV, 200 mA). For
completeness, a comparison with the angular flux obtained with a
standard ESRF wiggler (B = 1.25 T, 36 periods, 12.5 cm period
length) is also shown.
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Figure 4
Layout of the HASYLAB high-cnergy wiggler beamline BWS.
The first water-cooled collimator is located at a distance of 10 m
from the source and reduces the beam width from ~80 to
~20 mm. For safety reasons a second water-cooled copper
collimator combined with a tungsten collimator of 50 mm
diameter aperture is located at 24 m from the wiggler. Water-
cooled horizontal and vertical slit systems at 15m from the
wiggler allow the definition of the beam cross section. The
beamline is terminated by a 1.5 mm-thick copper window, which
strongly absorbs photons with energies below 50 keV.

Table 2
Electron- and photon-beam parameters for the high-field wiggler
beamline BWS at the DORIS III storage ring.

a = —0.58', B is the derivative of B; D describes the deviation, Ax, of the
electron path from the ideal orbit, due to a deviation of its energy, AE,
from the nominal value E,: Ax = D,AE/E,, D’ is the derivative of D.

Electron beam

Energy 4.5 GeV
Energy spread T, 1.08 x 107}
Emittance Ehor 404.0 nmrad
Event 12.0 nmrad
B-function Bror 24.148 m rad™!
Buent 8.706 m rad ™’
a-function Uhor —-0.052
Qyert —0.068
Dispersion Dhor —0312m
Dyer, 0.000 m
D'yor —0.112
Photon beam
Source size Ohor 3.141 mm
Oyert 0.325 mm
Angular divergence 0'hor 0.177 mrad
0 vent 0.0374 mrad

by two 1 m-long water-cooled Cu plates. The radiation hits
the plates at an angle of under 3¢, thus reducing the power
density by about a factor of 20. At a distance of 24 m from
the wiggler, a second collimator, made of Cu and W with
an aperture of 50 mm diameter, is installed. The water-
cooled Cu collimator absorbs the radiation power, and the
W collimator reduces the bremsstrahlung background in
the experimental hutch. At 15 m from the source the beam
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Spectral flux at the HASYLAB high-field wiggler beamline BWS5
through an aperture of 2 x 2 mm? at a distance of 37 m from the
source, with DORIS operated at 4.5 GeV and a current of
100 mA. Plots are calculated with 4 mm Al in the beam path, as
well as for the case of an additional 1.5 mm Cu window in the
beam. For comparison with the high-energy beamline ID15 of the
ESRF (6 GeV, 200 mA), the spectral flux through a 2 x 2 mm?
aperture at 63 m from the source calculated for the asymmetric
wiggler and the wavelength shifter with 3.5 mm of Be and 4 mm
Al in the beam is also shown.
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cross section can be defined by water-cooled vertical and
horizontal slit systems. The beamline is terminated by a
1.5 mm Cu window strongly absorbing the synchrotron
radiation with energies below 50 keV, thereby protecting
the monochromator crystal against heat load.

Fig. 5 shows the spectral flux of the HASYLAB high-
field wiggler through an aperture of 2 x 2 mm? at a dis-
tance of 37 m from the source, i.e. at the entrance slit of
the triple-crystal diffractometer in the experimental hutch.
It turned out that this is the most appropriate quantity for
optimizing almost all diffraction experiments performed at
this beamline. For comparison, Fig. 5 also shows the ana-
logue quantities for the high-energy beamline ID15 at the
ESRF when operated at 6 GeV and 200 mA, i.e. for a2 x
2 mm’ aperture at a distance of 63 m from the source. For
both beamlines the absorbing material in the beam has
been included in the calculation, i.e. 4 mm Al plus 1.5 mm
of Cu for BW5 at HASYLARB, and 3.5 mm Be plus 4 mm
Al for ID15 at the ESRF. For reasons of comparison, the
BWS5 spectrum is also shown without absorption by the Cu
filter. For some experiments the higher-order contamina-
tion of the incident beam has to be kept as small as pos-
sible and an increase of the magnetic gap of the wiggler
can be of advantage. Fig. 6 shows the variation of the
spectral flux through a 2 x 2 mm?® aperture for different
wiggler gaps. As an example, the intensity ratio of 80—
240 keV radiation is about 100 for a magnetic gap of
20 mm and 2000 for a 40 mm gap, while the induced
intensity loss at 80 keV is only by a factor of three.

