5. X-Ray Sources and Beamlines

The beamlines and corresponding instruragon are an integrated part of theiligc

design that defines the quality of the machine, the efficiency of the usage of photon sources
as well as the requirements for civil engineering in additioradoelerator complex.
CANDLE can provide more than 50 bmeines that cover the wide egtrum range of
emittedphotons fromVVUV to the hard X-ray regn. Fromeach dipole of the storage ring

two beamlines withaurce located at 1/3 or 2/3 of the magnet length can be extracted. A
scheme of the potential photon beam delivery system from the dipole and ID sources is
shown in Fig. 5.1.

--"‘-\-\.__

—

——

_;-'—""_F
C}f’
o e i
— -
o P o~
_'_'_,_,.:-""'-F i - s ; h:.
- - il
i

Fig. 5.1 Dipole (solid) and ID (dash line) photon beamsetivery system.

At the initial stage of machine operation, six beamlines are planed to be functional. The list
of the first stage beamlines includes:

* general diffraction & scattering(bending magrBMO1A;

» white beam diffractin(bending magnet)-BMO1B,;

» protein crystallography (bending magnet)- BM0O2A;

* LIGA (bending magnet)- BM02B,;

* medical applications (wiggipWO02 ;

» soft X-ray microscopy and sptroscopy (undulator)-U03.

In addition, one beamline from the dipole magnets will becde¢€d to diagnostitor the
electron beam parameters. The number of themliees will be gradually increased
according to the demand of the synchrotron radiation users. The machine can be also
equipped by the superconducting 7 T wiggler to produce hard X-ray photon beams with the
characteristic photon energy @f =50keV. However, to equip the storage ring at the
initial stage, only normal conducting 1.3 T and 1.98 T wigglers are planed. The main
photon source parameters from dipoles, wigglers and undulators are listed in Table 5.1
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Table 5.1 Parameters for the first stage beamlines.

Source Magnetic Critical photon Flux at &,
Field (T) energye, (keV) (photons/sec)
Dipole 1.354 8.1 1.710%
Wiggler 1 1.3 7.8 1.910%
Wiggler 2 1.98 11.85 7.6510"
Undulator 1, n=1,3,5 0.3 0.85/2.6/4.3 -
Undulator 2, n=1,3,5 0.7 1.9/5.7/9.6 -

5.1 Front End and Standard Beamline Components.

The front end has three important functions:

e to maintain the ultra high vacuum of the storage ring in case of emergency or
vacuum failure in the beamline;

» to protect people in the experimental stafimm radiation damage;

* to provide useful photon beam and block useless radiation.

The important components of the front end are: the diaphragm (fixed mask), the horizontal
and vertical slits (movable masks), the fast valve, the vacuum valves, the synchrotron
radiation (white beam) shutter, the bremsstrahlung stopper and carbon filter. These
components presently designed to lescetl inside the storage ringnel.

Diaphragm. The diaphragm is a fixed, ater cooled mask. The tapered rectangular
opening inside the diaphragm provides angular apertures of 6 mrad in the horizontal
direction and.2 mrad in the vertical aiction.

Fast valve The fast valve and fast valve sensors represent the vacuum interlock system.
The fast valve will be closed in 10 ms when the trigger pressure is reachephditba
shutter, gate valve andogiper Wil be subsequently closed pootect the vacuum of the
storage ring and seal off the front end.

Bremsstrahlung stopper The stopper consists of a vacuum chamber, a pneumatic
manipulator, and a tungsten block of 200 mm length. It absorbs the bremsstrahlung
radiation, and should be pgezxtedfrom heating by the syrnwotron radiation beam. The
characteristic time of stopper closing is 2-3 sec after fast valve snapstiato.

Filter . The filter is a fixed, water cooled frame with specialoalsr foils. It will cut off

the photon beam in the low energy range. The descriptions of the horizontal and vertical
slits and the white beam shutter are given in the next section.

After the shielding wall, the beam line starts, which in general incatpoa number of

standard beamline instruntation techniques. The typical schemog the photon beam
line and its elements is shown in Fig. 5.1.1.
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Fig. 5.1.1 A typical scheme for a beamline.

Filter Assembly. The Filter Assembly is designed fwovide the modular gamline
filtering system. The assembly is mounted on the user's beamline on the experimental
floor. For the easiness of repkment, thenivacuum foil filters are mounted on
standardized disks. The filters are radiatively cooled to a water-cooled base. The main
features of the filter assembly maintaining include:

* Remote selection of X-ray filters;

* White beam compatibility option;

* Multiple filter assemblies with selectable filter combinations;
» Standard filter wheel mounts;

* Motor-driven filter wheels;

» Beamline filterdor attenuation and spectral selection.
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White Beam Slits for Dipole and ID sourcesThe white beam slits provide the required
working aperture for the white synchrotron radiation from the dipoles and IDs. Standard
high load stepping linear actuatoodules are used with tapered horizontal and vertical
slits, with four independently movable masks in the slit assembly. In addition, the wiggler
photon beam slit has typical grazing incidence angle 3°.
Water cooling removes hefiibm the slit masks. The maiedtures are the following:

* Horizontal and vertical slitting;

¢ White beam compatibility;

* Four independent precision high loactuators;

e Cooling for structural, vibration, and thermal stability;

» Ultrahigh vacuum compatibility.

The main specification®r the slits are listed below.

- Slit positional resolution: 10 pum;

- Slit positional reproducibility: 25 um;

- Vertical aperture: 0-15 mm;

- Horizontal aperture: 0 - 100 mm.

Monochromatic Beam Slits. The monochromatic beam slits are provided for a precise
aperture for the monochromatic synchrotron radiation. Standard light doashtor
modules are used with non-tapered horizontal and vertical slits with four independently
movable masks in the slit assembly. Cectwe air cooling removes hefitbm the slit
masks. The main specifications are the following.

- Slit position resolution: 1pm;

- Slit position reproducibility: 5-10 pm;

- Vertical aperture: 0 - 15 mm;
- Horizontal aperture: 0-120 mm.

