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1. INTRODUCTION 

1.1 Scientific Requirements 

Momentum-resolved Inelastic X-ray Scattering (IXS) with meV energy resolution provides a powerful technique for 
studying vibrational dynamics and excitations in condensed matter systems. The scientific objective of this beamline is 
focused on very high-resolution (1 meV ~ 0.1 meV) IXS experiments. The ultimate goal is to achieve an energy 
resolution of ~ 0.1 meV, which represents an order of magnitude improvement over the best currently operating 
instruments in the world.  

As elaborated in the Letter of Intent1, two classes of experiments are envisioned for this beamline: 

 0.1 meV resolution experiments 

The focus is on viscous-elastic crossover behaviors of disordered systems and fluids, and new low-energy 
modes in complex fluids and confined systems that would require the 0.1 meV resolution to be resolved. 
Another important area of research is the collective dynamics of lipid membranes and other biological systems, 
where correlated molecular motions and density fluctuations on the meV energy scale play a significant role in 
determining their physical and biological properties. The 0.1 meV resolution would also be potentially useful 
for mapping out the superconducting band gap with phonons.  

 1 meV resolution experiments 

Examples include relaxation dynamics, sound propagation and transport properties in disordered systems such 
as glasses, fluids, polymers, etc. The higher available flux and small focused beam achievable from the NSLS-
II sources will be highly valuable for studying phonons in single crystals, surfaces, thin films, confined liquids, 
small samples down to micrometer sizes, systems under extreme pressure, phonons in excited states (pump 
probe), and exotic excitations in strongly correlated systems. 

Some specific examples of these experiments as proposed in the Letter of Intent are listed in Appendix 3 for reference. 

With the ~ 0.1 meV energy resolution, we anticipate in particular improved understanding of the low-energy excitations 
in liquid, disordered, and biomolecular systems, where atomic motions due to the naturally occurring inhomogeneity 
and/or density fluctuations dominate the scattering in the forward direction, for which very high momentum transfer (Q) 
resolution (< 0.1 nm-1) would also be required. Together, the NSLS-II IXS beamline is expected to bridge, at least 
partially, the dynamic gap (0.1 nm-1 < Q < 2 nm-1 and 0.1 meV < E < 5 meV) between various existing inelastic 
scattering probes (see Figure 1-1). This is the area where potential new science may be expected.  
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Figure 1-1. Representation of the dynamic 
regions currently accessible by various 
inelastic scattering probes including visible 
and UV light, neutron, and x-ray. The region 
the NSLS-II IXS beamline will aim to bridge 
is indicated.  
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To achieve the 0.1 meV resolution goal, the optical design of the NSLS-II IXS beamline employs a newly proposed 
monochromator design – the so-called CDW2,3 or CDDW4 monochromator – based on the angular dispersion effect in 
asymmetric Bragg reflections2,5. These newly proposed monochromators are implemented at the Si(008) back reflection 
at a medium energy of 9.13 keV, where the NSLS-II undulator sources will have superior performance in both 
brightness and spectral flux. It differs fundamentally from the symmetric Bragg back reflection optics – the spherical 
backscattering crystal analyzers – employed in all existing IXS instruments which must work with high index Bragg 
reflections at higher energies (> 20 keV) in order to achieve ~ meV resolution6. The unusually large angular acceptance 
of the CDW/CDDW monochromator makes it possible to use as crystal analyzers by combining with collimating optics. 
The CDW/CDDW monochromator offers also a much cleaner resolution function with sharper tails compared to the 
symmetric Bragg back reflection optics, which will help eliminate spurious backgrounds and increase contrast. This 
novel design, albeit yet to be demonstrated in a working instrument for which active R&D are currently being pursued 
by the project team, provides a unique opportunity for NSLS-II to build a fundamentally new instrument with 
unprecedented performance for experiments that are not yet feasible on any existing IXS instruments to date.  

The design of the CDW/CDDW monochromator can be optimized to deliver 0.1 – 1 meV resolution. For scientific 
problems that do not require the ultimate 0.1 meV resolution, the 1 meV resolution will offer at least a factor of 10 
higher incident flux. Coupled with the sharper tails, the NSLS-II IXS instrument operating with 1 meV resolution is 
expected to provide enhanced counting efficiency and much improved contrast and will be highly competitive in 
existing scientific areas performed by current instruments operating with similar energy resolution in the world. In fact, 
the current state-of-the-art meV IXS spectrometers operating at all three high-energy synchrotron sources (ESRF, APS 
and SPring-8) in the world have had a profound impact in the study of vibrational dynamics in liquids and disordered 
systems, phonons and phonon softening in crystalline materials, vibrational dynamics under extreme environments, and 
phonons and phonon damping in biomolecular systems. However, currently the best workable energy resolution of these 
instruments is limited to ~ 1.5 meV with slowly decaying resolution tails. Although technically sub-meV energy 
resolutions have been demonstrated, they are rarely used for experiments due to insufficient intensity. In many cases, the 
slowly decaying resolution tails hinder the clear identification of low-energy excitation features at energies as high as 10 
meV7. The development of the NSLS-II IXS instrument having the 1 meV resolution with much sharper resolution tails 
is therefore of considerable interest, and will benefit many areas of research mentioned above.  

The resolution of the momentum transfer Q plays also an important role in some experiments, particularly in the study 
of vibrational dynamics in liquids, disordered and biomolecular systems where the physical processes of interest occur 
mostly in the low Q region. The Q resolution is determined by the acceptance angle of the analyzers used in the 
spectrometer. Currently this is limited to ~ 0.5 nm-1 in the directions parallel and perpendicular to the scattering plane 
for existing meV IXS instruments. The ability to work with a medium energy of ~ 9.1 keV provides naturally a higher Q 
resolution by at least a factor 2 with the same acceptance angle compared to experiments performed at > 20 keV. 
Further improvement of the Q resolution to less than 0.1 nm-1 is required for some of the most demanding experiments 
at very low Q, and will be considered in the design of the spectrometers.  

The ultimate success of the NSLS-II IXS beamline depends on the success of the 0.1 meV optics R&D program. The 
IXS project team is well aware of the tremendous technical challenges associated with this new monochromator design 
and has staged an aggressive R&D plan to address all these challenges. In many of the technical areas such as the 
required lattice homogeneity, temperature uniformity and stability, and surface quality, the technical challenges 
associated with the new optics scheme increases inversely proportionally with the targeted energy resolution. So far, a 
total resolution of 3.1 meV has been demonstrated with the CDW design3. Our brute force preliminary test using a 
rather primitive setup demonstrated a total resolution of 10 meV using the CDW design8. Even though the 1 meV 
resolution with the CDW design has not been demonstrated, strong R&D effort is ongoing.  

The current design of the IXS beamline and spectrometers presented here is based on our current understanding of the 
operating principles of these new optics. The design is made compatible with energy resolutions of both 0.1 and 1 meV 
using the CDW/CDDW monochromator design. In the latter case, the design is also compatible with a proven 
alternative inline 4-bounce monochromator design which delivers 1 meV resolution at 9.4 keV9. This monochromator 
has also the advantage of a sharp resolution tails through multiple high index Bragg reflections, although the smaller 
angular acceptance may limit its efficiency for use as a crystal analyzer. Nevertheless, this alternative monochromator 
design provides a valid alternative to minimize risks and to ensure that a best in class user instrument can be built on day 
one of NSLS-II operation. 
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1.2 Beamline Advisory Team (BAT) 

The IXS Beamline Advisory Team (BAT) is made up by a group of world-class scientists having a broad range of 
complementary scientific expertise and experiences in areas relevant for the NSLS-II IXS beamline. Current 
membership includes: 

 
Clement Burns (spokesperson) Western Michigan University 

Sow-Hsin Chen Massachusetts Institute of Technology 

Alessandro Cunsolo* Argonne National Laboratory 

John Hill Brookhaven National Laboratory 

Michael Krisch European Synchrotron Radiation Facility 

Ho-kwang Mao Carnegie Institution of Washington 

Tullio Scopigno Universita’ Roma “Sapienza” 

Stephen Shapiro Brookhaven National Laboratory 

Yuri Shvyd’ko Argonne National Laboratory 
* Member until September 2009. 

A short summary of their expertise and experiences is given below: 

Clement Burns, Professor at WMU; IXS on highly correlated systems; Principal Scientist (until 2006) for the 
Medium Resolution IXS Instrument at Sector 30 of APS; PI on DOE Proposal for Inelastic X-ray Scattering Sector 
(Sector 30) at APS. 

Sow-Hsin Chen, Professor at MIT; Distinguished expert in neutron, laser, inelastic x-ray scattering of soft 
condensed matters, and molecular dynamics of these systems; Expert in dynamical properties of water with strong 
current emphasis on biological systems.  

Alessandro Cunsolo*, Scientist at APS (until September 2009); Specialist in glassy and disordered systems; 
Experience with neutron, UV, visible light, and Brillouin scattering; has joined the IXS project team from 
September 2009. 

Michael Krisch, Scientist at ESRF; Spokesperson for the high resolution IXS beam line ID28 at the ESRF since 
1996; Expert in ~ meV resolution IXS studies, both in instrumentation and experiments.  

John Hill, Physicist at BNL; IXS experience at NSLS and APS studying electron dynamics in simple metals and 
strongly correlated electron systems, using resonant and non-resonant techniques; Director of the IXS-CAT (Sector 
30) at APS (2002 – 2008); Director of the Experimental Facilities Division of NSLS-II (2006 – 2008). 

Ho-kwang (David) Mao, Senior Scientist at Geophysical Lab of CIW; Vast experience in high pressure studies of 
all sorts; Expert in use of numerous spectroscopies (including IXS) to study vibrational excitations under high 
pressure and extreme temperature conditions; Director of the high pressure beam line (HP-CAT) at the APS.  

Tullio Scopigno, Professor at University of Roma "La Sapienza"; Expert in spectroscopy (including time resolved 
Brillouin and Raman spectroscopy) of glassy, fluid, polymer and soft matter systems, and conceptual 
methodologies for describing these systems. 

Steve Shapiro, Senior Scientist at BNL; Expert in neutron scattering, high resolution studies of phonons and 
phonon linewidths in single crystals, and studies of phase transitions. 

Yuri Shvyd'ko, Senior Scientist at APS at ANL; Expert in x-ray optics, including work on x-ray interferometry, 
Mössbauer, and asymmetric Bragg reflections; Originated and tested the basic idea for the new inelastic x-ray 
spectrometer described here. 
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1.3 The IXS Project Team  

Advised by the BAT, the NSLS-II IXS Project Team is responsible for the R&D of the ultrahigh resolution optics and 
the design, construction and commissioning of the NSLS-II IXS beamline and spectrometers.  

List of current members (as of September 2009) and their individual responsibilities: 

Yong Cai, Physicist, NSLS-II IXS Group Leader 

Scott Coburn, Engineer (matrixed with the Beamline Support Group, XFD)  

Alessandro Cunsolo, Associate Physicist, NSLS-II IXS Beamline Scientist 

Marcelo Honnicke, Assistant Physicist, multilayer collimating mirrors, crystal optics R&D 

Xianrong Huang, Associate Physicist, x-ray dynamic diffraction theory, crystal optics R&D 

Jeff Keister, Associate Physicist, NSLS-II R&D Beamline Scientist 

Nalaka Kodituwakku, Postdoctoral Fellow, crystal optics R&D 

Kevin Kovacs, Technician, NSLS-II R&D beamline support (temporary) 

Leo Reffi, Mechanical Designer (matrixed with the Design Group, ASD) 

Bill Struble, Technician, crystal fabrication and lab support 

Zhong Zhong, Physicist, NSLS D&I Beamline Spokesperson (MOU) 
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2. BEAMLINE LAYOUT 

2.1 Overview 

A CAD drawing showing the layout of the beamline is given in Figure 2-1. A reference drawing with dimensions is 
provided in Appendix 2. The layout is driven by the scientific requirements of the beamline and is based on our best 
understanding of the working principles of the new CDW/CDDW monochromator designed for achieving the ultimate 
resolution of ~ 0.1 meV2-5,8. Inelastic x-ray scattering is a photon-hungry experiment; the IXS beamline is therefore 
designed to maximize the spectral flux deliverable to the sample, maintaining at the same time the momentum transfer 
resolution required for the experiments by appropriate focusing schemes. Optimization of the design begins with the 
insertion device, which is discussed in section 2.2. The rationale for the optical layout is discussed in section 2.4.  

 

 

Figure 2-1. Layout of the Inelastic X-ray Scattering (IXS) beamline, showing (right to left) the first optical 
enclosure (FOE) containing the double crystal pre-monochromator (DCM), the first experimental hutch (EH-1) 
housing the ultrahigh resolution monochromator (URM), the second experimental hutch (EH-2) for additional 
optics such as the phase plate (PP) for conditioning the beam, and the third experimental hutch (EH-3) where 
the IXS spectrometers are located. Two sets of focusing mirrors (FM-1 and FM-2) provide two focusing 
configurations for the beamline. 

 

The beamline occupies a long, high-β straight section of the NSLS-II storage ring on a sector with the extended 
experimental floor space made available by the by-pass corridors. The extra floor space allows the beamline to extend to 
~ 70 m from the source point, which is needed in order to accommodate the 0.1 meV spectrometer with an anticipated 
arm length of ~ 10 m. Further considerations for the optimal location of the beamline include 1) the possibility to extend 
the straight section for more insertion devices to further increase the spectral flux, and 2) the possibility to go beyond 
the storage ring building to accommodate possible new optical schemes that may require an extended beamline in the 
future. These possibilities should be taken into consideration when the beamline location is decided. 