4. Triple-crystal diffractometer at beamline BW5

Fig. 7 shows schematic diagrams of the triple-crystal dif-
fractometer now in operation at HASYLAB beamline
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Figure 6

Spectral flux at the HASYLAB wiggler beamline BWS through

an aperture of 2 x 2 mm? at a distance of 37 m from the source,

calculated for different heights of the magnetic gap of the

wiggler. By varying the gap, the intensity ratio of first to higher

harmonics in the beam incident on the sample is tunable.

BWS. The scattering plane of the diffractometer was
chosen to be horizontal as Bragg angles are of the order of
a few degrees and the polarization factor is therefore
always close to unity. In addition, a horizontal scattering
plane facilitates the mounting of heavy equipment such as
cryostats, furnaces or high-pressure cells on the sample
stage.

The diffractometer components are mounted on three
base plates. The first base plate is made of granite, of
dimensions 3200 x 1200 x 120 mm, and carries the
monochromator, sample and analyser towers, as well as the
beam-defining slit system. The slit system consists of a
400 mm-long steel collimator with an aperture of 6 x
6 mm, which is mounted on a stage with a rotational and a
translational degree of freedom perpendicular to the beam
direction for proper alignment. In the middle of the steel
collimator, 5 mm-thick tungsten plates with the appro-
priate aperture can be inserted. The collimator is mounted
in a vacuum in order to reduce background radiation and
to prevent ozone production. The whole beam-defining
system is surrounded by heavy lead shielding mounted
independently on the floor, leaving some freedom for
movements of the collimator as needed for alignment
purposes. The towers for monochromator, sample and
analyser crystals are mounted on air cushions, so that the
distance between them can be adapted to the needs of
specific experiments. For purposes of alignment and in
order to fix the scattering angles, all towers can be moved
on rails perpendicular to the direction of the incident
beam. In order to optimize the peak-to-background ratio,
a number of adjustable and fixed slit systems, as well as
collimators, are mounted between the crystals and in front
of the detector on ‘Physics Instruments’ guides. When
scattering angles are changed, these guides, and thereby
the slits and collimators, will follow the beam path auto-
matically, due to a mechanical guiding system. A scintil-
lation counter serves to monitor the intensity of the
monochromatic beam by measuring the Compton scatter-
ing from a thin Al foil. The counter is mounted on the
Physics Instruments guide between the monochromator
and sample towers together with an automatic shutter for
protection against count-rate overload in the detector.
Between sample and analyser a combination of steel col-
limators and a wheel with calibrated absorbers is mounted,
allowing for a dynamic range of 11 orders of magnitude in
the intensities measured with the Ge solid-state detector.
This detector is mounted on the second base plate on a
translational table allowing a displacement in the direction
perpendicular to the incident beam of up to 1600 mm.
Again, proper mechanical guidance assures that the
adjustable slit and the steel collimator are directed towards
the diffracted beam. Whereas monochromator, sample and
analyser crystals have to be mounted on a common granite
base plate for stability reasons, the detector can be
mounted on a separate plate because the accuracy needed
for its positioning scales with the aperture of the slit in
front of the detector, which in general is a couple of mil-
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limetres wide. Both base plates are mounted on three-
point bearings on steel frames which are positioned by
means of three air cushions on the floor. The three-point
bearings contain motor-controlled lifting devices so that
both base plates can be tilted and lifted independently for
alignment purposes. The third base plate carries the CCD
camera and is fixed on a concrete wall needed for shielding
at the back of the experimental hutch.

4.1. Monochromator

Up to four crystals can be mounted without cooling on a
(x.p)-circle segment on top of a rotary table. The crystals
are fixed on a translational table, allowing a change of
crystal without opening the monochromator tank, which is
under He atmosphere, and thus without removing the
heavy shielding around it. If A« is the FWHM of the
horizontal divergence of the incident beam and Aw,; the
FWHM of the diffraction pattern of the monochromator
crystal, the wavelength band AM/A selected by the mono-
chromator is calculated in the limit of small Bragg angles
according to

AM/A = cot(Bp ) Aa + Aw,). 1)