White Beam Photon Shuttersintercept the white synchrotron radiation. Its design is the
same as that of the front-end photon shutter.

Safety Shutters Stopsntercept bremsstrahlung radiation. The design is the same as that of
the front-end safety shutter.

Beamline transport needs to be evacuated to a vacuum level of better thAfdr®. lon
pumps will be used to eliminate thgroblems with vibrations, noise.eéting, and oil
penetration. The main speciitions are:

- Beamline trapsrt maximum pressure: fororr;
- lon pump intesite: to be defined;
- Flanges: conflat.

Kinematic Mount Support Tables and Kinematic Mount Sages Kinematic mount
support tables are provided for a three-point mounting to align the beamline components.
The support girders are provided for a rigid base and the isolation from vibration source.
The travel of the kinematic mount stages is limited by the belloestidm. Tables have
five degrees of freedom: vertical translation, horizontal translation transverse to the beam,
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and 3 rotations. Tables can be operated manually or by using a stepparg Tinegt main
specifications are:

e Minimum support mass: 1000 kg;

* X-y-x slides: linear rolling;

* Slide maximum: 450 kg/slide;

» Slide travel range: +/- 6.35 mm;

» Slide motion resolution: 10 pum;

» Slide motion repeatability: 50 um;

» Slide straightness of trajectory:
horizortal: 0.1 mrad/25mm;
vertical: 0.2 mrad/25mm.

FOE and Experimental Sation Hutches. Hutches are modular in construction to provide
flexibility for users and tcaccommodate future changes in beamline design. The hutch
accessloor is opeaited with a push button either inside or outside the hutchdddewill

be automatic and operate smoothly. For personal safetgptive can be manually opened

from the inside in case of a power failure. The First Optics Enclosures (FOE) and white
beam hutches rest against the storage ring tunnel wall. The monochromatic beam hutches
are of stand-alone structures. Hutches are lead linedadd¢essloors are interlocked for
personal safety.

The main specifications are:

» Shielding material: lead and steel;

» Shielding thickness: (see Table 5.1.1);

* Shielding construction: lead core between two steel plates;
* Access door: safety interlocked,;

* Hutch height: 3.5m;

e Hutch modular panels: 1m x 3.5m.

Table 5.1.1 The reqired shielding for ID and BM experimental gations
and transport lines

Radiation Source Stainless Stee|] Lead

Wiggler White beam station 3.2mm 13mm
White beam transport 3.2mm 13mm
Monochromatic &tion 3.2mm 13mm
Monochromatic transport 3.2mm 3.2mm

Bending Magnet White beam station 3.2mm 1.6mm
White beam transport 1.6mm 3.2mm
Monochromatic &tion 3.2mm
Monochromatic transport 6.4mm

Transport lines and the Hutch will be shielded to keep occupational doses at acceptable
levels.
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Shielded Monochromatic Transport and Pump $tion. The shielded monochromatic
beam transport provides a standard module for beam delivery on the experimental floor.
The lead shielding is encased between two stainless steel pipes (se&.TdlhleThe
standard section contains a pair of 2 m shielded spool pieces and a 1 m long pump station.
The standard pump station includes a gate valve, ion pump, and bellows. The main
specifications are:

- Standard length: 5 m (two 2 m long tubes plus | m pumprgtati
- Pump station length: 1m;
- lon pump speed: 100 I/sec.

Be Windows Beamline Be windows will be designed with vertical apertures
approxinately consistent with the wilow's structural strength. The mount will be
designed with a small negative rake to prevent reflecfimms the mounting fixture. The
specifications are:

- Material: Be;

- Window thickness: 250 pum;

- Vertical aperture: 20 mm;

- Horizontal aperture: (to be specified for maximum aperture consistent

with standard flange diameter).

Monochromatic Beam Position Monitorswill be supported on the same type of stand as
the front-end BPMs with the resolutions of 0.5 um within the minimum scanning range of
S mm.

5.2 General Diffraction and Scattering Beamline-BMO1A

The general diffraction & scattering bekne will produce a modate flux of hard (5-
30keV) focused or unfocused tunable monochromatic X-rays and will sequentially serve
two experimental stations:

Experimental Hutch 1 (EH-1) for roentgenography routine or time resolved, low or high
temperature structural studies of polycrystalline matefialg;eflectivity investigations of

thin films and multi-layers, for EXAFS sptrometry;

Experimental Hutch 2 (EH-2) for single crystal structure determination in chemistry and
material sciencdpr charge density studies and anomalous dispersion experiments.

The bending magnet source of the BMO1A beamline prdduce a continuous eptrum

of photons with the critical energy ot#B.1 keV . The general layout of the bdme is
shown in Fig. 5.2.1. Be window sepé&s the machine and lelane vacuum. In addition,

the window cuts the energyesgtrum of the photons below 5 keV. The working region for
the photon energy 5-30 keV with sufficient flux (*1@h/sec, AE/E=210% is then
formed by the X-ray optics.

Vertical collimation and focusing are provided by two cylindrical mirrors, which also serve
to eliminate higheorder harmonics [1]. The monochratization will be pegormed by a
fixed- exit, double-crystal Si (111) monochromator, the second crystal of which is
sagitally bent to provide horizontal focusing in caseaufassity [2].

193



Mirror and
standard section

I-qalnm’ % |
R TR

Beam Direction

Double Crystal Mirror and
manachromator standard section

shilttar

White beam

Be-Window

B -Windover

Fig. 5.2.1 The general layout of the diffraction and scatting beamline.

The beamline X-ray optics is shown in Fig. 5.2.2. The first mirror (M1) will provide
vertical collimation and remove short wavelength higher order harmonics. The mirror
consists of a ~1m long Si blank, Rhated (K-edge: 23 keV), which can be tilted up to 5
mrad and bent (5<R<30 km) as required for the desired photon energy. Hue sofrthe

mirror is polished to a rms roughness less than 0.5 nm and to a rms residual slope error less
than 2.5 mrad. The mirror will be cooled (maximum absorbeat hoad =0.35 kW) by

water.