As shown in Figure 2-1, the major optical components include the high heat-load double crystal pre-monochromator 
(DCM), an ultrahigh resolution monochromator (URM) based on the new inline CDDW monochromator design4, and 
two sets of Kirkpatrick-Baez (K-B) focusing mirrors (FM). Together with a set of Be compound refractive lenses (CRLs) 

FOE
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EH-3
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URMPPFM-1FM-2
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Stage 
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installed in the front end (see section 2.3), these mirrors provide two focusing configurations for the beamline, which 
will be discussed in detail in section 2.4. In addition, a diamond phase plate (PP) may be inserted into the optical path to 
rotate the polarization to the vertical to compensate intensity loss when the scattering angle is greater than ~ 50 deg. 
Apart from the focusing configurations and without the ultrahigh resolution monochromator, this layout is generic and 
can be combined with most inline high resolution monochromator designs to deliver a highly monochromatized beam to 
the sample.  

All these optical and other beamline components are housed in four enclosures. The first one (the first optical enclosure: 
FOE) is for the white beam components including the high heat-load DCM. The DCM will be cryogenically cooled and 
designed to take the entire central cone of the undulator beam. All other hutches are designated as experimental hutches 
taking only monochromatic beam. The first experimental hutch (EH-1) houses the URM with its own photon shutter. 
This ensures temperature stability by keeping the x-ray beam on the monochromator while access to the downstream 
hutches is required. The second experimental hutch (EH-2) houses the PP and the first set of FM (FM-1). This hutch 
includes an optical table and is designed for future optics R&D to further enhance the capabilities of the IXS beamline. 
The last experimental hutch (EH-3) houses the second set of FM (FM-2) and has space for two IXS spectrometers, one 
designed for ~ 1 meV resolution with a 5 m arm and a large scattering angle range (-10 to 135 degree) and the other for 
~ 0.1 meV resolution with a 10 m arm and a limited scattering angle range of (-5 to 15 degree). A detailed conceptual 
layout of the IXS spectrometers is under development, which consists of analyzer optics for the collection and detection 
of the scattered photons from the sample based on the CDW/CDDW monochromator design. Some details will be 
discussed in section 3. 

2.2 Insertion Device 

Due to the weak scattering cross section, IXS is a flux-limited experiment. Sufficient photon flux is essential in order to 
obtain useful count rate for a realistic experiment. Experiences with the current state-of-the-art instruments show that 
the required photon flux for studies of vibrational dynamics should be at least on the order of 109 photons/sec/meV at ~ 
1 meV resolution10. Assuming that the overall beamline optics efficiency of the IXS beamline is at least 10%, and that 
the optics efficiency of the spectrometer is as efficient as the current instruments, the required photon flux at the source 
would need to be at least 1015 photons/sec/0.1%bw at the working energy of ~ 9.1 keV in order to perform experiments 
with the ultimate 0.1 meV energy resolution.  

Optimization of the insertion device for the IXS beamline therefore looks for the best possible device with the current 
NSLS-II lattice design using state-of-the-art room temperature permanent magnets, the NEOMAX-32AH magnet 
NdFeB (Br = 1.12 T), to deliver the highest possible spectral flux at the working energy of ~ 9.1 keV. The minimal goal 
is to achieve a spectral flux of 1015 photons/sec/0.1%bw at the source. A number of devices with a magnet period 
ranging from 20 – 26 mm have been investigated (see Figure 2-2) 11, where the gap value required for generating the 
9.13 keV photons with the 5th harmonic for each period is used to determine the maximum undulator length satisfying 
the “stay-clear” criterion. The resulted undulators are then compared in performance by calculating the spectral flux 
delivered through an aperture of 100(H) × 50(V) µrad2 in Figure 2-3. Clearly, the undulator with a magnet period of 22 
mm and 6 m in length (named IVU22-6m thereafter) in a high-β straight section delivers the maximum spectral flux of 
1.6×1015 photons/sec/0.1%bw at 9.1 keV, meeting the minimum goal of the optimization, and is the best choice for the 
IXS beamline. Figure 2-3 also illustrates some tuning range from 7 – 11 keV with the IVU22-6m meeting the 1015 
photons/sec/0.1%bw goal using the 3rd and 5th harmonics. This allows the use of possible alternative optical schemes for 
the beamline and spectrometer. Further discussion will be given in section 2.4. Table 2-1 summarizes the basic 
performance parameters of the device.  

Physically only the high-β straight section with an active length of 7 m can accommodate the IVU22-6m. Due to the 
difference in the β functions (see Table 2-2), however, there is another important reason for choosing the high-β instead 
of the shorter low-β straight section for the IXS beamline, despite the bigger beam size: The smaller beam divergence in 
the high-β straight (in the horizontal, the difference is more than a factor 3!) produces an x-ray beam with a smaller 
beam cross section and divergence than in the low-β straight, and yet the spatial distribution of the power density is 
essentially the same in both cases. This has multiple benefits for the optics design in maximizing the optical throughput, 
including better acceptance by the optics, shorter lengths for the optical elements, particularly for the mirrors, and 
possibly less integrated power over the central cone of the x-ray beam. This is illustrated in Figure 2-4, where we 
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compare the spectral flux and power density distribution of the IVU22-6m in a high-β straight with the baseline device, 
the IVU20-3m, in a low-β straight section. Expectedly the power density is higher for the IVU22-6m in the high-β 
straight section but the total integrated power of the central cone is lower compared to the IVU20-3m in a low-β straight 
section. 

 

 

 

Figure 2-2. (a) The fundamental energy as a function of the magnetic gap for a number of magnet periods for 
NSLS-II. The NEOMAX-32AH magnet NdFeB with Br = 1.12 T at room temperature is assumed. This provides 
the gap value needed to generate the 9.13 keV photons with the 5th harmonic. Note that the minimum 
allowable gap is 5mm. (b) The maximum undulator length as a function of the “stay-clear” aperture or the 
minimum undulator gap for a high-β straight section. The gap values required to generate the 9.13 keV 
photons for the chosen magnetic periods are marked by the red dots, which indicate the maximum length of 
the undulator for the corresponding period. For a period of 22 mm, for example, the maximum length is 6 m.  

 

 

 

Figure 2-3. Comparison of the spectral flux of several undulators meeting the “stay-clear” criterion in a high-β 
straight of the NSLS-II storage ring filled with 500 mA current. At the working energy of ~ 9.1 keV, the undulator 
with a magnetic period of 22 mm and 6 m in length (named IVU22-6m) delivers the maximum spectral flux of 
1.6 × 1015 photons/sec/0.1%bw. 

(b) 

9.1 keV @ 5th harmonic 

(a) 
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Table 2-1.  Basic parameters of the IVU22-6m Undulator. 

Device Type PMU / in vacuum planar 

Br [T] (NEOMAX-32AH magnet NdFeB) 1.12 

Period [mm] 22 

Length [m]  6 

Number of Periods 270 

Minimum Gap @ High-β Straight [mm] 6.95 

Maximum Field Bmax [T] 0.81 

Maximum Deflection Kmax [T] 1.52 

Total Power [kW] 11.1 

On-axis Power Density [kW/mrad2] 94.1 

 
 

Table 2-2. Beam parameters assuming three damping wigglers installed with 0.87 nm-rad horizontal 
emittance12. The electron beam size and angular divergence are calculated values based on the formula 

2
, , , ,x y x y x y x yσ ε β δ= +  and ( )2' '

, , , ,x y x y x y x yσ ε β δ= + , where ( ), ,x y x y E Eδ η δ=  and ( )' '
, ,x y x y E Eδ η δ= , 

with ,x yη  and  '
,x yη  being the energy dispersion functions, are the energy dispersion widths of the electron 

beam. ,x yη and '
,x yη  are both assumed zero in the calculation. 

Parameters Low β High β Units 

Emittance 

 

xε  (horizontal) 

yε  (vertical) 

0.87 

0.008 
nm ⋅ rad 

Beta function xβ  (horizontal) 

yβ  (vertical) 

2.02 

1.06 
20.8 
2.94 m 

Energy spread /E EΔ  0.102% - 

Beam size  σx (horizontal) 
σy (vertical) 

41.92 
2.913 

134.5 
4.851 

µm 

Angular divergence  σ’x (horizontal) 
σ’y (vertical) 

20.75 
2.748 

6.467 
1.65 

µrad 

 

Based on the x-ray beam characteristics of the IVU22-6m, the opening aperture of the beamline should be optimized to 
make use of most of the flux while keeping the heat load on the optical elements as low as possible. The photon source 
size and divergence are also required to determine the optimal locations of the mirrors and the footprint of the beam at 
optical elements. Taking into account the emittance of the electron beam, the rms source size and the angular divergence 
of the photon beam from the IVU22-6m calculated for 9.13 keV with the 5th harmonic (K ~ 1.5) are summarized in 
Table 2-3. Distance scalings of the photon beam size and divergence as it propogates downstream of the beamline are 
summarized in Table 2-4. Based on these numbers, an aperture size of 1 mm diameter at 20 m or 50 μrad angular 
openning covers more than 4Σ of the photon beam.  
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In Figure 2-5 the spectral flux and power as a function of the horizontal aperture size given in angle are examined. The 
vertical aperture is fixed at 50 μrad, corresponding to 1 mm opening at 20 m from the source. Clearly the flux reaches a 
plateau at ~ 60 μrad, whereas the power increases linearly with the horizontal aperture size, which is expected given the 
flux and power density distributions shown in Figure 2-4.  

We note that the calculations reported above assume a damped horizontal emittance of 0.87 nm·rad with three 7 m 
damping wigglers installed. The ultimate damped horizontal emittance of 0.55 nm·rad with eight 7 m damping wigglers 
is expected to improve the horizonal source size and divergence. In terms of the total deliverable flux, however, no 
improvement would be expected as long as the aperture is set to collect the full central cone of the beam (see Figure 2-5). 
 

 

     IVU20-3m in low-β Straight     IVU22-6m in high-β straight 

Figure 2-4. Comparison of the spatial distribution of the spectral flux and power density of the baseline 
undulator IVU20-3m in a low-β straight (a and c) and those of the IVU22-6m in a high-β straight (b and d) at 
~ 9.1 keV, observed at 20 m from the center of the straight section. Note the different scales between the 
flux and the power density distribution. The extent of the central cone is indicated by the blue dotted 
rectangle in (c) and (d). 

 

For further improvement that could lead to a significant increase of the spectral flux, one of the options being considered 
is to explore the LN2 cooled NEOMAX-45AH magnet with a Br = 1.4 T at 120 K13. An in-vacuum undulator using 
these cooled magnets with a magnetic period of 17 mm and up to 5.5 m long, for example, would still satisfy the “stay-
clear” criterion in producing the 9.1 keV photons. With this device, one would be able to work at the 3rd harmonic for 
the 9.1 keV photons, potentially gaining ~ 75% more flux compared to the IVU22-6m and reducing the power load on 
the optics (the total power generated by this cooled device is 8.1 kW). Other possible cooled devices based on PrFeB 
with Br ~ 1.5 T at 77K have also been considered, which provide still better performance in spectral flux and/or tuning 
range while the power generated is comparable or below that of the IVU22-6m11. However, these devices will require 
substantial R&D effort to address the technical challenges associated with the cryogenic cooling of the device. Strong 
non-linear effects on the dynamic aperture of the storage ring are also expected and need to be resolved. If these 

(a)  

(c) 

(b)  

Flux Density Flux Density 

Power Density Power Density 

(d)
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challenges associated with the cryogenic cooled undulators can be met, an even more dramatic improvement may be 
obtained by modifying the NSLS-II storage ring to accommodate an extended long straight section that doubles the 
length of the current high-β straight section, where one could potentially install two of these cryogenic devices and be 
able to more than triple the spectral flux compared to the IVU22-6m. 

 
Table 2-3.  The rms photon source size and divergence of the IVU22-6m at 9.13 keV with the 5th harmonic (K ~ 

1.5). Here 2 2
, ,Tx Ty r x yσ σ σ= +  and ( ) ( )2 2' ' '

, ,Tx Ty r x yσ σ σ= + , where 2
4r

Lλσ π=  is the diffraction limited 

photon beam size and '

2r L
λσ =  is the rms width of the central cone. λ  is the wavelength and L  is the 

undulator length. ,x yσ  and '
,x yσ  are electron beam size and divergence given in Table 2. 

K  E (keV)  Txσ  ( µm)  Tyσ  (µm)  '
Txσ  (µrad)  '

Tyσ  (µrad)  

1.5017 9.13  134.7  8.66 9.928  7.711 

 
Table 2-4.  Distance scaling of the photon beam size and divergence of the IVU22-6m at 9.13 keV with the 5th 
harmonic (K ~ 1.5). Here 2 ' 2

, , ,( )x y Tx Ty Tx Ty pσ σΣ = + ⋅  and, ' ' 2 2
, , ,( ) ( )x y Tx Ty Tx Ty pσ σΣ = + . ,x yS  and '

,x yS  are 

values given in full width at half maximum ( 2 2 ln 2FWHM σ= )  

Distance  
p  (m) xΣ  (µm) yΣ  

(µm) 

'
xΣ  

(µrad) 

'
yΣ   

(µrad) 
xS  (mm) 

(FWHM) 
yS  (mm) 

(FWHM) 

'
xS  (µrad) 

(FWHM) 

'
yS  (µrad) 

(FWHM) 

10  167.3  77.6  16.7  7.8 0.394  0.183 39.41  18.27 

20 239.9  154.5  12.0  7.7  0.565  0.364 28.25  18.19 

30  326.9  231.5 10.9  7.7  0.770  0.545 25.66  18.17 

40  419.3  308.6 10.5  7.7  0.987  0.727 24.69  18.16 

50  514.3  385.6 10.3  7.7  1.211  0.908 24.22  18.16 

 

Figure 2-5. Partial spectral flux and power of 
the IVU22-6m in the high-β straight operating 
with 5th harmonic at ~ 9.1 keV. The curves are 
calculated as a function of the horizontal 
angular aperture. The vertical aperture is fixed 
at 50 μrad or 1 mm at 20 m from the source. 
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2.3 Front End 

The IXS beamline front end will follow the generic front end of NSLS-II designed for the high-β straight section with 
modifications that meet the needs of the IXS beamline. A schematic layout of the generic front end is shown in Figure 
2-6. The Front End Conceptual Design Report should be consulted for the design details and considerations in radiation 
safety, heat load management and functionality14. A component layout drawing showing the location of the components 
is included in Appendix 2 for reference. 