0p represents the Bragg angle. For 100 keV photons dif-

fracted at Si (220), one obtains AA/A = 0.006 for a perfect
crystal and AA/A = 0.008 for an imperfect crystal, with Aw,
= 10 arcsec. The relatively large values of AA/A are due to
the small Bragg angles, which obviously are a disadvantage
if beams with a narrow energy band are needed. However,
in most of the diffraction experiments performed so far at
beamline BW5, a bandwidth of the order of 1% could be
tolerated. In cases when better energy resolution is nee-
ded, the angular divergence of the incident beam can be
reduced by reducing the width of the slits in the slit system
in the tunnel at 15m from the wiggler. For studies of
imperfect sample crystals and/or diffuse scattering,
important gains in intensity can be obtained without losing
resolution by using imperfect single crystals as mono-
chromators. Besides perfect silicon crystals, the following
monochromator crystals are presently in use at BWS:
annealed Si with Aw; < 10" (Schneider et al., 1988, 1989),
SrTiO; crystals with Aw; =~ 40" and SiTaSi, crystals with
Aw; =~ 100" (Neumann et al., 1996). The intensities at the
sample obtained for a 2 x 2 mm? beam of 100 keV pho-
tons range from 1 x 10’ to 8 x 10" s™'. The degree of
linear polarization for full vertical integration of the beam
was determined to be 81(3)% from an analysis of S(Q)
measurements on liquids. However, because of the small
Bragg angles, this is in general not a critical quantity.

Incident Monochromator Sample Analyser Detector CCD camera
beam tower tower tower tower 4
| 4 4 4 4
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Figure 7

Layout of the triple-crystal diffractometer. The base plates, (a) and (b), are mounted on three-point bearings (3) fixed on a steel frame
(2) positioned via air cushions (1) on the floor. Monochromator, sample and analyser towers are mounted on rails (4); their mutual
distance can be adapted to the cxperimental needs by means of air cushions (1) on the granite plate (a). Mechanical guidances (5)
transform the linear movements of the towers into rotations. Monochromator and analyser crystals (12) are mounted on a rotary table
(8), a (x.p)-circle segment (9) and a translational table (10) for on-line change of crystals. The rotary table (8) for the analyser is
connected to a Heidenhain angular encoder. The sample stage consists of vertical (6) and horizontal (7) degrees of freedom, a large
rotary table (8) and a heavy (x,¢)-circle segment (9) on which the sample crystal (12) can be mounted in large cryostats (23). Physics
Instruments rails (11), which automatically follow the tower movements, allow mounting of steel collimators (15), adjustable (16) and
fixed (17) slit systems, a monitor counter (18), an automatic protection of the detector against count rate overload (19), and an absorber
wheel (20). The beam-defining slit system and the monochromator crystal, as well as the beamstop (21), are surrounded by heavy lead
and steel shielding (14). The Ge dctector (13) is also well shielded. Because of the large Dewar (22), liquid nitrogen has to be refilled
once a week. At the back of the experimental hutch a CCD camera (24) is fixed on rails (4) mounted on a steel plate (c).
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4.2. Analyser

The design of the analyser tower is identical to that of
the monochromator, except for the shielding vessel. For all
the different types of monochromators mentioned above,
corresponding analyser crystals exist. Because of the
extreme sensitivity of the analyser position to the location
of the scan volume in reciprocal space, the ws rotary table
is equipped with a Heidenhain angular encoder with a
precision of +0.04 arcsec.

4.3. Sample stage

Because samples are often mounted in heavy cryostats
or furnaces, the sample stage can carry weights up to about
500 kg. From the bottom to the top the sample tower
contains a lifting table (30 mm) and a table for hor-
izontal translations perpendicular to the incident beam
(£70 mm). Next, a Huber 430 rotary table and a massive
Franke and Heidrich (yx.p)-circle segment (£15°) are
mounted, on which, for example, an ILL ‘Orange’ He
cryostat can be positioned, which reaches temperatures
down to 2K. A furnace, reaching temperatures up to
1673 K, is also available. If all rotational degrees of free-
dom are needed for sample orientation, the ensemble of
the rotary table and the (x,¢)-circle segment is replaced by
a Huber Eulerian cradle mounted on another rotary table.
The ¢ axis in the Eulerian cradle is offset such that a two-
stage closed-cycle refrigerator can be mounted, which
reaches temperatures down to 10-15 K. Both cryostats
have cylindrical heat shields of large diameter to avoid
powder lines entering the detector. For measurements of
the static structure factor of liquids and amorphous
materials, an evacuated scattering chamber of 500 mm
diameter can be mounted on the sample stage. It allows
measurements up to a momentum transfer of Q =
(47/A) sin 6 = 32 A~L.

