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EXACT BRAGG BACKSCATTERING X-RAY BEAM FACILITY
A New Research Capability at the Advanced Photon Source

1. Executive Summary

We propose to develop a user facility for exploiting the science based on an
exact Bragg backscattering (EBB) x-ray beam at the Advanced Photon Source (APS).
The EBB x-ray beam at the APS is unique in the world, in that it diffracts the
monochromatic radiation back exactly at 180 degrees through the storage ring to emerge
on the opposite side of the storage ring. The concept has been implemented on a test
station called the normal incidence diffraction (NID) station. The NID test station, built
on Sector 1-ID of the APS, provided an opportunity for developing backscattering
techniques, and it showed the potential for forefront science based on the unusual
properties of this beam. We now propose to fully exploit the scientific potential of an
EBB x-rays with an appropriate end station and experimental equipment for user
science. The proposed research program takes advantage of two well-known features of
the EBB x-ray beam: a) small energy bandpass (meV) with very high efficiency, and b)
very large angular acceptance (mrad). Our successful development of sapphire
monochromating crystals provides a large energy range, 5-70 keV, with meV resolution.
Sapphire al'so permits essentially full spectrum coverage by combining an intrinsically
high density of available Bragg reflections with temperature dependence.

The planned areas of research are inelastic x-ray scattering at low energies,
coherent imaging, nuclear resonant scattering at high energies, x-ray metrology
and high-precision measurements, and x-ray pulse accumulation. These research
programs are based on the unique nature of the EBB beam and would otherwise be
difficult or impossible to pursue on conventional beamlines at the APS. The
development of the required instruments builds upon the expertise from long-standing
research efforts of the SRI-CAT at the APS and other researchers using the APS, ESRF,
Spring-8 and HASYLAB.

The proposed backscattering facility would include an experimental station and
research instruments. We plan to make use of the existing sector 1-1D straight section,
which will be configured to simultaneously serve the existing scientific program on ID-1
beamline by adding a second undulator. The proposal includes a transparent
monochromator to deliver EBB beam to the new station without undue interference with
the scientific activities on the sector 1-ID beamline. Figures 1 and 2 show how this
simultaneous use will be achieved. In addition, the budget request includes a new
undulator, tailored to meet the EBB science, and timing electronics, millidegree
temperature controllers, a beam tracking and alignment system, goniometers, mirrors,
motion controllers, and gated detectors. Since the capability to extract the EBB beam is
in place, the investment in the EBB beam facility requested in this proposal will lead to
new and unique capabilities at the APS at a cost substantially less than that for a new
beamline.



The scientific program at the EBB beam facility is based on the unique
characteristics of the EBB x-ray beam and sapphire monochromating crystals, namely,
(1) ultra high energy resolution over a broad energy range (5-70 keV), and (2) three
orders-of-magnitude increase in the angular acceptance of the monochromator over
conventional geometries. The resulting beam has a high intensity (generally greater than
10" photons/second) and a coherence volume that is three orders of magnitude larger
than a conventional beamline at the APS. This unique capability has stimulated broad
interest in various scientific areas from condensed matter physics to biochemistry and
offers opportunities to develop new synchrotron techniques. Indeed, the potential to
perform many specialized experiments beyond the capabilities of existing beamlines will
enhance many on-going scientific research areas at the APS. We summarize below the
proposed scientific program in four areas. A significant user community for an EBB
beam facility has been identified and will increase as the impact of the new capabilities
is demonstrated. Towards this goal a set of scientific workshops will be organized in
each proposed area during the construction period.

1.1. Inelastic X-ray Scatteringin the 6-12 keV range

Inelastic x-ray scattering is a powerful tool to investigate collective excitations in
condensed matter. Understanding the dynamics of systemsis crucial in areas from hard-
condensed matter to biological molecules. It is urgent that APS take advantage of a
unigue opportunity to augment its inelastic x-ray scattering facilities. Currently thereisa
beamline at the APS used part time for inelastic x-ray scattering with meV resolution,
and another beamline (IXS) is under construction to provide meV resolution at 25 keV
incident energies and medium energy resolution (100-200 meV) at lower energies. The
existing capabilities, however, do not address the need for a facility with high energy
resolution (AE=2-10 meV) at moderately low energy (6-12 keV), and with large
momentum transfer. The EBB facility will provide this capability and complement
existing beamlines. This will allow a number of exciting new opportunities to be
explored, including:

a copper K-edge (8.98 keV) resonant inelastic x-ray scattering experiments to be
performed with ~20 meV resolution in highly correlated electron systems,

b. the study of low-Z and organic compounds with high-resolution and with
penetration depth matched to the sample, and

C. the study of phonons with relaxed resolution, which is better suited for the study
of weak high-energy modes.

In Section 3.1, we provide several examples of each of these opportunities. The
advantage an EBB beam brings is related to the both monochromatization and analysis of
the scattered radiation, critical to inelastic scattering research. Current high-resolution
monochromators, based on channel-cut crystals with an energy-dispersive geometry,
produce the required energy bandpass, but their efficiencies are relatively low, at the 20-
30% level. More importantly, there are no analyzers that work in the low energy range
(6-12 keV) with the required resolution of ~20 meV for resonant inelastic x-ray scattering
(RIXS) research and 2-5 meV for nonresonant inelastic x-ray scattering (IXS) research.



Scientific interest in RIXS is growing, and this technique is particularly useful in
studying electron excitations in highly correlated electron systems. For example, recent
theoretical work on high-temperature superconductors has indicated the existence of a
novel, new set of collective electronic excitations in the superconducting state at energy
transfers of about 50-100 meV. The electronic excitations can be distinguished from
phonon scattering using the RIXS technique. Furthermore, RIXS also provides
significant signal enhancement at the level of two orders of magnitude. In Section 3.1.1
the proposed research program is described in more detail.

Another significant advantage of the EBB energy range occurs when small
samples of low-Z materials are of interest (e.g., single crystals of superconductors such as
MgB,, organic conductors, etc.). The EBB x-rays will have a larger scattering cross-
section because of its lower energy and excellent energy resolution even at these lower
energies due to proposed implementation of novel optics based on sapphire crystals.
Such IXS experiments open new doors to investigations, that are otherwise not possible
(see Section 3.1.2) such as, (1) studies of fundamental collective excitations in organic
conductors, (2) use of the dynamics of protein molecules to extract static structure
information on membrane proteins, and (3) a novel suggestion to study electron-hole pair
excitations in optically active biopolymers. The EBB beam facility will compliment the
ongoing and proposed research effort at the APS in these areas either through improved
energy resolution or lower x-ray energy capabilities.

