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DOCUMENT OVERVIEW

The current report covers the preliminary design phase activities for the NSLS-II XPD Project Beamline:
= Design specifications for the enclosures and optical systems
= Design specifications for radiation safety systems
= Final design of beam transport systems
= Preliminary design of endstation instrumentation
=  Synchrotron and bremsstrahlung tracings of the beamline
= PSS, utility and vacuum layouts

= Beamline control and instrumentation (PI&D) diagrams

It follows the guidelines given in the NSLS-II “Experimental Facilities Beamline Final Design Plan,” June 6, 2009.
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1. INTRODUCTION

1.1 Scientific objectives

The primary purpose of the beamline is the quantitative characterization of the atomic structure of complex
materials; not just carefully prepared ideal systems, but materials as they are actually used. Detailed knowledge of
atomic structure is a prerequisite for understanding material properties, and essential in any rational materials
design and synthesis effort. Development of meaningful structure/property correlations requires simultaneous
measurement of structure and properties. Next-generation technologies will place increasing demands on materials,
requiring enhanced functionality and performance under a wide range of environments. The ability to design
functional materials at the atomic level, taking advantage of new synthetic approaches and computational modeling,
unavoidably requires dedicated characterization tools with an increasing level of sophistication and
hardware/software integration.

The scientific grand challenge is to obtain robust and quantitative (micro) structural information about materials
that are complex, nanostructured and often heterogeneous. Along with studying structure in the ground state in
ambient conditions, it is increasingly important to study structure in systems that are evolving in time (for example,
after excitation or while undergoing chemical reaction), and in materials that are in a metastable state. These
situations are becoming the norm rather than the exception in frontier science and technology, but there is a dearth
of robust tools for studying structure in such systems. An important scientific goal is the study of materials under
extreme conditions of temperature, pressure, magnetic/electric/stress field, chemical environment, etc. Real
materials in Real Time and in Real Conditions is identified by the DOE Basic Energy Sciences office as one of
today’s Grand Challenges'. Such studies present special challenges to the experimentalist, not only in generating
the extreme conditions, but also in getting the x-ray probe into and out of the apparatus.

The proposed X-ray Powder Diffraction (XPD) beamline will provide unique capabilities for addressing these
problems, and is designed with Total Structure Studies in mind. High-throughput, good-resolution powder
diffraction (with well-defined peak shapes and low background) will be carried out using hard x-rays, with a beam
size (tens to hundreds of microns) adjustable to match the graininess and heterogeneity scales. The need for high
resolution applies either in reciprocal space or in direct space but more rarely in both; this is one of the objectives
for XPD. High-Q and Pair Distribution Function studies (also with small beams) will permit determination of both
long- and short-range structures.

The advantages of hard x-rays are:

The ability to penetrate thick samples and environmental
chambers (less problems with windows).

= To provide access to a larger portion of reciprocal
space, and to access reciprocal diffraction vectors Q as
large as 60 A™.

= The scattering geometry is simplified because of the
large (flat) Ewald sphere and allows for rapid
transmission diffraction (forward diffraction, no scan).

XPD will cover the new trends in x-rays Materials | *®
Science and PD Science: higher energy, faster
acquisition rates, in situ, extreme environments,
combined methods. The beamline will pay special
attention to sample environments, allowing for time-
resolved and in situ measurements. Recent examples
of high-energy x-ray research also include

measurements of stress/strain in materials, powder
diffraction of compounds containing heavy elements,
diffuse scattering of defects in complex oxides,
high/small-angle scattering from thermal-barrier
coatings, imaging, and tomography (1) (2). The
beamline must address future scientific challenges in
(for example) hydrogen storage, CO, sequestration,

! http://www.er.doe.gov/bes/reports/list.html

= Most importantly, absorption and extinction corrections
are minimal and hard x-rays yield more accurate
diffracted intensities. This is critical for charge density
mapping.

= The polarization factor is close to unity (small Bragg
angles).

= The radiation dose is also lower, opening the method to
a wide range of otherwise radiation-sensitive materials,
e.g., bio materials.

= The diffraction scattering signal can be recorded in the
tomographic mode.
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advanced structural ceramics, catalysis, and materials processing—all in situ/in operando experiments difficult at
other national user facilities (more details in the Materials Diffraction Suites White Paper (March 2008)2 and in the

CDRY).

The major XPD beamline scientific program areas are summarized below:

Complexity and the nanostructure problem
Extreme environments
Time resolved studies

Total structure studies

The source for the beamline is a full length 7 m long damping wiggler designed to obtain the highest possible flux
in the desired energy range of 30-80 keV, with optimization at ~50 keV and ~80 keV. The XPD beamline will build
upon active programs at the NSLS (and elsewhere), concentrating on higher energies (30-80 keV), while in
conventional x-ray diffraction, any energy greater than 20 keV is considered exotically high. The beamline also has
of novel optical design, making use of techniques and instrumentation pioneered at the NSLS (e.g., Laue
monochromators and Ge strip array detectors).

The major technical challenges of XPD are identified and addressed in the present document:

Optimize flux at high energies, while the critical energy of the source is E. = 11.1 keV
High heat load emanates from the 61 kW radiating source

The large natural divergence of the source (1.1 x 0.15 mrad”) must be captured while working with small
reflection angles (reflective optics) and small acceptance (refractive optics)

Use of Laue diffractive optics
Manipulation of sample environments (gas, high 7-P...), including potentially hazardous conditions

Minimize set-up time overhead (several endstations, several diffraction techniques) in a multi-purpose
beamline

Enhance high-energy x-ray detection efficiency

On-line data acquisition and analysis

2 http://www.nsls.bnl.gov/newsroom/events/workshops/2008/1sdp/white papers/mse-diffraction.pdf

3 http://www.bnl.gov/nsls2/docs/PDF/cdr/6_XPD 23Mar2010.pdf
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1.2 Comparison with other instruments

Table 1-1: High-energy, high-power powder diffraction beamlines at other facilities.

Beamline Source ' Beam Energy Range Resolytion I"owder Mat.erials Imaging Extr.e.me
divergence (keV) Diffraction Science conditions
ESRF ID11 undulator low 29-140 medium yes no yes
ESRF ID15 unx;ggltgrr & low 30 - 400 medium yes scanning yes
ESRF ID31 undulator low 5-31 high yes no no
APS 11D undulator low 50 - 130 high yes no no
APS 111D undulator low 60, 90, 115 low yes no yes
Diamond 112 wiggler high 50 - 150 medium yes Full field no
Diamond 115 wiggler high 20-70 low yes scanning yes
Soleil Psyché wiggler high 30-70 low yes scanning yes
f,\\;l’;t[a"a” Source wiggler high 30-100 medium no Full field no
SPRING-8 BLO8W wiggler high 100 - 300 medium yes scanning no
SPRING-8 BL10XU undulator low 14 - 58 high no scanning yes
PETRA P02 undulator low 30-60 high yes scanning yes
PETRA P07 undulator low 50 - 300 low yes scanning no
XPD wiggler high 30-80 medium yes Scanning yes

1.3 Beamline Advisory Team

The XPD Beamline Advisory Team (BAT), formed in March 2008, is a group of expert scientists with common
interest and experience in the XPD scientific program and in the beamline optics and endstations needed to carry
out this forefront program. The members are as follows:

Simon Billinge (spokesperson)

Peter Chupas
Lars Ehm

Jon Hanson
James Kaduk
John Parise
Peter Stephens

Sign-up agreement between NSLS-1I Project Director Steve
Dierker and the Beamline Advisory Team, 11/24/2008.

Columbia University and BNL
Argonne National Laboratory
Stony Brook University
Brookhaven National Laboratory
Poly Crystallography Inc.

Stony Brook University

Stony Brook University
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2. INSERTION DEVICE

The powder diffraction beamline will provide hard x-rays over a large energy range (30-80 keV). The continuity of
the power spectrum of a wiggler source is therefore ideal. In addition, the requirements of the XPD beamline for
high throughput data acquisition and for access to large Q values necessitate the high total flux of a wiggler source.
The powder diffraction beamline will be located at the damping wiggler source DW100, in a high-f straight-section
of the NSLS-II ring*. The NSLS-II damping wiggler extends the range of x-ray energies well beyond 50 keV, thus
matching the scientific case described in section 1. This source requires a dedicated strategy for handling the
exceptional power output (section 5.4), as well as proper shielding and thick enclosure walls (section 8.9). The
power output of 61 kW is unprecedented for a permanent magnet wiggler’. The power density is about half that of
the 14 mm period superconducting undulator at its highest K at NSLS-II. Power reduction (filtering) and high heat
load optics warrant careful investigation (sections 5.4 and 5.5).

The basic parameters for the damping wiggler source DW100 used in this design are shown below.

Table 2-1: NSLS-II damping wiggler parameters.

DW100
Type PMW
Photon energy range (keV) <0.01-100
Type of straight section High-B
Number of periods 68
Period length 1
eriod length (mm) 00 Table 2-2: RMS electron beam values at the
Total device length (m) 7.0 center of the high-B straight section (9.3 m).
Canted No Horizontal electron beam size, o, 137 um
Minimum magnetic gap (mm) 15 Vertical electron beam size, o, 4.9 ym
Peak field linear mode B (T) 1.85 Horizontal electron beam divergence, o, 6.6 prad
Ket 16.5 Vertical electron beam divergence, O'Z’ 1.6 prad
Critical energy (keV) 111
Maximum total power (kW) 61
Horizontal power density (kW/mrad) 14.4
On-axis power density
kW/mrad? 56
W/mm? at a distance of 28 m from source 72
Fan angle* (mrad H) 6.47/6.76
Fan angle* (mrad V) 0.87/1.46

*The fan angles of the radiation are at 28 m from the source, and
account for the effect of the source length. The two values are for
the points where the power density falls to values that are 1% and
0.1% of the central value. Designs of the XBPM and fixed mask
entrance take into account these fringe power loads.

4 http://www.bnl.gov/nsls2/docs/PDF/SourceProperties.pdf
> The APS sector 11 wiggler produces 8 kW for K=14, SPring-8 BLOSW wiggler produces 14 kW for K=10
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Fig. 2-1 shows the flux per unit horizontal angle and brightness values for the various NSLS-II sources and
compares them to other high energy light sources around the world. The NSLS-II damping wiggler source exceeds
most of the wiggler and bending magnet source outputs and thus makes the proposed high-energy high-resolution
powder diffraction beamline at the NSLS-II a very powerful facility. The super-conducting wiggler source (e.g.,
SCW60 in Fig. 2-1) provides a larger critical energy and therefore higher flux at energies above 40 keV, which
could lead to a possible future upgrade for the XPD beamline. The change from DW90 to DW100 reduces the total
power of the damping wiggler from 67 kW to 61 kW (Fig. 2-2) and reduces the power density by ~10% as well. As
a result, spectral brightness and spectral flux per unit of horizontal angle are also lowered (Table 2-3). Fig. 2-3
compares the horizontal and vertical angular profiles of DW100 with various NSLS-II sources.

More details can be found in chapter 5 of the NSLS-II Preliminary Design Report® and in the NSLS-II Source
Properties and Floor Layout document".

NSLS-I(E=3 GeV. 1=05 A) i St e e T LA T L S
- IVU20: =20 mm, K, = 1.83. L =3 m (low-B) BsRe 1 16 NSLS-II DW100:
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IVU23: 2,23 mm, ] g F K~ 165, 8=11keV [
—_ ST pifegd " 7 o . 1 £ . ]
N_S . SCU14: &= 14 mm, K, , =22, L=2m Iuk\‘\ f) Kpax=1.6,L=4m i __2 < L~7m (high-B) ]
=100 F SLS-ITSCW60: | $
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Fig. 2-1: Comparison of the spectral brightness and spectral flux per unit of horizontal angle.
(O. Tchoubar, NSLS-1)

6 http://www.bnl.gov/nsls2/project/PDR/1-Accel _Ch_005_Radiation_Sources.pdf
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Table 2-3: Brightness and flux of the damping wiggler source at NSLS-1l. DW100
is the current design option of the damping wiggler, it supersedes the previous
version DW90 presented in the CDR.

Energy Brightness Flux
(keV) ph/sec/0.1%BW/mrad?/mm? ph/sec/0.1%BW/mrad
DW100 DW90 DW100 DW90

30 1.4 x10% 1.6 x 1018 8.4 x 10 9.8 x 10
40 7.2 %101 8.6 x 1017 3.8 x 10 45x 10"
50 3.6 x 10" 4.3 x10"7 1.7 x 10" 2.0 x 10
60 1.7 x 10" 2.1 x10" 7.4 %101 8.8 x 101
70 8.1 %10 1.0 x 10" 3.2x 101 3.9x101
80 3.7 %10 4.7 %101 1.4 x 101 1.7 x 101
100 7.6 %10 9.7 x 10" 2.5x 102 3.1 %102

[\
(=)
T T

20mm
£ 10
2
g 0
S -10
5
> 20
-0.10 -0.05 0.00 0.05 0.10m
Horizontal Position
Fig. 2-2: Power density of the damping wiggler at 28 m from the source.
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Fig. 2-3: Comparison of the horizontal (left) and vertical (right) angular profiles.
(O. Tchoubar, NSLS-II)
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3. FRONT END

3.1 General layout of the front end

Table 3-1: Components of the XPD front end.

XPD XPD
Photon shutter (BMPS) Y X/Y Slits Y
Slow Gate Valve (SGV) Y X-Slit opening (mrads) 13100
Beam Position Monitor 1 (XBPM1) Y Y-Slit opening (mrads) 0.20t0 0
Compound Refractive Lens with protective mask N Slit blades closing speed Not critical
Beam Position Monitor 2 (XBPM2) Y Position stability (um) 2
Vert position stability (um) 2 Position stability * L
Horiz position stability (um) 2 Aperture stability (um) 5
V/H position stability * L Aperture stability * L
Vert position resolution (um) 2 Position resolution (um) 2
Horiz position resolution (um) 2 Position resolution * H
V/H position resolution * H Tungsten thickness (mm) 5
Fixed Aperture Mask (FMK) Y Photon Shutter (SSH) Y
Type Single Fast Gate Valve (FGV) Y
Vertical aperture (mrad) 0.15 Bremsstrahlung Collimator BC2 Y
Horizontal aperture (mrad) 1.1 Safety Shutter (x2) Y
Approximate numbers of closing/opening of the safety ~5,000 Cycles per year required 5,000
shutter during the lifetime of the beamline (25 yrs). Ratchet Wall Collimator %
No. of XBPM (beam position monitors) 1 Gate valve outside Ratchet Wall. Y
Bremsstrahlung Collimator BC1 Y
Continued next column...

The XPD front end is designed by the front end group within the Accelerator System Division of NSLS-II. The
effort is led by L. Doom. A layout of the standard NSLS-II front-end is shown in Fig. 3-1 and in appendix A.

More details in the Requirements, Specifications and list of Interfaces (RSI)’ for the front end of the XPD.

7http:// groups.nsls2.bnl.gov/ExperimentalFacilities/DocumentReferenceLibrary/RSIDocuments/1.04.06%20Front%20Ends%20for % 20Projec
t%20Beamlines/Front-ends %20RS1%20AJB%2019%20Aug%202010.doc
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Dual Safety Shutters
Safety Shutter Collimator
Fast Gate Valve Bending Magnet
Photon Shutter Photon shutter
Lead Collimator

Slow Gate Valve

Bogp, Fig. 3-1: Typical
front end
configuration at
NSLSL-II, as of

09/08/2010.

Fixed Aperture Mask

Ratchet Wall Collimator
(Lead removed for clarity)

lon Pump with TSP
X-Y Slits

lon Pump with TSP xpppg 2
lon Pump with TSP

The basic configuration of the damping wiggler front end is similar to that of the In-Vacuum Undulator (IVU) front
ends but must be designed to sustain the higher heat load and increased beam size. An absorber capable of
trimming the sides of the damping wiggler beam will be mounted at the outlet of the bending magnet vacuum
chamber immediately upstream of the front end. This absorber must trim the beam from +2.6 mrad down to below
+1.7 mrad, in order to allow it to pass the sextupole and quadrupole magnets at the upstream end of the girder
assembly in section 4 of the storage ring. A maximum drift pipe size of 1.75"” OD is allowable in this area.