Crystal 2
c Mirror 1 -
=g - s
J Mirror 2
Crystal 1
0 15.0 17.5 20.0 250m

Fig. 5.2.2 The X-ray optics of the beamline.

The double crystal monochromator (DCM) consists of two Si 111 crystals which are
precisely positioned and oriented in the X-ray beam. Two successive Bragg reflections,
with an inherent energy resolution of 0.014 %gedirthephotons of the desired energy
parallel to the incoming beam diremti but offset upward (out of the direct
bremsstrahlung beam) by 15 mm. Changes in photon energy require changes in the mirror
angle and hence in the height of the DCM. The large heat loadbalsby the first DCM
crystal is cooled with liquid nitrogen. The second crystal provideiadgicusing; it is a
ribbed crystal, cylindrically bent to a variablarcature radius (R=1 m) in a flexure-

hinge fixture .The second mirror (M2) is similar to M1. A variable curvatullepermit
vertical focusing at the experimental station in use. Since this focusiadunes a vertical
divergence, which is undesirable, for example, high-resolution powdeaadifft, the user

may choose to either set the radius curvature to infinity or to remove M2 from the beam
altogether (the latter option causes an inclined beam).

The X-ray-optical scheme has been setedl by the help of computing code “SHADOW”

[3] at the angles of incidence on the mirrors M1 and W20.12, and reflection of the
radiation from the crystal of Si 111(DCM) with energy 10keV. The results of the
simulation are given in Fig. 5.2.3.
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Fig.5.2.3 The results of beamline simulation by SHADOW code. The 10 keV
photons spatial distributions (cm x cm) are shown: a) the initial beam; b)
the reflected beam by the mirror M1; c) the sadtally focused beam after
the second crystal DCM at the end station; d) the focused beam at the end
station.

Experimental Stations. The photon beam chaateristics at the end station of the rinéae
are given in Table 5.2.1.

Table 5. 2.1 Photon Beam Parameters at the End Station

Energy range, keV 5-30
Crystal type and diff. indexes Silll
Energy resolutiond E/E) 2n1o0™
Flux (ph/sec) at 350 mA ( photon energy 10 keV) 6.110"
Spot size, focused (v, mm) 0.04x0.02
Horizontal angular acceptance (mrad) 6.0
Radius of curvature M1 (km) 14.4
Radius of curvature M2 (km) 4.8
Radius of sagittally focusing crystal (m) 2.07
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The experimental stations, as was mentiorExe, are located in the EH1 and EH2.
The first experimental dation EH1 is adopted for Powder Difiiction station that
includes the investigations on:

e structural studies of polycrystalline materials;

* roentgenography;

» reflectivity;

* EXAFS spectrometry.

Experimental apparatuses provided in Powder &stion station are:

» powder diffractometer (designém Huber goniometric circles);
e A Huber 513 Eulerian cradle equipped with an XYZ translation table;
* horizontal and vertical Soller slits, closed-cycle He-cigo&8=320K);

» furnacesfor high temperature (£1800K) studies in air, vacuum and gas
atmospheres;

* Nal-detector;

 “Amptek” thermoelectrically cooled “Rover”portable X-ray and y-ray
spectroscopy system;

* ion chambers.

The second experimental tation EH2 is designed for Single Crystal d#ifction
experiments for studying single crystal structure and anomalous dispersexts eff
Experimental apparatus in Single Crystation are:

» four-circle “Oxford Diffraction “ kappa goniometer KM4 with @ahire series
CCD detector;

* nitrogen cryogenic attachment;
* high temperature attachmga800K).

5.3 Medical Beamline

The application of the syhcotron X-ray beams for medical purpose becomes an important
part of the synchrotron radiation use and openes an opportunity for the best medical
diagnosis and treatment. Actually all the modern Byoicon radiation sources are
accompanied by the s#ite medical center. The highlights for medical therapy and

diagnosis by the use of synchrotron radiation &NOLE synchrotron light source
include:

* Angiography;

» Bronchography;

 Mammography;

» Computed Tomography;

» Diffraction Enhanced Imaging Microangiogiay;
* Microbeam Radiation Therapy.
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To cover this wide area of the medical applicatifmmsthe radiation therapy and treatment,

two beam lines, one from wiggler and one from bend magnet, can be delivered to medical
center as an extension of the end stations at the experimental hall of the CANDLE light
source. The wiggler beamline specification and technique to be used are presented in this
section.

The 2 T magnetic field wiggler beamline from CANDLE has a critical photon energy of
about 12 keV, the getrum of which is extended up to 100 keV with sufficient photon flux
and covers the photon energy of 33.17 keV — the iodium K-edge energy. The full length of
the beamline islaout 140 m. The X-ray beam produced by the wiggler magnet passes out
of the experimental hall and enters into the satellite laboratory. The gtaranof the
wiggler source is presented in Table 5.3.1

Table 5.3.1 The Beamline Source

Critical photon energy (keV) 11.88 keV
Magnetic field (T) 198T
Electron beam spot sizgun x um) 314.2x20. 1§HxV)
Electron beam divergenceun@d x prad ) | 32.4x4.16 (HxV)
Total power emitted (kW) 29.9

Flux at critcal photon energy 6.510"
(ph/s0.1%bw)

Different experiments can be performed at the ¢aiibs located in the main experimental
hall of the CANDLE and the end statiomdedical wiggler beamline will produce a high
flux of hard X-rays and sequentially serve three experimental stat@nsmedical
applications:

* Experimental Hutch 1 (EH1) - microbeam radiation therapy;
* Experimental Hutch 2 (EH2) - computed tomography;
* Experimental Hutch 3 (EH3) - coronary angiography / bronchography.

Microbeam radiation therapy (MRT) is aimed at clinical applications. The ¢ing and
rationale of pre-clinical experiments of MRT are based on dose-volume relationships that
shape tissue complications after ionizing irraditiln general, the smaller the irrzieid
macroscopic tissue volumes, the higher the threshold of absorbed doses to damage normal
tissues. Present-day clinical applications of this principle include stereotaxic radiosurgery
and conformal radiotherapy, using photon beams catéchin millimeters.