To achieve high resolution at low energy, we propose to use dislocation-free
sapphire crystals. For example, the Al,O, (1 2 17) reflection at 9.035 keV has an energy
bandpass of 4.6 meV and areflectivity of 45 % at room temperature. This reflection has
an extinction length of 48 microns and an angular acceptance of 2 milliradians. These
are to be compared with the best possible reflection from silicon at 9.343 keV, Si (337)
with 18 meV resolution, used in conventional inelastic scattering facilities. We also
propose to develop new analyzer optics using sapphire as curved crystal analyzer, which
is described in Section 3.2.

1.2. Coherent Imaging

The NID beamline has the longest path length between the undulator source and
the sample at the APS (= 100-150 m). In the proposed energy range, the transverse
coherence length can be as large as 100 x 600 um in the horizontal and vertical
directions, respectively. In addition, the intrinsic high energy resolution of the EBB beam
increases the longitudinal coherence by many orders of magnitude. For example, with a
resolution of 2 meV at 9 keV, one would expect a longitudinal coherence length of 620
um. We expect that the resulting three order-of-magnitude increase in coherence volume
of the EBB x-rayswill open opportunities for exploring new science at the APS.

There are attempts to develop a novel imaging method, a kind of hybrid of
microscopy and diffraction, which can reveal the 3D arrangement of atoms of local
structures without the need for crystals. The method first records diffraction patterns from
finite samples by using coherent x-rays or electrons, and then directly converts the



diffraction patterns to images by using the oversampling phasing method. We plan
continued development of atomic resolution 3D x-ray diffraction microscopy. Since x-ray
wavelengths are on the order of the size of atoms, scientists have long dreamed of atomic
resolution x-ray microscopes that could visualize arrangement of atoms in three
dimensions. However, x-rays are much more difficult to focus than electrons. The
smallest x-ray focal spot currently achievable is around 30 nm. This limitation can be
overcome by using coherent x-ray diffraction and the oversampling method.

1.3. Nuclear Resonant Scattering at High Energies

The availability of bright hard x-rays from undulator sources at the third
generation synchrotron radiation facilities along with new high-resolution
monochromators has made it possible to develop nuclear resonant scattering into a
powerful tool to study lattice vibrations and elastic properties of materials. Since its first
demonstration in 1984 using the °’Fe resonance and its subsequent applications to
magnetism, electronic structure studies of high spin low-spin transitions, as a function of
temperature and pressure, the technique has become even more popular with the
development of nuclear resonant inelastic x-ray scattering, NRIXS, in 1995.
Thermodynamic properties like vibrational density of states, specific heat, entropy,
average force constant, mode specific vibrational amplitudes, Gruneisen constant, and
aggregate speed of sound can all be measured in ways that were not even considered
possible before. Today, materials containing #Kr, *'Eu, *°Sn, and **'Dy can be studied.
The energy resolution has been reduced to under a millielectronvolt. This, in turn, has
enabled new types of measurements like Debye velocity of sound, as well as the study of
origins of non-Debye behavior in presence of other low-energy excitations. The effect of
atomic disorder on phonon density of states has been studied in detail. The flux increase
due to the improved x-ray sources, crystal monochromators, and time-resolved detectors
has been exploited for reducing sample sizes to nanograms levels, or using samples with
dilute resonant nuclel like myoglobin, or even monolayers. Incorporation of micro-
focusing optics to the existing experimental setup enables experiments under high
pressure using diamond-anvil cells to investigate nuclear resonant scattering (the
Mossbauer effect) with transition energies in the range 6-26 keV. However, there are
many higher energy nuclear transitions in the range 26-100 keV in atoms with s-p, d-
and f-shell configurations with broad applications in condensed matter physics and
materials science. X-rays in this energy range with ultrahigh energy-resolution can be
delivered by the EBB x-ray beam facility through proper choice of backscattering crystal
reflections. In particular, we plan to apply the well-developed applications of the
coherent forward scattering and inelastic nuclear resonant scattering to magnetic and
superconducting systems based on d- and f-shell atoms. The microscopic information
that can be generated through these studies will be exclusive to the EBB beam facility.

Among the most interesting nuclear resonancesto be examined firstare  *'Ni,
129] 121gp, *Te and #*’'Np. The nuclear resonance in *Ni at 67.419 keV presents a
challenge to monochromator design and it might be possible to go down to sub-meV
resolution with backscattering. Nickel resonance is of great interest from the point-of-
view of metalloproteins, as well as from a magnetism perspective. Nickel atoms are



found at the active sites of many enzymes that are critical in biology and with respect to
the environment. Among others, these reactions include: H, uptake and evolution,
which is accomplished by the enzyme hydrogenase (H,ase), CO oxidation and CO,
reduction by carbon monoxide dehydrogenase (CODH), acetyl-CoA synthesis and
cleavage by a multienzyme complex designated acetyl-CoA decarbonylase/synthase
(ACDS), and the last step in methane production by methanogenic bacteria, the
reduction of methyl-coenzyme M (CH,-S-CoM) with coenzyme B (H-S-CoB) by
methyl-coenzyme M reductase (MCR). If ®Ni nuclear resonance vibrational
spectroscopy (NRVS or NRIXS) were available, this technique could help solve
important issues with these enzymes. Recent work on myoglobin and model porphyrin
is elaborated in Section 3.3. The case for **!Sb resonance at 37 keV is also interesting
from the point of view its application to the understanding of modern battery and
semiconductor materials. The resonance in **| is at 27.77 keV. The unique potential of
nuclear resonance using a synchrotron radiation beam coupled with its sensitivity to
local structure, chemical configuration, and dynamics will permit us to address a broad
spectrum of problems of current interest in materials such as intercalated nanotubes and
organic superconductors. Thisis presented in Section 3.3.

14 X-ray metrology and high precision measurements

This work aims toward determining fundamental physical constants and precise
tests of physical theory, an area normally referred to as metrology. Thisis a new area at
any synchrotron facility and can now be exploited because of distinctive capabilities of
the EBB beam facility. In x-ray metrology, there are two specific outputs. crystals whose
lattice spacing is currently measured with respect to optical standards, and x-ray and
gamma-ray wavelengths, which are also calibrated against an optical scale (and hence
that of frequency). Using nuclear resonant scattering we have demonstrated our ability to
define a wavelength standard to a precision of better than 1 part in 10" at 14.4 keV. The
Bragg law simplifies to A=2d with the EBB condition (with a small index-of-refraction
correction), and, if the wavelength can be independently determined (using nuclear
resonant scattering), one can measure lattice constants with a resolution of 1 part in 10°.
We have tested this concept by measuring the differing expansion coefficients of Ge
single crystals made up of different enriched isotopes of Ge as a function of temperature.
Most of the crystal measurements involve nearly perfect large single crystals, but studies
can be performed where the single-crystal information can be transferred to standard
powder diffraction samples widely used in industrial processes and quality control. In
addition, the metrology community would like to replace the artifact kilogram standard
with an absolute standard for the Avogadro constant. This involves developing
metrological tools to measure x-ray crystal density, an area in which an EBB x-ray beam
would have a major impact. The plan isto explore the new area of x-ray metrology at the
EBB beam facility in which institutions like NIST (USA), PTB (Germany), CSIRO
(Australia), and NRLM (Italy) that specialize in metrology could potentially form a new
user community.