The components together with the synchrotron and bremsstrahlung tracings are shown in appendix B.

3.2 Fixed aperture mask

The fixed aperture mask (FMK, Fig. 3-2) provides radiation fans to the FOE as defined in Table 3-1. No tolerance
is added to the mask for mis-positioning or mis-steering; however, a total manufacturing tolerance of +0.2mm for
the aperture (at the downstream end of the mask) is included in the downstream fan definition.

The FE FMK is at 20.652 m from the source; its aperture is 22.72 x 3.10 mm”. It is made of two masks in order to
simplify manufacturing of the assembly. When trimming the beam from 3.4 mrad down to the specified 1.1 mrad,
the mask absorbs 55 kW of power. 60 cm of length at a 1.6 degree angle in the vertical direction and 3.9 degree
angle in the horizontal direction is required to keep the water-cooled Glidcop surface below 315°C. The
preliminary design is shown in Fig. 3-3.

Incoming
Photon Beam

Outgoing Photon Beam

Stainless Steel
Flanges

Gold Brazed Joint  Clidcop Body

Fig. 3-2: Front end fixed aperture mask (FMK).
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The absorber is cantilevered from the upstream flange to allow thermal expansion during bakeout. A formed bellow
is mounted between the masks to allow for alignment and thermal movement during bakeout.

N

1
®

Fig. 3-3: Principle of the Glidcop wiggler absorber.

The FEA calculations are shown in Table 3-2 and Fig. 3-4. It is assumed that the full beam is intercepted by the
mask (no aperture). This is a worst case scenario which accounts for any mis-steering of the beam.

Table 3-2: Characteristic numbers of the
design and FEA results.

Location 17m
Absorbed Power 65 kW
Beam incidence angle
Vertical ~1.6°
Horizontal ~3.9°
Peak Power Density ~200 W/mm?
Component Length ~60 cm
Peak Temperature ~315°C

224.34 Max
202.72
181.1
155,45
137.65
116.23
94.612
72.931
51,369
29.748 Min

Fig. 3-4: Thermal calculations on the GlidCop mask. (Courtesy of V. Ravindranath)
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3.3 Rationale for fixed mask aperturing

Fig. 3-5 shows the angular profile of the DW100 emission at different energies and Fig. 3-6 shows the variation of
the flux outputs at 50 keV and 80 keV as a function of the vertical opening, together with the total power output. It
reflects the dependence of the vertical distributions on the x-ray energy. A 0.15 mrad vertical aperture reduces the
total power by 48% while it still lets 89% of the 50 keV photons through®. At 80 keV, the useful flux is 96% of the
flux without vertical aperturing’. Therefore a vertical aperture > 0.15 mrad increases the total power more than it
increases the useful flux at these high energies. The nominal mask aperture in the FE is set at 1.1 mrad x 0.15
mrad, with the option to reduce the vertical aperture using the white beam slits and a second mask in the
FOE (section 5.3.3.2). The horizontal aperture can be reduced in order to keep the beam footprint on the crystal to
a reasonable size.
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/ N5 :
N 40 keV]f-7 AR . 40 keVi=f—f~ \\
et H H
iy N B0 keV E ol L ke
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S 11/ i S [111/ \
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Fig. 3-5: Horizontal (left) and vertical (right) angular profiles of DW100 emission at different
photon energies (logarithmic scales).
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Fig. 3-6: (left) Variation of the flux outputs at 50 keV and 80 keV, and of the total power output as a function of the
vertical opening; (right) Variation of the spectral power versus aperture.

The total power is: 61.2 kW (full); 15.9 kW (1.1 mrad horizontal); 8.3 kW (1.1 x 0.15 mrad®); 5.8 kW (1.1 x 0.1 mrad®);
2.6 kW (0.5 x 0.1 mrad®).

8 The FWHM of the flux vertical distribution at 50 keV is 0.11 mrad
° The FWHM of the flux vertical distribution at 80 keV is 0.09 mrad
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BEAMLINE OPTICAL DESIGN

4,

Fig. 4-1: Schematic layout of the beamline (see also appendix B).
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4.1 Introduction
The intended parameters of XPD are:

=  Energy range = 30-80 keV

=  Energy resolution (high: AE/E ~ 2 x 10™; medium: AE/E ~ 1 x 107)

= Intensity >10" photons/sec/0.1%BW

= Flexibility of focal lengths and sizes: 2 mm — 500 pm, down to 10 pm (horizontal)

= Beam stability (intensity and position)

= Low background and high filtering of forward,
parasitic scattering and of low energy photons

= Use proven technology whenever possible
= Ease of use

= Independent operation (shuttering) for the different
hutches

By using a modular design for the endstations,
special environments can be designed and inserted
at different locations into the beamline with
compatible interfaces. Standardization of equipment,
safety protection, and software across all stations is
important for ease of operation. Thus the floor plan of
the beamline is designed to easily move equipment
and samples, in particular between hutch C
(“standard” powder diffraction) and hutch B (PDF).

Close attention is paid to the considerable divergence of the wiggler source, its high power output, and the low

reflection angles in the x-ray high energy range: all three features further

performance.

constrain the optics and overall

The layout of the beamline consists in two branches and three in-line endstations (see reference drawings in
appendix B). The angular deviation between the two beam axes is 5.8°, given by the setting of the side-bounce
monochromator (section 4.2). The conceptual layout for the NSLS-II powder diffraction beamline is shown in Fig.
4-1 and in appendix B. The optical components are listed in Table 5-1 in section 5.1 (distances from the source are

shown).

User space D C B

[ | | |
gaee 1°

A (FOE)

Rt
s

Fig. 4-2: Simplified scheme with hutch labeling.

A summary is given in Table 4-1; the logic for access to hutches is given in Table 4-2.
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Table 4-1: Hutch labeling convention and main purposes.

Hutch A First Optical Enclosure (FOE). Contains the optics (monochromators and mirrors) of both branchlines.

Hutch B Operates at fixed high energies, and is specialized and optimized for total scattering measurements (PDF) over a large
Q range. Diffraction work in the tomographic mode is an option.

Most equipment for this station will be transferred from NSLS and/or purchased with funds and grants from other
sources.

Hutch C Hosts the diffractometer described in section 7.2 for high energy powder diffraction. The PDF measurements can also
be performed there until hutch B becomes operational. A range of sample environments will be provided, and the
emphasis will be on maximizing the throughput of the station; a robot sample changer is included.

The fit-out of hutch C is in the baseline budget, but not that of hutches B and D.

Hutch D Accommodates large equipment, custom sample environments (large pressure cells, non routine reaction chambers,
combined spectrometry, gas handling, stress apparatus, etc). Suited for experiments requiring long set-up time. With
equipment in place, hutch D accepts the beam with minimum overhead time. A SAXS camera is available in this hutch
when taking data in hutch C (3). There is also provision to install secondary focusing optics to produce a smaller focal
spot size (section 5.6.3).

Most equipment for this station will be transferred from NSLS and/or purchased with funds and grants from other
sources.

The major components of the FOE are:
= the secondary Fixed Aperture Mask — section 5.3.3.2
= the high-heat-load filter assembly combined with white beam slits — section 5.4.2

= the single-bounce monochromator (SBM), deflecting the beam sideways

X — section 5.5.2
towards endstation B

= the double Laue crystal monochromator (DLM) serving hutches C and D — section 5.5.1

= the focusing optics (one per branchline) — section 5.6.1

4.2 Rationale for the deflection angle and the energy of the branchline

The angle between both branches is driven by the 26 angle of the side-bounce monochromator (SBM) and by the
steric impediments. Using the SBM in the Bragg geometry favors a small angle for higher reflectivity. However,
the SBM in the Laue geometry offers several sets of lattice planes in the diffraction condition. At any one particular
Bragg angle, several energies can be selected (Fig. 4-3). Too low an angle restricts the operation of the beamline to
the Si(111) reflection. Too high an angle is incompatible with the experimental floor space constraints. An
optimum angle deflection is 5.8° 26 (section 4.2).
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4.3 Description of the beamline operation modes

= High flux mode: the beam is horizontally focused by the Double Laue Crystal monochromator (DLM) and
vertically by the mirror (VFM) (Fig. 4-4a). The modest 0.1% energy bandwidth is acceptable for many
high-energy experiments e.g., in situ, time-resolved, materials science, stress and strain, PDF.

= High spatial resolution mode: an additional refractive or reflective optical system placed closed to the
sample in hutch D is foreseen to produce a focal beam size of the order of 10 pm (mature scope).

» High 28resolution mode: the beam is collimated in the vertical diffraction plane, and impinges an optional
channel-cut monochromator (HRM) which is placed in hutch C (Fig. 4-4b). Both the induced lower vertical
divergence and the higher monochromaticity (AE/E ~ 10™) improve the resolution performance (section
6.2) for such experiments as structure solving, lattice parameter measurement and line shape analysis.

= High Q mode: hutch B operates at high energies and specializes in high Q diffraction.

Fig. 4-4 shows the two different settings of the
mirror and HRM. A collimator mask is placed
behind the VFM to prevent any unwanted mis-
steering of the beam caused by misalignment of the
mirror. Provision is made to operate the beam when

High resolution at high energy is difficult to achieve with
the white-beam Laue optics, given the high energy
bandpass and the small angular instabilities, 86, arising
from thermal load, cooling and bending. This results in
the mirror is out of the beam path large energy changes OF = E cotd 36 where @is small and
’ E is large. Shastri at the APS (11) (12) show that
narrower energy bandwidth is best attained by using a
second optics after the DLM. This method keeps the
white-beam optics unchanged and does not compromise
its performance. The high-resolution optics (collimating
VEFM and HRM) operates in the absence of thermal load.
The HRM can easily be bypassed and the beamline
quickly returned to the high-flux modest-resolution
configuration. Similar configurations are implemented at
APS and ESRF. Although these beamlines use undulator
beams, a similar strategy can be implemented at NSLS-II,
for enhanced flexibility in flux/resolution and keeping the
setup configuration relatively flexible and automated.
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(@)
High-flux Mode
P HEEEN
Mirror EENEN
Focusing SBM DLM DW
(b)

High-resolution Mode

. P EEEN
Mirror » EEENE
Collimating SBM DLM DW
Fig. 4-4: Schematic side view of the optical layout of the beamline.
Table 4-2: Parallel operation of the hutches.
Hutch C Hutch D Comment Hutch B

Beam On Beam Off Measurements in hutch C. Access to D is allowed.

Measurements in D. C is accessible only if a shielded pipe is installed Station B works in

Beam Off Beam On along the entire beam path in hutch C. parallel with C
, , , . — and/or D, as well
Beam On Beam On Sample is mounted on diffractometer in hutch C. Wide angle diffraction | as independently.

and small angle scattering are measured simultaneously.

Table 4-3: Vertical beam positions in experimental hutches C and D.

VEM HRM Hutch C Hutch D
Operation mode Effect Deflection (mrad) beam height beam height
401 m 51.8m
(mm) (mm)
Out Out Occasional None N/A 1450.0 1450.0
2 min 1478.6 1493.2
In Out High flux Focused beam

4 max 1507.2 1536.4
Collimated beam 2 min 1453.6 1468.2

In In High resolution .
Smaller energy bandwidth 4 max 1482.2 1511.4

VFM = Vertically Focusing Mirror
HRM = High-resolution Monochromator
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4.4 Beamline layouts

See appendix B for a selection of reference drawings.

4.5 Ray tracings

The beamline ray tracings use the same guidelines as the front-end tracings (appendix A.2) and start with the
following input given by the front end: maximum fan angle at the ratchet wall, bremsstrahlung and synchrotron
source locations, front end collimator maximum apertures. Given the possibility of further changes in the front end
design at the time of this PDR, ray traces in the beamline are performed in the most conservative mode. One
conservative assumption is to perform the ray traces without a second fixed mask in the beamline, another
assumption is to determine the outboard horizontal bremsstrahlung source point from the front end layout only
instead of the front end and beamline layout as a whole. The consequence of a conservative assumption is that the
collimator aperture might be larger than necessary, not a problem in itself but a smaller aperture is always desirable.
As with the front end, the outcome of the synchrotron ray trace is the minimum aperture for device components,
and a maximum aperture for the collimator. The purpose of the bremsstrahlung traces is to define the outer
dimensions of the collimator and white beam bremsstrahlung tungsten stop.

The synchrotron and bremsstrahlung tracings for FE and beamline are shown in appendix B. From a safety
stand point, the tracings show that the second mask is not required. The tracings with the second mask are also
available but not shown here (section 5.3.3.2). The layout of the beamline was thus not altered on the basis of
the ray tracings.
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5.

5.1

DESCRIPTION OF THE BEAMLINE COMPONENTS

Major components

Table 5-1: Components of the Powder Diffraction Beamline

Dist. to
Component Description Section source (m)
FOE A GTV1 Gate Valve Appendix A.1 26.8
Pressure sensor FE
IPP1 lon pump 53.1,B.7 27
WIN1 Diamond window 54.21 272
Pressure sensor WIN
IPP2 lon pump 274
WIN2 Diamond window 276
GTV2 Gate valve
FLT Pre-filter assembly 5422 28.2
IPP3/FLT lon pump
FMK Fixed mask 53.3.2 29.3
BRC1 Bremsstrahlung collimator 5.3.31 29.3
GTV3 Gate valve 29.6
SLW1 White beam X.Y slits 0 29.9/30.5
IPP4 lon pump 31
BPM1 Beam position monitor 534 31
SCwW1 Fluorescent screen 534 313
GTV4 Gate valve 316
DLM Double Laue monochromator 55.1 32.3
IPP5/DLM lon pump
GTV5 Gate valve 32.8
SLW2 White beam X,Y slits 33.8
BRC2 Bremsstrahlung collimator 34.4
IPP6 lon pump 347
GTV6 Gate valve 35
SBM Side bounce monochromator 55.2 35.6
IPP7/SBM lon pump
SCW2 White beam screen 36.6
STW White beam stop 53.3.3 36.6
GTV7 Gate valve 31.7
BRS1 Bremsstrahlung stop 5334 379
SLM1 Monochromatic beam slits 38.3
IPP8 lon pump 38.6
BPM2 Beam position monitor 38.6
SCM1 Monochromatic beam screen 38.9
VFM1 Vertical focusing mirror 5.6.1 40.1
IPPO/VFM1 lon pump
CMK Collimating mask 43

18
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Components of the Powder Diffraction Beamline (concluded)

FOE A GTV8 Gate valve 411
(continued) SLM2 Monochromatic beam slits 413
BPM3 Beam position monitor 41.6
SCM2 Monochromatic beam screen 41.9
PSH1 Photon shutter Appendix A.1 42.3
IPP10 lon pump 42.3
Hutch C GTV9 Gate valve 456
IPP11 lon pump 458
HRM High-resolution monochromator 56.2 51.8
IPP12/HRM lon pump
SLM3 Monochromatic beam screen 52.7
BPM4 Beam position monitor 52.9
WIN3 Exit window 53.1
CTG1 Cartridge 533
ICB1 lon chamber 534 53.5
Optical bench
DFF Diffractometer 7.2 54.4
SCM3 Monochromatic beam screen 55.5
Analyzer Arm 74
Detector support 7.3.3,H
heavy duty table
robot
sample stage
sample table
ST™M Monochromatic beam stop
Hutch D optical table
PDF Branch GTV10 Gate valve 37.3
SLM4 Monochromatic beam slit 38.8 ltems in italics
IPP13 lon pump 39.2 S el s
— - base project
BPM5 Beam position monitor 39.2 scope. A detailed
SCM4 Monochromatic beam screen M1 S:;%’:)F::ggno;ms
GTV11 Gate Valve 413 follows this table.
VFM2 Vertical focusing mirror 422
IPP14/VFM2 lon pump
GTV12 Gate valve 43.3
PSH2 Photon shutter 435
IPP15 lon pump 435
Hutch B GTV13 Gate valve 458
SLM5 Monochromatic beam slit 461
IPP16 lon pump 46.5
BPM6 Beam position monitor 46.8
SCM5 Monochromatic beam screen 471
WIN4 Exit window 473
ICB2 lon chamber 474
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5.2 Enclosures

Four radiation-shielded enclosures house the various x-ray optical systems as well as endstation instruments. The
First Optical Enclosure is lead-shielded for white beam and bremsstrahlung scatter. These are standard components
similar to those in other synchrotron facilities, and therefore substantial expertise and experience exist in
commercial industry worldwide. We are providing the preliminary design specifications; the final designs will be
produced by suppliers, following NSLS-II specifications. At this stage, wall and ceiling material and thickness, all
sizes and heights, and the location of each enclosure are finalized; all labyrinths positions and hutch door sizes and
locations are specified. See section 8 and appendix C for details.

