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Beam line design for high-resolution diffraction
at synchrotron radiation sources

U Pietsch', O H Seeck®

(1. Faculty of Physics, Siegen University , D-57068 Siegen, Germany;
2. HASYLAB at DESY ., D- 22603 Hamburg, Germany)

Abstract: The general design of a high-resolution diffraction beamline at a third generation X-ray syn-
chrotron radiation source is presented. For this, we introduce the basics of high resolution diffraction
and the optical elements necessary to prepare a nearly parallel but intense X-ray beam with well-de-
fined photon energy for high-resolution application. In particular, the function of double-crystal and
four-bounced crystal monochromators is explained in terms of X-ray dynamical theory. As an exam-
ple, we present the layout of the High Resolution Diffraction (HighRes) beamline at the new synchro-
tron radiation source PETRA III in Hamburg (Germany) which will become operational in 2009. By
optimizing the optical components, a resolution in ¢-space will be achieved down to A¢g=10"° nm '
with micron beam size and a flux of more than 10" cts/s.
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1 Introduction

In contemporary experimental science the

radiation of modern synchrotron radiation
sources is frequently used to investigate the
properties of matter. For experiments with high
photon flux but comparably large beam, the re-
search centre DESY in Hamburg (Germany) is
providing X-ray and VUV beams at the storage
ring DORIS 1II. However, more and more ex-
periments need micrometer-sized beams with
very small divergence and high intensity Chigh
brilliance). Coherence and well defined pulse
structures are also much appreciated. To satisfy
the increasing demand for this advanced beam
properties, DESY is building up three new facil-
ities: already operational is FLASH, a pulsed
VUV free electron laser with extraordinary co-
herence and brilliance properties. In the plan-
ning phase is the XFEL, an X-ray free electron
laser with comparable beam properties as
FLASH but in the X-ray regime.

The new third generation storage ring for
synchrotron radiation, PETRA 1III, is based on
an existing storage ring structure which will be
completely rebuilt for the purpose of synchro-
tron radiation'”. Tt will deliver the most bril-
liant X-ray beam compared to other third genera-
tion sources in the world and becomes operation-
al in early 2009. Nine sectors for X-ray and
VUV experiments will be built up® and each
sector will be equipped with either one long un-
dulator (5 m or longer) or two 2 m undulators.
The both 2 m undulators will be oriented not ex-
actly in-line but slightly canted horizontally by 5
mrad. This canting angle is sufficiently large to
install two completely independent beamlines in
one sector. Sector 6 at PETRA III will house

two beamlines for X-ray scattering and diffrac-

tion. One beamline is designed for Resonant

Scattering and Diffraction (RSD) which will
mainly be used for magnetic X-ray scattering ex-
periments. The second beamline at the same sec-
tor is designed for High ¢-Resolution Diffraction
(HighRes) and will deliver photons in an energy
range from 5. 4 keV up to 29. 4 keV where the
optics of the latter one is optimized for high ¢-

resolution experiments,

2 Basics of high-resolution diffrac-

tion

The general layout of a high-resolution
beamline is shown in Fig. 1. The main compo-
nents of beamline optics are a pre-mirror and a
monochromator. The function of the pre-mirror
consists in removing the high energy part of the
incidence spectrum. Considering refraction at
the air-mirror interface, X-rays with energies
smaller than the critical energy of total external
reflection E, will be reflected with nearly 100%
whereas the intensities of those with higher en-
ergy rapidly decreases as E ' due to Parratt’s
[3]

law As shown in Fig. 2, the cut-off energy
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Fig. 1 General setup of a high-resolution diffractom-

eter at a synchrotron beamline.

decreases with increasing incidence angle, aw s
with respect to the mirror surface. In most cases
awm 1s set constant to define a spectral range suffi-
cient for the experiment. The main optical ele-
ment for high-resolution diffraction is the fixed-
It has

offset, double-crystal monochromator.

two functions: first to maintain the general di-
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Fig. 2 Energy characteristics of a plane gold mirror

for different incidence angles

rection of the beam pointing from the source to
the experiment and second, to tailor the spectral
width of the probing beam. Using dynamical
theory, the full-width-half-maximum(FWHM),
Ay, of X-ray diffraction from a perfect crystal is
given by