Computed tomography (CT) is widely used in clinical practice aptdoduces images of

high diagnostic quality. Nevertheless, there are some difficulties related to the use of

conventional sources for CT. In particular, beam hardening, where the higher energy

photons have higher probability of traversing a large tissue thickness than the lower energy
photons do, is a troublesome problem in image reconstruction. Synchrotron radiation has
some obvious advantages that is the monochromatic beams will not beam harden whilst the
tunability of the beam permits K edge salotion imaging.
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Coronary angiography / bronchography. The high brilliance and tunability of
CANDLE X-ray beams can dramatically improve the speed, clarity and safety of
diagnostic tools, such as coronary angiography and computed axial tomogarphy scans.
The coronaryangiographyis an X-ray procedure in which coronary vessels are made
visible through the imction of iodine as a contrast medium. Two X-ray beams, one tuned
to an energy readily absorbed by the iodine and one at the slightly lower energy, are used
to record two images simultaneously. When the computer subtracts one image from the
other, the contrast of view of the arteries is enhanced 150 000 times over that of bone or
flesh. This extreme sensitivity allows the use of much lower iodine concentrations and
lower X-ray doses, compared with conventional angiography. With such low iodine level,
the contrast agent can be safely introduced through an arm vein. And by using the high
brilliance of CANDLE X-ray beams, an image can be formed in milliseconds, fast enough
to make “snap shots” and “movies” of the living, beating heart andoyearteries.
Monochromatic X-rays of sufficient intensity to visualize coronary arteries of 1 mm in
diameter with an extremely low iodine mass density of 1 nigérm only provided by
synchrotron radiation.

The same technique can be applied for the imaging of lungs and respiratory passages-
bronchography The patient inhales a gas mixture of xenon (80%) and oxygen (20%). The
inspired volume is limited to the anatomic dead space, which includes thebsomedhi

but not the alveoli, and therefore virtually no xenon is absorbed. Moreover, this protocol
limits overlap problems caused by xenon in the alveoli or in vascular structures. The
patient then holds his/her breatbr several seconds whilst dual energy imaging is
performed in a manner very similar to that used for line scan coronary angiography. The
only difference is that the energies are chosen to bracket the Xenon K edge at 34.56 keV.
The technique could be particularly valuable in the early diagnosis of lung cancer, which is
the leading type of cancers. It is calculated that K edge subtraction imaging using inhaled
Xenon as a contrast agent couketett tumors that are significantly smaller than the 1cm
limit of conventionatechniques.

The monochromator for angiography (bronchography) is based (Fig.5.3.1) on the use of a
cylindrically bent Si-crystal in a vertically focusing Laue geom@trp]. The white beam

is diffracted by the thin crystal. A water-cooled beam splitter, located downdn@arthe

crystal, divides the diffracted beam into two beams with energjiegeaand below the
iodine K-edge. The parameters of themachromator are presented in Table 5.3.2.

Table 5.3.2 Monochoromator characgristics.

Optical elements Si-bent Laue crystal Fixed-exit monochromator
Distance from source 145m 140m

Usage Angiography Computed tomography
Spectral range 17-51 keV 15-80keV

Max beam size at patient  300x10 AfhixV) (aperture limited)

Expected flux 1.1010"ph/s, 0.1%bw, 0.350A, 33keV

Fig. 5.3.2 presents the results of the computer simulation of dual energy quasi-
monochromatic synchrotron radiation beam formation (the energy range 332%0 eV)

after the monochromator that is obtained via the Si (111) Lauaditin (Fig.5.3.2a).

The photon beam image at focusdtion after the beamagiper (2 mm vertical size) is
shown in Fig. 5.3.2b and finally the photon beam image at the detector is given in Fig.
5.3.2c.
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The monochromator paraters - radius ofurvature, thickness, and diffractiagymmetry

factor — will be further optimized to obtaia maximal intensity of the diffraction radiation

with the minimum size in a vertical direati. Accordingly, the horizontal and vertical
apertures of the beam before and after a crystal, distance between the patient and the
detecbr, and distance between two rulers of thediinsystem will be adjusted.

: Focus plane Detector
Si 11 g

Wiggler beam | | A

Splitter

Fantom

Mcmc:cl‘i.romatﬁr
Fig. 5.3.1Schematic layout for the angiography/bronchography beamline at CANDLE.
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Fig. 5.3.2 Result of the computer simulation of a quasi-monochromatic SR beam
(energy range 33170+ 250 eV) obtained via the Si (111) Laue diffraction
monochromator. Beam image a) at 15cm after monochromator, b) at focus
location after the beam stopper, c) in place of detector.

The apparatuses associated with end stdtiorcoronary angiography and bronchography
(EH3) include:
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* In house design and production goneter and crystal onochromator with bender;

» Special chair for patient;

» Radiation detecting system - higiurity germanium etector associated with high
dynamic range ekttronics (864 strips distributed over two rows widtedtion pitch of
350 microneters).

5.4 Protein Crystallography

The beamline is specialized for macromolecular crystallography. It isatedito Single
wavelength Anomalous Diffraction SAD) and Multiple-wavelength Anomalous
Diffraction (MAD) experiments, as well as any other macromolecular crystallography
experiment that requires lots of photons. Three experimeatars sequentially serve for
protein crystallography:

* EH1- (MAD1) is suited for MAD
 EH2 - (MAD2) is suited for MAD
 EH3 - (SAD) will deliverphotons at a fixed energy of 13.8 keV.

Experimental technique

During a standard protein crystallography experiment the intensities of trecuitirX-ray

beams are recorded. Unforairly, their relative phases, cruci@r reconstructing an
image of the molecule, are lost and have to be determined indirectly, either by making
additional measurements or by exploiting some prior structural knowledge.
Multi-wavelength anomalous dispersion [6] (MAD) is the method of macromolecular
phase determination that exploits the tunable energy tiypadd a syndirotron X-ray
source. Using a highly monochratized X-ray beam the experimenter is ablerabe the
anomalous scattering from some heavy atomsypwated into the target molecule.