Table 5-2: Characteristics of the enclosures.

Dimensions (m) Doors | Fans |Labyrinths | Roof access Bridge | Comments
A 17.1x2.87 2 2 5 Yes Yes
Egress 1.2x40 N/A N/A N/A N/A N/A
B 5.5x4.21 2 1 1 Yes Yes
c 7x4.21 1 1 2 Yes N/A
D 8x4.21 2 1 2 N/A N/A Ev?he;%?;‘fyysgfeder
User space 8x6 1 N/A N/A N/A N/A N/A

20 September 2010



Preliminary Design Report for the XPD Beamline at NSLS-II

A B c D
‘ REVISION HIBTORY
17179 (676.3] RET TEREAFTION oA | PENENER [ CHECEn Y | e
A INTIAL RELEASE | 11182010 |asesantis
318 [248.7]—=]
5402 [212.7]—
4411 [172.7] —
-—392&[154.&17 39?\' g U2 [1347)
— 1200[51.2]
2868 [1128] |
l ) 145 [78.5]
N
1385 523 — 1145 45.1]
Plan View 12483 f4007] .
. 0T COuthoard Isometric
14410 [567.7]
16315 [842.9]
Inboard Isometric
A B418[231.3] First Optical Enclosure (FOE) AirHandler
o772 [3[%.;]] PeS Catl—) | 1410 55 2)
an
Eﬂ =] _|_.‘_.|m| O 0y e on nn
ar
475 [58.1] D[R]
0137,
4+ 4 4 e, o
4 0 o+ l o 0
] i 2500 [28.4] 000[787] L \
Downsiream Elev. View 1678 [66.0] S 1 b Upsiream Elev. View nboard Elev. View 3026 [1545]—»
3086[1215]
1179 [676.3]
Qutboard Elev. View
(a— 8000 [315.0] 7000 (2756 7500 [295 17170 [676.3] :
41815 Y = K S]T Bios
; |||.I.I'! H2[1B -
o e W L
=
0 m R o A s ‘
A710[165.7] a2t ez l"r—wclclcl[:w.q
Plan View
- +1000[1614.2)
e U 3
2l e _T F i
o E M /0137 5] - = i
i _4 — EXPERMENTAL FACLLITIES %
| 4000[1675] Sm|er o EE BEAMLINE 5
5000 188 8] —] 2600 2 4] 5500 [216.5] 1EHEY | HUTCH LAYOUT XPD :
e 22500 (885 8] 17170 [676.3] Forge] L D FD-XFD-HU-1000 e
Y Ll el ) s e s o )
Elevation View == (@ ] L, [wese toe00s e [ oz |3
I I ER

Fig. 5-1: XPD hutch Layout.
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5.3 Beam transport

The beamline schematic is shown in appendix B.

Beam transport refers to radiation-shielded evacuated beampipes connecting the radiation enclosures. This includes
the complete vacuum system (with gate valves, spool pieces, pump-out ports, bellows, etc.), apertures, flags,
monitors (such as Iy) and also includes embedded safety and diagnostics system components such as beam shutters

and bremsstrahlung collimators, as well as x-ray beam position monitors and windows. Most dimensions are final
and all components are identified and incorporated in the design at this stage.

5.3.1 Beamline vacuum system

See appendix B.7.

5.3.2 Radiation shielding of evacuated beampipes

Table 5-3: Radiation shielding of evacuated beampipes.

Branch 1 Branch 2 Diameter* (mm) Shield thickness (mm) Length (m)
Hutch A (FOE) none none 101.6/304.8 7 17.18
Between A and B permanent none 101.6 7 1
Hutch B permanent N/A 101.6 7 55
Hutch C moveable N/A 101.6 7 7
Hutch D none N/A 101.6 7 8

*The pipe diameter accommodates both the white beam and the monochromatic beam in the FOE. The deviation of the mirror-deflected
beam as described in Table 4-3 is also taken into account.
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5.3.3 Radiation safety components

Fixed Aperture Mask (FMK)
Collimator in Ratchet Wall
Fixed Aperture Mask

White beam stop and
bremsstrahlung stop
Collimator (BRC2)

Collimator (BRC1)
2 Collimators
DW source

SBM
DLM

ST

FE
(see layout in section 3)

FOE

Fig. 5-2:Radiation safety components

The radiation shielding is an essential aspect in the selection of the optical design and the layout of beamline
components. Full functionality required by the scientific program is provided at reduced cost and with easy
maintenance by integrating the beamline shielding with the optical design. Part of the methodologies used to
determine the shielding requirements are described in ANL/APS/TB-21".

' http://aps.anl.gov/Science/Publications/techbulletins/tb2 1.pdf
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Table 5-4: Beamline components critical for safety.

Interlock * required for overheating or
Item Heat load Consequence of overheating / failure burn-through.
FOE Fixed Aperture | Exposed to white beam, Aperture will fail and result in larger beam Loss of return water flow is monitored by
Components | Mask must be cooled to prevent | downstream, exposed components may EPS and will shutdown ring RF and
overheating. fail - no radiological consequences magnet power supplies.
White Beam Exposed to white beam, Stop will fail and result in white beam Water flow is monitored by EPS and will
Stop must be cooled to prevent | incident on bremsstrahlung stop, which will | shutdown ring RF and magnet power
overheating. also fail. White beam may enter Endstation | supplies.
when occupancy is possible with potential
for severe radiological consequences.
Bremsstrahlung | Shielded from white Stop will fail in case of white beam stop Bremsstrahlung stop will be fitted with
Stop beam by the white beam | failure-see white beam stop failure. burn-through monitor (BTM) which
stop. senses heat load on stop front surface,
and will shutdown ring RF and magnet
power supplies on alarm through PPS.
Photon Beam at this point is No radiological impact. None
(monochromatic | monochromatic and has
beam) Shutter low power; burn-through
(PSH) will not occur. *
Two PSH
provided for
redundancy
Endstation Photon Stop No significant power load. | No radiological impact. None

* This column contains interlock requirements for overheating conditions. Redundant safety limit switches, as a part of the PPS, will also be required on all
safety critical components that can move - e.g., shutters.

5.3.3.1 Bremsstrahlung collimators

The bremsstrahlung collimators define a line of sight to the source and allow a cone of beam to pass through. This
device consists of a circular vacuum chamber with conflat flanges surrounded by lead blocks to absorb scattered x-
rays and bremsstrahlung. The ray tracing procedure determines the collimators’ dimensions. The thickness of lead
is 300 mm. The last collimator in the FOE (BRC2) limits the bremsstrahlung scattering, which might be leaking
through the aperture of the white beam stop (section 5.3.3.3): it helps clean the monochromatic beam.

5.3.3.2  Fixed aperture mask

The second mask (FMK) in the FOE restricts the beam to a vertical opening which matches the acceptance of the
optics (e.g., a 1.3 m-long mirror at 1.6 mrad tilt angle only intercepts 0.05 mrad of the vertical fan). This mask
limits the power incident on the filters and white beam optics and protects the collimator. The vertical opening of
FMK in the FOE is not determined yet: it will be adjusted to admit a vertical synchrotron fan of the order of 0.1
mrad.

5.3.3.3  White beam stop

The beam stop is designed for the worst-case failure scenario. This would occur if all diamond windows and SiC
filters were to fail, upon which the double Laue monochromator would also fail. In this case, the stop would see the
full impact of the 8.3 kW. A block of GLICOP 450 x 50 x 100 mm” tilted at 5 degrees in the horizontal direction is
designed to absorb the more conservative value of 9.3 kW. It is assumed that the heat is uniformly distributed on
the tilted beam footprint. The maximum temperature is about 100 °C and the stress is 130 MPa. These numbers are
well below the acceptable values of 300 °C and 200 MPa.

An aperture is needed to let the monochromatic beam pass through but is not shown in Error! Reference source
not found., as it is not affecting the thermal analysis.
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Fig. 5-3: White beam stop.

a) View of the beam stop at the
A-line operating a 32kW 25-pole
permanent magnet wiggler at CHESS'".
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5.3.3.4 Bremsstrahlung stop

This component is ideally positioned as close as possible to the white beam stop and designed according to safety
guidelines. In this instance, it is made of tungsten with a thickness of 200 mm. The bremsstrahlung stop must
completely block the possible line of sight of the radiation, including the bremsstrahlung shower, from upstream as
seen from downstream. In all cases a small offset aperture will allow the desired synchrotron radiation to pass
through the stop. Transverse dimensions of the tungsten bremsstrahlung stop are determined from the primary
bremsstrahlung ray tracing. The extremal rays in the case of primary bremsstrahlung ray tracing should not be
closer than 24 mm from any lateral edge of the tungsten stop. If an aperture is interposed, then the sum of distances
— from the extremal ray to the edge of the aperture and from the opposite edge to the edge of the tungsten stop —
should be larger than 24 mm. It is suggested that these distances should be kept larger than about 26 mm. This
allows to adjust the beam opening at the precise location in the beam while following the rules stated above, even
with a surveying uncertainty as large as 2 mm. The minimal distance between extremal rays and the edge of an
aperture should be kept larger than 10 mm for a “moderate” aperture size (i.e., 10-15 mm). A final validation of any
particular bremsstrahlung stop design is ultimately provided by a numerical estimate, using what is known as
shower theory, of the radiation dose passing through the X-ray aperture.

5.3.3.5 Monochromatic photon shutter

Two monochromatic photon beam shutter designs are being pursued; they will be used for the majority of
beamlines at NSLS-II (Error! Reference source not found.). One design will be used for most of the damping
wiggler beamlines, and another similar design will be used for most other insertion device and bending magnet
beamlines (see the radiological analysis'?). Both photon shutter designs contain two separate moveable shutter
blocks inside of a custom-designed stainless steel UHV vacuum vessel. The overall length of the photon shutters
(between flange faces) is currently set at 245 mm (not final). These blocks shall be moved independently by two
separate pneumatic actuators. The entire shutter assembly shall be mounted on a steel stand. Redundant limit
switches shall be used to indicate when the shutters have reached their fully closed and fully open positions. The

" http://www.chess.cornell.edu/pubs/1993/NL93.pdf

12 http://groups.nsls2.bnl.gov/eshqgalLists/Radiological%20Analysis/DispForm.aspx?|D=448&Source=http%3A%2F%2Fgroup
$%2EnsIs2%2Ebnl%2EgovY%2Feshqga%2FLists%2F Radiological%2520Analysis%2F Summary%2Easpx&RootFolder=%2F
eshga%2FLists%2FRadiological%20Analysis
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design of the shutters shall be fail safe, that is, if pneumatic actuation pressure is lost, the shutters will fail in the
closed position.

The shutters shall be designed for a life of 400,000 cycles. A mechanical counter will be used to keep track of the
number of cycles that each bellows actuates. The photon shutter bellows assembly shall be made so that it can be
replaced quickly without cutting welds.

Fig. 5-4: Monochromatic Photon Shutter.

Table 5-5: Requirements for the monochromatic photon shutter

Photon Beam Specifications

Beam size 3" into FOE (horiz/vert, mm) 374/6.9
Beam divergence full angle (horiz/vert, mradians) 1.40/0.26*
Distance between 1st DLM crystal and source (m) 31.84

Photon Shutter Specifications
Distance from source to shutter face (m) 423

Distance between source & FOE upstream wall (m) 26.7

* See synchrotron ray tracings in appendix B.

5.3.4 Diagnostics system components

Beam monitoring elements are extremely important for beamline alignment. In this section, three such systems are
described.

a)

b)

Water-cooled White Beam CVD fluorescence screen. The device consists of a retractable water-cooled CVD
diamond foil, acting as x-ray screen, mounted to a pneumatic drive; the fluorescent effect is based on the
residual doping with nitrogen atoms. The diamond screen is transparent, i.e., beam detecting further
downstream is possible. The assembly is mounted to a DN100 CF cross with one view port permitting a side
view of the screen. The pneumatic drive is equipped with limit switches. The vacuum feed-through is made of
edge-welded bellows. The water lines are brazed to the screen support to avoid vacuum-to-water joints. The
foil is clamped to the cooled support. The projection of the beam onto the 45° inclined foil will be monitored
with a CCD camera. This system is capable of staying in the beam after the filter-attenuator assembly. To
increase the lifetime of the foil and prevent overexposure of the camera, this screen should only be used at
reduced power levels, i.e., in combination with filters. This screen has been installed at the high power wiggler
beamline at the Australian Synchrotron Project.

The fluorescence screen monitors typically are mounted on a pneumatic drive via a vacuum feed-through on a
Conflat flange. The water-cooled monitor is inserted in the beam by a stepper motor. The flange is also
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equipped with a view port for the camera that provides side view of the screen. Examples can be seen in
Error! Reference source not found., for a water-cooled device and an un-cooled device.

¢) The x-ray beam monitor is a visualization system for x-rays based on commercially available optics and a
YAG screen. Such a system provides a field of view large enough to study the beam size, beam profile and the
beam position stability of a focused beam in the endstation (at atmosphere).

5.3.5 Beam doors

The beam door is interlocked and allows safe operation of endstation C and personnel access to hutch D (Error!
Reference source not found.). The door latch should be inside the hutch to avoid possible accidental tripping of
ring if opened from outside.

Fig. 5-5: View of the diffractometer and
beam door at the Australian Source
Powder Diffraction beamline.
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5.4 High heat load management

5.4.1 Introduction

Most of the thermal power of the wiggler source lies inherently within the low-energy spectrum (50% occurs below
the critical energy of 11.1 keV). Reduction of heat load needs to be carefully considered, addressing earlier requests
from advisory/review committees for reduced technical risk. A lower power will always improve the performance
of white beam optical components such as the Laue monochromators. For the XPD beamline, calculations of the
absorbed power indicate that a Be window in the direct white wiggler beam would simply fail.

Several options have been considered, e.g.:

1) The 8.3 kW output of the wiggler (after FE mask) is filtered through a pre-assembly of graphite filters: due
to its high thermal conductivity and mechanical stability, carbon is typically used as protective filter
material in front of the Be window. Considering that the maximum acceptable temperature for Be is 100°C,
the pre-filter is designed for reducing the incident power on the window by a factor of ~10. The upfront
pyrolitic graphite filters need to be as thin as 5 pm, and each absorbs ~450 W; the resulting peak
temperature in the 5 um graphite foil is ~1160°C. As a first approximation, assuming the power absorption
is kept constant in each foil, 20 foils are needed to reduce the incident power on the Be window from 10
kW down to 1 kW. The power is predominantly thermally radiated away by each graphite layer, from both
of its surfaces, as the graphite gets very hot. These filters have been successfully placed in the NSLS
beamlines, but there is concern that a vacuum break would expose them to air and thus make them
susceptible to burning. The Be material has been eliminated due to its toxicity when pulverized.

2) The engineering cost and effort in the design of the pre-filtering stage can be saved if the beamline operates
windowless using differential pumping. The windowless option relying on differential pumping has also
been eliminated in favor of the more robust solution of using CVD diamond windows in conjunction with
an assembly of moveable SiC filters

3) A rotating Si disk spreads the heat over the Si wheel. This is successfully implemented at the ESRF (ID15
beamline) but this solution is not retained, due to concerns over the motor reliability in the radiation
environment.

4) A set of two diamond windows (whose thermal properties are superior to those of Be) are followed by a set
of moveable SiC filters. The diamond windows serve both as heat filters and vacuum barrier while
providing added reliability because each is capable of carrying the full load. The SiC filters are moveable
and modulate the heat passing through.

5.4.2 Diamond and SiC filter systems

The heat load in this beamline is attenuated with a set of fixed filters and one set of adjustable filters. The second
filter assembly consists of a controllable attenuator design and carries SiC. This unit allows tailoring the power load
on the optical elements to the appropriate level for the operational mode of the beamline. The water-cooled mounts
are motorized and attached to pneumatic drives.

Heat load management requirements are as follows:

= The damping wiggler DW100 generates 8.3 kW after aperturing.