 

 

Figure 2-6.  Schematic layout of the generic front end for the high-β straight section. 

 

Specific to the IXS beamline, the fixed aperture mask will have an opening of 0.5 mrad in the horizontal and 0.3 mrad in 
the vertical. The X-Y slits are designed to handle the total power and power density of the IVU22-6m. The slits are 
constructed by two independent L shape water cooled tapered Glidcop blocks motorized on two X-Y stages, which 
allow full control of the opening and position of the slits. The opening can be adjusted continuously from fully closed to 
a maximum opening of 0.2 × 0.2 mrad2, whereas the positioning covers possible excursion of the beam up to 0.5 mrad 
with a positioning resolution of better than 1 µm and stability of better than 5 µm. Under normal operation, the opening 
of the slits defines the x-ray beam for the beamline and will be limited to no more than 50 µrad in both the vertical and 
horizontal directions. 

As a part of the optical design for the beamline (see section 2.4), a set of Be CRLs will be inserted between the two x-
ray beam position monitors (XBPM-1 and XBPM-2) at ~ 20 m from the source to provide 1:1 focusing of the beam for 
the ultrahigh resolution monochromator.  Preliminary heat load analysis suggests that it is feasible for such Be CRLs to 
withstand the heat load of the central cone from the IVU22-6m, provided that proper water cooling can be applied to the 
lenses. A water-cooled conical or a rectangular tapered aperture of no more than 50 µrad opening will be designed as an 
integrated part of the Be CRLs assembly to protect the CRLs from being exposed to excessive heat power. We will also 
evaluate the use of graphite filters before the Be CRLs to remove the low energy heat power if necessary. This will be 
done with the aim to minimize absorption loss of the flux.  

With the Be CRLs in place, the XBPM-2 would no longer function properly and could be removed. In the generic front 
end design, XBPM-2 is intended to provide monitoring of the x-ray beam exit angle from the undulator source and as a 
redundancy to XBPM-1. Its removal is not expected to affect the performance of the front end for the IXS beamline. 
Further beam position monitoring will be provided in the FOE, upstream of the DCM. Also, no adverse effects on x-ray 
and Bremsstrahlung shielding by the Be CRLs are expected. Nevertheless, once the Be CRLs assembly design is 
finalized, a new x-ray and Bremsstrahlung ray tracing will be done to ensure safety compliance. 
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2.4 Optical Layout 

In this section, the rationales for the optical layout and the details of the optical components will be presented and 
discussed. A schematic rendering of the optical layout for the beamline and spectrometer is shown in Figure 2-7. As 
mentioned in section  2.1, starting from the undulator, the optical components include the 1D Be compound refractive 
lens, the high heat load pre-monochromator, and the ultrahigh resolution monochromator based on the inline CDDW 
monochromator design, followed by two sets of focusing mirrors in two configurations (Mode A and B). After the 
sample, the optical components for the spectrometer include the multilayer collimating mirror and the ultrahigh 
resolution CDDW analyzer, followed by the detector. For the analyzer, the CDW monochromator design can also be 
used, which will be discussed in section 3. In order to discuss the rationales of this layout, it is useful that we first 
review the working principles and discuss the characteristics and technical challenges of the CDW/CDDW 
monochromator.  

 

 

Figure 2-7. A schematic rendering of the optical layout of the IXS beamline and spectrometer. Starting from the undulator, the 
optical components include the 1D Be compound refractive lens, the pre-monochromator, the CDDW monochromator, 
followed by two sets of focusing mirrors in two configurations (Mode A and B). After the sample, the optical components 
include the multilayer collimating mirror, the CDDW analyzer, followed by the detector. See also, Ref 4. 

 

CDW/CDDW Monochromators 

The CDW/CDDW monochromator designs2-4, as shown in Figure 2-8 and Figure 2-10, are based on the angular 
dispersion effect in asymmetric x-ray diffraction2,5. Detailed treatment of the theory can be found in Refs 2-5, which 
was confirmed by independent calculations in Ref 8. For an ideally collimated and polychromatic incident beam, the 
dispersion effect is maximized with extreme glancing incidence and at exact backscattering. It can be shown that in this 
case the relative energy width of the reflected beam is determined only by the angular width of the selected dispersion 
fan Δθe and the glancing incident angle θe (= 90˚- φ, where φ is the asymmetric angle of the crystal): 
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2 tan 2
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θ θ θ

ϕ
Δ ΔΔ
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By choosing appropriate values for θe and Δθe, it can be shown that sub-meV resolution can be obtained for hard x-rays. 
And for a given set of θe and Δθe, the lower the energy E, the better the absolute resolution ΔE can be. This makes the 
CDW/CDDW monochromator design fundamentally different from the symmetric Bragg backscattering optics.  

The design of the CDW monochromator implements the dispersion effect through the long dispersing crystal D using 
the Si(008) reflection at exact backscattering (Figure 2-8). This sets the working energy at 9.13 keV. The required 
collimation of the incident beam to the D crystal is obtained using a Si(220) asymmetric crystal – the Collimator (C) – 
with an asymmetric factor of ~ 20 and an incident angle θ1 of ~ 1.7˚.  The C crystal collimates the beam to ~ 5 μrad, and 
at the same time provides a large angular acceptance of ~ 100 μrad for the monochromator. The collimated beam then 
transmits through the thin Wavelength selector (W) which has the same reflection and asymmetric angle as the C crystal. 
The transmission is enhanced anomalously by the Borrmann effect with a detuned angle η of ~ 5 μrad. The transmitted 
beam is then dispersed by the D crystal to form a dispersion fan back to the W crystal. The W crystal, now in glancing 
exit geometry with a narrow angular acceptance Δθe of ~ 5.15 μrad, selects a sub-meV energy band from the fan to 
produce a highly monochromatic beam. From a practical point of view, the W crystal also serves the important function 
of separating the exit beam from the incident beam, so that the exit beam can be utilized for experiments. One could also 
reverse the optical path of the incident and exit beam of the CDW design as illustrated by the CDW-2 layout shown in 
Figure 2-8. The two layouts are almost identical with only one exception: The Borrmann effect is introduced after the D 
crystal dispersion in the CDW-2 layout which results in even sharper resolution function tails. This is shown in Figure 
2-9 where the resolution functions for the two layouts are compared.  The resolution of the CDW-2 layout can be further 
improved and the bump can be further suppressed by increasing the thickness of the C crystal at the expense of a small 
decrease of efficiency15. 

 

 

  

Figure 2-8. Conceptual design of the CDW monochromator2,3,5 based on the angular dispersion effect in 
asymmetric Bragg diffraction. The design utilizes the exact back scattering from Si(008) reflection at 9.13 keV to 
maximize the dispersion effect. The energy resolution achievable is given by / / 2 tan / 2e e eE E θ ϕ θ θΔ ≈ Δ ≈ Δ . 
The optical path of the incident and exit beam can be reversed as shown for CDW-2 compared to the CDW.  

 

If the W crystal in the CDW-2 layout is replaced with another D crystal, the exit beam can be reflected to the forward 
direction as shown in Figure 2-10. This is the so-called CDDW monochromator4. In this design, the thin crystal in the 
middle acts both as the collimator and wavelength selector by reflecting off the two faces, respectively. The additional D 
crystal increases the resolution by a factor of 2 due to the additional angular dispersion. This inline design is particularly 
convenient for use as a monochromator for the beamline. 

2tan2
eee

E
E θθ

ϕ
θ Δ

≈
Δ

≈
Δ

CDW CDW-2 



 NSLS-II Project, Brookhaven National Laboratory 
 
 

 14 September 2009 

 

 

Figure 2-9. Comparison of the resolution 
function between the CDW and CDW-2 
layout in Figure 2-8, both are designed 
for energy resolution of 0.2 meV. For 
CDW-2 layout, the resolution can be 
further improved and the bump can be 
further suppressed by increasing the 
thickness of the C crystal at the expense 
of a small decrease of efficiency. 

 

 

 

Figure 2-10. The CDDW design4. The resolution is 
improved by a factor of 2 due to the use of two 
angular dispersive reflections (two D crystals). The 
thickness of the C/W crystal is ~ 200 µm. 

 

 

The design parameters of the CDW/CDDW monochromators presented in Figure 2-8 and Figure 2-10 are summarized 
in Table 2-5. With the parameters of the C/W crystals fixed, the energy resolution of the monochromators can be 
adjusted by choosing the glancing incident angle θe of the D crystal to an appropriate value. A set of energy resolutions 
along with the required θe are listed. The convoluted resolution of two CDDW monochromators represents the total 
resolution of the IXS instrument. To obtain 1 meV total resolution, two identical CDDW monochromators with 0.7 meV 
resolution and a θe value of 3.41 degree would be needed16. For 0.1 meV resolution, both numbers become 10 times 
smaller with θe being at 0.34 degree. Note that the critical angle for Si at 9.1 keV is ~ 0.2 degree. 

This small value of glancing incident angle has severe consequences for the design to reach 0.1 meV resolution. As can 
be seen from Table 2-5, assuming a vertical incident beam height of 0.5 mm, to achieve 0.1 meV resolution, the 
required D crystal length is more than 1.8 m long! 

This is one of the major technical challenges facing the CDW/CDDW monochromator design. The challenge arises 
from the required lattice homogeneity to obtain 0.1 meV resolution as / /d d E EΔ = Δ  ~ 10-8.  Furthermore, due to the 

CDDW 

4
ee

E
E θθ Δ

≈
Δ

CDW-2 
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thermal expansion of silicon ( /d d TαΔ = Δ , α = 2.56×10-6 K-1), a 4 mK change in temperature gives rise to an energy 
change of ~ 0.1 meV. The temperature stability and uniformity of the crystal should therefore be 10 times better at 0.4 
mK for 0.1 meV. The use of extreme glancing incidence puts also stringent requirements on the surface roughness and 
slope errors of the diffracting surface. Our preliminary modeling of diffuse scattering due to surface roughness based on 
the distorted wave Born approximation (DWBA) suggests that, in order to achieve 80% of the reflectivity of a flat 
surface, the surface roughness should be less than 2 nm (RMS) for 0.1 meV15. Due to the dependence of the energy 
resolution on the asymmetry angle, the slope error (or the straightness) of the diffraction surface should be better than 10 
μrad for 0.1 meV. Strain-induced crystal bending as a result of the mounting schemes as well as the positioning angular 
stability of the optics must be better than 0.2 µrad (see later). To achieve these technical specifications is already a 
formidable task for a crystal length of 180 mm. To do that for a crystal length of more than 1.8 m seems almost 
impossible. 

 
Table 2-5. Design parameters for the CDW and CDDW monochromators in Figure 2-8. 

 D crystal: Si(008) at exact backscattering 

o E = 9.132437 [keV]  (d = 0.678813 [Å]) 

 C/W crystal: Si(220) reflection 
o Bragg angle: 
o Asymmetric angle: 
o Incident angle: 
o W angular acceptance: 

θB = 
φC = 
θ1 = 

Δθe = 

20.70481 
19.0 

1.7 
5.15 

[deg] 
[deg] 
[deg] 
[µrad] 

 Geometry parameters 
o Incident beam height: 
o Footprint on C/W: 
o Exit beam width: 

h = 
lC = 
hD = 

0.5 
16.85 
10.77 

[mm] 
[mm] 
[mm] 

 

ΔE of CDW  
[meV] 

ΔE of CDDW  
[meV] 

ΔE of 2 CDDW convoluted
[meV] 

θe = 90 – φ 
[deg]16 

D crystal length  
[mm] 

2.00 1.00 1.41 4.87 127 

1.40 0.70 0.99 3.41 181 

0.70 0.35 0.49 1.71 362 

0.30 0.15 0.21 0.73 844 

0.20 0.10 0.14 0.49 1266 

0.14 0.07 0.10 0.34 1809 

 

To address this challenge, we will consider two approaches: 

(1) On the beamline side, we will use the idea of a CDDW monochromator designed for 1 meV resolution plus a 
channel cut (CC) crystal to reach the final goal of 0.1 meV. This is illustrated in Figure 2-11. For this scheme to 
work, the incident beam divergence needs to be smaller than 20 µrad. Since the central cone vertical divergence of 
the beam from the IVU22-6m is less than 20 µrad in FWHM (see Table 2-4), this scheme provides a natural 
solution. Even with the Be CRLs providing the 1:1 vertical focusing, this vertical divergence will be maintained. 
Furthermore, this approach provides the possibility of switching the energy resolution of the beamline between the 
1 meV and 0.1 meV. A detailed calculation of the efficiency between this approach and a CDDW monochromator 
designed for 0.1 meV is presented in Figure 2-12. Based on the calculation, the peak efficiency of the CDDW+CC 
scheme is only about 20% less than that of a single CDDW monochromator designed for 0.1 meV. Both schemes 
also display sharp tails – largely due to the Borrmann transmission – compared to a Lorentzian curve of the same 
width, which is the typical shape of the resolution function from symmetric Bragg back reflections. 
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(2) The same approach however will not work well for the analyzer of the spectrometer, since the incident 
divergence (or more precisely, convergence) of the scattered photons onto the CDW/CDDW analyzer must be 
optimized to match their angular acceptance of ~ 100 µrad (in order to maximize the count rate). As noted above, 
the channel cut requires the divergence be less than 20 μrad to work. In the spectrometer design (see Section 3), this 
is done by coupling the CDW/CDDW analyzer with a multilayer collimating/focusing mirror which collects up to 5 
mrad of the scattered photons in both the vertical and horizontal (the scattering) planes and collimates them to 
within 100 µrad.  To solve this problem, we will develop the so-called “comb crystal” to replace the long D crystal 
in the CDW/CDDW design. 