4.4. Detectors

An intrinsic Canberra Ge detector (crystal 15 mm thick
and 25.5 mm in diameter) is mounted on top of a 301
Dewar and shielded well by steel and lead. In general,
background count rates are less than 1counts™'. The
detector works in its linear regime up to count rates of the
order of 6 x 10*countss™'. Using a fast spectroscopy
amplifier (Canberra 2024) the experimentally verified dead
time for a monochromatic beam of 100 keV photons is
2.1 ps and the resolution at that energy is ~550 eV for low
count rates. The energy spectrum can be recorded by
means of a LeCroy ADC 3512. Three Ortec 551 single-
channel analysers allow simultaneous measurement of
scattered photons of the fundamental and higher harmo-
nics. A 253 x 200 mm?® image plate can be mounted in
front of the Ge detector and allows, after removal of the
collimators and the absorber wheel between sample and
detector, the simultaneous determination of the scattering
angles for several Bragg reflections. This information can,
for example, be used to establish the orientation matrix of
the sample. Exposure times for this purpose are of the

order of 10-30s. A modified XIOS-II camera from Pho-
tonics Science, a 12-bit tapered fibre-optics CCD with an
area of 77 x 83 mm>, is mounted on a rotary table and a
translational table; the whole ensemble is mounted on the
third base plate fixed at the concrete beamstop.

5. Electronic hardware and computer software

Up to 48 stepping motors are connected according to
HASYLAB standards via CAMAC to a MicroVAX com-
puter operating under VMS. Again following HASYLAB
standards, the software for motor controls, counting and
visualization of data is based on the SPECTRA program
package (Kracht, 1994). The existing software provides a
guide for diffractometer alignment and energy calibration,
and allows for automatic centring_ of reflections and cal-
culation of orientation matrices, as well as azimuthal scans
and arbitrary scans in momentum space (Kracht & Poul-
sen, 1995). Special scan modes, e.g. automatic measure-
ments of superlattice reflections as a function of
temperature, can be implemented via macros. For auto-
matic data collection in four-circle mode, the DIF4 soft-
ware package (Eichhorn, 1993) is installed, which is also in
use at HASYLAB diffractometers D3 and F1. DIF4 con-
tains all standard crystallography data-collection routines
(automatic indexing and unit-cell determination, orienta-
tion matrix refinement and Bravais lattice determination,
refinement of cell constants) and allows for on-line data
reduction, including checks on both intensity and peak
positions of an arbitrary number of reference reflections.

6. Performance of the diffractometer

The diffraction pattern of a perfect crystal in symmetrical
transmission geometry for negligible absorption is given by
(e.g. Zachariasen, 1945)

R(nw) = 1/2[1 + (nw)’],
n = 2/(FWHM)y, = 1V, sin (265)/r,A*F,. (2)

w represents the crystal rotation angle, V. is the unit-cell
volume, r, is the classical electron radius and Fy is the
structure factor for reflection H. (FWHM)y,, represents
the full width at half maximum of the diffraction pattern
calculated for a perfect crystal by means of dynamical
theory, which amounts to 0.37” for Si(220) and 100 keV
photons. It is interesting to note that (FWHM)y,,
decreases proportionally with wavelength, A, while the
intensity in the wings of the diffraction pattern even
decreases proportionally with A%.  Fig. 8 shows the result
of a central analyser scan performed with three perfect Si
crystals mounted in a dispersion-free (4, —, +)-setting.
100 keV radiation was diffracted at 220 reflections in a
symmetric transmission geometry. The thickness of the
crystals was 1 cm each. The experimental data are in very
good agreement with the theoretical diffraction pattern
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calculated according to Neumann et al. (1994),

[(w,, ) = / da / d(AX)F(@) J(AMR(a — 8)

X Rglw, — b, (o — 8)]
X Ry{—w, + w3 — bylw, — by(a — N (3)

with
b; = sin(6 — ¢,)/ sin(6g + ¥)).

w, and w; are the rotation angles of the sample and ana-
lyser crystals (Fig. 1). J(AL) denotes the spectral and F(o)
the angular distribution function of the primary synchro-
tron radiation beam. Ry, R and R, represent the theo-
retical diffraction patterns from monochromator, sample
and analyser crystals. & = (AA/A)tan 0 describes the
change in the Bragg angle if the wavelength is changed by
AX with respect to the reference setting. b; is the asym-
metry parameter, with ¢; being the angle between the net
planes and the surface normal of the crystal. The fitted
value of FWHM = 0.56" is only 0.02" larger than the
theoretical value calculated under the assumption of ide-
ally perfect monochromator. sample and analyser crystals.