= The filters must have a dynamic range to allow as low as 0.3 kW incident on white beam optics (DLM).
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=  Minimal loss of transmitted beam flux above 30 keV.

= Must work at 100, 300 or 500 mA ring current.

The solution method consists of the following:
=  Use the code SRW (4) to determine absorbed heat by each filter and flux transmission rate
= Use fixed diamond filters acting as windows and heat shields
= Use redundancy for safety (i.e., two identical diamond windows)
= Use a set of moveable SiC filters for dynamic range
= Optimize material choice and select material sequence and thickness from SRW
= Analyze with ANSYS thermal dissipation and stress
= Jterate to keep temperature and stresses at safe levels.

A systematic investigation of material, sequence and thickness is performed in conjunction with finite element
analysis to ensure that temperatures and stress remain at acceptable values.

Choice of material: The two figures below indicated that diamond and SiC are good choices. Metals have excellent

heat absorption properties but very low x-ray transmission rates. In addition metal and Si have low melting
temperature when compared to diamond and SiC.
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Fig. 5-6: Absorbed heat for different materials vs. thickness, Fig. 5-7: Percent of Transmitted flux for different materials.
first pass only.

Choice of thickness: Diamond can conduct heat more readily than SiC, thus it is decided that 3 mm will act as a
heat shield. For this application one finds that 3 mm of diamond absorbs 4.8 kW and 8 mm of SiC absorbs 3.1 kW.
The SiC is further subdivided in a binary sequence in five filters to modulate the amount of transmitted power on
the monochromator. The thinnest SiC filter is the one with the highest temperature and drives the total thickness.

The diamond filter which could consist of a single 3 mm-thick window will be made for safety reasons of two 1.5
mm thick windows.
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Choice of sequence: A parametric study has confirmed that the sequence placing diamond upstream of SiC is the
most advantageous consideration (heat removal, transmitted flux, cost). Error! Reference source not found. (a)
through (d) show thicknesses of diamond and SiC needed to allow an arbitrary 0.8 kW of power to pass through. If
diamond is placed upstream as shown in (a) and (c), the diamond foil should be as thin as possible. The optimum
case is when a very thin foil of diamond is followed by ~5.5 mm of SiC, therefore 50% of the flux is transmitted
through. If SiC is placed upstream as shown in (b) and (d), an exorbitant 18 mm of diamond is needed and a very
thin foil of SiC is used: the transmission is about 30%. Thus placing diamond upstream is highly cost effective and
maximizes transmitted flux.
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Fig. 5-8: Sequence of diamond and Sic: thickness needed to let 0.8 kW through, and percentage transmitted flux.
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Fig. 5-9: Schematic of diamond and SiC filters. Fig. 5-10: Final power spectrum distribution. Sequential
The power spectrum after filtering is shown at right. filtering causes beam hardening.

5.4.2.1  Diamond vacuum isolation windows
The filtering scheme proposed for this beamline closely follows the solution adopted at the JEEP beamline at the
Diamond light source, UK.

Fig. 5-11: Diamond Windows,
JEEP beamline. Courtesy M.
Drakopoulos.

The window must be able to withstand a one atmosphere pressure differential. The finite element analysis
demonstrates that the 1.5 mm diamond window can sustain the impact of a 5 atm pressure wave that could be
generated during a vacuum loss event. The model below is one-quarter representation of a 1.5 mm thick circular
diamond window in perfect thermal contact with molybdenum, with water cooling channels. Finite element
analysis of the diamond windows and of the filters relies on the perfect thermal contact that would be achieved
through diffusion bonding, for instance. Maximum stress is 345 MPa (< 4500 MPa) and temperature is 267 °C (<
700 °C), well below limit values.
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Fig. 5-12: von Mises stresses and temperature distribution.

The windows are CVD diamond and fluorescence can be used for diagnostic purposes. They are individually
instrumented with temperature and pressure sensors and cameras, the return flow is also monitored.

5.4.2.2  SiC moveable filters

CVD SiC shows excellent thermo-mechanical properties (5) with thermal conductivity almost as high as that of Cu.
The figure-of-merit «/a, the ratio of the thermal conductivity to the heat expansion coefficient, is much higher than
for Cu due to a much smaller thermal expansion coefficient and more than two times higher than for Si (at room
temperature) mostly due to the two times higher thermal conductivity.
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- Monochromator F15
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Fig. 5-13: SIC Filters, JEEP beamline,
courtesy M. Drakopoulos.

IR thermometer
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Table 5-6: Material properties.

Trmax (°C) T oper (°C) | K(WIM'K) | Tensile Ultimate (MPa) | CTE (106)
Diamond 700 2000 750 1
SiC 2400 1400 120 550 4
HOPG (aniso.) | 500 air/2500 vac | 2500 160/8 200 20/<0
Molybdenum 2617 138 324 5
Cu 1083 385 210 16
Au 1064 301 120 14.4
Al 6061 580 180 124 24
Si 1412 124 124 25
Vitreous C 3000 4.6 210 35

Table 5-7, column 3 shows the power absorbed by each SiC filter directly exposed to the beam (the diamond
windows are fixed). Column 7 shows the cumulative power absorbed by the SiC filters when they are in place, and
column 8 (Flux) is the corresponding percentage of transmitted flux at 50 keV. The ratio #/P where ¢ is the thickness
and P the absorbed power represents the ability of the filter to dissipate power. A thinner filter will absorb less heat
but have a relatively smaller conduction path. The smallest ratio occurs for the thinnest filter, which experiences the
highest temperature, while the thickest filter has the highest stress.
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Table 5-7: Filter performance.

Operation Individual* Cumulative* Flux
mode t (Im) P abs (KW) tp T max (°C) Stress (MPa) P abs (KW) (% trans)
Diamond 1500 38 394 266 345 38 90.7
Diamond 1500 1.0 1446 1.0 82.1
SiC 4129 27 1512 682 256 2.7 50.6
SiC 2065 22 925 716 241 0.24 39.6
SiC 1032 1.7 616 873 224 0.08 35.2
SiC 516 1.2 445 1155 188 0.03 33.3
SiC 258 0.7 361 1370 144 0.01 321

*Individual means that only one SiC filter at a time is in place. Cumulative means that all the preceeding filters are in place. In all cases, the diamond
windows are in the beam.

There are 2°-1 possible combinations of SiC whose total thickness is shown on the abscissa on Fig. 5-13 for three
different currents. At 500 mA, the transmitted power is 3.40 kW when all the SiC filters are up and 0.32 kW when
they are all down. With a set of two fixed diamond windows, all sequences of SiC filters are safe. Filter
combinations that allow 0.3 kW to pass through are shown for the three different currents. A “1” indicates that the
filter is down, and “0” that the filter is up. As with diamond windows, the filters are instrumented with cameras,
temperature sensors and water flow meters. As a safety feature, if one diamond window fails, all sequences of
moveable filters are still safe, albeit without safety margin.
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Table 5-8: Consequences of failure of one diamond window.

Filters t (um) P abs (KW) tp Tmax (°C)
Diamond 1500 3.8 3% 266
Diamond failure
SiC 4129 37 1121 920
SiC 2065 3.1 665 997
SiC 1032 24 423 1271
SiC 516 1.8 293 1758
SiC 258 1.2 221 2242
Table 5-9: Filter specifications.
Axis # 1 2 3 4 5 6
Location upstream downstream
Elements supported
A SiC filter | SiC filter | SiC filter | SiC filter | SiC filter diode
B (1) (1) (1) (1) (1) screen
c (1) (1) (1) (1) (1) (1)
D (1) (1) (1) (1) (1) (1)
Movements
Vertical translation z
motor type Pneumatic or stepper4 positions in, 1 position off
range TBD
resolution TBD
accuracy
Rotation Tz Stepper
type -5 +30°
range +0.1°
resolution TBD
accuracy
Cooling Water
Temperature control (interlock) Yes
Viewports Yes ‘ Yes ‘ Yes ‘ Yes ‘ yes
Mount and bonding TBD
Thermal radiation shields TBD
Vacuum yes
Vessel flange-to-flange dimension 700 mm
Beam transverse dimensions 31X42
Beam height (mm) 1400

(1) This position can hold a variety of other filter materials: Al, Cu, graphite... or different apertures.
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5.4.2.3

White beam slits

Table 5-10: Preliminary specifications for the XPD white beam slits.

SLW1 SLW2
Operation in UHV yes yes
Distance from the source (m) 29.5 (H) and 30.5 (V) 33.8 (H only)

Horizontal range TBD - aperture = 1.1 mrad range TBD - aperture = 1.1 mrad
Vertical range TBD - aperture = 0.15 mrad none
Opening/closing speed TBD TBD

Operation cycles 5000/year 5000/year

Material Glidcop/OFHC copper Glidcop/OFHC copper
Water cooling yes yes

Incident power

kW total, w/mm2 peak

kW total, w/mm2 peak

Length TBD TBD
Wedge angle TBD TBD
Blade surface polishing quality TBD TBD

Counter wedge Yes (to avoid over-heating of the upper edge of the slits in case of beam mis-steering)
Thermal FEA required required

Tungsten edges with camera

(beam flag) yes yes

Limit switches yes yes

Note: See list of components in Table 5-1.

SLW1 and SLW2 are of similar design to those in the front end.
SLW1 are used to adjust the Ho and Ve divergences of the beam and the total incident power on the white-beam optics. SLW1 works in conjunction
with the FOE fixed aperture mask, and acts as anti-scatter slits behind the filters.
SLW?2 operates in the horizontal direction only, and has a direct effect on the resolution performance of the PDF branchline.
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5.5 High energy monochromators

5.5.1 Sagitally focusing monochromator

5.5.1.1 Introduction

Three different types of monochromators are most widely used at synchrotron radiation sources:
= Double Crystal Bragg Monochromator (DCM)
=  Multi-Layer Monochromator (MLM)
=  Double Laue Monochromator (DLM)

Each type has its advantages and drawbacks for use at a wiggler beamline with high energy, high brightness, high
divergence, high heat load, and large size beam. For a powder diffraction beamline, the major requirements are:
energy tunability, maximized total flux, medium energy resolution, adequate size of the beam, and stability of the
beam. Table 5-11 compares different types of monochromators and shows that the Double-Laue geometry best
matches the XPD case. Table 1-1(in section 1.2) shows that XPD is a rather unique facility when compared to other
wiggler beamlines designed for high energy powder diffraction at third generation synchrotron radiation sources.

Table 5-11: Comparison among monochromators for high energy wiggler x-ray beam.

Asymmetric-Bragg

DCM Crystal MLM DLM
Energy Tunable Yes No Small Range Yes
Energy Resolution (AE/E) 10°-10" 10°-10" 10°-10" 10*-10°
Focusing (large beam) No Yes Yes Yes
Incident beam acceptance Low Low Low-high High
Thermal Load Sensitivity High Medium Low Medium
Vibration Sensitivity High High Medium Medium

Sagittal focusing using Laue crystals was pioneered at NSLS (6) (7) (8) (9). The concept (Fig. 5-15, appendix D) is
increasingly used at high energy x-ray beamlines (10). The focusing capability is similar to that of the sagittal
focusing by a Bragg crystal, except for a factor related to the asymmetry angle. This monochromator concept is
very attractive at high energies for its flux, energy resolution, tunability and in-line-geometry properties. The good
performance is attributed to some compensation effect whereby the second crystal significantly undoes the
substantial brilliance degradation of the first crystal. In relaxing the bending radius of the first crystal, one finds an
optimal setting where a much closer compensation occurs (11) (12).

Characteristics of monochromators based on Laue-Laue geometries are described in Table 13-3 (appendix E). The
XPD monochromator will be the first of its kind and its specifications (see below) meet the scientific scope of the
XPD beamline.

37 September 2010



NSLS-II Project, Brookhaven National Laboratory

s
i 5

Rowland circle 2

v

. g, j Fig. 5-15: DLM design concept for a sagittaly

V}rlual image 2 _ bent Double Laue geometry (6) (7).

\

\ TR 1O

. Source.- -
0 ’ -

N7
i

Virtual image 1
“’{ & Rmi . T

' i L :

y -" Rowland circle 1 ./

5.5.1.2  Design concept

The XPD beamline intends to use a sagittally bent Double Laue Monochromator (DLM) for providing a focused
and adjustable monochromatic beam with optimized flux at the sample. The aim is to focus the 35 mm-wide beam
to a size of 0.5 mm with a flux of ~10" ph/s and an energy resolution AE/E ~ 107 at the sample.

The position of the DLM is optimized taking three major considerations into account:

1. Consideration 1: To be as close as possible to the source in order to capture the maximum horizontal flux by
accepting the whole 1.1 mrad beam fan.

2. Consideration 2: As the first (white-beam) optical element, this leaves enough room for the next optical
focusing element and for the PDF branchline beam optics. The configuration where the SBM (side bounce
monochromator) is first and DLM is next has been abandoned for four reasons:

a. Branch 1 (endstations C and D) requires the full beam flux either for optimum throughput in the
high flux mode or for compensation of the flux loss in the high-resolution mode. If the SBM was a
single Laue crystal placed upstream, the incident flux would decrease by 10% due to absorption;
the beam flux is reduced by more than 50% if SBM is a 0.5 mm thick Bragg crystal.

b. Assuming that the SBM is placed upstream (before the DLM), the side-deflected monochromatic
beam goes past the DLM with severe space constraints, further constraining the design and the
alignment of the DLM.

c. Placing the DLM first and the SBM second makes it possible to align all hutches. The floor
footprint of the beamline and the access to the hutches can be better rationalized in this
configuration. In the reverse configuration, hutch B must be located on the side of the other
endstations.

d. The support and bender of the SBM are not designed to let the direct beam through.

3. Consideration 3: To optimize the focal length of the DLM. The focal length and the demagnification factor
require a sagittal bending radius R; of the order of 1 m. A smaller focal length would require an even smaller
bending radius (<1 m) and hence would prohibitively increase mechanical stress on the crystal.

The double Laue crystal monochromator is the first white-beam optical component of the XPD beamline and is
used to select the energy of x-rays produced by the damping wiggler (DW). The monochromator must provide
focused (horizontal) monochromatic beam at a fixed height with respect to the incident white beam, regardless of
the selected x-ray energy. The relatively large vertical offset gives enough clearance downstream for
bremsstrahlung shielding (see tracing in appendix B.4) and for providing another monochromator (SBM) with the
direct beam. The holder for the first crystal is at a fixed location, and should let the direct white beam pass through.
The second crystal can move along the beam axis and is able to catch the diffracted beam from the first crystal at a
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constant height (Fig. 5-16). The distance D between the two crystals along the beam direction varies as the energy
changes. The bender is such that there must be a dynamic control of the sagittal bending radius R, (between 2 m and
<1 m) with energy and there is a less frequent control of the meridional bending radius R,, (between 25 m and 50
m) over discrete energy intervals (see appendix D for details). The mechanical and thermal stabilities of the
monochromator are critical for the experiments carried out at the XPD beamline. The DLM characteristics and
performance parameters are as follows:

= Adjustable x-ray energy 30-70 keV

= Fixed exit beam with fixed offset of 50 mm

* Incident Beam size: 35 mm (H) x 4.8 mm (V) at normal incidence

= Dynamic bending of both crystals to keep the image spot size and position similar at all energies
=  Energy resolution ~ 10” AE/E

=  Source to first crystal distance (F7): 31840 mm

=  First crystal to sample distance (F,): 22560 mm

= Horizontally focused beam size at the sample: 0.5 mm

» Sample
Source Fig. 5-16: X-ray beam trace in the DLM.
] P Virtual image
J
‘1
F' >||

5.5.1.3  Design challenges
The design of the DLM for XPD poses important challenges:
= Required uniform sagittal bending radius R,

= Matching meridional radius R, to the Rowland condition at different energies over the whole beam
footprint while reducing the thermal effect.

= Choice of crystal dimension (based on Bragg planes, asymmetric cut, sagittal & meridional bending radii).
= Dynamical operation of the crystals in vacuum.

= Bender Design: The crystal support should allow unconstrained thermal expansion to limit deformation.
The thermal contribution to deformation then comes uniquely from the non linear dependence of thermal
conductivity and coefficient of thermal expansion on temperature. At the same time, the support should
control R; and R, independently from each other. Cooling must also be provided through the support
system for conduction cooling schemes.