The observation of a standing wave between crystals reflecting x-rays at EBB
geometry was recently observed. This demonstration could lead to a new class of



experiments in the field of phase-amplitude contrast and phase-sensitive interferometry.
The ability to perform phase-contrast imaging using high-energy x-rays will be unique at
the EBB facility and will allow us to perform exploratory experiments in this field. The
impact is discussed in Section 3.4.

1.5 X-ray pulseaccumulation

In the hard x-ray range, the third generation synchrotron radiation facilities are
fully meeting expectations by supporting a broad spectrum of scientific research
requiring high-brilliance beams. The limitations of these storage-ring-based sources have
recently become apparent in the forefront research area of temporal science experiments.
Most of these experiments require either x-ray pulses of very high intensity and/or those
with subpicosecond duration. Delivering such pulses has limitations that are intrinsic to
the physics of the storage rings. In all pump-probe experiments, the pump laser has a
repeat frequency of 100 Hz to 1 kHz, which is many of orders of magnitude smaller than
bunch frequency in a storage ring. The ideas presented to overcome these limitations are
strategic to this section of the proposal and will provide new directions in performing a
unique set of time domain experiments in the hard x-ray range, which otherwise would
not be possible. The essence of this proposal includes development of a x-ray optical
cavity, which would perform x-ray pulse accumulation. As a result the program will
generate unique tools for performing a new class of x-ray pulse experiments in various
areas of science. While we focus here on the development of techniques and
instrumentation for advanced x-ray pulse physics, the research addresses many exciting
problems, such as the seeding physics for the conceptualization of the x-ray free-electron
laser (FEL), storage and distribution of x-ray pulses from an FEL to different beamlines,
dynamical x-ray diffraction at normal incidence, and a Fabry-Perot interferometer in the
hard x-ray range.

1. 6 Relation to U.S. Department of Energy Programs

The EBB x-ray beam facility is expected to enhance our knowledge of materials
at the atomic level and fully capture the capabilities of the APS. The capability will
support existing BES programs and nucleate new directions of research and devel opment
both at the APS and at the future fourth-generation sources (LCL S and/or ERL).

1. 7 Organization and Budget

The EBB x-ray beam facility will operate as part of the group of APS operated
beamlines. Since full development of the capabilities of the EBB beam is still emerging,
the scientific applications and experiments have to be developed in synergy with the
instruments and techniques. An initial compliment of the core research group will consist
of APS staff developing the facility and a principal user group that is being formed. The
core research group will construct the facility over three years of funding. In the first year
after the completion of facility construction, the core research group will commission the
facility and perform early experiments. In future years, the core research group will use
25% of the available beam time, the priorities of research being identified through an



internal review process to allocate beam time. The remaining 75% beam time will be
allocated to APS users based on the peer-reviewed process established under the General
User Program of the APS.

The EBB facility manager will oversee the design and construction of the EBB
x-ray beam facility with full support from the high-resolution x-ray scattering group and
the APS divisions. The summary of construction cost for the EBB x-ray beam facility is
given in Table 1. The break down is provided over the project duration of 3 years,
separated between labor and equipment costs. The costs include both APS and ANL
overheads distributed per current rates to specific categories.

Table 1. Development costs for the EBB x-ray beam facility at the APS in K$. Escalation is
calculated based on DOE provided rates for various categories.

FY 2003 FY 2004 FY 2005
Personnel 149 285 399
Materials & Services 125 186 259
Capital Equipment 100 600 350
Indirect Costs 71 170 189
Total 445 1241 1197




2. Properties of Exact Bragg Backscattered X-rays

X-ray diffraction with Bragg angles at exact 172 from perfect crystals has two
unique characteristics. One can obtain the smallest possible energy bandwidth of any
Bragg reflection at a given energy, and the angular width of backscattered radiation is
three orders of magnitude greater than at ordinary diffraction angles. The backscattering
of x-rays at or near normal incidence was proposed as a method of monochromatization
[1] and analysis of inelastically scattered x-rays from collective excitation in condensed
matter, which were later realized [2-8]. However, geometrical separation of incident
beam from diffracted beam continues to be problematic for a variety of reasons that are
of either practical or principal in nature. In spite of this difficulty, many high-energy-
resolution beamlines for performing inelastic x-ray scattering have been proposed or built
at the third-generation hard x-ray synchrotron facilities.

The unusual properties of exact Bragg backscattered (EBB) x-rays have many
new applications, such as high-precision measurements of radiation wavelengths, crystal
lattice constants, thermal expansion coefficients and elastic constants, studies of
hyperfine interactions and applications to phonon spectroscopy, use of very large
coherent phase space volume, possibilities for x-ray storage cavity, and an x-ray Fabry-
Perot resonator. Some of the theoretical and experimental aspects of EBB x-rays were
given earlier [9-10]. However, a lack of transparent x-ray source, which could provide
EBB at 172, hindered further developments of the applications, despite the fact that such a
possibility was discussed explicitly for a bending magnet source [11].

Recently, a unique normal incidence diffraction (NID) beamline, based on a
transparent undulator source has been commissioned at the Advanced Photon Source
(APS) [12], and the use of high-resolution monochromators and semitransparent, time-
resolved detectors has allowed more detailed studies of the physics of backreflection [13-
16]. It is now known that the multiple-beam diffraction suppresses the reflectivity in the
back reflection channel to down to a few percent level for cubic crystals such as silicon
[13]. On the other hand, in crystals with symmetry, one can avoid the problems of
simultaneous-multiple scattering. (This is usually known as the n-beam case in the
dynamical diffraction theory of x-rays). For instance, sapphire, a crystal with a
rhombohedral lattice, allows exact Bragg backscattering with high reflectivity for x-rays
over a broad spectral range [14]. These characteristics span a broad energy range of the
el ectromagnetic spectrum with 4 < E <60 keV.