The long-term stability of the relative orientations of
monochromator and analyser crystals is crucial, especially
for accurate determinations of lattice parameters by means
of analyser scans. In order to correct for possible devia-
tions due to temperature fluctuation or other mechanical
drifts, two electronic autocollimators were installed. They
can measure absolute rotations of the towers with an
accuracy of ~0.01 arcsec. Mirrors are fixed on the towers
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Figure 8

Central analyser scan (w, = 0, w; scanned) for a non-dispersive
(+, —, +) set-up with three perfect silicon crystals diffracting in
symmetrical transmission geometry from (220) planes. The
experimental data (dots) are in excellent agreement with the
theoretical intensity distribution calculated with diffraction
patterns for perfect crystals from dynamical theory; the experi-
mental FWHM agrees almost exactly with the theoretical value
of 0.54 arcsec.

and the autocollimators are positioned on an additional
vibration-attenuated granite plate. Assuming the
mechanical connection between the mirrors and the cor-
responding crystals to be rigid, the only remaining inac-
curacy in the angular setting of the crystals could arise
from inaccurate positioning of the rotary tables. These are
therefore controlled by angular encoders with an accuracy
of ~0.1 arcsec. To test the effect of temperature fluctua-
tions on the crystal orientations, the temperature in the
experimental hutch was increased by 2 K. As a result, the
monochromator tower was tilted by about 1 arcsec. How-
ever, as shown in Fig. 9, the relative change in the orien-
tation of monochromator and analyser crystals was much
smaller, and, from 30 min after the temperature change
and onwards, the relative angle was stable with an accuracy
of about 0.1 arcsec over 13 h. As a consequence, air con-
ditioning was installed in the experimental hutch. It keeps
the temperature constant within 0.2 K and the optical
control system is therefore no longer needed.

For most applications the scattering is discussed in k or
momentum space, instead of angle space (w;, ws). For the
tilt directions and q coordinates shown in Fig. 2, the
transformation from one space into the other is performed
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Angular stability of the monochromator versus analyser tower
measured with two optical autocollimators after a change of the
temperature in the hutch of 2K. The induced tilt of the
monochromator tower was ~1.2 arcsec; the maximum relative tilt
was ~0.4”. After 30 min the relative angular stability of the two
towers is of the order of 0.1”.
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by the following equations,

q. = —|k| cos(fp)ws. 9, = 1Gl(w, — @;/2).  (4)

Without going into detail, the main features of the reso-
lution function of the triple-crystal diffractometer for high-
energy synchrotron radiation in non-dispersive setting can
be seen from fictitious analyser and sample central scans
assuming

qx = _lklev qy =~ |G|w2. (5)

cos 0 has been put equal to unity because of the small
Bragg angles, 0p. For the analyser (longitudinal) scan we
assume §-function-shaped diffraction patterns for mono-
chromator and sample; for the sample (transverse) scan
the diffraction patterns of monochromator and analyser
are assumed to be §-functions. The FWHMs of these scans
can then be calculated from (2) and (5) as

(FWHM)I(mgitudinal = 8”rl)l;‘ll/‘/('(;l’
(FWHM)lransvcrse = SﬂrOFII/Vv'kl' (6)

To a good approximation, the FWHM of a longitudinal
scan is independent of the wavelength of the diffracted
radiation but becomes smaller with higher momentum
transfer, G, i.e. the longitudinal resolution improves for
higher-order reflections. On the other hand, the FWHM of
a transverse scan is essentially independent of momentum
transfer but decreases with increasing wavevector, k, ie.
with decreasing wavelength of the diffracted radiation. In
both cases the FWHMs decrease with decreasing structure
factors. i.e. they become smaller for weak reflections.

7. Applications

In this section, typical applications of the triple-crystal
diffractometer at the high-field wiggler beamline BWS5 are
sketched.

The use of high-energy photons for diffraction studies
on disordered materials was first suggested by Egelstaff
(1983), but, to the authors’ knowledge, only one experi-
ment has been performed along these lines using y-rays
from radioactive sources (Root er al., 1986). With the
advent of modern synchrotron radiation facilities provid-
ing high-intensity beams of X-rays at energies above
80 keV, the idea saw a revival (Neuefeind & Poulsen,
1995). The main advantages of using high-energy syn-
chrotron radiation for measurements of the static structure
factor S(Q) are the large accessible O range and the low
absorption. Moreover, systematic corrections are low
(Poulsen & Neuefeind, 1995). Fig. 10 shows raw data taken
for molten ZnCl, at 623 K with 100 keV radiation in a low-
O set-up (Neuefeind et al, 1998). The empty-can mea-
surement can be subtracted from the data; however, the
regions where the powder lines from the steel cylinder
with 9 mm outer and 7 mm inner diameter occur have to
be excluded from any further consideration. The structure
factors measured with 100 keV photons and neutrons

(Allen et al.,, 1991) show strong differences because of the
difference in the intrinsic cross sections involved in the
scattering. The measurements on molten ZnCl, presented
in Fig. 11 indicate the gain in information on the partial
pair-distribution functions which can be expected from a
combination of neutron and high-energy synchrotron
radiation data. Published work discusses the bond angle
distribution in amorphous germania and silica (Poulsen et
al., 1995; Neuefeind & Liss, 1996) and the atomic and
electronic structure of liquid N-methylformamide (Neue-
feind et al., 1996).