5.5.1.4  Design optimization

We have been examining the optical and x-ray responses of the crystal under different bending conditions as a
function of the crystal aspect ratio and we have been measuring the rocking curve as a function of the crystal
distortion using two crystal benders based on Zhong’s leaf bender design (6). The details of the optical mapping
and results are discussed in appendix E. The outcome of these test measurements is guiding us in controlling Ry, R,
as a function of the crystal aspect ratio, asymmetry angle and thickness. Furthermore, the rocking curve gives
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information about the crystal deformation and is used in section 6.1 to calculate the flux enhancement through the
crystal. Detailed FEA analyses have been carried out (as described in appendix E) for the leaf and roller bender
designs with different cooling arrangements.

From the above test measurements and modeling, the leaf bender design with a rigidly clamped crystal is found to
pose several major issues:

= non-uniform stress distribution which affects the bending radius distribution over the beam footprint while
dynamically changing the bending radius

= difficulty to achieve a R, range (25 — 50 m) over the beam footprint for different energies, sufficiently close
to the Rowland conditions at the required energy resolution and flux (Fig. 5-17).

= handling the heat load while minimizing vibrations.

This leads us to a bender design which uses four rollers (two fixed, two adjustable). The design allows R; to vary
(around 1 m) while keeping R,, within the acceptable 25 — 50 m range (Fig. 5-17), and handles the thermal load and
vibration effects (appendix E for details). Based on our measurements, calculations, and FEA analyses, a
preliminary design of the XPD DLM is produced. The optimized performance parameters of the DLM are listed
in Table 5-12.

0.01 0.02 0.03 0.04 0.05 0.06
1Ry ()

001 0.02 0.03 004 005 0.06
VR (™)

001 0.02 0.03 004 0.05 0.06
VR (™)

Fig. 5-17: Shadow ray tracing calculations for the flux per energy bandwidth as a function of the meridional bending
radius of the two Laue crystals in the high-flux mode for 30, 50 & 70 keV.
The numbers are normalized. See section 6.1 for details.

Table 5-12: Optimized performance parameters for the XPD DLM

Energy (keV) 30 40 50 60 70
Bragg angle 05 (°) 3.78 2.83 2.27 1.89 1.62
Sagittal radius Rs (m) 1.99 1.49 119 0.99 0.84
Meridional radius Rm (m) 31.8 217 254 242 236
Ho gap between crystals D (m) 0.38 0.50 0.63 0.76 0.88
Energy resolution FWHM AE/E 0.4 x 103 0.6 x 103 0.9 x 103 13x10% 22 %103
at the sample ' ' ' ' '
Horizontal size of focused beam 05 05 05 05 05
at sample (mm)

Flux at the sample (10%2 ph/s)

with a 1 m Pt-coated mirror 33 76 78 46 21

5.5.1.5

Crystal dimensions and orientation

The present evaluation of the crystal dimension follows Zhong’s DLM performance at NSLS, calculations (FEA
analyses and shadow ray tracings) and also experimental measurements (section 6.1 and appendix E). The crystal
plane and orientation (8) (9) are selected taking into account the geometry of the DLM design, the diffraction
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efficiency (scattering intensity) and the rocking curve width upon bending. The optimized crystal dimension is
mainly based on three factors, the asymmetry angle, the sagittal bending radius R; and the meridional bending
radius R, (appendix D for more details).

Table 5-13: Crystal dimension and specification.

Crystal Planes (111) reflection of (100) oriented Si crystal.
Surface normal (100) in Z, (0-11) in X and (011) in Y
asymmetry angle 35.26°
Bragg Angles (30-70 keV) 3.78° - 1.62°
Crystal dimension Length(X) = 70-100 mm, Width(Y) = 40-60 mm, thickness = 0.5 mm - 0.65 mm

5.5.1.6  Specification of motion controls

The monochromator consists of two crystal stages (1 & 2). Each crystal has independent motions for pitch (Bragg
angle), roll, yaw, bending force (on two outer bars, Fig. 5-18) and one side twist (twist could come from vertical
misalignment of the set of rollers ¢ and d on which the crystal rests). The angular resolution of crystal rotation is
required to be better than 0.5 prad and its repeatability better than 1 prad. There are two combined motions such as
changing the X & Y motions of both stages simultaneously.

force force

Fig. 5-18: Roller bender schematic
showing bending concept.

— . —
slide

The coordinate system and the axes are defined here:

+Z horizontal along the beam direction, away from the source point;

+X horizontal, perpendicular to Z, away from the storage ring centre;

+Y is vertical, upwards;

Pitch is rotation about X, describing the Bragg/Laue ‘diffraction angle’, positive is anticlockwise;
Roll is rotation about Z, positive is anticlockwise;

Yaw is rotation about Y, positive is anticlockwise;

1 & 2 refer to monochromator crystal stage 1 & monochromator crystal stage 2;

a & b refer to force on both the rollers, both in negative Y direction.;

¢ & d refer to slide of both rollers, positive and negative X direction, respectively;

Twist is the rotation about X direction of one side of the crystal relative to the other fixed side.
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Table 5-14: Preliminary specifications for the motion controls of the XPD DLM.

Axis Prototype | Stepper | Stage Type | Max | Min | Resolution | Units Encoder & Limits Notes

Pitchs Y 1 Tiltcrade | +2 2 0.00003 | degree Y&Y Bragg angle

Rolly Y 1 Tiltcradle | +2 2 0.001 degree N&Y Horizontal Tilt

Yaw, Y 1 Tiltcradle | +2 2 0.001 degree N&Y Tilt

Bend1a Y 1 Translation | +10 | -10 0.01 mm Y&Y Vertical Push Y

Bendip Y 1 Translation | +10 | -10 0.01 mm Y&Y Vertical Push Y

Twists Y 1 Translation | +2 2 0.001 mm N&Y Vertical Push Y on one side
Pitchz N 1 Tiltcrade | +2 2 0.00005 | degree Y&Y Fine Bragg angle

Rollz N 1 Tiltcrade | +2 2 0.001 degree N&Y Horizontal Tilt

Yaw, N 1 Tiltcrade | +2 2 0.001 degree N&Y Tilt

Bendza N 1 Translation | +10 | -10 0.01 mm Y&Y Vertical Push Y

Bendzb N 1 Translation | +10 | -10 0.01 mm Y&Y Vertical Push Y

Twistz N 1 Tiltcrade | +2 2 0.001 mm N&Y Vertical Push Y on one side
Z4 N 1 Translation | 950 | 350 0.005 mm Y&Y Stage separation

Y12 N 2 Translation | +20 | -20 0.1 mm Y&Y Vertical Translation

Xi2 N 2 Translation | +20 | -20 0.1 mm Y&Y Horizontal Translation

5.5.1.7 DLM prototyping

A prototype monochromator will be built and tested in order to fine tune the specifications for the potential
manufacturer. The prototype, as delivered by the vendor, will be mounted on a sample stage with motor-controlled
X/Y/Z translations. The prototype crystal assembly has pitch (in the plane of diffraction), yaw and roll
(perpendicular to the plane of diffraction) angular adjustments under motor control. The performance of the
prototype will be tested using both white beam and monochromatic beam at NSLS beamlines. Further tests will be
carried out with larger and high heat load beams at other wiggler beamlines at one of the 3" generation synchrotron
sources (Diamond Light Source, Australian Light Source or Canadian Light Source).

5.5.1.8 Monochromatic beam diagnostics

Tuning and optimizing the energy (angle change), focusing, energy resolution (bending) and the alignment (crystal
translations and angles) of the high energy monochromatic beam both after the first stage and the second stage of
the DLM are delicate. A few diagnostic methods have been reviewed for the XPD DLM. For the prototype DLM,
the energy spread of the monochromatic beam is tested against the bending radius using a pencil beam and an
analyzer crystal. The final DLM will then have simple diagnostics for the monochromatic beam: during an energy
scan around a particular energy, the brightness and footprint shape are adjusted on a screen with finely tuned Bragg
angle and bending.

Two removable diagnostics are present in the DLM vacuum chamber, one after the first crystal stage and another
one after the second stage. Each diagnostic component has an aperture selector (for pencil and large beam), a foil
selector (for discrete energies 30/40/50/60/70 keV), fluorescent screens and photodiode. A photodiode and energy
foil arrangement for the ESRF ID11 DLM beamline and a screen diagnostics for the DLM of the JEEP beamline of
DLS are shown as examples in Fig. 5-19.
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Fig. 5-19: (left) DLM at the JEEP beamline of DLS. (right) DLM at ID11 of ESRF.

5.5.1.9  Vacuum requirements and shielding

The DLM is operated in vacuum with in-vacuum cooling. The vacuum is required for ease of operation in
conjunction with other beamline components and transport compatibility. It also eliminates ozone production with
white beam and keeps the crystals, motors and other components safe and free of contamination. The high energy
white beam when diffracted through the silicon crystal produces massive Compton scattering radiation. The
Compton scattering radiation heats up the vessel and other components. A proper anti-Compton shielding is placed
into the DLM vessel. A beam mask in combination with Compton shielding is placed inside the chamber before the
first stage crystal. A couple of viewports fitted with vacuum glass or sapphire are used for survey and alignment
purposes. An inner shutter prevents the radiation blackening of the windows.

Table 5-15: Preliminary specifications for the vessel.

Operation vacuum Yes, 10 Torr or better
Beam diagnostics Fiducials — requirements, Fluorescence Screen & Camera feed through
Length Height Width
Total size (mm)
1400 600 + 300 (diagnostic Tube) 600

5.5.1.10 Cooling and vibration analysis of the crystal bender

As previously noted, the monochromator cooling minimizes the thermal bump which in turn affects the crystal's
double curvatures. The whole design of the DLLM bender requires reliable, reproducible and robust mechanical and
cooling schemes in order to bend the crystal to the desired radii while removing the incident heat, eliminating
vibrations, and providing thermal and mechanical stability.

Table 13-3 (appendix E) gives a summary of the results of different designs and cooling schemes. Several different
designs have been studied using finite element analysis (appendix E). Among the options, a water-cooled crystal
clamped at the edges and a crystal immersed in an In/Ga bath (APS BESSRC CAT (13)) have been eliminated due
to insufficient cooling. A cryo-cooled Laue-Laue monochromator operates at APS 1-ID (10) and proves to satisfy
the meridional bending geometry requirements. The retained design (appendix E) uses a roller bender mechanical
design similar to that of X17B1 NSLS. The heat is dissipated by conduction through Cu braids cooled by liquid
nitrogen in order to minimize cooling induced vibrations. Table 5-16 summarizes the results of FEA analysis for
that crystal bender design under consideration. Most requirements are satisfactorily met: bending radii, heat load
and vibration isolation. This design is now being considered for prototyping.
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Table 5-16: Summary of the FEA results for design under consideration.

Design Type Adjustable radii Roller bender

Crystal dimension and geometry 84 (L-X) x 38 (W-Y) x 0.5 (T) mm3 at 35° asymmetry angle

Heat load Incident power = 500 W, absorbed power density = 0.51 kW/mm? over volume = 35 x 8.7 x 0.5 mm?

Cooling Scheme and temperatures Conduction cooling through Cu braids LN cooled, crystal Max temp = -34°C

Mechanical Bending Scheme Apply force on fixed set of rollers and displace supporting set of rollers for dynamical curvature
adjustment

Vibration Isolation Cu braids transmit very low vibration from the LN cooling channels

5.5.2 Side-bounce monochromator

The target photon energies for the side-bounce monochromator are 74.8 keV, 63.8 keV and 39.1 keV for the fixed
20 angle of 5.8 degrees given by the beamline geometry (section 4.2 for details).

The most commonly used single crystal monochromator setups are the focusing Bragg, the focusing Laue and the

Rowland Laue geometries (Fig. 5-20). A detailed comparison of these three cases is presented in appendix D and
summarized here in Table 5-17.

(1) Focusing Laue

Source

(ii) Rowland Laue M

TS S ﬁv\/ T
Slit -

(iii) Bragg

Source

35.7m 11.7m
+«—>

Fig. 5-20: Schematics (top view) of three possible geometries for the side
bounce mono of the XPD beamline.
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Table 5-17: Comparison of single crystal monochromators for the PDF branch.

Case Focusing Laue Rowland Laue Bragg
Horizontal Focusing Polychromatic focusing Defocusing Monochromatic focusing
Bending radius Comparable to focal distances | Comparable to focal distances Very large
Rocking curve width Large Large Small (absorption limited)
Rowland geometry No Yes Yes

Energy resolution (AE/E) | 103 - 102 (slit determined) ~1073 104-103

Total Flux Large Large Small
Horizontal beam size Small Large (slit determined) Small

Output beam divergence Large Small Large

Crystal length Small Small Large

The Bragg geometry is a very attractive solution. However, this crystal is placed at a Bragg angle of 2.9° and needs
to be long enough (> 780 mm) to intercept the horizontal fan. Its response relies heavily on the alignment at the
grazing incidence and on the response to bending with a radius > 470 m. There is a large uncertainty as to whether
the Bragg crystal will be stable and reliable under the high thermal load. The divergence of the output beam is also
detrimental to the diffraction resolution. The Laue crystal monochromators are more forgiving when considering
alignment and thermal stresses, and thus are most suited for the XPD branchline.

The SBM accepts the straight-through white beam after the first crystal of the DLM and horizontally deflects the
selected energies at a fixed angle of 5.8°. The SBM design parameters are shown in Table 5-18.

Table 5-18: SBM design parameters.

Source to SBM distance 35.7m

SBM to sample distance 11.7m
Incident beam size(H x V) 39.3 x 5.4 mm?
Side bounce angle (26) 5.8°
Working Energies 74.8,63.8, 39.1 keV

There exist numerous side bounce monochromators around the world working at fixed energies. The 11ID-C (14)
beamline at APS operates at a fixed angle of 1.9°, where the Si (111), (220) and (311) Laue crystals provide 60, 98
and 114 keV respectively. The 11ID-B beamline uses Si (311), (400) and (511) crystals to provide 58, 70 and 91
keV respectively with a fixed 6 = 3.75°. The thermal load is managed by the combination of water cooling and Ga-
In-Sn eutectic bath. NSLS X17A side station (currently under design) is due to operate at 74.8 keV and will be
using the (311) reflection of a Si 511 crystal (AE/E = 10? and angle deflection = 7.4°). The 3 mm X 3 mm beam is
expected to be focused to < 0.5 x 0.5 mm’, using both the sagittal and the meridional bendings of the crystal
mounted on a specially-designed two-axis bender. A silicon crystal on a cryo-cooled Glidcop bender (incident
power is 40 W) is being implemented at ESRF-ID24 (energy-dispersive EXAFS) with a 30:1 demagnification at 7
keV. PETRA III (beamline P07) is also considering the horizontally deflecting Laue geometry for energies > 60
keV (15): the diffraction efficiency and bandwidth are controlled by a silicon crystal with either a Ge composition-
gradient or a thermal gradient.

The proposed design of the monochromator assembly requires stability and reliability. The side-bounce crystal and
mechanism reside in a (UHV) vacuum vessel. There is the possibility of implementing more than one crystal,
leaving the choice of different pre-aligned crystals for different energies. For each crystal, one can optimize the
energy bandwidth and the focusing properties by adjusting the thickness, 7, the asymmetry angle, y, and the
bending radius, p. The mechanical design should also accommodate the fact that the SBM is located 50 mm below
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the monochromatic beam of the DLM. Using three different crystals requires three benders with cooling
attachments that can be exchanged using the horizontal translation arm or rotation stage. Instead, a special cut Laue
crystal is proposed for all three energies (optimized at 74.8 keV). The crystal design parameters are listed in Table
5-19 and the motion control specifications are shown in Table 5-20.

Table 5-19: Preliminary SBM crystal design parameters.

Energy 74.8 keV 63.8 keV 39.1 keV
Crystal dimension Length = 100-150 mm, width = 10-20 mm, thickness = 3-5 mm
Crystal reflection Si 311 Si 220 Si111
Asymmetry angle 39.1° 25.7° 9.6°
Beam footprint (H x V) 48.7 x 5.4 mm? 44.8 x 5.4 mm? 39.3 x 5.4 mm?
p (focusing mode) 489 m 36.9m 36.0m

p (Rowland mode) 442 m 40.6 m 359m

Table 5-20: Preliminary specifications for the motion controls of the SBM.