Ap=2Cly, |t 30

V0] sin(20,)

where C is the polarization factor and b is the a-
symmetry factor which is a measure of the sur-
face miscut of the crystal. The second essential
quantity of dynamical diffraction is the Bragg an-
gle shift. Due to refraction, the Bragg angle
does not appear at the angular position obtained

from the kinematical Bragg equation but is shif-

ted by

_ X _
817f25m(2@3)(1 b . )
to higher angles. y in Eq.2 and y, in Eq. 1 are

given by
AZ
XO.,’*—KT/F(OJI) , 3

where the Oth and i th Fourier coefficients of the
crystal polarizability depend on total electron
density F(0)/V and structure factor F(h) of the
crystal, respectively. A is the wavelength. The
asymmetry factor b is defined as

_ Sil’l(@[; +¢)
b sin(@B*Sﬁ) ’ (4)

but with wavelength A/3. At the same time the
maxima of both Bragg peaks are slightly differ-
ent in angular position. Therefore one can tune
the monochromator angle to a value accepting A
only.

The angular acceptance Ay of the Bragg re-
flection translates to a certain energy pass band.
At a photon energy of 8 048 eV, which corre-
sponds to a Bragg angle of 20; = 28. 44°, the
pass band, given by AE/E= A»/@y is 20X 10 °
and 3. 5X 107" for Si (111) and Si (333), re-
spectively.

The combination of two crystals into one u-
nique optical element results in a double crystal
arrangement. Assuming parallel setting of the
two crystals of the same material and orienta-
tion, the so-called (+ —) setting is non-disper-
sive. Assuming the Bragg angles of both crys-
tals, @y, and By, . are equal, the second crystal
accepts the same range of energy as accepted by
the first crystal. The situation is visualised by a
so-called DuMond diagram (Fig. 3)"'. Tt shows
the functional dependence of Bragg's law for
both crystals. The coordinate axes of both crys-
tals are arranged to be parallel, but the horizon-
tal (angular) axes are displaced by an angle g
relative to each other, where g is the rotation an-
gle of the second crystal with respect to the first
one. At a given divergence of the incident beam,
the whole energy range accepted by the first
crystal is accepted by the second one as well.
The intensity distribution of the double crystal

arrangement as function of 8 is given by
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Fig. 3 DuMond diagram of a non-dispersive double
crystal arrangement
I = [ap GO @ a5
where

r=t(pra).

1
is the angular deviation of the incidence angle at
the second crystal. b, is the asymmetry factor of
the first crystal. The 4 sign refers to non-dis-
persive and dispersive arrangement, respective-
ly. For a particular energy, the convolution

product in Eq. 5 gives a reflection curve width of

about /2 Ay as defined in Eq. 1 since both Bragg
angles are equal.

A dispersive setting exits if @y 7@y, , ei-
ther by use of two different Bragg reflections of
the same crystal or two different crystal materi-
als. Then both crystals diffract at a slightly dif-
ferent wavelengths which gives rise to a disper-
sion enlargement of the convoluted curve (Eq.

5) that can be approximated by
Ar](AE):%E(tan ®, —tan O0,) . (6

For synchrotron radiation sources this is al-
most automatically the case. Due to the heat
load experienced by the first crystal its lattice
spacing will differ from that of second crystal e-
ven for use of the same crystals and same Bragg
diffraction. However, this effect can be mini-
mized by cooling both crystals with liquid nitro-
gen.

A strictly dispersive arrangement is realized

by an anti-parallel setting of both monochroma-

tor crystals. This (+ +) arrangement is shown
in Fig. 4. The DuMond graphs of both crystals
are aligned in opposite directions. Both branches
overlap at one angle only. Since this overlap
range in energy axes is smaller than the Ko, —
Ka, separation of an X-ray tube, for example,
the optical element would only accept one line.
Thus this arrangement is mainly used for spec-

troscopic application.

Slit width

A(2d,)
AN 2dy)

Bragg angle/(")

Fig.4 DuMond diagram of a strict dispersive doub-

le-crystal arrangement

Both settings (+ +) and (+ —), respec-
tively, are combined in four-reflection mono-
chromators. It combines the advantage of low
tail intensity of a (+ —) setting with the highly
reduced energy band pass of the (+ +) ar-
rangement. Additionally it maintains the inci-
dent beam direction. Four-bounced monochrom-
ators with fixed (022) or (044) crystal reflec-
tions are commercially available and are used in
modern high-resolution diffractometers for labo-

ratory application"® .