Recently, two data sets of structure factors up to sin 6/
= 1.4 A™! have been measured on a Cu,O single crystal,
190 ym in diameter, in automatic four-circle data-collec-
tion mode using 100 keV synchrotron radiation from an
annealed Si(111) monochromator (Lippmann & Schnei-
der, 1996). The first data set consists of 710 reflections (169
unique), which were recorded in conventional w-step scan
mode in about 2 d. The second data set included 1535
reflections (130 unique), which were measured in about
2.5 d using the continuous-scan mode, i.e. the detector was
enabled when w rotations of the sample were performed.
Absorption and extinction effects are very weak and
internal consistencies R(|F]°) of 0.64% for the first and
0.38% for the second data set were achieved, demon-
strating the high quality of the data sets. A multipole
model was refined down to an agreement factor of 0.69%
[WR(F) = 0.90%, goodness of fit = 1.16]. The refined results
compare favourably with earlier results obtained using the
HASYLAB diffractometer D3 with 0.56 A (22 keV)
radiation by Kirfel & Eichhorn (1990). These results
demonstrate the potential of accurate structure-factor
measurements with high-energy synchrotron radiation for
charge-density work or the determination of highly accu-
rate structural parameters in systems undergoing structural
phase transitions.

Synchrotron radiation opened the possibility of studying
ground-state properties of magnetic materials. An outline
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Figure 10

Structure-factor mecasurcment with 100 keV radiation for molten
ZnCl, at 623 K contained in a steel cylinder of 9 mm outer and
7 mm inner diameter (dots). The strong powder lines in the
empty-can measurement (solid line) define ‘dead’ regions in
momentum transfer Q; the crosses represent the points used in
the further data processing.
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of the theory has been given by Blume & Gibbs (1988). If
such measurements are performed with high-energy syn-
chrotron radiation, e.g. on antiferromagnetic ordered sys-
tems, only the spin component of the magnetic moment
perpendicular to the scattering plane contributes to the
scattering. All other components are projected out due to
the small Bragg angles. In addition, large samples can be
studied so that bulk properties are probed and a com-
parison can be made with neutron results obtained on the
same sample. This offers another possibility of separating
spin and orbit contributions to the magnetic moment.
Fig. 12 shows the results of double-crystal scans at the 300
magnetic superlattice reflection of MnF, at saturation
performed with 80 and 160 keV synchrotron radiation
(Strempfer, 1997). The monochromator was an annealed Si
crystal diffracting from (311) planes in an almost disper-
sion-free (+, —)-setting. A quick change to three-crystal
mode of operation is straightforward. For more details on
investigations of magnetic systems with high-energy syn-
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Structure factor of molten ZnCl, measured by means of 100 keV
synchrotron radiation and thermal neutrons (Allen et al., 1991).
The synchrotron radiation data are subject to the usual
corrections: F(Q) = [I(Q) — Y(f,)) — Y. C)/ L.(f)*. where I(Q)
represents the scattered intensity normalized to constant monitor
counts and corrected for deadtime effects, absorption and
polarization (a correction for multiple scattering was not
necessary). f; is the atomic scattering factor and C; represents
the Compton-scattered intensity from atom i; the summation is
over the unit composition. The difference between the two data
sets at low Q demonstrates the potential of combining neutron
and hard X-ray data for the determination of pair-distribution
functions in amorphous and liquid systems.

chrotron radiation, including the Q-dependence of the
magnetic scattering and a discussion of the effect of mul-
tiple Bragg scattering, see Lippert et al (1994) and
Strempfer et al. (1996).