Movement Range Resolution Repeatability
Whole optic assembly:

Transversal (Y) 150 mm <0.1mm <50 um
Crystal units:

Roll rotation -10-10° <10 prad < 20 prad

Bragg rotation (coarse) Full turn <10 yrad <20 yrad

Bragg rotation (fine) + 50 prad = (.01 prad =~ (.3 prad (uni-directional)

Appendix D shows preliminary calculations for both the focusing Laue and the Rowland Laue setups. The focusing
Laue case can provide a total flux of 3 x 10 ph/s with a resolution AE/E ~ 0.01 in a focused 1 mm horizontal
beam. The Rowland Laue case provides a similar total flux with a 10~ resolution in an unfocused 10 mm beam. A
horizontal slit before/after the SBM is needed to regulate the energy resolution in the focusing Laue case and the
beam size in the Rowland Laue case. As a result, the total flux will change proportionally. In the present design, the
slit defining resolution or size is placed before the SBM given the space constraints: this also helps reduce the
thermal load on the SBM.

5.6 Monochromatic Beam Optics

5.6.1 Vertically focusing optics

5.6.1.1 Introduction

There are two modes of operation for the XPD beamline (section 6.1): 1) the high-resolution mode and ii) the high-
throughput mode. In i), the monochromatic beam is vertically collimated and reaches the HRM; in ii), the
monochromatic beam is vertically focused and directed to the sample. The function of the vertical beam optics is to
re-condition the vertical monochromatic beam coming out of the DLLM for optimum energy resolution, beam size
and/or flux. The major challenges with this optics are to handle these two operation modes for high energies
ranging from 30-70 keV and for a large beam size 23(H) x 6(V) mm’ (focused horizontally by the DLM).

The vertical focusing optics of XPD offers many options, for instance;
= diffractive optics as used in Fresnel Zone Plates (FZP) and Multilayer Laue Lenses (MLL)

= refractive optics as used in Compound Refractive Lenses (CRL) and Kinoform Lenses
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= reflective optics as used in single layer (SL) mirrors and multilayer (ML) mirrors.

Table 5-21 gives comparative information on different focusing optics.

Table 5-21: Comparison of different focusing optics available for hard x-ray focusing.

Optics Geometry | Pros Cons Comments
FZP & MLL | diffractive - very small focused beam size - performance limited by aspect ratio - manufacturing limitation for high
- uniform beam shape. - small focal distance energy x-rays both for FZP & MLL

- small aperture

- sensitive to beam stability

- fixed focused beam size

- not optimized for energy > 15 keV

CRL, Refractive - adjustable focused spot size - small aperture - aperture too small for a large
Kinoform - insensitive to beam stability - beam shape and figure depend on wiggler beam
lenses. - many choices of elements suitable lens manufacturing quality and - large number of lenses required
for different ranges of energies material. for very high energy x-rays and thus
focusing adjustment is more
complex.
SL &ML reflective - adjustable focused beam size - smaller angle of reflection restricts Due to recent developments of
mirrors - large energy band acceptance focusing and beam acceptance large Si mirrors, achieving slope
- harmonic rejection capability - slope error and roughness over a error down to 0.3 A and roughness
- routine use for micron size beam larger footprint are the major issues to 1 A and fine coating grades make
- easy coating and Si technology - Pre-bending or dynamical bending the ML and SL mirrors very
- large size befter for heat load affects the focusing indirectly through attractive for high energy and large
management. slope error beam size x-ray sources.

- ML mirrors are not energy tunable for
a wide range of energies.

From the above table it is apparent that the best suitable optics for XPD requirements and for energy tunability are
either the CRL or the SL mirror. However, for the fixed energy PDF line, a ML mirror would be a better choice.
For using the ML mirror on the energy tunable branchline, the d spacing is varied in such a way that rays with
different energies are reflected from different depth zones of the total stack. It is possible to get a 3.5% energy
bandpass (+0.7 keV) with a reasonably good reflectivity (43%) at 40 keV. At higher energies, the reflectivity for
the same bandpass becomes even lower. Therefore for a beamline with continuously tunable energy, the ML mirror
is not the appropriate focusing optics when compared to the SL mirror.

Refractive lenses are an attractive solution for XPD due to their relatively simple mechanics, compactness and low
cost. CRL are relatively simple to align, very stable, immune to vibrations and relatively forgiving of orientation
errors. It is recommended to use guard slits in front of the sample to eliminate incident beam tails arising from
imperfections in the CRL (blurred focus, etc) and to minimize small-angle scattering halos. However, a significant
drawback is the aperture-limited gain in flux for long-focal-length (low demagnification) focusing. It is shown in
appendix F that for energies above 30 keV, the effective vertical aperture is always less than 1 mm. Considering the
focal length, energy range and beam size at the sample and taking the effective aperture into consideration, the
calculated vertical transmission and horizontal acceptance for 30 keV and 70 keV are much less than 20%
(appendix F). The reduction in overall useful flux assumes as a first approximation that the overall angular
acceptance is ultimately defined by the effective aperture of the optics (CRL or mirror) at 40 m and not by the mask
in the FE. Table 5-22 shows a comparison of the flux for a 1.2 m effective length Pt-coated mirror and an optimized
CRL for both 30 keV and 70 keV x-rays. The SL mirror is the best choice as the vertical focusing optics for XPD
beamline.
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Table 5-22: Comparison of useful flux at the sample in the focusing mode of the vertical optics

CRL (30 keV) CRL (70 keV) Pt-mirror (30 keV) Pt-mirror (70 keV)
3.5(H) x 1.2(V) mm?Z 3.5(H) x 0.6(V) mm?z 23(H) x 2.4(V) mmZ 23(H) x 1.3(V) mmZ
Flux (1012 ph/s) 0.24 0.10 39 25

*The CRL parameters are from

Table 13-9. The mirror is 1.2 m effective length and Pt-coated (incident angle for 30 keV is 2.0 mrad and for 70 keV is 1.1 mrad).

Therefore, CRL-based optics is not retained in the baseline of the present layout due to their low throughput in a
wiggler beam (see calculations on the performance of CRL in appendix F). However, refractive optics can easily be
implemented in the present layout of XPD at a later stage. CRL with more complex patterns remain an attractive
solution for future optical options for XPD:

a. Parabolic (16)

b. Triangular/Parabolic saw tooth (12)
¢. Kinoform profile (17) (18)

d. Prism, Clessindra (19)

The next sections a) and b) discuss the applicability of respectively the SL mirror and the ML mirror for the XPD
branchlines.

a) Single-layer (SL) Mirrors

Table 5-22 shows that a SL mirror is the right choice as a focusing optics for the XPD beamline. The other
important aspect is that the SL mirror is achromatic, which is one of the requirements for the XPD beamline. As
stated before, the high-resolution mode requires a collimated beam directed to the HRM and the high throughput
mode requires a focused beam at the sample. The major manufacturing parameters for the SL mirror are:

= the choice of coating materials for optimized reflectivity for high energies ranging from 30 keV to 70 keV

= the length of the SL. mirror to capture the maximum part of the vertical fan (beam size at the SL. mirror
location is 23(H) x 6(V) mm?).

The energy bandwidth and the length of the mirror, both depend on the coating materials which determine the total
reflection angle. Fig. 5-21a shows the reflectivity of different coating materials with respect to energy at a median
incident angle of 1.2 mrad. This figure clearly shows that Pt coating gives the maximum reflectivity for the required
energy range of 30 — 70 keV.

Fig. 5-21c shows that the XPD beamline energy range can be covered with 90% reflectivity using a Pt-coated
mirror within an incident angle range of 1-2 mrad.
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Fig. 5-21: The efficiency of a SL mirror for different coating materials and the maximized parameters for a Pt-coated mirror.

(a) reflectivity with respect to energy for Pt, W, Rh, and Pd-coated mirror with 0.2 nm roughness and 1.2 mrad incident angle,
(b) reflectivity with respect to energy for Pt-coated mirror for different incident angles and with 0.2 nm roughness, and (c) grazing
angle variation with energy for a Pt-coated mirror with 0.2 nm roughness and 90% reflectivity.

A Pt-coated mirror of size greater than 1 m is readily available. The challenges for the fabrication of mirrors with
lengths greater than 1m long are to maintain the rms roughness low (<0.2 nm) and to keep a high figuring (slope
error <1 prad) over a large active length. The reflectivity decreases with increasing roughness and the focus spot
size increases with increasing slope error. In high-resolution mode, the slope error enlarges the energy bandwidth.
For an ideal output of flux and resolution, a slope error less than 1.2 prad is required (see Table 6-2 and Table
6-3). Detailed analyses of these parameters on the mirror efficiency are discussed in section 6.1.

The other important aspect of a focusing or collimating mirror is the bending shape and radius. For a spherical
shaped Pt-coated mirror with source-to-mirror distance F; = 40.1 m, and mirror-to-sample distance F, = 14.3 m, the
required bending radius is R = 1.8 x 10* m for a 1.2 mrad grazing angle. To avoid spherical aberration, an elliptical
or parabolic mirror should be considered.

Table 5-23: Ray tracing results for XPD beamline after the SL mirror (in both modes).

E (keV) 70 60 50 40 30
Mirror Grazing angle (mrad) 114 1.32 1.52 1.75 2
Mirror reflectivity 90% 90% 90% 90% 90%
Mirror slope error (urad) 1.27 1.27 1.27 1.27 1.27
High-Flux Mode
AE/E (FWHM) 2.2x10°3 1.3x103 0.9 %107 0.6 x 107 0.4 x 1073
beam size (FWHM) (mm2) 0.75x0.054 0.75x0.053 0.75x0.056 0.70 x0.070 0.63 x 0.095
Flux at sample (ph/s) 2.1 %102 4.6x10% 7.8 x 1012 7.6 x 1012 3.3 %102

Intensity at sample (ph/s/mm?) 5.3 x 103 1.1 x 10" 1.9x 10" 1.6 x 10" 55x 101

High-Resolution Mode

AE/E (FWHM) 1.6 x 104 1.2x104 1.3x104 1.4 x104 1.7x104
beam size (FWHM) (mm2) 0.51x1.2 0.60x1.3 0.53x 1.4 045x15 0.57 x 1.6
Flux at sample (ph/s) 1.5 x 10" 4.4 x 10" 1.2 x10% 1.7 x 101 1.3 x10%

Intensity at sample (ph/s/mm?2) 2.5 x 10" 5.7 x 10" 1.6 x 1012 2.5x10"2 1.4 x 1012

Table 5-23 provides the ray tracing results (section 6.1) from combined DLLM and SL mirror in both the high-flux
and the high-resolution modes.
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The state of the art is a mirror of 1300 mm effective length with 0.1 nm roughness and 0.3 urad slope error (as
being fabricated for SPring8). Considering the current manufacturing capabilities in providing a mirror of such a
large effective length, and the required surface figuring to preserve the resolution and reflectivity while bending the
mirror, the optimum mirror specifications (Table 5-25) for the XPD beamline can be summarized as:

= Pt-coated mirror of effective length 1300 mm
= rms roughness <0.2 nm
= slope error over the active length <1.2 prad

= required bending radius ~ 1 —7 x10* m.
The detailed specifications for the bender are listed in Table 5-26.

b) Multilayer (ML) mirrors

The major advantage of a ML mirror over a SL mirror is the large angle of incidence: it can either intercept a larger
part of the incident vertical fan or it can be made considerably shorter and easier to handle. Currently, ML mirrors
up to Im in length can be produced (20) (21) (22) (23).

The major disadvantage is that a ML mirror works over a relatively narrow energy band, whereas a SL mirror
works over a continuous energy range. Therefore, for the XPD variable energy (30-70 keV) branchline, a SL
mirror is a better choice. Today, multilayered mirrors with an energy resolution between 0.2% and 40% can be
manufactured (24). Such an energy bandwidth is about two orders of magnitude larger than that of perfect crystals.
This yields a significant gain in flux when the ML mirror is placed in a broad energy band-pass incident beam. For
the PDF beamline with fixed energies, a ML mirror is the best choice. The PDF beamline will run at three fixed
energies: 39.1 keV, 63.8 keV, and 74.8keV (section 4.2).

The ML mirror design is such that the energies should not be close to the absorption edge of the coating materials
to avoid fluorescence background. The d-spacings of the ML mirrors are such that the ML mirror is kept at a fixed
angle to reflect all three energies. Therefore the ML mirror focusing bender can be designed for a fixed radius and a
fixed incidence angle. The beam footprint is thus kept constant for all three energies. A major requirement for the
ML mirror is the presence of three different stripes for the three different energies.

For a particular x-ray energy, flux depends on the acceptance aperture (large grazing angle) and reflectivity of the
ML mirror. The above two parameters mainly depend on the material combination, period length, and gamma
(period ratio) of the bilayers of the ML mirrors. We have been looking into several ML mirror options: typical
material combinations are W/Si, Ru/C, Mo/Si1, Pt/B,C, Pd/B,C but also Ni/C, Cr/Sc, W/B,C, La/B,C, Ni/ B4,C and
numerous others (25). See discussion in b) of section 5.6.1.

Table 13-10 in appendix G shows the ML mirror characteristics for different materials combinations for different
energies, period lengths, and for gamma = 0.5, number of bilayers = 500, and interface roughness = 0.25 nm.

See discussion in b) of section 5.6.1.

Table 13-10 suggests that Ni/B4C with optimized bilayer period and gamma gives the
maximum reflectivity, similar energy resolution, and comparable divergence for all the
chosen energies. For the sake of fabrication quality and simplicity, it is necessary to keep
the number of bilayers low (~200), with optimized period length and gamma value and,
most importantly, the interface roughness needs to be below 0.3 nm.

Table 13-11 in appendix G shows the reflectivity dependence of a ML mirror on gamma for a particular ML mirror
at a particular energy reflection. Table 13-12 shows the reflectivity dependence of different ML materials on the
number of bilayers for a particular energy and a given period length.

For operation at a fixed incidence angle and off the absorption edge of the materials, the ML mirror design is
optimized (choice of materials, thickness of the bilayers) for best reflectivity. Fig. 5-22 shows the reflectivity from

three materials and optimized d-spacings for energies 74.8 keV, 63.8 keV, and 39.1 keV.
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Fig. 5-22: Calculated reflectivity with respect to grazing angle. The number of bilayers (N = 200) and the substrate
roughness (0.2 nm) are kept the same for all three cases.

Although the maximum reflectivity is obtained with Ni/B,C, we have to consider the large energy range of
reflections, the suppression of fluorescence background, the wide grazing angular range, and the high reflectivity
(~95%). This led us to choose:

= Pt/B4C as the appropriate ML stripe for the 74.8 keV energy
= W/B4C as the appropriate ML stripe for the 63.8 keV energy
= Ni/B4C as the appropriate ML stripe for the 39.1 keV energy.

Fig. 5-23 shows the optimized calculated performance of the PDF branchline ML mirror.

The divergence of the incident beam could be matched with the period ratios along the beam footprint by making
the ML mirror laterally graded. For an incident angle of 4.25 mrad over a 1m ML mirror, the maximum incident
beam divergence for the PDF beamline is 0.1 mrad. This is very small and the lateral grading needed for the ML
mirror would be minimal. Therefore, all our simulations assume a uniform grading of the ML mirror.

—— 74.8 keV Pt/ B,C (1 nm/ 1 nm)
— 63.8keVW/B,C(1.18 nm/ 1.18 nm)
— 39.1 keV Ni/B,C (1.95nm/ 1.95 nm)

Fig. 5-23: Calculated reflectivity with respect to the
grazing angle for the PDF branchline 3-stripes ML
mirror at energies 74.8 keV, 63.8 keV, and 39.1
keV. The number of bilayers is (N = 200) for each
stripe and the substrate roughness is 0.2 nm.

Reflectivity

0.0 YAV ATV
4.0 4.1 4.2 43 4.4 4.5
Grazing incident angle (mrad)

Thus we propose that the PDF beamline vertically focusing ML mirror be manufactured with three different
stripes of different materials and d-spacings. This allows the ML mirror to operate at three different energies at a
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fixed incidence angle (~ 4.25 mrad) and with a fixed bending radius. The details of the specification of the ML
mirror are given in section 5.6.1.4 and Table 5-28.