Four-reflection setups are
also used at synchrotron sources.

For high-resolution application, it is useful
to install an optical element in front of the detec-
tor and after the sample with similar optical
properties as a monochromator. The acceptance
of this analyser (see Fig. 1) can be tuned in a
similar fashion as for a monochromator. In most
cases a single crystal or a channel-cut crystal in
(+ —) setting is sufficient.

The angular resolutions of the monochrom-

ator and analyser define a so-called resolution el-
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ement in reciprocal space. If ¢; and g are the in-
cidence and exit angles of the beam with respect
to the surface of the crystal under inspection,
the resolution element is given approximately by
Ap=0Q,0Q., where
0Q. =K (da;cos aj—daicos a;) +
0K (sin a; +sin a;)
0Q.=— K (a;sin a;— dagsin q;) +

0K (cos a;tcos a) » (7)
using K = 2%/A. Because §Q, and §Q. change
with ¢; and a;, both the size and shape of Ay will
change during scanning of a; and «"?. Fig. 5
shows the shape of the resolution element in the
vicinity of the Si(111) Bragg reflection of a float
zone (FZ) silicon wafer. The streaks A and M
are caused by the angular acceptance of the ana-
lyser and monochromator, respectively. The dif-
ferent extensions of both streaks are due to the
use of a four-crystal monochromator but a single
crystal as analyser. W denotes the wavelength
streak reflecting the energy acceptance of the
probed crystal. The resolution function Ag is
convoluted with the scattering function of the
crystal under investigation. Each feature of high
intensity in a reciprocal space map will be accom-
panied by the appearance of M, A and W
streaks. However, Fig. 5 shows that Agp be-
comes more circular in shape using four-bounced

crystals at the monochromator and analyser site.
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Fig. 5 Shape of the resolution element close to the
Si(111) Bragg reflection of a FZ silicon wa-
fer using a four-bounce monochromator and a

plane single analyser crystal.

3  Design of HighRes beamline at
PETRA III

The design of the HighRes beamline at
PETRA 1II has to consider the following restric-
tions: (1) the optics should be designed for the
highest possible g-resolution; (2) switching be-
tween a mode with a high-as-possible g-resolu-
tion and a relaxed mode in g-resolution should be
possible; (3) the diffractometer and other equip-
ment should be as accurate as possible; (4) vi-
brations should be avoided completely; and (5)
as mentioned in the introduction, HighRes will
share sector 6 with RSD which is a severe re-
striction in available space.

The last requirement strongly affects the
design of the sector™. It burns out that the 5
mrad natural separation of the two undulators is
too small for two diffraction beamlines, as the
diffractometers and the experimental equipment
need a lot of space in all directions. Therefore it
was decided to offset the beamline HighRes ver-
tically by 1. 25 m from the floor level of the
beamline RSD (without vertical offset). This
design is justified by the scientific case of RSD
where the photon energy ranges is scanned fre-
quently in an energy range of 2.5 keV up to 50
keV which is not possible on an offset beamline.

A schematic of the beamline design is shown
in Fig. 6. The decision to vertically offset High-
Res has direct consequences for the design of the
optics. A fixed offset of 1. 25 m and an energy
range of 5.4 keV up to 29. 4 keV, as mentioned
in the introduction, can only be realized with a
fixed offset double monochromator the so-called
Large Offset Monochromator ( LOffsMono ).
The stability of the LOffsMono should be has
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high as possible. Therefore, a liquid nitrogen
cooled double crystal Si(111) pre-monochroma-
tor (ligN2Mono) will be installed to minimize
the heat load on the LOf{fsMono. Also, the
length of the LOffsMono should be restricted to
3 m. Thus, Si(311) (5.4~18.4 keV) and Si

(511) (8.4~29. 4 keV) are selected as mono-

chromators. Compared to the Si(111) of the
ligN2Mono the Si(311)/Si(511) reflections are
less intense but better defined in phase space
which is required to achieve high g-resolution.
Therefore, the LOffsMono at the same time

serves as a high g-resolution element and as a

beam offsetting device.