In this proposal, we discuss the opportunities to develop special applications that
would benefit from the unique properties of EBB x-rays. The proposed devel opment will
be included in an experiment station at the APS, and we hasten to point out, this would be
the only beamline with the capability of EBB x-ray beam in the world. The current test
station, the NID at the APS uses the radiation from an undulator, normally delivering x-
rays to the beamline in Sector 1-ID. The elevation and plan view of the proposed
modification of the present setup is given in Figures 1 and 2. The beamline includes a
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high-heat |oad-monochromator on beamline 1-1D that delivers the monochromatic beam
to the backscattering optics. The backscattered x-rays then retrace the incident path
through the undulator, travel through the storage ring vacuum chamber to a reverse beam
pipe feeding the temporary enclosure NID-X.

The beamline geometry shown in Figures 1 is used to evaluate the feasibility of
exact Bragg backscattering. The x-ray beam, after being monochromatized by a pair of
cryogenically cooled Si (111) crystal, is incident onto a saphhire, silicon or germanium
crystal, which is placed in 1-ID-C or 1-1D-B station to reflect the beam back. The beam
incident onto this crystal has an energy width of 1.1 (3.3) eV at 8 (24) keV. This
particular arrangement puts an effective vertical angular dlit proportional to the angular
acceptance (or Darwin width) of the Si (111) crystal at a given energy. In the energy
range between 8 and 25 keV, this width is between 36 and 11 prad. In the horizontal
direction, the limiting aperture is the width of the white beam dlitsin front of the Si (111)
monochromator, which is typically kept at 2 or 3 mm. Thus, the angular deviation from
exact backscattering is limited to 36 and 10 prad vertically and 70-100 prad horizontally
in the mentioned energy range. There is no access to the beam between NID-X and 1-I1D-
B stations, which is enclosed by the storage ring tunnel. The necessary modifications to
the magnets and vacuum chamber were carried out as a part of the construction project of
the APS, making the undulator source fully transparent to backscattered x-rays. The
backscattering sapphire crystal is oriented in the (0O O I) direction, and mounted in the
center of an Euler cradle. A high-resolution monochromator was installed in the NID-X
station to perform energy analysis. In all experiments, the temperature of the back-
scattering crystals has to be stabilized within 5 mK. The layout given in Figure 1
provided a practical way to test several concepts regarding the peak reflectivity of the
silicon and sapphire crystals, their energy resolution, and mechanical and thermal
stability of x-ray beams over large distances. The length of path traveled by the x-rays
from the undulator to the NID-X enclosure is approximately 120 m and represents the
longest beamline at the APS. The lengths of other beamlines are limited to 60-70 m.

The reflectivity of athick, semi-infinite crystal is given by dynamical diffraction
theory. The intrinsic reflectivity of saphhire can only be measured if the incident beam
has an energy bandpass lower than that of the saphhire reflection being measured. We
have used a 1.2 meV-resolution-analyzer at 21.6306 keV to measure the reflectivity and
energy width of Al,O, (1 1 45) reflection. The calculated and measured reflectivity is
shown in Figure 3. This result demonstrates that reflectivity of saphhire is adequate to
perform research applications, and energy widths approaching theoretical values can be
attained using perfect sapphire crystals. Further evaluation of this sapphire crystal
showed a direct correlation between dislocation density and reflection width [16]. The
flux obtained typically at the NID beamline from various sapphire reflections with energy
resolution ranging from 2 meV to 35 meV are 2x10° photons/s to 10'* photons/s,
adequate to perform experiments discussed in this proposal.
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Figure 1. The schematic layout of the proposed exact Bragg backscattering beamline to be placed at
Sector 1-1D. The light blue partial circle represents the walls of the storage ring tunnel. The proposed
modification allows simultaneous operations with the 1-1D beamline.
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Figure 2. The top and side view of the 1-1D-A side of the proposed beamline. The modifications
made involve the white beam (L5-80) dlits, diamond crystal monochromator and sapphire back-
scattering crystal. The L5-80 dlits are ready to install. The diamond crystal monochromator is being
acquired as part of the feasibility project and will be available in May 2003.
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Figure 3. Top: Back-reflection topography of sapphire wafers (grown by heat exchange, HEMEX , method
cut from different boules show different dislocation densities: (a) 10%cm?, (b) much lower dislocation
density. The sample areailluminated by x raysis 2.1 x 1.7 mm. Bottom: Reflectivity of sapphire crystals for
X rays measured at normal incidence to the sapphire (1 1 -2 45) planes at 21.629 keV. (a) HEMEX standard-
dislocation-density sapphire, and (b) HEMEX low-dislocation-density sapphire, circles are measured values;
the solid line is the calculated profile from the dynamical theory of diffraction for perfect crystals. The
dashed line in (b) is a fit with a Lorentzian [17]. Reflectivity data taken at the APS, topography at
HASYLAB.
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Another important feature of the EBB beam in the NID-X enclosure is its
coherent properties. For the APS low-emittance lattice, the undulator source dimensions
are 254 pum horizontally and 12um vertically. Using the incoherent source
approximation, the coherence lengths for 1A x-rays at the sample located in NID-X is
approximately 10 pm x 219 um. This should be compared with typical number of 3 um x
66 um for a 50-m-long source-to-sample distance at a typical APS beamline. The
longitudinal coherence is also dramatically more because of the very high degree of
monochromaticity of the EBB x-ray beam, WA\ being 10°-108. Assuming MAA of 10” for
1A radiation, the longitudinal coherence length is 1000 pm, making the coherence
volume for the EBB beam in the NID-X enclosure to be over 2x10° um®. Thisis at least
three orders of magnitude larger than that typically available at most of the beamlines at
third generation hard x-ray synchrotron facilities, entirely due to longer distance (a factor
of 3%) and higher monochromaticity (afactor of 10°-10°).

In short, the EBB x-ray beam in the NID-X enclosure at the APS has very
distinctive properties in terms of its collimation, flux, energy bandwidth, and coherence.
The current proposal plans to develop x-ray techniques with potential for new
applications that would use the exceptional set of capabilities of the EBB x-ray beam.
These are explained in Section 3.2.

Table 2. Observed reflections and measured flux at the NID-X station.