  

 

Figure 2-11. The optical scheme of using a CDDW monochromator4 designed for 1 meV resolution plus a 
channel-cut crystal to obtain the 0.1 meV resolution. The scheme provides also a natural way of switching the 
energy resolution between 1 and 0.1 meV. 

 

Figure 2-12. Comparison of the reflectivity 
of the CDDW monochromator designed 
for 0.1 meV and that designed for 1 meV 
plus a channel cut to reach the 0.1 meV 
resolution, both showing a resolution 
function much sharper than a Lorentz 
curve. 

 

Proposed by Shvyd’ko17, the idea of the comb crystal is essentially to reduce the physical length of the long D crystal by 
sectioning it into segments and stacking them together (see Figure 2-13). The individual segments have a thickness of a 
few hundred microns, a width of ~ 5 – 10 mm and a length of ~ 100 mm. The thickness of the fins should be chosen to 
be greater than the extinction length of the x-ray diffraction but minimized to reduce loss of diffracting area. It should be 
thick enough to provide sufficient strength to withstand the gravity sag.  The separation between the fins obviously 
depends on the glancing incident angle for the desired resolution and should be optimized together with the length of the 
fins. Clearly, it would be ideal if such crystals can be fabricated as a monolithic block as shown in Figure 2-13(a), as 
this helps to maintain the crystalline alignment of the individual fins. There is however considerable technical challenge 
in doing so due to the difficulty in polishing the diffraction surface inside the grooves to the required level of roughness 
and slope errors. Another approach would be to first fabricate the fins individually and then put them back together by 
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mechanical means. In this way, preparing the diffraction surface is relatively easier as conventional CMP polishing 
machineries and techniques can be utilized to obtain the high quality crystal surface needed for the individual fins. 
However, putting them back together afterward with the crystalline planes aligned and maintained becomes an 
engineering challenge. Both approaches therefore have their pros and cons. In any case, the successful implementation 
of the CDW/CDDW analyzers requires the comb crystal. The comb crystal therefore is one of the key components for 
the success of this new spectrometer. Dedicated R&D effort is currently underway. 

 

  

Figure 2-13. Two possible ways of 
fabricating the comb crystal: (a) as a 
monolithic block17; and (b) as individual fins 
joined together by mechanical means 

 

Another major technical challenge of the CDW/CDDW monochromators and analyzers is about maintaining the angular 
stability of the D crystal. This is due to a useful feature of the CDW/CDDW designs in which energy tuning can be 
carried out through rotation of the D crystals (relative to the C/W crystals). Figure 2-14 shows the calculated spectra for 
a range of rotation angle (ΔΘ) of the D crystal from the central position for the CDW design. The tuning rate depends on 
the energy resolution of the design. Two examples are shown here: one was designed for a resolution of 0.62 meV 
which has a tuning rate of 0.24 meV/µrad; the other was designed for 0.16 meV with a tuning rate of 0.07 meV/µrad. In 
both cases, a rotation of 0.2 µrad corresponds to an energy tuning of ~ 1/10 of the designed resolution. While this 
feature provides a fast way of scanning the monochromator energy for the experiment, it also requires an angular 
stability of the D crystal relative to the C/W crystals to within 0.2 µrad in order to maintain the energy stability during 
data acquisition.  

 

   

Figure 2-14. Energy tuning of the CDW monochromator through rotation of the D crystal. (a) is designed for an 
energy resolution of 0.62 meV with a tuning rate of 0.24 meV/µrad. (b) is designed for an energy resolution of 0.16 
meV with a tuning rate of 0.07 meV/µrad. In both case, a rotation of the D crystal by 0.2 µrad corresponds to an 
energy tuning of ~ 1/10 of the designed resolution. 

 

(a) (b)

φ = 88.5° 
θ1 = 1.7° (a) (b)
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The energy tuning range in this case is given essentially by the Darwin curve width of the Si(008) back reflection of the 
D crystal, i.e., the width of the entire dispersion fan, which is about 34 meV. For a wider scan range, temperature scan 
of the D crystals is necessary. For experiments performed at the 0.1 meV resolution, it is anticipated that a scan range of 
34 meV would be sufficient for most cases. 

Finally, we discuss the broadening of the source size by the CDW/CDDW optics. This is an important issue as it 
influences the design of the optical layout of the beamline, particularly the focusing configuration. As illustrated in 
Figure 2-15, the effect is due to the angular dispersion in asymmetric Bragg reflections employed in the optics. 
Essentially, for a monochromatic beam reflected from an asymmetric crystal with an asymmetric factor of 

sin sineb θ θ= , the virtual source size stays the same, but the distance of the virtual source is modified by the 

asymmetric factor: 'L L b= ⋅  (Figure 2-15 (a)). In the case of a polychromatic beam, because different color traces to a 
different virtual source point due to the angular dispersion (Figure 2-15 (b)), it produces a virtual source size given by 
the virtual source distance multiplied by the angular divergence of the exit beam: ' eZ L θΔ = Δ . In the case of the 
CDW/CDDW optics, the D reflections are at exact backscattering with 1b = ; the C and W reflections act as a (+, -) 
channel cut crystal which brings the virtual source also back to the same location. The angular dispersion in the exit 
beam of the CDW/CDDW monochromator therefore dominates the broadening effect. Tracing through the CDDW 
optics (Figure 2-15 (c)) indeed indicates that the virtual source is located almost at the same location as the real source, 
but with substantial source size broadening in the dispersion plane due to the angular dispersion and divergence of the 
exit beam, which is as much as ~ 100 µrad for the CDDW monochromator. If the CDDW mono is located at ~ 40 m 
from the source, the vertical virtual source size can be more than 4mm! This is much bigger than desired, and will 
impact severely the performance of the beamline if not corrected.  

 

   

Figure 2-15. Effect of the angular dispersion in asymmetric Bragg reflection on the virtual source size: (a) for a 
monochromatic beam, and (b) for a polychromatic beam. The virtual source size is amplified and is given by the 
virtual source distance multiplied by the angular divergence of the reflected beam. (c) A trace through the CDDW 
optics confirms that the virtual source is located almost at the same location as the real source, but the source size 
is broadened by the angular divergence of the exit beam (~ 100 µrad) multiplied by the distance of the source. 

 

Focusing Configurations 

Since the vertical virtual source size of the CDDW monochromator scales with the distance of the source, in order to 
reduce the virtual source size of the CDDW monochromator, a 1D Be CRL is used in the front end at 20 m from the 
source to provide a 1:1 focusing only in the vertical direction. This creates a secondary vertical source point to 40 m for 
the CDDW monochromator (see Figure 2-16), while the horizontal source location remains at the undulator.  The latter 
is important in order to retain the necessary distance to create the needed demagnification for horizontal focusing. The 
CDDW monochromator is then located at a nominal position of 40.2 m giving a new source distance to the CDDW 

(a) (b) (c)
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monochromator at 0.2 m. One could perhaps even focus the beam on to the CDDW monochromator, although this 
creates a divergent term in our beam size estimate.  Further optimization of the positions of the Be CRL and the CDDW 
monochromator will be considered during the preliminary design, when the actual location of the Be CRL in the front 
end can be decided. 

Subsequent amount of focusing applied to the beam takes into account the requirements of the IXS experiments, and is 
determined by optimal positioning of the focusing optics that sets the demagnification factors. Two configurations have 
been considered and are shown in Figure 2-16: 

 

 

Figure 2-16. Schematics of the two focusing configurations of the beamline. The horizontal axis indicates the distance from 
the undulator source. Mode A uses one set of K-B mirrors located around 50 m from the source with weak demagnifications 
in order to achieve high Q resolution, small divergent beam. Mode B uses a second set of K-B mirrors located at ~ 58 m with 
strong demagnifications to achieve fine focus. In both configurations, the Be CRL located at 20 m provides a 1:1 focusing of 
the source in the vertical in order to reduce the vertical virtual source size of the CDDW monochromator.  

 

(1) Mode A: High Q Resolution / Large Focus 

This configuration takes into account the best Q resolution of ~ 0.01 nm-1 required for some of the most demanding 
experiments on disordered systems in low Q. In the scattering plane, the total Q resolution Δq is determined by the 
Q spread of the incident and the scattered beam as illustrated in Figure 2-17 by the vector sum: Δq = ΔQi + ΔQs, 
where the magnitude ΔQi is determined by the divergence of the incident beam onto the sample, and ΔQs by the 
angular acceptance of the analyzer of the spectrometer. This requires an incident beam divergence on the sample of 
less than or ~ 0.2 mrad and can be achieved with a K-B mirror set located at ~ 50 m, providing a 1:1 focusing in the 
vertical (since the vertical source point is at 40 m) and 5:1 in the horizontal onto the sample located at ~ 60 m. The 
estimated focal size is 65(H) × 40(V) µm2 with a beam divergence of 0.12 (H) × 0.10 (V) mrad2, considering only 
geometric contributions of the optics (i.e., slope errors) and distance scaling of the source size and divergence from 
the IVU22-6m. The large focus would be helpful to reduce beam damage for soft mater and biomolecular systems, 
but would be detrimental to the acceptance of the analyzer system. Preliminary calculation shows that the ML 
mirror needs to be more than 0.5 m away from the sample in order to collimate the scattered photons to ~ 0.1 mrad 
for the acceptance of the CDDW analyzer. The actual detection efficiency obtainable on the spectrometer design 
may put an upper limit on how high the Q resolution can be for this configuration. 

(2) Mode B: Low Q  Resolution / Small Focus 

In this configuration, the horizontal mirror in Mode A is removed from the optical path, whereas the vertical mirror 
is detuned to provide a 2:1 focusing to ~ 55 m. A second set of K-B mirrors is then introduced at ~ 59 m to provide 
a 4:1 focusing in the vertical, which combined with the first vertical mirror, provides a total demagnification of 8:1 
for the vertical focus. This double focusing scheme is necessary in order to obtain a vertical focal size of around 5 
µm as a result of the new vertical source position at 40 m after the Be CRL. In the horizontal, only the second 
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horizontal mirror is used which provides a 59:1 focusing for the horizontal focus. This is necessary in order to 
produce a horizontal focal size of ~ 5 µm due to the large horizontal source size of the high-β straight section. The 
estimated focal size is 5.5(H) × 5(V) µm2 with a beam divergence of 1.4(H) x 0.8(V) mrad2. This configuration 
provides stronger focusing at the expense of the Q resolution, and should be suitable for HP systems, small single 
crystals and samples in confined geometries (such as surfaces and interfaces), for which high Q resolution is not 
required. In this case, the Q resolution contribution from the horizontal divergence of the focused beam would be ~ 
0.05 nm-1, which limits the best total Q resolution can be achieved. 

 

 

Figure 2-17. Schematic illustration of the total Q 
resolution in the scattering plane. Here ΔQi and 
ΔQs are the momentum spread of the incident 
and scattered beam, respectively. The spread of 
the momentum transfer Δq, which represents the 
total momentum resolution in the scattering 
plane, is given by the vector sum of ΔQi and 
ΔQs. It is obvious that Δq = (ΔQi + ΔQs)·cos(θ). 
At very low Q or in the plane perpendicular to the 
scattering plane (corresponding to θ ≈ 0), Δq = 
ΔQi + ΔQs. 

 

A third possible configuration is to remove the 1st set of the K-B mirrors completely from the beam and use only the 2nd 
set of the K-B mirrors for the focusing. A stronger demagnification factor for the vertical can be obtained which gives 
potentially a better vertical beam size. The efficiency and performance of all these configurations will be studied in 
greater details by Shadow ray tracing during the preliminary design.  

All these configurations call for bendable prefigured or adaptive mirrors, which provide the highest flexibility in 
adjustment needed for these configurations.  The adaptive mirrors can in principle be used to correct tangential slope 
errors of its own and those induced by other optics. All these mirrors will be of bare Si without coatings as it provides 
the highest reflectivity of ~ 95% at 9.1 keV with an incident angle of ~ 2.5 mrad. The use of Si will also help to 
eliminate possible higher harmonics penetrating through the CDDW monochromators. 