The method requires X-ray diffction measurements at twoféar X-ray energies near the
atomic absorption edge of the heavy atom, chosen to maximize the real and imaginary
components of anomalousadtering. MAD phasing is rapidly becoming the imed of
choice for @termining new crystal structures of small to medium-spretkins, and MAD

has succeedefdr a variety of anomalougatterers including Se, FEu, Br, Tb, Pt, and

Hg. The location of the atoms in this, often simple, anomalous scattebirgjracture can

then be used as in solving the complete molecular structure. The use of selenomethionine
substitution as a method of readily incorporating anomaloatiesers has allowed the
technique to become broadly applicable to a large variety of macromolecular systems.
However, for the large unit cells, e.g. viruses, ribosomes and other large assemblies the
standard MAD phasing over the energy rang&-af7.5 keV is required. This would be

from the iron K edge to the uranium kdge ( Fig.5.4.1).

The advent of cryogenic cooling of protein crystals has reduced the requirement of rapid
wavelength tuning [7]. However, it is still important to be able to easily cadirately
change between wavelengths without disturbing the sample. In addition to the normal
demands on a beamliier protein crygllogrgphy of high flux, collimation, and limited
divergence, the MAD phasing requires the ability to change between wavelengths and to
have an energy resolutioAE/E of 1-5x10* although structures have been solved with
energy resolutions as large A&€/E = 10° [8].
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Fig.5.4.1 Periodic table with acessible edges in black.

Beamline layout and optics

The main requirement for protein crystallography beamline is to have the maximum
intensity in the energy range of 5-17.5 keV. However, tunability is only required for
certain purposes (e.g. anomalous dispersion). Beam sizes for the sample range between
0.05mm to 0.5mm with 0.2mm being a useful average. The divergence requirements are of
the order of 10 mrad. Protein Crystallography beamline source is a bending magnet which
consequently produces a continuous spectrum of photons with a critical energg.dfkeV.

The general layout of the bméne is shown in Fig5.4.2. The bamline consists of three
sub-beamlines MAD1, MAD2 and SAD that are intdgd in thefront-end. The first two
serve experimental stations (EH1 and EIf#t) macromolecular crystal structure studies
using MAD phasing and the third one serves the experimental siatiSAD phasing [9].
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Fig. 5.4.2 General layout of protein crystallography beamline.
The X-ray optics of the sub-beamlines for MAD1 anAD?2 are identical to the optics of

diffraction beamline (Fig5.2.2) and efctively focuses the quasiemochromatic tunable
radiation in the photon energy range of 5-30 keV. The transverse size of the focused beam

201



is 0.4 mm in the horizontal and 0.2 mm in the vertical planes with an intensity(f):f 6
photons/s.

At the experimental hutch for SAD, a fixed energy of 13.8 keV for the focused beam is
obtained by the following beam manipulations. Part of the beam is reflected by a vertical
collimating mirror followed by the DCM and focusing mirror, and is diffed and
focused in horizontal diction by bent Si mnochromator to the sample at experimental
station for SAD. The vertical focusing is permed by the multi-layer mirror. The
expected focal spot of the beam is 0.4 mm horizontal and 0.4 mm vertical.

The optic elements for thMAD1 (EH1) and MAD2 (EH2) beamlines includeater-
cooled Si blank, Rh-@ied collimating and focusing bent mors. The Double Crystal
Monochromator is composed of gonietar, full in-vacuum Si 111 crystal pair
monochromator (energy range 5-30 keV) aPFobEystaI bender for satml focusing.

The optics element for SAD (EH3) with a fixed photon energy of 13.8 keV include curved
Si220 vater cooled triangular crystalomochromator, bender for horizontal @efion and
focusing, and cylindrical multi-layer (Si/W) for vertical focusing.

Experimental Stations
The experimental statiofisr MAD1 ( EH1) and MAD2 (EH2) are based on:
* Single crystal kappa diffractometer (desigffieein Huber goniometric circles);
* A Huber 513 Eulerian cradle equipped with an XYZ translation table;
* Detector - MAR CCD;
* 700 Series “Oxford Cryosystems” cryteam cooler;
» Standard microscope for mounting sample.

The experimental statiofor SAD (EH3) is based on the same apparatus with CCD
replaced by Image Plate NR845.

Laboratory Facilities

Basic crystal mounting equipment will be available on tagas. It will include a device

to melt wax in order to seal capillaries, different sizes of dewars for the handling of frozen
crystals, 2 stereo microscopes, deionised water, a small fridge to store crystals between 4
deg C and 25deg C. The list of main equipments for life science investigations will include
crystal mounting, centrifuges, chromatographgc&bphoresis equipment, UV/Visible
recording spctrophotoraters, fermentors, autoclave, vacuum concentrators and other
common equipment and supply for biochemical laboratory.

5.5 X-Ray Lithography and Micro-machining

The development of the experimental technique for X-ray imaging, known as LIGA [10-
11] (German acronym for Lithographe, Galvanoformung, und Abformung), made very
effective the application of syhmtron radiation for the large integed circuit fabrication

and three dimensional device machining with very high resolution. The resolution comes
from the extremely short wavelength of synchrotron radiation, of the order of 0.01-1.0 nm,
and the high penetration ability, arising from the transparency of matgriais in this
region of the spectrum.

The LIGA technique is based on exposing a photoresasenml by synbrotron radiation
X-rays through properly designed mask and consists of eiwfgd X-ray lithognahy,
electroplating and micro-molding. The main elements of the LIGA are the mask that
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carries the pattern to be transferred, imaging system and the storage medium (photoresist)
deposited over the surface of the wafer. The incident X-ray synchrotron radiation produces
the shadow of the mask pattern at the photoresisacirfA photoresist, a thin film of
photosensitive @terial, is deposited on top of the wafer prior ¥pasure by the X-ray
source. When the resist is exposed to the radiation, the mask pattern is stamped on the
resist thus transferring the mask pattern to the wafer/resist layers.