Measured Reflectivity

(hkl) E (keV) AE (meV) Flux

(Hz)

Si

777 13.839 5.1 6 x 10° 10-20 %
1240 14.315 6.2
888 15.816 4.4 5x 10°
999 17.793 2.0 7x 10°
Al,O,
0018 8.589 354 1.1x 10"
1022 10.604 25 1.7 x 10"
0030 14.310 13.5 1.6 x 10" 60-90%
1229 14.399 1.7 8.5x 10°
0036 17.716 2.8 4.8x 10°
0042 20.045 1.8 2.5x 10°
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3. Scientific Case

The planned areas of research are inelastic x-ray scattering at low energies,
coherent imaging, nuclear resonant scattering at high energies, x-ray metrology
and high-precision measurements, and x-ray pulse accumulation. These areas are
chosen based on the unigue nature of the EBB beam, research topics that are otherwise
would be difficult to pursue for principal or practical reasons using the conventional
beamlines at the APS. The required resources and know-how for the development of
instruments will be provided from the present expertise at the APS and that of other
researchers using the APS, ESRF, Spring-8 and HASYLAB. Preliminary
characterization of the EBB beam to evaluate its potential research applications has been
performed using the NID beamline in atemporary enclosure. This proposal describes the
potential capabilities of the EBB beam as a user facility to perform a unique set of
experiments that cannot be performed elsewhere.

3.1 Low-Energy High-Resolution Inelastic X-ray Scattering

This section is organized in two parts. In the first part, the scientific case for
resonant and nonresonant inelastic x-ray scattering is discussed (3.1.1 and 3.1.2). In the
second part, X-ray cross-sections arguments, and the optical reasoning are presented for
low-energy, high-resolution inelastic x-ray scattering (3.1.3). The technical reasons why
the EBB beam is necessary to implement this type of inelastic x-ray scattering is given
along with the properties of sapphire and other potential crystals for x-ray optics.

3.1.1 Resonant inelastic x-ray scattering

The important transition metal K-edges required for resonant scattering are
precisely in the range 5-12 keV of the EBB beamline. Of tremendous current interest are
the cuprates and nickelates. Further, since 20 meV corresponds to energies comparable
to thermal temperatures (room temperature is 25 meV), this beamline will allow studies
of thermodynamically relevant energy changes in these systems. Resonant inelastic x-
ray scattering (RIXS) has already proven to be a valuable technique in the study of
highly correlated materials, including the high-temperature superconducting materials
and their parent compounds. However, to date all studies have been performed at
relatively poor resolution (0.3 — 1 eV). The ability to look at these same materials with
resolutions of the order of 20 meV would be a significant advance. Further, since
phonons dominate inelastic x-ray scattering spectrain the energy range of interest (10 ~
100meV), tuning to a resonance to provide contrast between the electronic excitations
and the collective lattice dynamics is necessary. A number of obvious experiments
present themselves.
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Spectral weight changes

When a metal undergoes a transition to the superconducting state, there is a
redistribution of the spectral weight. Finite frequency excitations in the normal state are
shifted into a delta function at zero frequency in the superconducting state due to the
presence of loss-free response. For conventional superconductors, the noticeable
changes only occur for frequencies that are less than about 6 A where A is the
superconducting gap energy (this is the so-called Ferrel-Glover-Tinkham sum rule).
Recently, violations of this rule have been seen in a number of high-Tc superconducting
compounds, with especially large effects in the Bi(2223) compound [18]. These
measurements imply that there is a large energy in the superconducting pairing which
seems to rule out conventional mechanisms such as phonon-based superconductivity.

In the Bi (2223) compound there are significant energy changes at wave
numbers of about 500 cm™, which corresponds to about 60 meV. These changes could
be studied with RIXS with an EBB beam. There are several advantages to this
technique over the earlier measurements. First, surface quality would not be an issue.
Second, the resonant scattering provides site selectivity (to the Cu atoms), which helps
in determining the nature of the excitations probed. Third, and perhaps most
importantly, we can look at different points in reciprocal space and determine any
momentum dependence of the excitations. Finally, direct observation of excitations
across the superconducting gap might also be possible.

New excitations

The ability to probe electronic excitations of finite momentum transfer is a unique
and extremely valuable feature of RIXS. As an example of the power of this capability,
consider the recent gauge field theory of Lee and Nagaosa (cond-mat/0211699) for the
cuprate superconductors, which predicts a novel collective mode of order 50-100 meV
that couples to x-rays. In normal superconductors, there are collective modes associated
with the phase and amplitude of the pairing order parameter. But in the cuprates, which
have very strong electron correlation, a new degree of freedom is introduced associated
with the hopping matrix element. Predictions have been made that these modes are
observable at the (1T, 1§ position by inelastic x-ray scattering. Observation of these modes
would be a direct test of these models of cuprate superconductivity. RIXSis, in practice,
the only technique capable of studying such an excitation. The resonance effect will
allow these electron excitations to be distinguished from phonon scattering and are also
expected to provide a significant intensity increase.

A second example comes from Emery and Kivelson’'s theory of these materias, in
which the low-energy charge dynamics of a cuprate superconductor are expected to be
incommensurate; that is, the collective charge excitation occurs at a reciprocal space
position away from (11, 71, a a wave vector corresponding to the periodicity of the so-
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called stripes. Despite large amount of neutron scattering evidence for incommensurate
spin fluctuations, the counterpart in the charge sector has been elusive. Recent quasi-
elastic x-ray scattering by Lee and Moncton has found the first evidence of correlated
charge-density fluctuations in underdoped LSCO (12% Sr) (unpublished). Clearly,
studying the momentum dependence of collective charge excitations using RIXS could
yield new and important information about high-temperature superconductivity. These
experiments will only be possible in a EBB beamline for which the appropriate resolution
can be obtained while maintaining the resonance condition.

Nickelates

Nickel systems are also of interest. The layered nickel oxides, such as LaNiOQ,,
are prototypical insulating compounds exhibiting stripe physics. Studying
incommensurate charge excitations in these nickelates, in comparison with their metallic
cuprate counterparts, could help our understanding of strong electron correlations in
these systems.

A second nickel system of noteis NiSe,S,,. Thisis awell-known system that
undergoes a metal-insulator transition (MIT) as afunction of temperature and doping. It
is of interest since it is a relatively simple system whose transition temperature can be
tuned by altering the Se content and it does not undergo a structural phase transition
along with the MIT. High-quality single crystals are available. Photoemission studies
have indicated an opening of a gap in the density of states near the transition for
excitations with energies on the order of 30-50 meV. With exact Bragg backscattering
and RIXS we would be able to study the momentum dependence of these excitations and
how they change at the MIT.

3.1.2 Nonresonant inelastic scattering in low-Z or organic compounds

For low-Z compounds, resonant scattering is not an option and it becomes
especially important to match the penetration depth of the radiation to the sample
volume. Thisrequires relatively low-energy x-rays for typical samples. Further, in many
organics, radiation damage can be a problem. Thus by going to very high resolution one
can not only study the interesting physics of the problem, but also ameliorate the
radiation damage. Below, we give afew examples experiments well matched to the EBB
beamline.