Full advantage of the high momentum space resolution
of the triple-crystal diffractometer for high-energy syn-
chrotron radiation has been made in a study of the defect
scattering from annealed Czochralski-grown Si single
crystals, which contain about 10 p.p.m. of O atoms. If these
crystals are annealed at 1023 K, SiO, precipitates are
created. Their size and number density can be determined
by small-angle neutron scattering (Messoloras et al., 1989).
At temperatures above 1173 K, stacking faults on {111}
lattice planes, as well as dislocation loops, are formed,
which give rise to the diffuse scattering shown in Fig. 13
(Schmidt, 1992), measured on the same sample as used in
the small-angle neutron scattering experiments. The con-
tour plot shown has been calculated from a set of one-
dimensional scans. One of the longitudinal scans is shown
in Fig. 14. The two side peaks are due to the stacking
faults. Their width is independent of the distance g, from
the reciprocal-lattice point, and a stacking-fault diameter
was calculated using the theory of Larson & Schmatz
(1980). The width of the peak in the centre, which is due to
the dislocation loops, is g,-dependent, and, after subtrac-
tion of the relatively large contribution of thermal diffuse
scattering, a loop diameter of approximately 250 A was
calculated (Schmidt, 1995). The quantitative analysis of the
diffuse scattering due to the dislocation loops is far more
difficult than the characterization of the diffuse scattering
from stacking faults. About 10 min are needed to perform
a longitudinal scan such as the one shown in Fig. 14, and
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Figure 12

Transverse scans performed at the 300 magnetic superlattice
reflection on MnF, at 4 K using 80 and 160 keV synchrotron
radiation. An annealed Si crystal was used as monochromator in
an almost dispersion-free double-crystal set-up. The full width at
half maxima of the rocking curves are 12 and 10", respectively.
The magnetic reflection is about six orders of magnitude weaker
than low-order charge reflections.
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therefore meaningful in-situ studies of defect formation in
Cz Si under annealing can be carried out at beamline BWS5
(Schmidt, 1995).

Because large samples can be mounted easily in cryo-
stats, triple-crystal diffractometers for high-energy syn-
chrotron radiation are very well suited for studying
structural phase transitions (Neumann, Poulsen et al.,
1995). The investigation of the sharp component of the
critical scattering in SrTiO; above T, ~ 100 K, which is
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Figure 13

Diffuse scattering of 100 keV synchrotron radiation measured at
room temperature in the vicinity of reflection 220 of a
Czochralski-grown Si crystal annealed for 24 h at 1023 K and
20 h at 1323 K (Schmidt, 1992). The streaks along (111) are due
to stacking faults on {111} planes with Burgers vector (111); the
streaks along (001) are due to dislocation loops on {111} and
{110} planes.
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Longitudinal scans through the diffuse scattering shown in Fig. 13
atg, =6 x 1072 A~! performed at room temperature (full dots)
and 12K (open triangles). The two sharp peaks are due to
stacking faults; the wider peak in the centre is due to dislocation
loops. The Lorentzian-shaped curve (dotted line) represents the
calculated thermal diffuse scattering, which describes very well
the difference between room- and low-temperature measure-
ments (Schmidt, 1995).

considered to be strongly affected by defects, is an
instructive example, because the same sample, about 1 cm®
in dimension, could be studied with X-rays and neutrons.
As a result, it was shown that no sharp component exists in
the bulk of the sample and that, as shown in Fig. 15, the
temperature dependence of the inverse half-width of the
Lorentzian-shaped critical scattering agrees very well with
a calculation based on the inelastic neutron scattering data
(Shirane et al., 1993; Neumann, Riitt et al., 1995). On the
other hand, the high-resolution synchrotron radiation
measurements have shown that the sharp component
occurs in near-surface regions of the crystal (see inset of
Fig. 15). In the meantime, systematic studies at the high-
energy beamline of the PETRA undulator (Hahn er al,
1997) revealed a direct correlation between the sharp
component of the critical scattering in a layer at the
sample surface of about 100 um thickness and an increase
in strain and mosaicity as well as with a gradient in the
lattice parameter (Riitt, 1996; Riitt et al., 1997).

In this context, reference should be made to recent work
by Gibaud et al. (1997), who studied diffuse scattering
from KMnFj; at 200, 186 and 75 K by means of high-energy
monochromatic Laue X-ray scattering using the X17B1
wiggler beamline at the NSLS at Brookhaven National
Laboratory and an image-plate detector. Using 60 keV
radiation, the measurements were not affected by strong
fluorescence lines, and, because the Ewald sphere is flat,
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Temperature dependence of the inverse correlation length of the
critical fluctuations in SrTiO; measured with 100 keV synchro-
tron radiation at reflection 0.5(511) above the critical tempera-
ture 7. = 99.5 K. In the bulk of the sample the result of neutron
scattering experiments (solid line) was well reproduced. Only in
near-surface regions was the additional sharp component in the
critical scattering found (dark-coloured section in the inset) and
the temperature dependence of the half-width of the Lorentzian-
shaped critical scattering distribution was slightly different (open
circles).
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essentially only one plane in reciprocal space contributed
to the scattering recorded on the image plate, performing
+4° oscillations of the sample. Exposure times as short as
150 s saturated the image plate at the Bragg peak locations
and produced clearly visible diffuse patterns.