Alternative Monochromators 

The CDW/CDDW monochromators are chosen for the IXS beamline because of their novel design that gives a large 
angular acceptance and the potential to lead us to the ultimate resolution of 0.1 meV. For this reason, they remain at 
present the focus of our R&D effort. However, there are considerable technical challenges as we have presented in the 
previous sections. In order to ensure that a workable, best in class user instrument can be built on day one of NSLS-II 
operation, a number of alternative monochromator designs have been considered. In choosing an alternative design, our 
main considerations include (1) the practically achievable energy resolution, (2) the angular acceptance or compatibility 
to be used as analyzer optics, and (3) compatibility with the current beamline design. Among the alternatives we have 
examined, the inline 4-bounce scheme designed by Yabashi et al18 and Toellner et al9 is the most applicable. The 
monochromator by Toellner et al (Figure 2-18) in particular was designed and proven to deliver 1 meV resolution at the 
83Kr nuclear resonant energy at 9.403 keV with an overall efficiency of 36% using four Si(008) reflections. The 
asymmetry factors (b) are 0.13, 0.174, 5.76 and 7.6, respectively. The working energy is very compatible with the 
current beamline design, including the choice of the undulator. This monochromator has also the advantage of a sharp 
resolution tails due to the multiple high index Bragg reflections, compared to a Lorentzian shape9,19.  This is compared 
in Figure 2-18 with the CDW monochromator. Both are designed in this case to achieve an angular acceptance of ~ 93 
µrad with an energy resolution of ~ 1 meV. The resolution function of both designs has a comparable tail on one side. 
The CDW has a sharper tail on the other side due to the Borrmann effect, and a higher theoretical efficiency.  However, 
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we should note that the angular acceptance of ~ 93 µrad is near its maximum for this alternative monochromator design 
as the incident angle gets close to the critical angle. It would be difficult also to improve the energy resolution further.  

 

 

 

Figure 2-18. An alternative monochromator design by T. 
Toellner9. This design has been demonstrated to deliver an 
energy resolution of ~ 1 meV with an overall efficiency of 36% 
(at smaller angular acceptance than shown). A comparison of 
this monochromator designed to achieve ~ 93 µrad angular 
acceptance is made with the CDW design (right panel). 

 

2.5 High Heatload Optics 

Based on the optical design presented above, the power delivered to, absorbed by and transmitted through the high heat 
load components in the front end and the beamline are summarized in Table 2-6. The calculations were performed for 
the IVU22-6m operating at 9.13 keV with the 5th harmonic (K ~ 1.5). Two scenarios are considered here based on 
whether or not the Be CRLs are used in the front end. In the case without the Be CRLs, the X-Y slits opening 
corresponds to 4Σ of the central cone as defined in Table 2-4, whereby ~ 133 W of power is transmitted through with ~ 
95% of the total available flux. In general, this is the optimal condition to operate the beamline when the Be CRLs are 
not in use. Opening further the XY-slits to allow the entire central cone flux through will result in a substantial increase 
of heat power as can be seen from Figure 2-5. The maximum power for the full central cone beam corresponds to a 
minimum opening of ~ 60 µrad × 50 µrad (H × V) with a transmitted power of ~ 267 W. This would be the worst case 
scenario for the power load onto the double crystal pre-monochromator (DCM). 

 
Table 2-6. Calculated power load from the IVU22-6m operating at 9.13 keV with the 5th harmonic (K ~ 1.5) on various 
components in the front end and on the double crystal monochromator (DCM) 

Beamline 
Component 

Aperture 
(H×V) μrad2 

Incident 
Power 

Power  
Absorbed 

Power  
Transmitted 

Notes 

Fixed Mask 500 × 300 ~9.1 kW ~2.3 kW ~6.8 kW Generic front end component 

Be CRL Collimator  Φ50 ~6.8 kW ~6.635 kW ~175 W Without filters upstream 

2D Be CRLs Φ50 ~175W ~95 W ~80 W Z = 20 m from source 

X-Y Slits 

50 × 50  ~80 W ~0 ~80 W With  Be CRLs 

48 × 30.8 ~6.8 kW ~6.67 kW ~133 W Without Be CRLs, aperture opening 
corresponds to 4Σ of the central cone 

DCM 
50 × 50 ~80 W ~80 W ~0 W With Be CRLs 

48 × 30.8 ~133 W ~133 W ~0 W Without Be CRLs, aperture opening 
corresponds to 4Σ of the central cone 
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To ensure that the DCM crystal can handle these heat powers, finite element analysis (FEA) has been performed to 
quantify the amount of slope error induced by the incident x-rays for these two cases using the following parameters: 

 The Si(111) monochromator crystal dimension is  90 mm long, 50 mm wide and 35 mm thick 

 The crystal is located at 29.3 m from the source with a vertical diffraction geometry and an incidence angle of 
12.506˚, corresponding the Bragg angle for 9.13 keV  

 The crystal is cryogenically cooled with LN2 at 77K with a side cooling geometry with effective convection 
coefficient of hconv= 0.003 W/mm2/K representing the effectiveness of thermal contact 

The results are summarized in Figure 2-19. In these cases, a slope error of < ± 4 µrad was obtained. This is ~ 25% of the 
rocking curve width of Si(111) reflection at 9.13 keV, and therefore is believed to have minimal effect on the 
performance of the DCM.    

 

  

  

Figure 2-19. Finite element analysis (FEA) of the 1st DCM Si(111) crystal. Two cases of heat power were considered: 
Case I aperture opening corresponds to 4Σ of the central cone; Case II corresponds to the minimum aperture opening 
for the entire photon flux to go through. The left panels show the temperature distribution on the crystal. The right 
panels show the vertical displacement and slope error induced by the heat load.  

 

In the case with the Be CRLs, preliminary heat load analysis has been performed for a 2D Be CRL with a focal length of 
2f R δ= = 30 m, where 1 nδ = − = 4.11552355×10-6 for Be at 9.1 keV with R = 0.2469 mm defining the apex radius 

of the parabolic shape. For 1:1 focusing at 20 m away from the source, three lenses will be required. The power 

Absorbed Power ~133W  
Peak Temp:  108 K 

Absorbed Power ~267W  
Peak Temp:  134 K 

CASE II: 
Aperture: 60 (H) x 50 (V) µrad2 

CASE I:  
Aperture 48 (H) x 30.8 (V) µrad2
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absorption and transmission shown in Table 2-6 were calculated for one such lens with an apex thickness of 100 µm. 
With a uniform boundary condition of 27 °C, a maximum temperature rise is ~ 95 °C (Figure 2-20). This result is 
encouraging, suggesting that it should be feasible for the Be CRLs to withstand the heat power of the IVU22-6m white 
beam. Further FEA analysis will be performed to aid the cooling design for 1D Be CRLs which will be used for the 
beamline.  In case that the Be CRLs could not withstand the heat load under reasonable doubts, pre-filters will be 
considered. The power transmitted through to the DCM with the Be CRLs in place would then be substantially less.  
Further FEA analysis for the DCM crystal for these cases will also be performed to ensure that the cooling design with 
LN2 of the DCM crystals is adequate to handle the remaining heat power. 

Finally, we note that the power transmitted through the DCM as shown in Table 2-6 is not exactly zero, but is on the 
order of ~ 10 mW. This power will be delivered to the thin C crystal of the CDDW monochromator. Albeit small, the 
effect of this power load on the C crystal should be studied and will be examined during the preliminary design. 

 

 

Figure 2-20. Preliminary FEA analysis of a 2D Be CRL 
designed with f = 30 m for 9.1 keV photons. Apex 
thickness is 100 µm. The apex radius of parabolic shape 
is 0.2469 mm. With a uniform boundary condition of 27 °C 
and a close to uniform power density deposited on the 
lens of ~ 225 W/mm2 from the IVU22-6m, the maximum 
temperature rise is ~ 95°C. 

2.6 Beamline Component Layout 

In this section, some details of the beamline component layout will be presented and discussed.  

First Optical Enclosure 

As can be seen from Figure 2-21, the first major component in the first optical enclosure (FOE) is a differential pumping 
unit (labeled as DP) that separates the beamline vacuum from the front end. This was designed to minimize the number 
of windows in order to reduce unnecessary loss of flux due to absorption. This is followed by a Bremsstrahlung 
collimator (BC) which prevents unwanted radiation from passing through. A blade type beam position monitor (BPM) 
with water cooled fluorescent screen provides the needed diagnostic tool during initial commissioning. The BPM can be 
used further to provide beam position monitoring and feedback during operation. The main optical component in this 
enclosure is the double crystal pre-monochromator (DCM). It will be cryogenically cooled using LN2. Its design will be 
based on commercially available models with modifications that meet the requirements of this beamline. For example, it 
can be designed with a reduced energy tuning range compared to most commercial devices, which will result in a more 
compact design, less cost and higher stability.  The DCM will have a built-in white beam stop to stop the high-energy 
white beam from passing through. Another Bremsstrahlung collimator or stop then follows. A quadrant BPM after the 
DCM provides the needed diagnostics for the alignment and feedback control of the DCM, which is important to 
maintain the stability of the DCM. The monochromatic beam slit (MS) then defines the monochromatic beam from the 
DCM before it is delivered further downstream. A photon shutter (PS) is installed at the end of the enclosure to maintain 
the heat load on the DCM while access to the downstream experimental hutches is needed. Finally, a 1.5m long space 
upstream of the PS is reserved in case it becomes necessary to install a mirror there to collimate/focus the beam before it 
is delivered to the downstream high-resolution optics.  
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Figure 2-21. 3D perspective view of the first optical 
enclosure (FOE) and its major beamline components. 
From right to left we have DP: differential pump; BC: 
Bremsstrahlung collimator; BPM: beam position 
monitor; DCM: double crystal pre-monochromator; MS: 
monochromatic beam slit; and PS: photon shutter. 

 

Experimental Hutches 

The experimental hutches EH-1 and EH-2 and their major components are shown in Figure 2-22. EH-1 houses the 
ultrahigh resolution monochromator (URM). This can be the CDDW+CC monochromator or one of the alternative 
monochromator designs. The goal here is to achieve the 1 and 0.1 meV resolution for the experiment. Maintaining the 
temperature stability is extremely important here. EH-1 is therefore designed to house only the URM. A photon shutter 
(PS) is included to maintain the heat load (a few mW) on the optics while access to the downstream hutches is required.  

 

 

Figure 2-22. Experimental hutches EH-1 and EH-2 and their major components. EH-1 houses the ultrahigh 
resolution monochromator (URM) with a photon shutter (PS). EH-2 has an optics table where additional 
conditioning optics and diagnostics can be installed. The first set of K-B mirrors (FM-1) is located at the 
downstream end of EH-2. 
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In EH-2, the main components include an optical table and the first set of focusing K-B mirrors (FM-1). The hutch is 
made relatively large (~ 9 m long) with open space designed for future optics development. We anticipate in particular 
that this may become essential for realizing the ultimate 0.1 meV resolution goal. The optical table will be used to house 
additional optics for conditioning the beam for the experiment, such as a phase plate to rotate the polarization from the 
horizontal to the vertical. This will be necessary when the scattering angle of the experiment is more than ~ 50 deg, 
where the polarization loss begins to outweigh absorption loss by the phase plate. Additional diagnostics setup may be 
installed also on the optical table. It is possible also that a removable beam stop be installed at the end of the EH-2. This 
will enable access to the last experimental hutch (EH-3) for sample preparation and instrument setup while EH-2 is 
being used for experiments. 

Finally, the last experimental hutch EH-3 and the major components are shown in Figure 2-23. These include the second 
set of focusing K-B mirrors (FM-2), and the two spectrometers. One spectrometer has an arm length of 5 m and covers a 
scattering angle from -10 to 135 deg. The corresponding momentum transfer (Q) range covers -8 to 85 nm-1. It is 
designed to achieve 1 meV resolution and a Q resolution of ~ 0.1 nm-1. It will be coupled with a phase plate installed in 
EH-2 when the scattering angle is close or larger than ~ 50 deg where the polarization loss becomes greater than the 
intensity loss due to absorption by the phase plate.  The other spectrometer has an arm length of 10 m and covers a 
scattering angle from -5 to 15 deg, corresponding to a Q range of -4 to 12 nm-1.  It is designed to achieve 0.1 meV 
resolution and a Q resolution of much less than 0.1 nm-1. The two spectrometers share the same sample stage. All 
conventional sample environments will be supported, including high pressure diamond anvil cells, low temperature (4K) 
with He cryostats, high temperature (1000K) and alignment capability for single crystals. A beam conditioning unit with 
clean-up slits, absorber wheel, and beam monitor etc, will be installed between the FM-2 and the sample stage. In 
Section 3, we will present and discuss the basic optical concept of the spectrometers.  
 

 

 

Figure 2-23. Experimental hutch EH-3 and the major components. These include the second set of 
focusing K-B mirrors (FM-2) and two spectrometers. One spectrometer has an arm length of 5 m and 
covers a scattering angle from -10 to 135 deg and is designed to achieve 1 meV resolution. The other 
spectrometer has an arm length of 10 m and covers a scattering angle from -5 to 15 deg and is 
designed to achieve 0.1 meV resolution. The two spectrometers share the same sample stage. 
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2.7 List of Major Components 

The major beamline components, along with their distance from the source are listed in Table 2-7 through Table 2-10. 