MgB, superconductors

Development of this capability will lead to a many demonstration experiments.
Here we will present an illustrative example. Superconductivity in magnesium boride
(MgB,) has been observed at temperatures higher than theories predicted. The
understanding of phonons in the MgB, lattice is critical to describing their coupling to
the electrons, which allows them to move in the lattice without any resistance. The
phonon measurements have been performed using inelastic neutron scattering on powder
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samples [19, 20], and enough information has been gathered to convince us that the
modes permit formation of Cooper pairs. A more detailed study of phonon dispersion
along various symmetry axes of the crystal requires a single crystal; such studies are
hindered by the limited size of available crystals to perform inelastic scattering either
using neutrons or high energy x-rays. This is a good example to demonstrate the
usefulness of the low energy IXS capability proposed for development. Furthermore,
many interesting aspects of superconducting behavior under high pressure can only be
performed on small samples suited for the proposed instrument.

Organic conductors

Organic conductors, such as TTF-TCNQ, exhibit many attributes of a 1D metal.
The physical properties of 1D metals are very different from the Fermi liquid behavior
of 3D metals, and require the novel description of Luttinger liquid theory. In particular,
the elementary excitations of a Luttinger liquid are collective charge and spin modes
called holons and spinons, respectively, arising from the concept of spin-charge
separation. Spectroscopic studies of electronic excitations using | XS and angle resolved
photoemission spectroscopy, ARPES, are crucial in elucidating Luttinger liquid physics
in these organic conductors. However, the downside of studying organic samples is the
radiation damage from the high x-ray flux. For example, at the NSLS bending magnet
beamline X22C (~10" ph/s), the charge density wave, CDW, superlattice peak of TTF-
TCNQ disappeared within a few hours of exposure. Therefore, to make most efficient
use of the data acquisition time, one must maximize the signal by using low-energy
radiation to match the penetration depth of organic sample and also by matching the
energy resolution to the electronic excitation width. The proposed EBB beamline could
uniquely provide the flexibility necessary for an IXS investigation of organic
conductors.

Structure and dynamics of membrane proteins

Some 25% of gene sequences in the data bases code for expression of
membrane proteins. Although structures for several thousand soluble proteins have been
determined, only a handful of structures are known for membrane proteins owing to the
difficulties of crystallizing proteins that are naturally stabilized by the hydrophobic
environment of their surrounding lipids. Reconstruction of low-resolution electron
density maps from scattering data can be obtained from samples in solution, without the
need for crystallization. Traditionally, neutron scattering has been a natural way to
separate the components of scattering from proteins and lipids by allowing for the use of
hydrogen-deuterium contrast variation. However, neutron scattering cannot access high
energy transfers at low momentum transfers and has relatively poor g-resolution even
for low energy transfers.

Efforts have been made in this direction to use IXS as an alternate route to the
separation of the different scattering components. The excitation spectra of lipid bilayers
are qualitatively different from those of proteins. In particular the high-frequency
peptide backbone bands are not expected to be manifest in the lipid bilayers, which
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exhibit rather slow overdamped, or highly damped, propagating sound modes
characteristic of a viscous molecular liquid. Thus one can possibly use the high-
frequency energy loss/energy gain sidebands of the main elastic scattering peak to
distinguish the protein contributions to the total scattering for a sample containing
membrane proteins, from those of the lipids. Then a measurement of the form factor
would provide the spatial distribution information.

In addition, one is naturally learning about protein dynamics at intermediate
length scales. In recent work performed at ESRF, Z. Hasan (Princeton) and collaborators
have had some success in extracting information on protein dynamics at intermediate
length scales, and an extension of this idea to membrane proteins is underway. This type
of work does not require ultra high resolution but would benefit from better flux
compared to the existing phonon beamlines. Thus the lower resolution mode of the EBB
line, coupled with the lower incident energy would make the EBB beamline an ideal
place to perform such studies.

Pair dynamics in optical proteins

A comprehensive understanding of the dynamics of electron-hole pairs in
biopolymers is an issue of major significance. Optically sensitive proteins, such as
rhodopsins or the photosynthetic unit, exhibit complex delocalization behavior of charge
pairs. IXS provides a natural way to study localization/ delocalization of particle-hole
pairs. It has been argued that some photosynthetic units consist of light-harvesting
complexes that form a quantum-mechanically coherent system. This would be reflected
in the momentum-resolved dielectric function or the loss-function. By measuring the
length scale associated with these coherent excitations, one can learn about the
mechanism of charge/energy transports in these complex systems. The low-energy
electronic excitations in insulating complexes appear at some finite energy and are
typically broader than phonons. Having a branch line with medium resolution (~ 20-40
meV) but with higher flux than typical phonon lines again provides an ideal match to
this emerging area of research.

Charge-lattice dynamics at relaxed resolution

Most of the doped Mott insulators as realized in transition metal oxides
(cuprates, manganites etc.) exhibit a complex interplay of charge, spin and orbital
degrees of freedom with the lattice. Understanding low-energy charge dynamics below
100 meV will allow us to probe the coupling of charge to spin and lattice dynamics.
Most of these oxides do not naturally grow as large single-domain crystals making it
difficult for studies with neutrons. Another remarkable property is that in many cases
only one or two highest optical branches are affected by changes in the electron
dynamics typically in the range of 50-90 meV. The ESRF group has reported 1XS
measurements on cuprates. Further, recent work by Hasan and collaborators and Egami
(Tennessee) and collaborators have seen some phonon anomalies in manganites and
cuprates, respectively, at beamline 3-ID at the APS (unpublished). These excitations are
fairly broad (~ 20 meV) and weak. The study of such lattice dynamics anomalies does
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not require ultra high resolution but is hungry for photons. An EBB configuration with a
resolution of 10-20 meV would be well matched to the study of these excitations and
would help further elucidate the role of the all-important electron-phonon coupling in
these materials.

Electron delocalization in bacterial photosystems

The degree of electron delocalization in the light-harvesting complex (LHC) of
Rhodobacter sphaeroides is unknown but critical to understanding its function. The
LHC is a chromophore—protein complex that traverses the plasma membrane and
consists of a reaction center (RC) and light-harvesting subcomplexes, LHI and LHII.
The function of LHI and LHII isto absorb light and transfer the energy to a RC where it
initiates the photocycle of the cell. The quantum efficiency of LHC has been estimated
to be ~ 95%, in constrast to silicon photocells whose quantum efficiency cannot exceed
27%. How does LHC achieve such high efficiency?