Consequent using of different masks with various exposing time a complex structures can
be produced with few mm height and sub-micron levedt&rhl resolution.

LIGA technique can be used for production of:

Microscopic machines known as MicroElerctroMechanicaleédys (MEMS);

» Positioning structures and switching components for optical fiber coration;
* Miniature motors, gears, pumps and heat exchangers;

* Micro-optical components;

* Microsurgical tools.

The CANDLE beamline, specializddr Lithography and Microfalwation using LIGA
technique, will be based on the dipole synchrotron radiation and will be supported by the

experimental Station (EH) located at the distance of ftém the source point. The LIGA
beamline is the most simple compared to beam lioesother apptiations. No special
optics is required for thisdamline. The white radiation is formed by 15 mrad horizontal
fun to provide 100 mm horizontal beam width at the exposure plaatetbat 15 m. The
input beamline window is provided by 250 um thick Berylliurat@l The transmitted
bandpass gztrum of the radiation covers the energy range of 2.6 - 30 keV with the photon
flux at 5 keV at the level of 2.ZB0" ph/s (Fig. 5.5.1). The usage of 1.25 mm Be window
does not significantly affect the intensity of the radiation over 5 jedtons energy. To
filter the white beam, the graphite plate assembly with equivalent thickn€s30&f ym

will be used. The experimental apparatus at experimental hutch will allow the sample
vertical scan up to 100 mm with the maximum scarétg of 50 mm/s.

White spectrum - no window
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0 . r :
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Fig 5.5.1 Spectral Flux of LIGA Beamline for di#rent Be plate thickness

203



5.6 Soft X-ray Spectroscopy and Microscopy

Using SR soft X-ray wavelength, the investigations on photoluminescence,
photoemission, transmission- X-ray absorption near edgetrsigcopy (NEXAFS) and
specular reflectivity, defectormation, microanalysis of polymers, hwtied, colloidal,
environmentaletc, are carried out in molecular crystals, ionic crystals and scintillators.
Very high flux and pulsed properties of radiation from insertion devices offer the
possibility for the use of such powerftdchniques as electron paramagnetic resonance
(EPR) and optically detected magnetic resona@&MR) for the studies of excitedates
or defects in solids.
The parameter list afndulator magnet that supposed to support this experimental program
is given in Table 5.6.1. The 35 periods with a period length of 8 cm and minimum gap 7
mm will provide irradiation in soft X-ray range. The undulator source will serve:

» A soft X-ray spectroscopy — (SXS);

* A soft X-ray microscopy — cryo scanning transmission microscopy (cryo-STXM);

e Scanning transmission X-ray microscopy (STXM).

Table 5.6.1 Undulator parameters

Undulator 1 K=5.5 K=1
Photon energy range (eV) 50 712
Horizontal size(mm)on the distance 15m 1.44 0.7
Vertical size (mm) on the distance 15m 1.32 0.38
Horizontal divergenceyfrad) 93.74 41.1
Vertical divergence grad) 87.98 25.36
Flux calculated on the distance 15m 1.69x10° 9.69x1G"
(photon/s/mrf{0.1%BW)

3 A =
I P el 7

.Ur.:dulator

Fig.5.630ft X-Ray beamline layout and optics

The beamline will produce a high flux soft X-ray (50-1800eV) and will support three
experimental stations on: spectrogg (SXS) (EH1) and two scanning transmission
microscopy on cryo-STXM (EH2.1), room temperature STXM (EH2.2) (see Fig. 5.6.1).
The beamline is a compound of the existing beamlines in HASYLAB-DESY, NSLS.

Soft X-ray spectroscopy and microscopgaimline is divided into two beams via the
mirrors. The first photon beam for SXS covers the energy range of 50 - 1800eV (3d%)
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second photon beam covers the energy range of 200 -1000eV (66%). The second photon
beam line in turn is equally divided into two parts for cryo-STXM and STXM,eawdh of
them is using Freznel zone-pldte focusing the beam into the sample.

Soft X-ray Spectroscopy

The beamline optics are shown in Fig. 5.6.2. The first optical element of thdineess
water-cooled mirror coating by Ni, Au or Si€hat reflect the beam at angle of 2aer

the large photon energy range (from 50 to 1800 eV).

The entrance optics consist of two mirrors - first plane M2 and the second (toreiftal) S
vertical and horizontal focusinghe reflecting mror S can have two positions with
angles 1.2 2.7 that provide different wavelengths of incident photons on grating
monochromator [12].

A 1200 lines/mm plane grating monochromateo@ented at angle of 1°5vith respect to
photon beam disperses the light. The parabolic mirror P focuses further the beam into the
exit slit. Scan of thegSand $ mirrors provides the etessary photon beamespral range

of 50-70 eV. The monochromatic beam after the exit slit is incident to the sample.

Both mirrors, $and P, can be aligned by remote control.

The second analyzing monochromator i& assembled on the basis of Seya-Namioka
monochromator [13]. The monochromator is a oreemn Seya-Namioka instrument
dispersing in the vertical plane. The entrance slit of the monochromator is fixed on the
surface of the sample.

Microwave
cavity

So

G'| X

_ P 2| B
M? S Sample

Superconducting
Magnet

I | | I I T
0 _ 16 34.8 359 365 378 40 m
Fig.5.6.2 Soft X-ray spectroscopy exgrimental sation-EH1

Soft X-ray Microscopy

The beamlines cryo-STXM (200-1000eV) and room temperature STXM (200-600eV) have
similar optical scheme. The optical configuration of both beamlines is va¢tihed to the
optical configuration of high energy resolution grating monochromators [14-17]. Radiation
damage to the specimen is minimized because the Fresnel zone platel Q21086
efficiency) is positioned before the specimen. Scanning microscopes can image both large
(millimeter) and small (micrometer) samples including the signals from luminescence.
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The beam is splited first using the water-cooled plane scraping M1, which intercepts about
65% of the central cone. This Niated miror defects the beam by 80 mrgd.6)
horizortally in the outboard direction (Fi.6.1) [14,15]. Using second scraping mirror
M3, the beam is split into two beams: for experimental hutch EH-2.1 (cryo-STXM, 50%)
and experimental hutch EH-2.2 (STXM, 50%). The mirror M3 is the toroid that focuses the
beam to input slit of EH-2.2 (Fig. 5.6.1). The undetéd part of the beam intercepts a
second similar toroid M4 that plays the same focusing role for the inboard branch. Both
toroids are made from single-crystal silicon blanks and are gelttdmver the footprint

of the beam.