Table 2-7. Major components in the first optics enclosure (FOE starts at 26.7 m, and ends at Z = 33.7 m) 

Description Start Position 
(m) 

Length 
(mm) 

Notes 

Beamline isolation valve 26.720 70 Vacuum isolation for beamline 

Differential pump 26.965 325 For windowless operation 

Bremsstrahlung Collimator 27.465 387 Beamline safety component 

Blade BPM 27.989 320 Beam position monitor 

Cooled Fluorescent Screen 28.446 210 Beamline diagnostics 

Gate valve 28.793 70 Vacuum isolation for DCM 

DCM 28.863 748 Beamline optics 

Gate valve 29.611 70 Vacuum isolation for DCM 

Bremsstrahlung Stop 29.818 387 Beamline safety component 

Quadrant BPM 30.342 35 Beamline diagnostic 

Monochromatic Slits & Fluorescent Screen 30.377 550 Beamline diagnostic and aperture 

Monochromatic Beam Shutter 32.877 320 Beamline safety component 

Gate valve 33.197 70 Vacuum isolation for beamline 

 
 
Table 2-8. Major components in the first experimental hutch (EH-1 starts at 38.3 m, and ends at 42.0 m) 

Description Start Position 
(m) 

Length 
(mm) 

Notes 

Gate valve 39.804 70 Vacuum isolation 

URM (CDDW+CC) 39.874 965 Beamline optics 

Monochromatic Beam Shutter 40.839 320 BL Safety component 

 
 
Table 2-9. Major components in the second experimental hutch (EH-2 starts at 42.0 m, and ends at 51.0 m) 

Description Start Position 
(m) 

Length 
(mm) 

Notes 

Gate valve 42.399 70 Vacuum isolation 

Optical Table 42.606 2442 For additional beamline conditioning optics, 
two Be windows will be added if necessary. 

Gate valve 45.185 70 Vacuum isolation 

Gate valve 48.755 70 Vacuum isolation 

VFM-1 & HFM-1 48.825 1525 Beamline optics 

Gate valve 50.350 70 Vacuum isolation 

 



Conceptual Design Report for the Inelastic X-ray Scattering (IXS) Beamline 
 
 

 27 September 2009 

Table 2-10. Major components in the second experimental hutch (EH-3 starts at 54.5 m, and ends at 70.0 m) 

Description Start Position 
(m) 

Length 
(mm) 

Notes 

Gate valve 56.595 70 Vacuum isolation 

VFM-2 & HFM-2 56.665 1525 Beamline optics 

Gate valve 58.190 70 Vacuum isolation 

Be window 58.260 150 Beam exit port 

Beam conditioning and monitor unit 58.410 635 Beam conditioning and clean-up 

Sample motion stage 59.045 0 Spectrometer center 

Sample entrance slit and Be window 59.145 25 Sample slit/pinhole with Be window 

Multilayer collimating mirror x 2 59.170 150 Analyzer system 

Spectrometer arm-1 (5 m) 59.320 4516 Spectrometer arm 

Analyzer-1 (CDDW) 63.836 965 Crystal analyzer for 1 meV 

Spectrometer arm-2 (10m) 59.170 9516 Spectrometer arm 

Analyzer-2 (CDDW) 68.836 965 Crystal analyzer for 0.1 meV 
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3. SPECTROMETER LAYOUT 

3.1 Design Considerations 

In this section, we outline the optical concept and discuss a few possible layouts for the spectrometers. Common to all 
existing high-resolution inelastic x-ray scattering spectrometers, after the incident beam impinges on the sample, one 
must collect the scattered photons and determine their energy in the most efficient way pertaining to a given set of 
energy and momentum transfer resolution. This is done using spherically bent crystal analyzers in all existing 
spectrometers with a typical angular acceptance of 5-10 mrad in both the vertical and horizontal directions10. These 
analyzers operate at a fixed energy determined by the Bragg back reflection used, typically at Si(hhh), where h = 7, 8, 9, 
11, 12, and 13, with a total energy resolution ranging from 7.6 – 1.0 meV10. Energy scan is performed by scanning the 
incident energy so that the difference between the incident energy and the Bragg reflection of the analyzers gives the 
energy loss or gain of the incident photons in the inelastic scattering process. Obviously the analyzer optics should 
match the monochromator optics both in energy and resolution in order to perform the experiment most efficiently. 
Also, the angular span of the analyzer determines the minimum span of the momentum transfer (Qs) of the scattered 
photons as seen by the analyzer, hence the resolution of the spectrometer ΔQs. For a given acceptance angle Δθ in the 
scattering plane, ΔQs depends on the scattering angle θ as illustrated in Figure 3-1. Perpendicular to the scattering plane, 
ΔQs remains constant and is determined only by the acceptance angle of the analyzer in that direction. For the current 
state-of-the-arts spectrometers operating at > 20 keV, the typical momentum transfer resolution ΔQs in both directions is 
~ 0.5 nm-1. 
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Figure 3-1. Range of momentum transfer Qs, resolution ΔQs at a constant angular acceptance Δθ of 5 mrad of the analyzer 
in the scattering plane, and the angular acceptance required for ΔQs = 0.01 nm-1 as a function of the scattering angle θ for 
(a) the current state-of-the-arts spectrometers operating at 21.767 keV (a), and (b) for the NSLS-II IXS spectrometer 
operating at 9.13 keV. Here the momentum transfer Qs is given by ( )4 sin / 2sQ π λ θ= , where λ is the wavelength of the 

incident x-ray, and ΔQs for a given Δθ is given by: [ ]4 sin( / 2)[cos( / 2) 1] cos( / 2)sin( / 2)sQ π λ θ θ θ θΔ = Δ − + Δ  

 

With the CDDW monochromator design being used for the beamline, in principle we must use the same optical scheme 
for the analyzer optics in order to match the energy and resolution of the incident beam. This applies to all possible 
alternative monochromator designs that we will consider for the beamline. However, despite the relatively large angular 
acceptance of ~ 0.1 mrad for the CDDW monochromator design, it is still far less than the spherically bent 
backscattering crystal analyzers, and will severely limit the number of scattered photons that can be collected. To 
increase the angular acceptance to a comparable level, one must use collimating optics in conjunction with the CDDW 

(a) (b) 
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monochromator for the analyzer. This is illustrated in Figure 3-2 where a multilayer mirror is used to collect ~ 5 mrad of 
scattered photons and collimate them to ~ 0.1 mrad in order to be accepted by the CDDW monochromator for energy 
analysis. This multilayer mirror therefore holds the key for this analyzer scheme to work2. Its performance influences 
the design of the spectrometer, including the optical layout and the dimension.  

 

 

Figure 3-2. Optical scheme for the 
analyzer system of the spectrometer2,4. 

 

3.2 Multilayer Mirror 

The main design objective for the multilayer mirror is to have an angular acceptance of 5 mrad (H) × 5 mrad (V) and 
collimate the beam to within 0.1 mrad in both directions. In the vertical, the 0.1 mrad would be required to match the 
acceptance of the CDDW monochromator. In the horizontal, however, there are two considerations:  

(1) Near backscattering, the energy of the reflected beam follows a dispersion relation 2
0( ) (1 2)E Eϕ ϕ= − , where 

φ is the incident divergent angle in the non-dispersive plane (i.e., the horizontal plane) and E0 is the energy of the 
central rays. This is equivalent to 2

0 0 0( ) 2E E E E E ϕΔ = − = . In order to maintain 0.1 meV resolution, therefore, 
the horizontal angular divergence of the incident beam to the CDDW monochromator must be smaller than ~ 0.15 
mrad. For 1 meV resolution, this can be relaxed to ~ 0.5 mrad.  

(2) The horizontal divergence of the beam before the multilayer mirror determines the momentum transfer 
resolution ΔQs in the scattering plane as illustrated in Figure 3-1. For 9.1 keV photons, a 5 mrad acceptance angle of 
scattered photons produces a ΔQs range from ~ 0.23 nm-1 at Qs = 0 to ~ 0.12 nm-1 at Qs = 80 nm-1 at a scattering 
angle of ~ 120 deg. In order to improve this further to substantially better than 0.1 nm-1 at low Qs as required by 
some experiments, one must reduce the horizontal acceptance or divide the accepted fan into smaller segments 
through the use of position sensitive detectors after the CDDW analyzer. The best obtainable Qs resolution will 
therefore depend on the best collimation achievable with the multilayer mirror in the horizontal direction and the 
size of the sensitive elements of the detector.  

This sets the minimum required horizontal divergence of the collimated beam from the mirror according to the required 
energy and momentum transfer resolutions for the experiment. The optimization of the multilayer mirror is then based 
on an in-house ray-tracing program20 involving the optimization of the layer materials, thickness and the mirror figure 
(parabolic or elliptic), taking into consideration the source size and divergence, mirror errors (slope errors, roughness, 
and interlayer thickness fluctuation) and imperfections, and so on. We report some of the details here. 

Layer Materials and Thickness 

The best combination of the layer materials and their thickness is determined for a flat mirror that produces the best 
reflectivity, large angular acceptance and an incident angle that allows a reasonable working distance and mirror length 
at 9.1 keV. The result is either a W/Si or W/B4C multilayers deposited on a Si substrate with a layer thickness of ~ 1 nm 

Multilayer 
Mirror 
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for W and ~ 1.5 nm for the Si or B4C.  Figure 3-3 compares the reflectivity curves for a 100 bi-layers of W/Si or W/B4C 
with that of Mo/Si, showing a peak value of 0.85 and a FWHM of ~ 5 mrad for the W/Si or W/B4C.  

  

 

Figure 3-3. X-ray reflectivity at 9.1 keV for 
100 bi-layers of Mo/Si (black) and W/Si or 
W/B4C on a Si substrate (red). The layer 
thickness is 1 nm for W, and 1.5 nm for 
Mo, Si, or B4C.  

 

Figure Parameters 

In the present applications, the layer thicknesses are laterally graded to take into account the different incident angle of 
the beam at different locations along the mirror in order to increase the reflectivity and acceptance. The ideal figure and 
mirror size depend on the distance of the mirror from the sample and the incident angle. We have chosen to position the 
center of mirror at 200 mm from the sample in order to leave reasonable amount of space for sample environments. 
Since a 50:1 demagnification is required to collimate 5 mrad of scattered photons to 0.1 mrad, the focal point should be 
at 10 m away from the mirror. This sets the ideal dimension of the spectrometer.  Two mirror figures have been 
considered, one parabolic for collimating and the other elliptic for focusing.  The optimized figure parameters are 
summarized in Figure 3-4 and Table 3-1.  

Mirror Configurations and Performance  

These mirror figures provide only one dimensional collimating or focusing, respectively. In order to collimate or focus 
in two dimensions, one can combine two such mirrors mounted at 90 deg to each other21. This type of “L-shaped” 
multilayer mirrors has been used in commercial powder diffractometers, and has been proven to work well22,23. Several 
combinations are shown in Figure 3-5 to illustrate the versatility of the setup as (a) collimator in both directions; (b) 
focusing optics in both directions; and (c) focusing in one but collimating in the other direction. To provide the same 
functionality using a single toroidal mirror would require a rather complicated surface figure, which would be extremely 
difficult to fabricate. The only advantage of a single toroidal mirror compared to these “L-shaped” mirrors is that every 
ray reflects only once in the former, whereas they reflect twice in the latter, resulting in some additional loss due to the 
finite reflectivity. 

The performance of these mirrors has been examined using our in-house ray tracing code20.  In the simulations the 
source size (beam size on the sample), the designed acceptance, and the gap between the two mirrors were kept constant 
with the following values: 5 × 5 μm2, 5 × 5 mrad2 and 2 μm, respectively. Also, four different parameter sets were 
considered for each mirror: (a) no slope error, no roughness and no random variations in the lattice parameter (Δd/d) 
(perfect mirror); (b) slope error of 5 μrad, roughness of 0.2 nm and Δd/d = 7×10-4; (c) slope error of 10 μrad, roughness 
of 0.2 nm and Δd/d = 7×10-4 and; (d) slope error of 15 μrad, roughness of 0.2 nm and Δd/d = 7×10-4.  The results are 
summarized in Table 3-2. The simulated images for condition (c) with a slope error of 10 μrad are shown in Figure 3-6.  
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Figure 3-4. Mirror figures and parameters optimized for the chosen working distances of 200 mm from the 
sample. The numbers are used as input in the ray tracing program: (a) parabolic; (b) elliptic; (c) variation in the 
lattice parameter vs. distance on the mirror surface for the parabolic laterally graded multilayer; and (d) variation 
in the lattice parameter vs. distance on the mirror surface for the elliptic laterally graded multilayer mirror.  

 
 

Table 3-1. Parameters of the parabolic and elliptic mirror figure shown in Figure 3-4. P is the focal 
parameter corresponding to the apex radius, θm the medium incident angle, δx and δy the dimension in X 
and Y direction respectively, and di and df the initial and final layer periods.  

Figure P (mm) θm (mrad) δx (mm) δy (mm) di (nm) df (nm) 

Parabolic 0.30796 27.75 36.17 1.002 2.3495 2.5710 

Elliptic 0.30193 27.75 35.94 0.953 2.3513 2.5683 
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(a)

(b)

(c)

 
Figure 3-5. Schematic representation of 
the L shaped double bounce x-ray mirror 
used as: (a) collimator (parabolic figure); 
(b) focusing optics (elliptic figure) and; (c) 
focusing/collimating optics (combination 
of parabolic and elliptic figure) 

 

 
Table 3-2. Simulated focus beam size and divergence assuming different slope errors for the “L-shaped” 
mirrors shown in Figure 3-5. In the simulations, the source size is set to 5×5 μm2. Four sets of parameters were 
considered for each mirror: (a) no slope error, no roughness and no random variations in the lattice parameter 
(Δd/d) (perfect mirror); (b) slope error of 5 μrad, roughness of 0.2 nm and Δd/d = 7×10-4; (c) slope error of 10 
μrad, roughness of 0.2 nm and Δd/d = 7×10-4 and; (d) slope error of 15 μrad, roughness of 0.2 nm and Δd/d = 
7×10-4. 