Both LHI and LHII have circular symmetry (Fig. 4), a property conserved across
many bacterial species. Hu [21] have argued that this symmetry suppresses
fluorescence losses, enhancing the efficiency of the complex. For Hu's arguments to be
valid, the coupling between neighboring chromophores within LHII, V,,, must be large
enough to coherently delocalize excited electrons around the entire ring. Attempts to
measure delocalization conflict, with results ranging from complete delocalization to
only over near neighbors [22]. Experimental estimates of V., differ from quantum
chemistry calculations by a factor of three [23]. With nonresonant I1XS, which measures
S(q,w), it isastraight forward matter to resolve thisissue. The light harvesting states of
LHII appear at ~ 1.2 €V in §(q,w), and their width in k space, Ak, is related to the
guantum coherence length or mean free path ¢ = 217Ak. Experiments of this sort are
ideally matched to the EBB line at APS since they are flux driven, requiring ~10"
photons/sec, and medium energy resolution ~ 80 meV. The latter requirement comes
from the need to discriminate from the elastic line since amorphous specimens diffract
strongly everywhere in reciprocal space.

Figure4 Light-harvesting center from
Rhodobacter sphaeroides (courtesy of
the Theoretical Biophysics Group at the
University of Illinois)
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Photoisomerization reactions. Bacteriorhodopsin, green fluorescent protein,
stilbene

There is a mystery concerning the behavior of the retinal in Bacteriorhodopsin
(bR), which bR is another light-harvesting protein that exists in the plasma membrane
of halobacteria. It is a 26 kDa transmembrane barrel containing one retinal molecule
noncovalently bound (to Lys216) by a protonated Schiff base. In its ground state, the
retinal is all trans and, upon absorbing a photon, undergoes a photoisomerization to 13-
cis, initiating a series of structural changes which translocates a proton to periplasm.
The resulting potential is used as an energy source for phosphorylation.

Strangely, the properties of the retinal in bR are completely different from free
retinal Schiff base (RSB) in solution. All trans RSB has an absorption band in the red
(1.9 eV) and, when struck with a photon, decays to several photoproducts, 9-, 11- and
13- cis, with a combined quantum efficiency of 20%. In bR the retinal absorbs in the
green (2.2 €V), where sunlight is maximum, and decays only to 13-cis with an efficiency
of 60%. Somehow the protein environment tunes the retinal perfectly for its purpose. It
is not known how thisis accomplished.

Figure 5 — (first three frames) False color plots of the I XS cross section from atoy model of retinal in the
presence of a point charge held at fixed distance and various locations along the chain.  (fourth frame)
The optical absorption spectrum for many charge locations.

I XS turns out to be extremely sensitive to such environment effects. To see how,
consider a model of retinal, represented as a T-bonded chain of sp? carbon atoms. The
lowest excited states are 11 - TT* transitions, and environment effects can be represented
as a shift in the vacuum level of one carbon atom compared to another. The optical
absorption and I XS cross sections for this model in the presence of a point charge held at
fixed distance from the chain is shown in Fig. 5. The message to take from Fig. 5 isthat
environment effects, which produce only slight changes in the optical absorption
spectrum of the molecule, can have dramatic effects on the IXS cross section. Thisis
because in quantum mechanics perturbations influence eigenvectors in first order, but
eigenvalues only in second order. Because IXS couples to the entire eigenvector, it
provides a relatively direct measure of the influence of the geometric environment
around the molecule.

Similar issues exist for the chromophore in Green fluorescent protein (GFP), other
photoactive proteins, and simple model systems, such as olephins like stilbene. The
requirements to perform studies like this are similar to studying LHC and so are ideally
suited to the EBB FACILITY at theAPS.
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3.1.3 Special properties of the EBB beam for resonant and nonresonant 1 XS

At an increasing rate, IXS with very high resolution is used to study collective
excitations in solids and liquids at an increasing rate. The number of beamlines
performing inelastic scattering at the APS, ESRF, and SPring-8 exemplifies this. At the
APS there is a new proposal to build a dedicated beamline (IXS Collaborative Access
Team) for this research. However, we are proposing to pursue some aspects of inelastic
scattering that no other current beamline intends to do. Scientific applications were
discussed in Sections 3.1.1 and 3.1.2. Here, we will explain the details of choice of
energy and optics for high-resolution inelastic x-ray scattering at lower energies. First, we
will explain the advantage of using x-rays with 8-15 keV for study of collective
excitations. Second, we will discuss the choice of opticsfor RIXS.

The intensity of scattered radiation from phonons can be estimated as follows:

2,22 2
I'= loreh i (50)*22 Oo Uaps KT
2eE? My?

Here, |, istheincident intensity, r, is the classical electron radius, dQ isthe solid
angle or the size of the analyzer, p is the density of the material, |, is the absorption
length, v is the speed of sound, M is atomic mass, and E; is the incident energy. When
plotted for pure elements at different energies, it becomes clear that there is not asingle
incident energy optimal for every material, but rather different energies may be optimal
for different materials. This is demonstrated in Figure 6, in which three different
incident energies are compared for elemental materials as samples. Scattering power per
atom near the center of the Brillouin zone where phonon frequencies are very low is
estimated at different energies based on the formula given above. This variation of
scattering power is mostly related to the absorption length difference below and above
the absorption edge of an element [7]. For those elementsin therangeof 30<Z <42, a
spectrometer working at 9 or 14 keV is clearly more efficient than one working at 21
keV. The problem is that thereis no Si back-reflection energy with sufficient resolution
in this energy range. Figure 7 shows all possible reflections of Si and Al,O; in this
energy range. While there are a number of reflections with an energy bandpass of less
than 5 meV for Al,O,, one needs to go above 15 keV to reach 5 meV or better, as shown
in Figure 8.
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Figure 6. The advantage of having different incident energies for high IXS is shown. (a) The
scattering power, which is defined as the scattered intensity per unit volume, is plotted for different
elements at two different energies. For elements with 34 < Z < 42, a spectrometer with 14.4 keV works 5
times better than a spectrometer of 21.657 keV. This variation is mostly related to the absorption length
difference below and above the absorption edge of an element [7]. Similarly, for element 30, a
spectrometer working at 9 keV is more desirable. This calculation assumes sample thickness is a few
absorption length. In reality, an I XS spectrometer can only intercept a small physical source size to obtain
high resolution. (b) Assuming a finite thickness (0.1 micron) for each element, expected count rates in the
detector are plotted as a function of Z for three different incident photon energies. The irregular nature of
the graph is related to differing values of the speed of sound in the equation on p. 22.
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Figure 7. The energy bandpass of sapphire (circles) and silicon (triangles) backreflections in the low-
energy region. The size of the circles is proportional to the reflectivity, the larger ones with above 90% and
smallest ones above 10%. There are no reflections for Si that will yield better than 10 meV in this energy
range, while one can reach 2 meV levels at 9 keV using saphhire.