5.6.1.2  Rationale for the position of the vertical focusing optics
XPD is designed to run independently:

= the horizontally focusing DLM serving endstations C and D with high flux or high-resolution x-rays
beams at energies varying between 30 and 70 keV

= the SBM serving endstation B with high flux and moderate resolution at fixed energies of 74.8, 63.8,
and 39.1 keV.

The vertically focusing mirror (VFM) is usually placed before the monochromator(s) as the first white beam, high
heat load optical element. In the present case, independent operation of both branchlines is important and it would
be disadvantageous to serve simultaneously both monochromators with the VFM placed upstream. The
requirements of the SBM and the DLM regarding the incident energy range and vertical divergence are not the
same. Moreover, the DLLM is designed to accept the natural vertical divergence of the incident beam over the entire
fan; there is no gain for the VFM to truncate or modify this incident fan. The high-resolution mode is obtained by
combining the VFM with the HRM. The source-to-VFM distance, whether the VFM is placed before or after the
monochromator, does not significantly affect the vertical acceptance angle. The focal lengths of the mirror and of
the monochromator are a major input in our modeling; the current setting yields better results in terms of focusing
capability and beam size at the sample. Furthermore, placing the VFM in the white beam would increase the
engineering complexity of the beamline in terms of high heat load management.

5.6.1.3  Mirror serving endstation C

This mirror is a long (> 1 m) Pt-coated mirror designed to work in the 30-70 keV range with high reflectivity and
matching the vertical divergence of the DLM, and only accepting the central part of the 6 mm high beam. The SL
mirror deflects the beam upward or downward to the sample or the HRM. This mirror is dynamically bent to focus
the beam at the sample for different energies and has a reverse bender to compensate the gravity sag. The
characteristics of the SL mirror are described in Table 5-24 for the two modes of operation. The mirror is thus
positioned at 40.1 m from the source and 14.3 m from the sample. The specification details of the mirror are
described in Table 5-25. The preliminary specifications are in the “cost effective” range.

Table 5-24: Characteristics of SL mirror at two different operation modes.

Operation mode Collimating (30 keV)  Collimating (70 keV) Focusing (30 keV) Focusing (70 keV)
Ideal mirror figure Parabolic Parabolic Elliptical Elliptical
Grazing angle (mrad) 2.00 114 2.00 114
Bending radius*, R (m) 4.01 x 104 7.04 x 104 1.05 x 104 1.85 x 104
Energy Resolution (AE/E) 0.17 x 103 0.16 x 103 0.4 x 1073 2.2x10°3

The bending radius in Table 5-24 is obtained from 1/F, +1/F, =2/(R sinf) for a spherical mirror. Table 5-24 shows
that the mirror can be bent to a cylindrical shape with a mechanical system to focus the x-ray beam down to 50
microns.
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Table 5-25: Preliminary specifications for the SL mirror.

Mirror body (substrate material) Silicon
Coating Material Pt: density > 95% of bulk material, thickness > 500 A
Working Energy (keV) 30-70
Beam size (mm)
Transverse 44 (full horizontal beam) or 23 (focused horizontal beam)
vertical 6 (full width of vertical beam)

Fit surface (convex)

Cylindrical, bent to focus

Mirror orientation

Facing up - vertical deflection

(downward is an option depending on bender design — IRF done for the upward configuration in section
6.2)

Distance to source (m) 401
Focus distance (m) 14.3
Length Width Thickness
Useful (active optical) size (mm) 300 Active wi dt‘!:;”% C]Jc:’i’Shing adge Toé):gd::;dgsf ;‘gt)ir\:le(ig\]/g?;igpal
Mirror (= 90 mm)
longitudinal radius (m) > 1x 104

transverse radius (m)

> 1 x 108 (relaxed natural curve)

Major axis TBD
Minor axis TBD
Mirror angle (mrad) 1.0- 20

Maximum slope errors
Longitudinal
Transverse
Height error (PTV)

1.2 prad rms over 500mm longitudinal (section 6.1)
<10 prad rms
N/A

Surface micro-roughness

0.2 nm (Measured over a (10 um x 10 um ) area with a x 10 or x 20 magnification)

Max. absorbed heat in operation

negligible

Max. generated stress

Depends on bending radius and thickness, should be very low for 5 km min

The mirror bender is designed to be a self-contained system mechanically decoupled from the external mounting
system. The design should be such that there is no additional slope error in addition to the intrinsic flat surface
slope error. The design should consist of a two-way bender to compensate for the gravity sag. The bender
specifications are given in Table 5-26. The mirror vessel is designed to maintain the whole system in vacuum. The
vessel specifications are given in Table 5-27.
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Table 5-26: Preliminary specifications for the bender.

Shape cylindrical

Radius of curvature (m) >5x 108 (with reverse bending capability)

Relative radius repeatability 0.5%

Mirror angle (mrad) 1.0t02.0

Cooling none

Gravity weight compensation for gravity ( depends on the design, in the merit of the bounce-up/down geometry)

Gauges and sensors for shape control and

correction yes
Movements Range Step Precision Repeatability
Translation Tx (mm) N/A N/A N/A N/A
Translation Ty (mm) N/A N/A N/A N/A
Translation Tz (mm) +/-20 0.002 relative 0.004
Roll (mrad) Manual & lockable N/A N/A N/A
Pitch angle (mrad)
Min 5.0 0.001 relative 0.004
Max +10.0
Limit Switch & Hard Stop Yes, limit switch resolution = 1 um with encoders
Note : X along beam direction, Y along transversal and Z along vertical
Table 5-27: Preliminary specifications for the vessel.
Operation vacuum better than 1 x 109 Torr
Optical (laser) alignment Not required (mirror, mirror mechanics, and the vessel adjustments are independent)
Viewport One viewport at the outboard side
Total size (mm) (flange to flange) Length Height Width
TBD TBD TBD

5.6.1.4  Multi-stripes multilayer mirror serving endstation B
Endstation B is served with the ML mirror positioned at 42.2 m from the source and 5.8 m from the sample. This is
a long (~1 m) lateral graded ML three-stripes mirror designed to work at three fixed energies (74.8, 63.8, 39.1 keV)
at a single incidence angle with high reflectivity. It matches the divergence of the monochromatic beam from the
SBM. The ML mirror deflects the beam upward to the sample and is dynamically bent to focus the beam at the
sample for different energies. The specifications of the ML mirror are described in Table 5-28. The specifications

are in the “cost effective” range.
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Table 5-28: Preliminary specifications for the ML mirror.

Mirror body (substrate material) Silicon

Stripe 1 Stripe 2 Stripe 3
Optical coating materials Ni/B4C W/B4C Pt/B4C
Working energy (keV) 39.1 63.8 74.8
lateral design graded graded graded
depth design uniform uniform uniform
d-spacing (nm) 3.9 2.36 2.0
Number of bilayers 200 200 200
Angle of incidence (mrad) 414 422 423
Active Length (mm) 1000 1000 1000
Energy Bandpass (%) 0.8 2.0 1.6
Calculated peak reflectivity(%) 96.8 96.0 96.0
Gap between stripes TBD
Stripe active width (mm) TBD
Active length (mm) 1000

Fit surface (convex)

Spherical bending, compensation for gravity

Mirror orientation

Facing up - vertical deflection

Distance to source (m)

422

Focus distance (m)

5.8

Beam size (mm)

Transverse Depending on slits and SBM focusing
vertical 6.3

longitudinal radius (m) >2.5x10°

transverse radius (m) >1x 108

Maximum slope errors
Meridional
sagittal
Height error

1.5 prad rms over 500mm longitudinal
10 prad rms transverse

Surface micro-roughness
Mid-spatial
High-spatial

0.3nm

Max. absorbed heat in operation

negligible

Max. Generated stress

Depends on the dimension of the substrate

5.6.2 High-resolution monochromator

The approach of beamline APS 1-ID is followed for achieving higher energy resolution (11). The high resolution
requires a low-energy band-pass, typically 2x10*. This cannot be achieved with a monochromator in the Laue
geometry exposed to a large heat load. The current proposal is to accommodate a channel-cut monochomator in
hutch C, which can be translated in and out of the beam. The large-bandwidth double-Laue monochromator (in the
FOE hutch A) is combined with the high-resolution monochromator (in hutch C). Owing to the small (a few
microradians) vertical angular acceptance of the high-resolution DCM system, the beam divergence needs to be
reduced by tuning the collimating optics (VFM) between the two monochromators.
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5.6.3 Secondary focusing optics

The horizontal radiation fan is 1.1 mrad wide. Focusing the x-rays is thus crucial to collect the large fan in order to
increase the available flux at the sample. The DOE review committee in June 2009 strongly recommended to
“include secondary optics into the design of the XPD beamline to provide I-2micrometer focus.” The DOE
committee underlines: “Adding such optics should not have a significant impact on the beamline design while
greatly broadening the user base for experiments that can be performed at the beamline. One example is the use of
high-pressure cells.” We are therefore considering the ability to tune the beam size, in particular to resolve some
particular inhomogeneities or for diffraction mapping. This goal should be achievable by combining the sagittally
bent double-Laue monochromator with secondary focusing optics in hutch D. The expectation is to deliver a 10 um
focused beam for the mature scope of the XPD project; this would be exceptional at these energies, and particularly

suited for heterogeneous compounds. Modeling and x-ray tracing have not been attempted yet to test the focusing
capability of such a set-up.
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6. BEAMLINE PERFORMANCE

6.1 Beamline ray-tracing

The beamline ray-tracing was performed for the high-flux mode as well as for the high 26 resolution mode using
the SHADOW code (26) with the visual user interface (VUI 1.08) in the XOP2.3 package (27). Section 4.3 presents
the different operation modes. Calculations include three terms: (1) the source, (2) the DLM and (3) the focusing
mirror.

6.1.1 The source contribution

The damping wiggler source profiles are simulated and agree with the SRW results (Fig. 6-1). After the Front End
fixed aperture mask (appendix A), the horizontal beam position profile is almost flat while the vertical position
profile remaizns Gaussian with truncated tails. The beam size at the first Laue crystal (31.84 m) from the source is
35 x4.8 mm".
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Fig. 6-1: Comparison of the horizontal (a and ¢) and vertical (b and d) angle and position profiles
at 50 keV before (a and b) and after (c and d) the front end fixed aperture mask as calculated
with SHADOW and SRW. The position profiles are calculated at 28 m from the source.

6.1.2 The DLM contribution

The DLM crystals are 0.5mm-thick Si(100) crystals. The asymmetry angle of the (111) reflection is 35.3° and the
sagittal bending axis is in the [011] direction. The meridional bending radii (R,,) are extrapolated from the measured
R—R,, curve of a 3-in. x 2-in. crystal on a test bender made at the NSLS (appendix E for details).

The sagittally bent Laue crystal suffers severe lattice distortion and therefore provides a large energy bandwith. The
total deviation (Afp) from the Bragg condition resulting from the lattice distortion contains two terms: (1) the
change of the lattice orientation through the crystal thickness, and (2) the angle change due to the lattice spacing
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variation. The total deviation is directly proportional to the crystal thickness (75) and inversely proportional to the
sagittal bending radius (R;) (appendix D for details). Fig. 6-2 presents the rocking curves calculated using the multi-

lamellar approximation (28).
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Fig. 6-2: The rocking curves of the sagittally bent Laue crystals at different thicknesses and bending radii.

To include these effects, the DLM was ray traced using SHADOW by dividing the bent Laue crystal into » thin
layers. The Bragg plane in each layer is tilted by an angle relative to the Bragg planes in its neighbor layers, that is,
the asymmetry angle varies from one layer to the next (Fig. 6-3). The reflectivity and transmission of each layer
can be calculated from the dynamical theory, and the overall reflectivity of a crystal consisting of » layers is then

n i—-1
R=) | &] [mer)
i=1 j

Jj=1
where R; is the reflectivity of the ith layer, 7; is the transmission of the jth layer before the ith layer, u is the linear
absorption coefficient, and S; is the path length of the reflected beam. In this work, the reflectivity and transmission
of each layer is simulated using SHADOW. The thickness of the layer is chosen so that the tilt angle (Afp/n)
between two sequential layers equals the Darwin width of the perfect crystal.

n layers

Fig. 6-3: The multi-layer treatment of the
sagittally bent crystal.

6.1.3 The mirror contribution
The mirror slope error was incorporated using measured mirror profiles provided by a manufacturer. The modeling

uses three mirror surfaces (as measured) whose rms slope errors are 1.27, 2.88, and 5.11 prad, respectively. The
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grazing incident angles at different energies were optimized using XOP2.3 to ensure 90% reflectivity while
assuming 0.2 nm roughness. The ray tracing does not reveal any significant difference between cylindrical bending
and elliptical (or parabolic) bending due to the modest magnification factor F»/F; = 0.7.

6.1.4 Predictions of flux, resolution and beam size
Table 6-1 lists the SHADOW ray-tracing results for the XPD beamline in both the high-flux mode and the high-
resolution mode. The total fluxes at the sample were calculated using

I=1,N,AE/N/E0.1%

where I, is the total incident flux (ph/s/0.1%BW) after the aperture, N; is the number of the incoming rays, N, is the
number of the reflected rays recorded by SHADOW, AE; is the input photon energy bandwidth over which the ray
tracing was performed, and E is the central photon energy. The output energy bandwidth is AE.

Table 6-1: SHADOW ray tracing results for the XPD beamline.

E (keV) 70 60 50 40 30
65 () 1.62 1.89 227 283 3.78
F1 (m) (source to the first crystal) 31.84 31.84 31.84 31.84 31.84
F2 (m) (first crystal to the sample) 22.56 22.56 22.56 22.56 22.56
D (m) (between the two crystals) 0.88 0.76 0.63 0.50 0.38
Rs1, Rs2 (m) 0.84 0.99 1.19 1.49 1.99
Rm1, Rmz (m) 23.6 242 254 217 31.8
Flux after aperture! (ph/s/0.1%BW) 3.2 x 10% 7.2x101 1.6 x 10" 3.4 x 10 7.0 x 10
Transmission (filtering?) 50% 45% 37% 23% %
Mirror Grazing angle, 6y (mrad) 114 1.32 1.52 1.75 2
Mirror reflectivity 90% 90% 90% 90% 90%
Mirror slope error (urad) 1.27 1.27 1.27 1.27 1.27
High-flux mode
Mirror radius (m) 18493 15971 13870 12047 10541
AE/E (FWHM) 22x1073 1.3x 1073 0.9x 1073 0.6 x 10 0.4 x 1073
beam size (FWHM) (mm2) 0.75x0.054 0.75x0.053 0.75x0.056 0.70x0.070 0.63 x 0.095
Flux at sample (ph/s) 2.1 %102 4.6x10% 7.8 x 1012 7.6 x 1012 3.3 %102
Intensity at sample (ph/s/mm2) 5.3 x 101 1.1 x 10" 1.9x 10" 1.6 x 10" 55x 101
High-resolution mode
Mirror radius (m) 70351 60758 52763 45828 40100
AE/E (FWHM) 1.6 x 104 1.2 x 104 1.3 x 104 1.4 x 104 1.7 x 104
beam size (FWHM) (mm2) 0.51x1.2 0.60 x 1.3 0.53 x 1.4 0.45x15 0.57 x 1.6
Flux at sample (ph/s) 1.5 x 10" 4.4 x 10" 1.2 x10% 1.7 x 101 1.3 x10%
Intensity at sample (ph/s/mm2) 25x 10" 5.7 x 10" 1.6 x 1012 2.5x10"2 1.4 x 1012

' The fixed mask apertures the beam down to 1.1 mrad x 0.15 mrad.

2 The filter setup is based on section 5.4.

The sagittal bending radii (R;; and Ry,) of the two crystals are determined by the source to DLM distance (F}), the
DLM to sample distance (F») and the asymmetry angle. Ideally, the anticlastic bending radii (R, and R,,;) of both
crystals are the same for the same crystal shape and size. However, they also depend on the bending mechanism,
the bender manufacturing error, and most importantly, the heat load. Since the first crystal sees the white beam and
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operates under extreme cooling (liquid N,), the resulting R,; might vary from that of the second crystal. This
second crystal receives much less power under the monochromatic beam.