Simulation 
conditions 

(slope error) 

 Parabolic + Parabolic Elliptic + Elliptic Parabolic + Elliptic 

Focus Size 
H×V (mm) 

Divergence 
H×V (μrad) 

Focus Size 
H×V (mm) 

Divergence
H×V (μrad) 

Focus Size 
H×V (mm) 

Divergence 
H×V (μrad) 

(a): (0 μrad) 1.0 × 1.0 19 × 19 0.16 × 0.16 84 × 84 1.0 × 0.16 19 × 84 

(b): (5 μrad) 1.1 × 1.1 37 × 37 0.35 × 0.35 63 × 63 1.1 × 0.35 37 × 63 

(c): (10 μrad) 1.2 × 1.2 57 × 57 0.5 × 0.5 44 × 44 1.2 × 0.5 57 × 44 

(d): (15 μrad) 1.4 × 1.4 77 × 77 0.76 × 0.76 19 × 19 1.4 × 0.76 77 × 19 

 

As can be seen, the divergence is strongly dependent on the source size and on the slope error. The divergence of 19 
μrad from a perfect parabolic mirror is entirely caused by the source size. As the slope error increases, the divergence 
from the parabolic mirror also increases. On the other hand, for a perfect elliptic mirror, the divergence of 84 μrad 
caused by the source size is the strongest due to strong focusing by the elliptic figure. With increasing slope error, 
however, the divergence decreases, showing opposite behavior than that of the parabolic mirror. This can be understood 
as a consequence of compensation effect introduced by the slope error which effectively improves the overall 
divergence of the beam. Based on these simulated results, the best combination appears to be an elliptic-elliptic or a 
parabolic-elliptic “L-shaped” mirror with 10 μrad of slope error. This slope error is in fact what commercial vendors 
could deliver now. A test “L-shaped” elliptic-elliptic mirror with the corresponding specifications has been ordered in 
order to test the performance, which can be used to verify the simulated results. 
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(c)

 

(c) (c)

Figure 3-6. Spot sizes for the “L-shaped” mirror combinations shown in Figure 3-5. The images were taken at 10 m 
from the mirrors with the (c) simulation conditions listed in Table 3-2. The dark diagonal line is the missing intensity 
due to the corner gap. The axes labels are in pixel size, which is 2×2 μm2. 

 

Based on these results, we can examine the best possible Qs resolution obtainable with these mirrors. We consider only 
the horizontal scattering plane. Clearly in all the simulated cases, the incident divergence to the CDDW analyzer is well 
within the 0.1 mrad in both directions, and therefore the entire beam can be accepted. If all the photons go to the same 
detector and are integrated, the Qs resolution obtainable would be given by the angular acceptance of the mirror, which 
is 5 mrad, or ~ 0.23 nm-1 at Qs ~ 0, which is the worst case (see Figure 3-1). 

In order to improve the Q resolution while maintaining the total angular acceptance of the mirror, a position sensitive 
detector may be used after the CDDW analyzer to divide the incoming radiation fan into smaller segments. The smallest 
segment depends on the detector used. Currently a strip detector of Peter Siddons’ design has a pitch value of 125 μm, 
which sets the limit to how small a segment can be. If there is a one-to-one correspondence between the incident rays 
into the mirror and the outgoing rays into the CDDW analyzer, this segmenting can be used to improve the Q resolution. 
For example, assuming no figure error, a parabolic mirror delivers an almost parallel beam (limited only by the source 
size) to the CDDW monochromator with a beam cross section of ~1 mm. With a pitch size of 125 μm, the strip detector 
would be able to improve the Q resolution by a factor of 8, to a value of ~ 0.03 nm-1, again at Qs ~ 0 . We note that there 
is a 180 deg rotation of the incident beam after the “L-shaped” mirror which swaps the Qs position of the rays. Also, any 
compaction of the beam in the horizontal direction by the multilayer mirror (e.g., with an elliptic mirror), or by the 
change of divergence due to source size or figure errors will worsen the Q resolution in this scheme. In this context, a 
parabolic-elliptic combination presents the best choice among these “L-shaped” mirrors in order to improve the Qs 
resolution for the IXS spectrometer. 

A more attractive solution for improving the Qs resolution is illustrated in Figure 3-7.  Here, we use a single multilayer 
mirror collimating only in the vertical direction. In the horizontal direction, the scattered rays are allowed to propagate 
in their original direction. Due to the energy dispersion relation 2

0( ) (1 2)E Eϕ ϕ= −  mentioned earlier, there is a 
natural angular acceptance of ~ 3 mrad by the CDDW analyzer within the rocking curve width of the Si(008) reflection. 
If one places a strip detector after the CDDW analyzer, the segmenting will retain directly the Q information of the 
scattered photons. In this case, as illustrated in Figure 3-1, the required angular width to obtain a Qs resolution of ~ 0.01 
nm-1 would be ~ 0.2 mrad at low Qs. If the detector is positioned at 1 m from the sample, this gives a strip size of 200 
μm, or 1 mm if the detector is placed at 5 m from the sample, in which case, one could even use a conventional multi 
element detector. This angular width increases with increasing Qs to about 0.5 mrad at Qs = 80 nm-1. 

 

(a) (b) (c) 
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Figure 3-7. An optical scheme for the analyzer 
system which makes use of the natural angular 
acceptance of the CDW/CDDW monochromator, 
with a single multilayer mirror collimating only in 
the vertical direction. 

 

This scheme does force us to position the CDDW analyzer closer to the sample, away from the focal point of the 
multilayer mirror. This is due to the fact that the transverse size of the beam corresponding to the 3 mrad fan increases 
rapidly with the distance from the sample. Positioning the CDDW at 1m seems ideal as the horizontal beam size would 
be ~ 3 mm. The vertical beam size (~ 1 mm) is expected to be twice as big as at the focal point at 10 m, which again 
calls for a very long D crystal or the comb crystal. 

Finally, we note that in the one-dimensional scheme illustrated in Figure 3-7, due to the energy dispersion relation 
2

0( ) (1 2)E Eϕ ϕ= − , in addition to having different scattering momentum Qs, the energy of the scattered photons 
landing on different strips of the detector will have different energies over the energy width (~ 34 meV) of the Si(008) 
back reflection.  This is a unique feature of this scheme, whereby an energy-momentum dispersion map can be obtained 
in one energy scan. 

 

3.3 Overall Performance and Count Rate Estimate 

In this section, we discuss the overall performance of the NSLS-II IXS instrument by comparing it with existing state-
of-the-arts IXS instruments in the world, and provide a count rate estimate based on the actual count rates obtained at 
ID28 of ESRF on a few representative systems24. This should provide useful guidance on the overall feasibility of the 
science programs envisioned for the beamline. 

The performance of the NSLS-II IXS instrument depends on the overall optical efficiency of the beamline and the 
efficiency of the analyzer system. The optical efficiency of the beamline can be estimated based on the optical layout 
discussed in Section 2, and is summarized in Table 3-3 for two possible configurations corresponding to the 1 and 0.1 
meV resolution, respectively. In the estimate, we consider only the theoretical peak reflectivity and transmissivity, and 
neglect other possible efficiency losses due to filtering, slitting, figure errors and/or surface roughness, etc. In both 
configurations, the combined efficiency obtained is 28% and 22%, respectively, which can be regarded as the best 
possible efficiency obtainable from the beamline. 

 

Table 3-3. Beamline optical efficiency estimates based on the layouts presented in Figure 2-16, and discussed in Section 
2. For optical components, the theoretical peak reflectivity is used. For the Be exit window, the transmission is calculated 
for a thickness of 250 µm. To obtain the 0.1 meV resolution, a channel-cut monochromator (CCM) is used after the CDDW 
monochromator. The combined efficiencies obtained can be regarded as the best possible efficiency obtainable from the 
beamline. 

Components 
Optical Efficiency 

Be CRLs DCM CDDW CCM FM-1  
(VFM only) 

FM-2 Be Exit 
Window 

Combined 
Efficiency 

Configuration I  
(1 meV, strong focus) 0.9 0.85 0.45 -- 0.95 0.9 0.95 0.28 

Configuration II 
(0.1 meV, strong focus) 0.9 0.85 0.45 0.8 0.95 0.9 0.95 0.22 

 



Conceptual Design Report for the Inelastic X-ray Scattering (IXS) Beamline 
 
 

 35 September 2009 

In reality, additional losses can be caused by absorption, diffuse scattering from surface roughness or reduced 
acceptance due to figure errors, etc, which will be studied in details later by proper modeling using Shadow during the 
preliminary design. For the present purpose, we assume that a 10% total efficiency of the entire beamline optical system 
can be obtained for 1 meV resolution and compare the performance with the other existing facilities in Table 3-4. 
Clearly, in addition to having sharper resolution function tails from the CDDW optics, higher intensity at the same 1.0 
meV resolution is expected for NSLS-II.  

 
Table 3-4. Performance comparison between the NSLS-II IXS beamline and those at other 
facilities. Incident intensity is given at the corresponding incident beam energy (Einc) and bandwidth 
(ΔEinc). For the NSLS-II instrument, the incident intensity for 1 meV resolution is estimated with an 
overall beamline optical efficiency of 10% and the IVU22-6m delivering 1.6×1015 phs/sec/0.1%bw. 

Facility ΔEinc (meV) Einc (keV) Iinc (phs/sec/ΔEinc) Sharp Resolution Tails 

ESRF (ID28) 1.0 21.7 4.0 × 109 -- 

SPring-8 (BL35XU) 1.0 21.7 4.5 × 109 -- 

APS (Sector 30) 1.0 23.8 2.8 x 109 -- 

NSLS-II 1.0 9.13 ~1.6 x 1010 Yes 

NSLS-II 0.1 9.13 ~1.0 x 109 Yes 

 

For the count rate estimate, we further assume that the new analyzer system has comparable efficiency as that of the 
ID28 (ESRF) spectrometer operating at 17.8 keV with the Si(999) back reflection. For higher photon energies the 
efficiency of the spectrometer at ID28 is estimated based on measurements on Plexiglas at Q = 10 nm-1. The estimated 
efficiency loss is about a factor of 2.5 at 21.7 keV with the Si(11,11,11) reflection compared to measurements 
performed at 17.8 keV with the Si(999) reflection24. The experimental data from ID28 are summarized in Table 3-5.  

 
Table 3-5. Experimental data obtained from ID28 of ESRF on four sample systems (courtesy of Michael 
Krisch). 

Sample Thickness 
(µm) 

Einc 
(keV) 

ΔEinc 
(meV) 

Intensity 
(phs/sec/ΔEinc) 

Acceptance 
(mrad2) 

ΔEtotal 
(meV) 

Count Rate 
(cnts/sec) 

H2O (HP) ~1000 21.7 1.0 4 × 109 27 1.6 ~1.0 

Solid O2 (HP) ~10 17.8 2.0 1.0 × 1010 27 3.3 ~1.5 

v-SiO2 ~2100 21.7 1.0 4 × 109 27 1.6 ~0.2 

La2CuO4 ~75.3 17.8 2.0 2.7 × 1010 27 3.3 ~0.5 

 

We then follow the formalism detailed by Harald Sinn25 which provides a scaling of the relative scattering intensity 

( )0I I   for a given sample system as a function of the incident energy iE , the Q resolution of the analyzer ( )2qδ and 

the absorption length absl  or the actual sample thickness along the beam path:  
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Since ( ) ( ) ( )2 2 22 2iq Eδ δθ= , where ( )2δθ is the angular acceptance of the analyzer, we have ( ) ( )2
0 absI I lδθ∝ . 

The scattering intensity is therefore proportional to the incident beam intensity, the analyzer angular acceptance and the 
absorption length or the actual sample thickness (whichever is smaller).  

Based on all these considerations, the expected count rate (CR) for the NSLS-II spectrometer operating at 1 meV 
resolution can be calculated by: 

(Estimated CR) = (Measured CR) × ( 0I  Gain) × ( absl Gain) × ( ( )2δθ Gain) × (Efficiency Gain) × (Absorption Correction) 

The results are summarized in Table 3-6. 

 
Table 3-6. Estimated count rate for the NSLS-II spectrometer operating at 1 meV based on the measured count rate at 
ID28 of ESRF (see Table 3-5). absl gain for high pressure (HP) systems is based on the actual sample thickness 
available. Absorption correction is calculated assuming transmission through a Be gasket of 3mm diameter. 

Sample 0I  Gain absl  Gain ( )2δθ  Gain Efficiency Gain Abs. Correction Est. CR (cnts/sec) 

H2O (HP) 1.6/0.4 1000/1000 25/27 2.5 0.68/0.90 ~7.0 

Solid O2 (HP) 1.6/1.0 10/10 25/27 1.0 0.68/0.89 ~2.0 

v-SiO2 1.6/0.4 190/2100 25/27 2.5 1 ~0.2 

La2CuO4 1.6/2.7 7.13/75.3 25/27 1.0 1 ~0.03* 

*Count rate for low lying optical phonons in the range of 20-40 meV. 

 

From Table 3-6, it is clear that the NSLS-II spectrometer will perform better in general for low Z materials where 
spectrometers operating at higher energies are unable to capitalize on the gain on the absorption length due to the fact 
that the available sample volume is limited either by the sample environment (e.g., the high pressure diamond anvil 
cell), or by the source size contribution to the resolution function in the back reflection spherical analyzer scheme6. In 
the present analyzer scheme, similar limitations may also be at work due to the source size contribution to the 
divergence of the collimated beam after the multilayer collimating mirror. The effects are mainly due to the projection 
of the sample volume at a given scattering angle which may either render the scattering source size outside the 
acceptance of the analyzer in the dispersion plane, or broaden the divergence of the collimated scattered photons in the 
horizontal direction which worsens the resolution. These effects will be studied in greater detail during the preliminary 
design phase. 