The spherical gratings monochromato®5M) are munted at the experimental hutches
EH2.1 and EH2.2 for horizéally dispersing thephoton beam (Fig.5.6.3). For high
resolution focusing, the Freznel zone plates equip the experimental hutch@sl dtid
EH2.2 that provide the finest zone width as small as 30 nm, anéteiesnas large as 160

um.

Spatial filter

Fresnel zone
plate lens

Detector

Fig. 5.6.3 Scheme of X-ray mroscopy experimental sgations EH-2.1 and EH-2.2.

Experimental gations

Spectroscopy (EH-1).The offered methods of investigation of luminescencetatian

within 50-1800eV using soft X-gxtroscopy are convenient for studying the energy and
space structures in solids. Based on the luminescence investigations of these single-crystals
at the fundamental absorption range it is possibleterthine energy relaxatigrocesses,
photoabsorpsion and photoett mechanisms on inner atom shgl8-19]. This will allow

not only to understand known physical and chemical processes but also to predict other
peculiarities of substances. The method @acib-paramagnetic resonance (EPR) was
successfully used for studies of self-trapped holes, impurity atoms aactsdéf many
classes of solids. In case of EPR studies of excited electronic states of atonesis tief
technique of optically detected magnetic resona@i2MR) is widely used in which the
excited state EPR is detected optically.

The investigations of the luminescence and radiation stimulation processes, which have
sub-nanosecond times in soltdtesfor example - cross-luminescence, will be carried out

on the second monochromator Seya-Namioka [18]. The crystals are mounted on the
supporters of the sample in the cgag4K<T<400K). Calibration of the monochromators

will be doneaccording to the emissionesgtra with welknown wavelengths, for example

Hg. Standard photomultipliers, which are working in a regime of one photon registration,
will be used as luminescence detectors [19].
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In a measuring chamharhere the cryostat with a sample is mounted, the superconducting
magnet (10T) microwave system (100-1000Hz) will be also mounted, to measure the EPR
signals. Such station could be uded both time-resolved luminescence and EHBRYIR

study. Table 5.6.2 presents the main speations of the spectrospy experimentaltation

EH-1.

Table 5.6.2 The spcifications of the spectroscopy experimentatation EH-1.

End station Spectroscopy
Energy range 501800eV
Monochromators Plane grating,1200 I/mm,
Seya- Namioka, 600,1200, 2400 I/mm
Detectors Photomultipliers; semieductor diodes.
Sample environment Vacuum 1@orr
Experimental techniques Photoelectrons, transmissiorectigity, EPRODMR

Microscopy (EH 2.1, EH2.2).The cryo-scanning transmission microscope (cryo-STXM-
EH2.1) and scanning transmission X-ray microscope (STXM-EH2.2) use a Fresnel zone-
plate lens tgroduce a demagnified image of the diffton-limited undulator radiation

mirror filtered through a pinhole (Fig. 5.6.3).

The Inboard branch (EH-2.1) has a cryo- scanning transmission microscope used to image
and obtain oxygen and carbofANES on biological samples. There is also ext®n

where a room temperature STXM holography or ddfron chambers can be operated.

The Outboard branch (EH2.2) has a room temperature, and STXM can be performed in
atmosphere to image and acquire Carbon and OxX¥@&NES on less radiation sensitive
samples, such as polymers, coal, bone and diamond.

Table 5.6.3 The spcification of microscopy experimental ®tions EH-2.1 and EH-2.2.

End Station Scanning transmission X-ray microscope (STXM)
Energy range (200-1000 eV) cryo- STXM;  (200-600 eV)-STXM
Monochromator SGM (gratings150, 392, 925 lines/mm)

Spatial resolution <100 nm

Detectors Multi-channel silicon detector

Spot size at sample 100 nm

Sample Format Thin sections or thin fildH0nm thick), 3 x 3 mm area
Sample environment Helium at 1 atm

Experimental techniques Imaging, NEXAFS in small spots, local EXAFS

Zone plates wrrently in use produce a spot size of 150 nm with a working distance
between the order sorting aperture and the sample of 0,8 mm. An X-ray scanning stage
moves the lens transversely through the X-ray illumination so that the focused spot is
rastered across the sample surface. The instrument operates guieotthe energy range

from 200 to 1000 eV at ssidted values depending on the particular zone plate installed.
Table 5.6.3 present the specdiionsfor the experimentakations EH2.1 and EH-2.2.
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5.7 White Beam Diffraction

Many properties of mierials can only beainderstood in terms of their microscopic
structure. This analysis is routinely performed using a large variety of well-established X-
ray techniques, such as spectroscopy, diffraction and imaging. The performance of
CANDLE synchrotron radiation facility allows the experimental research that include:

. X-ray fluorescence study includingtre element analysis;
. White beam X-ray topography;
. The study of raterialproperties under the high pressure and high temperature;
. High resolution X-ray inelastic scattering (energy resolution ~2eV)
investigations;
. Small angle X-ray scattering moncrysalline materials;
. Mammography (experimental investigations) and phase contrast topography;
. High resolution X-ray diffraction and X-ray interferometry research;
. Microdiffraction analysis;
. R & D of the new X-ray optics elements.
The dipole synchrotron radiation beam with a mateer @ix, “wHe” or tunable
monochromatic radiation, will serve these experimentsatenal science.

X-ray fluorescence analysi$20] bases on atomic inner shell processes. Once an atom has
lost a core level electron by the absorption of a X-ray photon the hole is refilled by an
electron from a higher shell. The released energy can either cause aetttiroineto leave

the atom (Auger effect) or may be emitted as a high energy Ytraton (fluorescence).