High precision
diffractometers

Ring tunnel

BLS8 optical hutch,white beam(HighRes) BL9 optical hutch.white beam

BLS8 experimental hutch ~ BL8 control BL9
(HighRes) 5 keV~30 keV  (HighRes)

Fig. 6 Principal design at sector 6 of PETRA III hosting two different experiments. The HighRes beamline

experiences a vertical offset of 1. 25m realized by two double crystal monochromators.

Figs. 7 and 8 show the DuMond diagrams of
both possible configurations of the ligN2Mono
and the LOffsMono. If the first both crystals
scatters down and the second ones scatter up
(Fig. 7). One has the (— +) (+ —) setup
mentioned above and which is usually used for
high-resolution optics. If both twins, 1i. e.
ligN2Mono and LOffsMono, scatter up, it de-
fines a (+ —)(+ —) setup which is usually not
used (Fig. 8). However, in the case of the
HighRes beamline the second setup combines
high resolution with the geometric requirement
of beamline construction. Due to the 2 km circ-
umference and the source height of only 20 um
PETRA 1II will provide an X-ray beam with very
low vertical divergence (the grey bars in Figs. 7

and 8). Therefore both setups are almost identi-

cal in performance for zero-order photon energy

DuMond diagram for(+=)-Sil11(=+)-Si3 1 Isetup at 10 keV
3
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Fig.7 DuMond diagram of a possible setup of two
double crystal monochromators in (— —+)
(+ —) arrangement. The angular width of

the incident beam is marked in grey.

(10 keV, for examples). Both setups differ in

capability to reject higher harmonics. For the
(— +) (+ —)-setup the relevant 3rd-order

Bragg peak is located very close to the zero-order

Bragg peak and its reflectivity is suppressed by 3
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~4 orders of magnitude only. At the (+ —)
(+ —)-setup the 3rd order Bragg peak is far off
the zero-order Bragg peak and its intensity is 8~
9 orders of magnitude below the zero order in-
tensity, i. e. suppression of higher harmonics is
almost complete. Due to this nearly complete re-
jection of higher harmonics X-ray mirrors are not
needed at HighRes. Instead, compound refrac-
tive lenses (CRL) can be used to focus or colli-
mate the beam. CRLs have certain advantages o-
ver mirrors as they are easier to install and to
handle (in-line optics) and are also less sensitive

to vibrations and mechanical stress.

DuMond diagram for(+ =)-Sil11{+=)-Si311setup at 10 keV
I T paansasasse

AEfeV

oo, IR N N
=0.003 <0.002 -0.001 0.000 0001 0002 0.0
ABI(°)

[

Fig.8 DuMond diagram of a possible setup by two
subsequent double crystal monochromators in
(+ —) (+ —) arrangement. The angular

width of the incident beam is marked in grey.

Three different modes will be available by
default: the "raw mode" is relaxed in g-resolu-
tion but delivers the most intense beam. In the
"collimating mode" the g-resolution is exception-
ally good but at the expense of slightly reduced

intensity . The " focussing mode " creates a mi -

References:

crometer beam spot at the sample with a g-reso-

The in-

lution comparable to the "raw mode".
tensity of the full beam at the sample will be
from 1X10" ph/s up to 5X 10" ph/s depending
on the photon energy and the selected mode.
The higher harmonics suppression will be almost
complete. The experimental hutch will be e-
quipped with a high precision multi-circle dif-
fractometer and two motorized optical tables.
There is additional space for a second diffractom-
eter (to be installed in a later phase) or other us-
er-defined experimental setups, such as a liquid
scattering add-on. The achievable resolution in g
space will be §Q.=5X10"° nm ! and §Q, =2 X
107° nm™! which is one order of magnitude bet-
ter than any beamline up to now.

In summary, the HighRes beamline will de-
liver an extreme stable X-ray beam with almost
complete higher harmonic suppression and the
choice of focusing or collimation. The experi-
mental equipment will match the beam proper-
ties so that experiments with very high stability
and highest g-resolution will be possible. These
experimental conditions are best for investigation
of highly perfect crystalline materials and for ar-
tificial or self organized structures up to microm-

eter size range.
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