The momentum space resolution in single-crystal dif-
fraction experiments on high-7. superconducting materials
is still limited by the perfection of the samples, and, at
present, the intrinsic high resolution of a triple-crystal
diffractometer for high-energy synchrotron radiation often
is of no value. Therefore, SrTiO; crystals with a mosaicity
of the order of 40 arcsec have been used as mono-

Figure 16

Diffraction images from a CCD detector recorded with 100 keV
photons from a monofilament of Ag/(Bi, Pb),Sr,Ca,Cuz0,
superconducting tape before (a) and after annealing for 26 h at
1108 K. The superconducting grains are small and partly aligned.
Hence, they give rise to small segments: in (a) the arrow marks
diffraction from the Bi-2212 phase, in (b) the arrow indicates
diffraction from the Bi-2223 phase. The silver is recrystallized and
gives rise to dotted segments.

chromator and analyser, increasing the intensity in the
detector by approximately two orders of magnitude with-
out losses in momentum space resolution. In this way, the
Ortho-1I superstructure of YBa,Cu3Og4s, as well as the
Ortho-III superstructure of YBa,Cu3Og77, could be stu-
died with the best possible resolution obtainable with the
present samples (Schleger, Hadfield et al., 1995; Schleger,
Casalta et al., 1995). Compared with neutron studies of the
same YBa,Cu;Ogs sample with worse resolution, an
intensity gain of three orders of magnitude was achieved,
and novel quenching experiments could be performed at
the BWS5 beamline. Work on YBa,Cu;0Og . ,, with x = 0.35
and 0.36, is summarized by Poulsen ef al. (1996). More
recently, the charge scattering associated with stripe order
has been measured in La;;7581,,sNiO,4 using 100 keV
photons and SiTaSi, crystals both as monochromator and
analyser (Vigliante et al., 1997).

Some of the most promising applications of high-7,
superconductors are related to the use of wires and tapes
of the (Bi, Pb),Sr,Ca,Cu3;0, material (abbreviated as the
2223 phase). Precursor powder, consisting mainly of the
2212 phase [(Bi, Pb),Sr,CaCu,0,], is filled into Ag tubes,
which are subsequently rolled and annealed, at tempera-
tures between 1073 and 1123 K, several times. During this
treatment, oxygen diffuses through the Ag sheet, the 2212
phase is transformed into 2223, and the superconducting
grains grow and develop a strong c-axis alignment. The
final tapes have cross sections of approximately 3 mm X
200 pm. The critical current density at 77 K is the crucial
parameter to optimize, but in order to do so it may be
necessary to determine what happens during the thermo-
mechanical processing. By utilizing the penetration power
of 100 keV X-rays, in-situ studies were performed recently,
allowing a full structural description of the annealing
process (Frello et al., 1997; Poulsen et al., 1998). An
example of the raw data is given in Fig. 16. Using the CCD
camera installed in the back of the experimental hutch (cf.
Fig. 7), optimization of processing parameters has been
performed based on the in-situ behaviour of some 60 tapes.

The potential of performing local studies in the bulk of
materials by means of high-energy synchrotron radiation
for materials science has been discussed recently by
Poulsen et al. (1997). Using crossed-beam techniques,
gauge volumes of 50 x 50 x 500 um’ have been achieved
at BW5 (Garbe et al., 1996). The long dimension of the
gauge volume in the beam direction is due to the small
Bragg angles. In a best-case scenario, minimum gauge
volumes of 5 x 5 x S0 pum® seem obtainable. It thus
becomes possible to measure non-destructively the fun-
damental microstructural parameters related to the indi-
vidual grains in the material: crystallographic orientation,
strain, size, dislocation density, as well as the topology of
the grain boundaries. Predictions of the macroscopic
properties of the materials, such as texture, flow stress,
fatigue stress, corrosion resistance, magnetization and
superconducting critical current, depend heavily on these
parameters.
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Thanks are due to J. Pfliiger and U. Hahn for designing
the high-field wiggler and the BWS5 beamline at the
DORIS III storage ring. The contributions of G. Weichert
and R. Giesenberg to the construction of the triple-crystal
diffractometer are gratefully acknowledged. The develop-
ment of efficient software by T. Kracht was crucial for the
reliable operation of the diffractometer. Special thanks are
due to R. Nowak and A. Swiderski for building the
hardware electronics, improving the mechanics and mak-
ing the diffractometer a user-friendly instrument.
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