The energy of a fluorescence photon is characteristic for the atom and every element
contained in the sample leaves its characteristic fingerprint of Xuaye8cence photons.

Two principle ways for the etermination of the characteristghotons are possible:
wavelength (WDX) and energy dispersive (EDX) systems.f@traer ones mainly consist

of an analyser crystal and a flow counter. EDX uses the semiciemdurystal to trarfierm

the incoming energy of a single photon into a well-defined numbereofreh hole pairs,
representing a characteristic amount of charge for every incoming photoact#osgopic
amplifier and a multi channel analyser (MCA) convert the charge signal to a numerical
pointer and the photon is counted as an event of the apiemmnergy in the computer.

The complete spectra may be analyzed simultaneously, but the price is a lower resolution
compared to WDX systems.

The detection of elements with atomic numbers between 20 andr&tirsely possible

with minimum detection limits (L) of down to 0.1 pg/pig using the K lines as analytical
signal. The sample support is mounted on a XYZ-table with reproducible positioning of
about 0.5 pum. The fluorescence signal is recorded with an HPGe energy dispersive
detector.

X-ray interferometry [21] technique is incorpated into computed tomogplay (CT). By

taking several interferometry images at different rotational orientations of a sample, is able
to reconstruct a three-dimensional map of the refractive index inside the sample. With this
technique, have studied a rat cerebellum and rabbit cancer lesions as well as cancerous
tissues of human breast, liver, and kidney using synchrotron radiation. These results
illustrate the potential advantages of phase contrast and its sensitivity to minute density
variations — on the order of 20y/cn?. The researchers have recently shown that their
phase-contrast CT results are similar to the images obtained with low-magnif{@86n

optical microscopy, but without the need to generate contrast through staecayse of
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its extreme sensitivity, the X-ray interferometer requires almost perfect crystal alignment
and stability — on therder of 107 nm. The best results are obtained from a monolithic

device in which all three X-ray mirrors are made from a single large crystalline silicon
ingot. Although this technique provides inherent alignment and good stability, ingot sizes

limit the potential field of view to abougx B

The phase-sensitive imaging22] is needed in pegtt crystals atly. As very sensitive
angular filters that produce diffctometric images, iprovides etailed images of the
gradient of the refractive index in a sample. $yotron radiation that emerges from a
monochromator is essentially parallel. As the X- rays traverse a sampésl fletween the
monochromator and the angular filter (analyzer), they can be absorbedtgresca
coherently or incoherently (by milliradians), or efted hrough very small angles
(microradians) due to the tiny variations in the refractive index. X-rays emerging from the
sample and hitting the analyzer crystal will satisfy the conditions for Braggditin only

for a very narrow window of incident angles, typically on the order of a few mrad. X-rays
that have been scattered in the sample will fall outside this window and won'tdmteickfl

at all. Refracted X-rays within the mdow will be refected, but the reflectivity depends on

the incident angle. If the analyzer is perfectly aligned with tbeaohromator, it will filter

out any X-rays that are scattered or refracted by more than a few mrad. The resulting
image at the X-ray detector will resemble a standard X-ray radiograph but with enhanced
contrast due to the scatter rejeati If, in$ead, the analyzer is oriented at a small angle
with respect to the anochromator then X-rays refi@d by a smaller angle will be
reflected less, and X- rays refracted by a larger angle will be reflected Gmraast is
therefore established by the small differences inaotéd angle of X-rays leaving the
sample.

High resolution X-ray inelastic scattering (XIS) experiments [23] with photon energies

in the range 7-25 keV, for phonon anéatonic exdations, with total resolution (©mo-
chromator and analyser) of 7 meV and up to ~2 eV energy transfer, can be performed at
primary photon-energy above the Si 777 backertibn energy. Extensions up to the Si
999 refkection, providing resolution down to 5 meV, are also possible. The high-resolution
XIS set-up aims to provide total energy-resolution in the range 0.1 - 1 eV, with energy
transfers suitable to the exploitation of inelastic scattering from retectvalence
excitations, Raman and resonant Raman scattering phtiten energy range 7- 25 keV.

From above list of the apphtion research to beoeducted on this bedline, it is clear

that this station has the mutturpose meaning and therefore demands some flexibility in
formation of beams with various degree of monoclatiration and collimatin, both on

the optic hatch and wortettion. The optical layout of bedines is given on Figp.7.1

Crystal End Station
Mirrar pair 1
Source
I

Manochromator
maounting system

Crystal
pair 2

Fig. 5.7.1 The principal optic sketch of beamline
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Radiation from a dipole with horizontal fun of 5 mrad is eeftd from vertically
collimating water-cooled mirror M. Mirror M will provide vertical collimation and remove
monochromator diffection higherorder harmonics. The mirror consists from 1m long Si
blank, Rh-cated (K-edge: 23 keV), which can be tilted upte5 mrad and bent (5 < R <

30 km) as required for the desired photon energy. Further, the beamssedffiom DCM

(Si 111 or 311, multilayered structure Si/W) with the fixed exit.dtessary, the second
crystal of DCM may be sagittally bended flmcusing in horizontal plane. With such
arrangement of optical elements, the beam will be deviaded the initial diection on a
double angle. The angle is conditioned by the working photon energy range to suppress
harmonics.

Changing of planes of reflectidril and 311 from silicon, or using multilayered structure
Si/W allow to expand both the working wavelength area (from 5 up to 50keV) and the

spectral resolution limit\E/E~10'~10 ) on the sample.

The Experimental apparatusEnd Station of the beamlinanclude:

» High precision multipurpose 6-axis déictometeSSY-1,

* Varios Stuges (x/y/#@ [Tilt);

*  “Amtek” thermoelectucally cooledRover’ portable X-ray ang-ray spectroscopy
system;

* In home designed precigestages, monochromators, X-ray optical elements and
crystal benders;

* Nal deteatr, ion chambers;

* Goniometric heads;

» Kirkpatrick-Baez mirror system.
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