Fig. 6-4 shows the relative output flux and resolution at 50 keV with different R,,; and R,,» combinations keeping
R, and Ry, constant. Note that the rocking curve width of the sagittally bent crystal is predominantly dependent on
R,, while affected by R,, through the ratio R/R,, (appendix D for details). If R,, is larger or smaller than the natural
value (intrinsic R,, ~19 m for R; = 1.2 m with the Poisson’s ratio, v = 0.064 for a free standing crystal), it actually
indicates that the crystal is under additional stress (e.g., from the bender and the heat load), and therefore the crystal
exhibits a larger lattice distortion, and hence a higher flux due to a wider rocking curve. More importantly, Fig.
6-4a suggests that the matching of the two crystals (along the diagonal in Fig. 6-4a) is essential to ensure high flux.

On the other hand, the high resolution requires that at least one crystal has the desired meridional bending radius
(25 m as shown in Fig. 6-4b, as an example). Note that this optimized R,, does not exactly match the Rowland
condition (i.e., 40 m in the example case). This will be discussed in section 6.2. As a result, the optimized flux per
energy bandwidth is then achieved when both conditions are considered (R, = R,» = 29 m). This optimized
condition will provide the highest flux in the high-resolution mode, in which the HRM confines the energy
bandwidth. Fig. 6-4c¢ also indicates that the tolerance on R,, is quite large.

0.01 002 003 0.04 005 0.06 0.01 002 003 004 005 0.06 0.01 002 003 004 005 0.06
/R, (') /R, (') /R, (')

Fig. 6-4: The relative output flux (a), the energy bandwidth (b) and the flux per energy bandwidth as a function of the
meridional bending radii of the two Laue crystals in the high-flux mode. The numbers are normalized.

The slope error of the Pt-coated mirror affects the beamline performances by: (1) increasing the beam size in the
high-flux mode (Table 6-2), and (2) enlarging the energy bandwidth in the high-resolution mode (Table 6-3). To
achieve the ideal output, a slope error less than 1.2 prad is required (Fig. 6-5 for the comparison).

Table 6-2: Vertical beam sizes at different mirror slope errors
in the high-flux mode.

Vertical beam size FWHM (rms) pm
Slope error (prad) 70 keV 50 keV 30 keV
0 43 (53) 46 (39) 89 (141)
1.27 54 (56) 56 (42) 96 (143)
2.88 206 (87) 211(77) 225 (157)
5.1 321 (131) 314 (79) 290 (184)
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Table 6-3: Energy resolutions at different mirror slope errors
in the high-resolution mode.

AEIE (FWHM) (10-4)
Slope error (prad) 70 keV 50 keV 30 keV
0 1.2 1.3 1.6

1.27 1.6 1.3 1.7

2.88 51 3.3 28

511 7.7 4.4 21
,;\‘ LELEL I Trrr I Trrr I Trrrrrrrrrrrr s L
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=] L i = - .
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Fig. 6-5: The simulated vertical profiles (left) in the high-flux mode and the energy profile (right) in the
high-resolution mode with different mirror slope errors.

6.2 Instrumental resolution function

The peak shape function of the XPD data depends on the instrumental resolution function (IRF) and the sample
microstructure (grain size and strain). Therefore, the accurate description of the IRF is extremely important for
characterizing the XPD beamline. Sabine (29)generalized the analytical solutions of the instrumental diffraction
line broadening of the N-crystal spectrometer by assuming the Gaussian angular distribution of the incident beam
and Gaussian shape profiles for each optical element. More recently, Gozzo et al. (30) extended Sabine’s theory to
include the collimating and focusing mirrors. Here, we further extend this analytical method to study the IRF width
of the XPD beamline within the different operation modes.

The diffraction profile of the XPD beamline high flux setup is a convolution of the incident beam profile, the Laue
crystal monochromator rocking curve, the slit function, the residual divergence after the focusing mirror, and the
profile of the analyzer crystal on the detector arm, with a,,, A, 7, 75, A, as the FWHM respectively in the vertical
diffraction plane. Table 6-4 lists the values of the profile FWHMs of the optics for the XPD beamline in the high-
flux operation mode.
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Table 6-4: Values of the profile FWHMs of the optics.

70keV 60keV 50keV 40keV  30keV
A (prad) 80 69 58 47 36
15 (urad) 40 46 53 61 70
7r(rad) 112 129 149 171 196
Do Ao (urad) 39 46 55 6.9 9.3

Fig. 6-6 shows the FWHM of the IRF at different A,, and k. For the sagittally bent Laue crystal, A,, is normally tens
of micro-radians and therefore dominates the resolution. As shown in appendix D, A,, is a function of the bending
radii (R;, R,) and the crystal thickness Ty. R, is determined by the monochromator position and the chosen
asymmetry angle (appendix D) to achieve the horizontal focusing. The crystal thickness should be optimized to
balance the resolution and the total flux. The meridional radius R,, affects the peak shape function in two respects:
(1) the deviation from the Rowland condition and (2) the change of the rocking curve width, A,, through the
changing of the R;, R, ratio. The results in Fig. 6-6 (right) are consistent with the ray-tracing results (Fig. 6-4): the
optimized resolution is achieved when the two above effects are balanced. We also see that the IRF is more
sensitive to R,, and k at lower energies.

To achieve the highest possible resolution, a pseudo channel-cut double-crystal monochromator (HRM) is placed
after the mirror. The mirror is then used to collimate the monochromatic beam emanating from the DLM, so that
the divergence t; of the mirror-reflected beam matches the angular acceptance of the HRM.

Fig. 6-7 compares the resolution of the two operation modes (z;is taken to be 15 prad for the high-resolution mode).
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. _ 0.6 (25.2 m)
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Fig. 6-6: The FWHM of the IRF at different energies with varying An, (left) and k (right) as a function of Q.
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Solid line: high-flux mode
Dotted line: high-resolution mode
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— 40keV
— 30keV /
0.10 Fig. 6-7: The FWHM of the IRF at different

energies in the high-flux mode (solid lines)
and the high-resolution mode (dotted
lines).
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6.3 Day One expected performance

Scientific Capabilities on Day One:

=  First branch and endstation C operational

= x-ray energy = 30-70 keV

= High flux at sample > 10'> ph/s in variable 0.5-2 mm focus

= Powder diffraction resolution: Ad/d ~ 10° with upgrade to 2 x 10™
= Time resolved capability in the sub-second range

= Basic suite of sample environments (4-1500 K, high P)

= Flat plate and capillary geometries

= Initial PDF capabilities, with upgrade to dedicated PDF endstation B
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Table 6-5: The basic configuration shows which components are required to start beamline
operation, and which components can tolerate some delay.

Day One (baseline scope)

Component
Section # Basic configuration Optimum configuration
Safety Components 533 R R
Beam Transport 53 R, incl. transport'to hutch B (down to R
the exit window)

Diamond windows

542 R R
Filters
DLM 551 R R
VEM 5.6.1 NR R
Diffractometer 7.2 R
Scanning 0D detectors 7.3 R: fitted with analyzer crystals (MA)
Strip detector 733 NR R
2D pixel/CCD 733 R R
2D flat panel detector 733 NR R

R = required

NR = not required, where “not required’ means that the beamline is ready for operation and the beam can reach the sample.
This is the minimum required configuration, although the performance is affected by the missing components.

64

September 2010



Preliminary Design Report for the XPD Beamline at NSLS-II

7. ENDSTATION INSTRUMENTATION

7.1 Overview of endstation C

Endstation C (Table 5-2) is 4.2 m wide x 7.0 m long and very similar to modern, highly productive stations at the
ESREF, SLS, APS, ASP, etc. and will cater to a wide range of users interested in higher energies (> 30 keV). The
core instrument consists of a highly accurate triple-axis diffractometer (Fig. 7-1): The “inner” stage will be for
sample rotation, with a capacity > 35 kg at a distance of ~250 mm from the interface plate; this allows the rotation
of heavy samples with environmental cells where applicable. The interface plate is fitted with “spherolinders”
(heavy-duty kinematic-type mountings with cylindrical rather than spherical attachments); these allow sample
environments to be swapped over easily and with minimal alignment. A close/open Euler cradle and a x-y-z stage
can be fitted on that circle, with appropriate sample positioning (metrology, alignment) and beam position
monitoring. Opposite the diffractometer, a translating table can support larger loads such as large cryostats and
furnaces and high-pressure cells. In addition, a robot for fast and automated sample changing is recommended for
high-throughput measurements for combinatorial investigation and screening purposes.

e_‘ Multicrystal analyser/detector

20\
Fig. 7-1: Conceptual design of the NSLS-II high-energy
high-resolution powder diffraction beamline. For clarity,
sample environments (such as cryostats, furnaces and
diamond-anvil cells) and a robotic sample changer for
high-throughput applications are not included in the
figure.

Eulerian cradle

The second axis holds a fast read-out position-sensitive strip detector for in situ time-resolved studies and remains
essentially fixed. The implementation of a fast position-sensitive strip-array detector allows the real-time,
microsecond timescale study of phase transitions, transformations, and catalytic reactions as a function of
temperature, chemical gradients, and pressure. The third axis is essentially used to hold a multi-crystal array
analyzer system that can be rotated in the vertical diffraction plane, and is meant for high-resolution, high-energy
studies. This arrangement proves to work satisfactorily and to cover a wide range of users’ needs on several PD
endstations. In the mature scope, it can be envisaged to mount a second angle-scanning stage for scanning over the
high-angle range with a medium resolution (larger angle step size and longer count time are required over the far-Q
range). In this unique arrangement, both angle-scanning stages could operate simultaneously, recording
complementary parts of the diffraction diagram. They run in a continuous scanning mode, replacing the usual step-
by-step “move and count” mode for better efficiency (minimal overhead).

The DOE review committee of June 2009 recommended that novel detection schemes such as Ge Strip detectors
and Laue Crystal Analyzers should continue to be explored. These issues are addressed in the following sections.

7.2 Diffractometer in endstation C

7.2.1 General description
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This state-of-the-art instrument is a triple-axis diffractometer with appropriate flexibility for high-resolution
measurements, as well as for measurements in two dimensions of the reciprocal space or for measurements with
high momentum transfers. It is designed to meet the challenging mechanical and optical specifications for
producing high-quality powder diffraction data with high throughput and different detection schemes.

This diffractometer utilizes the vertical scattering plane to take full advantage of the smaller vertical divergence of
the wiggler beam and to allow focusing of the broad wiggler x-ray horizontal fan without disturbing the resolution.
The unit consists of three goniometer circles (tables A, B, and C) with a common horizontal axis. Each rotary table
is fitted with an independent mount which takes the sample holders and detectors at varying distances to the central
axis of rotation. Each axis is fitted with an angle encoder to measure the angular positions of the detectors and
sample.

The rear tables B and C are connected via drive shafts which pass through the axis of the front table A. Tables B
and C support the detector assemblies with proper balancing counter-weights. Table A is designed for flexible
sample mounting using a range of different fixings. The sample stage must deliver sub-micron precision, and the
vertical rotation must be able to function through >250° without degradation of performance. The sample mount
can be any of these below and more:

= a fast spinning capillary head

= a high precision translation-rotation stage

= an Eulerian cradle

= asupport which attaches onto the sample cell, e.g., cryostat, furnace,...
The axis alignment should show minimal radial error and torsion. The angle accuracies and the rigidity of the tables
and mounts are critical factors in the overall specification. The unit is supported by a common supporting base plate
resting on the facility floor with three translations and two tilts. The complete unit is aligned with the tables (at any
angle) being parallel to the beam axis. Limit switches and encoders are also required. The diffractometer must be
fairly compact and the co-axial rotation of each table, in particular, must respect very stringent (sub micron)

eccentricity and wobble requirements at the sample position. Moreover, the instrument is designed to carry heavy
sample equipment and detectors, while maintaining high resolution and low radiation background.

The transport, on-site assembly and positioning at the XPD beamline need to be described by the vendor (including
lift points). We are asking for a complete, assembled, and tested system.
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7.2.2 Specifications

Table 7-1: Preliminary specifications for the diffractometer of endstation C

Table A Table B Table C Comments
(sample) (detector 1)* (detector 2)#

Axis height Z (mm)

Min 1400 see Table 4.3

Max 1550
Beam to wall distance (mm) 1500 distance to back wall in Y direction
Motor type Stepper/Servo depending on speed
Concentricity (mm) 0.01
Max. rotary table wobble (arc <3
Sec)
Rotation range -50° to +200°
Angle

Resolution 0.2

Accuracy ’

Repeatability 1
Control and motor drives TBD see NSLS-II specs
Encoder yes resolution <0.2”
Angular Speed (°/sec)

Min 0.1

Max 5(TBD)
Gear system yes speed vs. resolution
Limit switch (end of run) yes adjustable
Zero switch (home) yes adjustable
Weight capacity (load) in kg 50 200 200
Counterweight yes yes yes
Detector to axis distance (mm) N/A >800 >1200 radial direction

distance from surface of mounting plate
Plate to beam distance (mm) 250 TBD TBD to diffraction plane (load offset) in Y
direction.

Environmental conditions ambient
Floor anchoring TBD
Supporting base plate Range — Accuracy — repeatability in mm:

Translation Tx (mm)
Translation Ty (mm)
Translation Tz (mm)
Tilt X (°)
TiltZ (°)

+30
+30
>+ 90
+1
+1

resolution = 1um

no encoder

stepper motors

see axis height above
compensate for misalignment

* Detector 1 is likely to be a 1D PSD such as the Mythen detector: sample-to-detector distance = 760 mm.

# Detector 2 is likely to be a 2D CCD camera or a N-fold crystal-analyzer/scintillator detector.

X = along the beam; Y = perpendicular to the beam axis. Z = vertical.
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7.3 High-energy x-ray detectors

7.3.1 Introduction
The two major areas of concern for applications of detectors in PD are shown in Table 7-2.

Table 7-2: Potential PD detector concerns.

Concern Possible mitigation
Most diffracted photons are lost or wasted 1a. Large field of view (solid angle of detection): from 0-1D (now) towards 1-2D (now and future).

1b. Speed: fast (Hz) to ultrafast time slicing (kHz). The responsiveness of the detectors often depends on
the readout schemes. An expected improvement is the multiple frame accumulation during the same
data acquisition cycle (e.g., using more registers per individual pixel).

1c. Detection efficiency, particularly at high energy (it also helps reduce radiation damage to the sample).

1d. Handling of low and high count rates requires a high dynamic range and an adjustable gain (counting
individual photon up to ~10'° photons/s).

1e. (single photon) Sensitivity (above the noise).

Information diffracted from the sample is not 2a. Energy resolution/discrimination makes it possible to separate out the inelastic and the Bragg
fully exploited signals. The association of spectroscopy with diffraction (anomalous, DAFS, white beam diffraction)
is an asset.

2b. Improved spatial (anqular) resolution

2c. Higher uniformity and minimal spread function for accurate measurements of intensities and
positions: peak indexing, peak fitting for structure solution, refinement, peak profile analysis

2d. Low noise

2e. Photon counting with a Poisson statistics for physical interpretation of the data

1D and 2D area detectors (la in Table 7-2) are increasingly used in PD. They can considerably improve the
detection of very weak signals, and help improve the detection limit to identify intermediate steps in the synthesis
or processing of a material. In materials science and solid state studies, as opposed to crystallographic and
microstructural studies, time resolution (1b) takes precedence over angular resolution (2c), requiring high_efficiency
photon counting (1c). Fast acquisition rate is also required for applications such as diffraction imaging (31) or
diffraction tomography (32). Energy discrimination (2a) is also useful in those high-energy measurements where
the inelastic (Compton) background could be screened out electronically (e.g., the energy resolution of CdZnTe is
1.9 keV at 60 keV), and the signal-to-background ratio improved. Better statistics can thus be achieved in the high-
Q range. Evidently, the trade-off has often been between diffraction image quality and speed, since high-resolution,
high-contrast systems usually require longer read-out times.

The next section, 7.3.2, reflects our current views and thinking on the detector needs for XPD. Section 7.3.3
reviews the current options, notwithstanding that the performance of the detectors is likely to change in three years’
time.

7.3.2 High energy detector efficiency challenge

The detection (~absorption) efficiency at 100 keV of Si 0.5 mm, Ge 0.5 mm and Ge 1 mm is 2%, 14% and 25%,
respectively (Fig. 7-2). This drastically limits the eff