 



Conceptual Design Report for the Inelastic X-ray Scattering (IXS) Beamline 
 
 

 37 September 2009 

APPENDIX 1:  SCHEDULE 
 

A1.1 Construction of the IXS beamline 
 
September 2009 Complete conceptual design report 

   

September 2010 Complete preliminary design report 

November 2010 Technical design – approval of long lead term procurement  

   

January 2011 Start long lead time procurements (monochromator, mirrors, enclosures,…) 

April 2011 Complete final design of beamline major components 

   

February 2012 Complete final design report 

  Approval of start of beamline construction - beneficial occupancy of 
experimental floor 

February 2012 Start installation 

May 2012 Start sub-system testing 

April 2012 Start other procurements 

November 2012 Complete long lead time procurements 

   

August 2013 End procurement 

August 2013 Start integrated testing 

   

January 2014 Complete installation 

February 2014 Complete sub-system testing 

May 2014 Complete integrated testing – beamline available for commissioning 

   

June 2015 CD-4, approve start of operations 
 

A1.2 Critical Decisions and Milestones of the 0.1 meV Optics R&D 
 

Since the conceptual design, construction, and operation of the IXS beamline are intimately connected to the outcome of 
the 0.1 meV optics R&D program, we summarize the planned key tasks and milestones. The dates associated with the 
specific milestone could change due to unforeseen technical challenges.  
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 FY10 Q2: 1 meV optics fabrication and test complete; critical decision on how to proceed with 1 meV 
prototype 

 FY11 Q2: 1 meV prototype spectrometer construction complete and begin testing  

 FY11 Q4: 0.5 meV CDDW optics fabrication and test complete; critical decision on the CDDW scheme 

 FY11 Q4: 0.5 meV alternative optics fabrication and test complete; critical decision on alternative scheme 

 FY12 Q1: Start of 0.2 meV optics fabrication and test based on chosen optical scheme 

 FY12 Q2: Demonstration experiments using 1 meV prototype spectrometer 

 FY12 Q3: Critical decision on the IXS spectrometer 

 FY13 Q2: Start of 0.1 meV optics fabrication and test 

 FY14 Q4: Continue 0.1 meV optics R&D at IXS BL using prototype 
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APPENDIX 2:  REFERENCE DRAWINGS 

The following drawings are provided here for reference: 

1 Beamline layout in legal format 

2 Front End Component Layout 
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APPENDIX 3:  REPRESENTATIVE EXPERIMENTS 

The following lists representative experiments as proposed by the BAT in the Letter of Intent. They are grouped into four 
subject areas including liquids and disordered materials, high pressure systems, biomolecular materials, and crystalline 
systems:   

A3.1 Studies of Liquids and Disordered Systems 

(1) Sound propagation and transport properties in metallic systems:   

The focus here is on the non-hydrodynamic behavior of longitudinal acoustic (LA) sound excitations in the 
uncharted energy-momentum region between the hydrodynamic region (explored by light scattering or 
ultrasounds) and microscopic regime (explored by INS and current IXS). For instance, an interesting question is 
whether the high thermal conductivity of metallic fluids may be responsible for an intermediate isothermal 
regime bridging the gap between adiabatic sound propagation and high frequency, solid-like regime26.  

(2) Search for Non-Longitudinal/Non-Acoustic modes in disordered systems:  

Based on symmetry arguments from crystalline physics, transverse acoustic modes are not expected to appear in 
the first (quasi) Brillouin zone. Higher frequency excitations of optic origin are, in turn, often difficult to 
distinguish from fast sound-like acoustic modes arising from positive dispersion of LA branch (interaction with 
structural relaxation and/or disordered structural configuration). Although a few possible observations have been 
recently reported27, no convincing evidence of transverse or optic modes has been provided so far. 

(3) Acoustic properties and dynamical heterogeneities in glasses:  

The frequency and wavelength dependence of the sound attenuation in glasses and its connection with the 
vibrational density of states (Boson Peak) is one of the most important unsolved questions in the physics of 
disordered systems. The low frequency (Brillouin Light Scattering) and high frequency (IXS) behaviors of the 
damping coefficient are apparently inconsistent. Recently, Inelastic UV Scattering has shown that a crossover 
occurs in between the two regimes. But the 0.1 < Q < 1 nm-1 region is still unexplored and the 0.1 meV goal will 
allow access to this region. 

(4) The relaxation dynamics in liquids and glass formers:  

The study of relaxation phenomena in simple fluids28 and glass formers29 is presently the focus of thorough 
investigations. The use of IXS spectrometers has moved these studies towards a new era. Spectral lineshape 
analysis giving direct insight on relevant physical parameters (such as viscosity, relaxation time, elastic and 
viscous sound speeds) are nowadays achievable on a routine basis. Unfortunately, rather interesting systems 
such as glass formers at melting or in the supercooled phase still elude firm IXS investigations, mainly owing to 
the rather slow relaxation processes in these materials. Their proper observation will require both sub-meV 
resolution bandwidth as well as the access to a Q window (0.1 – 1 nm-1) well below the range covered by present 
instrumentation. 

(5) Is a sound bifurcation observable in the spectrum of binary mixtures?  

According to modern theories the dispersion curve of a binary gas mixture at relatively low Q’s would split into 
two different branches (sound bifurcation) corresponding to the acoustic propagation of two modes: the fast one 
propagating essentially through the lighter component and the slow mode traveling essentially within the slow 
background formed by the heavier one. Such bifurcation, though predicted theoretically30, has never been 
properly observed, mainly owing to severe resolution limitations.31  These limitations will be overcome once 
next generation 0.1 meV instrument will be available. 

(6) The dynamics of confined liquids  

Mesoscopic and microscopic properties of confined liquids are of crucial interest in domains as different as 
materials science, microfabrication, adhesion and lubrication, biology, geology, the novel fields of nanoscience 
and nanotechnologies, as well as the development of hydrogen fuel cells. The main difficulty faced by IXS when 
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dealing with these systems is the usually huge quasi-elastic contribution coming from the confining substrate, 
which hides almost completely the spectral contribution of the confined liquid. A much narrower and sharper 
resolution function would represent a decisive improvement to definitely solve this problem.  

A3.2 High-Pressure Vibrational Dynamics 
Recent advances in high-pressure sciences, to a large degree, can be accredited to our abilities to study optical phonons 
by Raman and infrared spectroscopy and acoustic phonons by Brillouin spectroscopy at high pressures. These optical 
probes, however, have a very small q range, essentially limited to the Brillouin zone center, and are unable to reveal 
important phonon dispersion information. They are also very much restricted by selection rules of IR and Raman, energy 
windows of the instrument and pressure vessels, absorption and fluorescence backgrounds of the samples, etc. IXS is, in 
principle, not subject to any of these constraints, and potentially can provide the most powerful probe for the 
fundamental information of vibrational dynamics if the energy resolution is comparable to that of optical Raman 
spectroscopy (1 to 10 cm-1 or approximately 0.1 to 1 meV). 

Due to the low efficiency of IXS and the high demand of beam time, high-pressure IXS phonon study must focus on 
truly significant scientific issues with far-reaching implications. One example is the high pressure vibron dynamics of 
hydrogen. Numerous exotic behaviors have been predicted for hydrogen under compression32. Decades of high-pressure 
experimental efforts using Raman and IR spectroscopy have led to discoveries of a plethora of novel phenomena in 
hydrogen, including the vibron turnover33, the greatly increased intermolecular coupling energy34 from 3 to 510 cm-1, 
bound-unbound transition in the quasiparticle bivibron 35 , the charge-transfer state with intense infrared vibron 
absorption36, and the quantum and classic orientational ordered phases II and III.37  High-pressure IXS determination of 
vibron dispersion, which is currently only available at ambient pressure, will provide the key missing information for 
overall understanding.  

In addition to high resolution, other requirements for high-pressure IXS include maximized flux, microbeam focus <5 
µm, integration of pressures with high and cryogenic temperatures, and analyzer probe with high spatial resolution. The 
sample stage design must consider both the radius clearance and solid angle clearance for the analyzer probe. 

A3.3 Phonons and Phonon-Damping in Bio-Materials  
Study of collective wave propagation and damping is expected to increase our understanding of some aspects of 
biological functions which are not directly related to the structure of bio-molecular assemblies. Examples are: phonon 
assisted transport of water molecules across lipid bilayers; the base pair opening of DNA double helices; and the 
anomalous density of states in a protein below its glass transition temperature.  

(1) IXS is a coherent scattering, irrespectively of atomic composition of a bio-molecule. There is no need to 
deuterate the bio-molecule as in an INS experiment. This factor alone results in a major saving of cost of the 
deuteration. For coherent INS at thermal energies ΔE is at best 0.25 meV and the Q range is not as broad as in 
IXS. An energy resolution of ΔE=0.1 meV will allow us to greatly increase the ability to investigate low-energy 
phonons. 

(2) While the number of x-ray photons or neutrons at the sample are roughly comparable (3×108 photons or 
neutrons per sec), an IXS beam size is much smaller (200 ×100 μm) than that in an INS spectrometer. Thus the 
required biomaterial is in mg quantity. This is an absolute requirement for any systematic investigation of 
biomaterials. 

(3) Even if one deuterates a bio-molecule, the dynamic structure factor as measured in an INS experiment is a 
weighted sum of contributions from partial structure factors of deuterium, carbon, oxygen, nitrogen and 
phosphor, etc. Fortunately, the dynamic structure factor measured in an IXS of DNA is practically dominated by 
the phosphate-phosphate (high Z atoms) PSF coming from the backbones of the DNA molecules. In the case of 
lipid bilayers the scattering is dominated by that from carbon atoms of the lipid molecules. Therefore, the 
interpretation of the nature of the collective modes measured is simpler. 

(4) An IXS spectrum measured with an energy resolution of ΔE = 0.1 meV can be calculated from the 
corresponding intermediate scattering function (ISF) computed with a time window of 15 ps. This allows the 
investigation of the alpha relaxation at high Q in the ISF. Furthermore, modern MD simulations of bio-
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macromolecules are routinely pursued up to 100 ps. Thus measured IXS spectra of bio-macromolecules can be 
used to critically test the force field models of proteins, lipid bilayers, and DNAs.  

In summary, IXS has a major advantage in studying phonon propagation in biomaterials compared to INS. For many 
circumstances, resolution of 1 meV with an improved resolution function will be sufficient. However, the availability of 
0.1 meV resolution is predicted to have a major impact on investigations of relaxational dynamics of bio-molecular 
assemblies in their glassy states. 

A3.4 Phonons in Crystalline Systems 
The study of phonons in crystalline media has traditionally been the domain of inelastic neutron scattering (INS). IXS 
has important advantages that make it extremely attractive to complement neutron measurements of phonon behavior in 
solids, mainly the very strong intensity of the sources and the extremely small spot size. In contrast to INS, IXS is free of 
any kinematic limitations. Since the x-ray cross section is mostly dominated by photoelectric absorption, the optimum 
scattering signal can be obtained for sample volumes as small as 10-4 to 10-6 mm3. This allowed previously impossible 
studies on single crystals only available in small sizes such as MgB2 and plutonium38, or on materials for which 
homogeneous stoichiometry and/or doping can only be ensured within a small volume. Since most new and novel 
materials can only be grown as small single crystals, IXS is expected to become the probe of choice for these materials.  

Furthermore, the typical x-ray beam sizes are well compatible with the sample volume constraints of diamond anvil cells, 
and lattice dynamics studies at very high pressures – to 40 GPa for single crystals and above 100 GPa for polycrystalline 
materials – have been conducted.  

(1) A problem of growing interest is the study of phonon line widths, which is inversely related to the phonon 
lifetime. Phonons interacting with other collective excitations – other phonons, spin waves, or electrons – give 
rise to a finite line width whose measurement provides detailed information about the collective behavior of the 
solid. A recent example39 is the study of Kohn anomalies in the superconductors Nb and Pb using a novel 
neutron method with resolution < 0.1 meV. This experiment measured the change in phonon linewidth on 
entering the superconducting state, which is a direct measurement of the electron-phonon coupling. With the 
high resolution it was possible to measure other Kohn anomalies and show that the superconducting energy gap 
extracted from the line width measurements converges towards a sharp Kohn anomaly originating from Fermi 
surface nesting. 

This study has an order of magnitude better resolution than previous work on Nb40 and demonstrates how an 
order of magnitude increase in performance yields new physics. With the 0.1meV IXS instrument one can 
extend these measurements to other materials, such as organic superconductors, where large single crystals are 
not available. It would also be possible to probe the pressure dependence of the e-p coupling by measuring the 
pressure dependence of line widths. 

(2) Another exciting opportunity offered by IXS is the study of lattice dynamics in the near-surface region. This is 
accomplished in grazing incidence geometry for which the X-rays impinge onto the sample below the critical 
angle of total reflection, α, and consequently penetrate only 30-40 Å into the material under study. As a matter 
of fact, as the glancing angle of incidence can be tuned (from below to well above), IXS offers the unique 
possibility to study bulk and near-surface dynamics, using the same experimental set-up. The high brilliance of 
NLSL-II would benefit such measurements. For these materials, a more moderate resolution (~ 1 meV) is 
probably adequate. 

(3) For polycrystalline materials IXS allows the determination of the orientation averaged longitudinal sound 
velocity of polycrystalline materials at low momentum transfers, Q, typically in the 1 – 10 nm-1 momentum 
transfer range, where the dynamics are dominated by longitudinal modes.  
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