Optics considerationsfor resonant inelastic x-ray scattering

What we plan to do at the EBB beamline is to explore ways to overcome the
current difficulty encountered in silicon-based optics, which dictates the choice of
energy. The method of choice for monochromatization of incident beam varies at each of
the beamlines, but the achieved energy resolutions are similar. The instruments at ESRF
and SPring-8 use a backscattering Si crystal as a monochromator and as an analyzer and
achieve tuning by changing the temperature of the monochromator. The APS
spectrometer uses an “in-line” tunable monochromator and a bent Si analyzer to achieve
a similar performance. Here, Si backreflection dictates the choice of energy. However,
these choices are limited due to the high symmetry and monatomic nature of Si. On the
other hand, a crystal like sapphire, Al,O,, does not have these restrictions. A comparison
of allowable backreflectionsin silicon and sapphire is shown in Figures 7 and 8.
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Figure 8. Energy bandpass and peak reflectivity of saphhire and silicon at room temperature and at 4K. The
number of possibilities for exact Bragg back reflection can further be enhanced by temperature tuning and mixing
sapphire with another oxide. Similar potential exists for LiNbO;, YaOs, SiO,, and many other crystals not
considered here [17].
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Figure 9. All possible backreflections of Ge, Si, and Al,O; around the transition metal K-absorption edge
energies. Clearly crystals like Al,O; provide better alternatives to simpler structures like Ge or Si.
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We had mentioned that the method of choice for monochromatization of incident
beam varies at each of the beamlines. On the other hand, the preferred method for
analyzing the scattered radiation from the sample is uniformly similar, where one uses
spherically bent analyzers working very near the normal incidence. This geometry dictates
a very narrow energy range. Figure 9 compares possible backreflections of Ge, Si and
sapphire as a potential analyzer for transition metal element containing materials like
manganites, nickelates and cuprates. Using crystals of lower symmetry like sapphire,
YAIO;, LiNbO,, SiO, and SIiC, we expect to prepare efficient analyzers RIXS
spectroscopy. These investigations are critical for the realization of new opportunities
using I1XS technique and they will benefit IXS-CAT. In addition, many third generation
synchrotron radiation sources with 3 GeV particle energy have peak performance around
5-10 keV, and an | XS spectrometer in this energy range would be very attractive.
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3.2 Coherent Beam Imaging

In Section 2, we described the unique coherent properties of the EBB beam from
the NID beamline. The large size of both the transverse and longitudinal lengths opens
opportunities for exploring new science at the APS. Much of this capability is derived
from the fact that the effective distance between the source and the sample is 2-3 times
that at any other beamline, and that the EBB geometry provides very high energy
resolution.

The transverse and longitudinal coherence for electromagnetic radiation is
described by the following:

-
Yo 2lma, T AN

where A is the wavelength, AA is the bandpass, D is the total distance traveled between
the undulator, back-reflecting crystal and detector in the EBB station, and o, is the
source size.

It is clear that while the transverse coherence length, |, is proportional to the
source size, o, ,, the longitudina |, is proportional to the degree of monochromaticity.
For the APS ring, source size is 145um horizontally and 23um vertically. With a degree
of monochromaticity between A/AA=10°108, the coherent volume may exceed 4x10°
um?, thus providing an opportunity for coherent imaging. While the longitudinal
coherence length may exceed a mm, the transverse coherence length is between 20-100
pm and 60-600 pm, in the horizontal and vertical directions, respectively. Table 3

summarizes available coherence lengths and volumes at various energies.

Table 3. Calculated coherence length at different energies for a realistic EBB beamline with a total length
of D=110m.

E (keV) AE (meV) AR) A (Um) A, (um) A, (um)
5 25 2.47 333 53 50
10 2 1.24 166 26 620
15 2 0.83 111 18 465
20 1 0.62 83 13 1240
25 05 0.49 66 10 1960

The large coherent volume of the beam allows coherent illumination of larger
samples using the EBB beam. In a scattering experiment, the longitudinal coherence
length should be larger than the maximum path length difference (PLD) in the sample,
which will give an opportunity to perform coherent x-ray diffraction experiments at high
X-ray energies.
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An unusual application of the large transverse coherence of the beam will be to
measure the correlations in a Bose-Einstein condensate [24]. While the experiment isin no
way simple, it will give direct information on the density-density correlation.

The observation of a standing wave between crystals reflecting x-rays at EBB
geometry has been observed [25]. Thisis the first inference on a contentious suggestion
by Dirac that a photon only interferes with itself. There will be ample opportunity to retest
this idea using the EBB x-ray beam. The demonstration can lead to new class of
experiments in the field of phase-amplitude contrast experiments [26] and phase-sensitive
interferometry [27]. The ability to perform phase-contrast imaging using high-energy x-
rays will be unique at the EBB facility and will allow us to perform exploratory
experimentsin thisfield.

The main research interests lie in the interplay of physics, nanoscience and
biology. We are especially interested in developing new physical methods for
guantitatively imaging nanostructured materials, nanoparticles, complex materials and
biological structures at the atomic or near atomic level in three dimensions. There are
aready afew ways of visualizing atomic structure, but each has its limitations. Scanning
probe microscopes are limited to imaging atomic structures at the surface. Transmission
electron microscopes can resolve individual atoms but only for samples thinner than ~ 30
nm. Crystallography can reveal the globally averaged 3D atomic structure based on the
diffraction phenomenon but requires crystals.
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Figure 10. A coherent x-ray diffraction pattern (left) and a reconstructed image (right)

Miao et al (Stanford) have been developing a novel imaging method, a kind of
hybrid of microscopy and diffraction, which can in principle reveal the 3D arrangement
of atoms of local structures without the need for crystals. The method first records
diffraction patterns from finite samples by using coherent x-rays or electrons and then
directly converts the diffraction patterns to images by using the oversampling phasing
method [28] as shown in figure 10 (a). The theory of the oversampling method can be

28



briefly summarized as follows. When a finite specimen is illuminated by a coherent
wave, the scattered waves form a continuous diffraction pattern in the far field. This
continuous diffraction pattern can be sampled at a spacing finer than the Nyquist
frequency (i.e., the inverse of the specimen size), which corresponds to surrounding the
electron density of the specimen with a no-density region. The higher the sampling
frequency, the larger the no-density region. When the no-density region is larger than the
electron density region, the phase information is available inside the diffraction pattern
itself and can be directly retrieved by using an iterative algorithm.

The seminal experiment of x-ray crystallography without crystals was carried out
in 1999 [29]. Since then, we have been continuously improving the method and also
pursuing its applications in physics, nanoscience and structural biology. Below we
outline several scientific areas we have been working on and plan to continue.

3.2.1 Towardsatomic resolution x-ray diffraction microscopy

Due to the fact that x-ray wavelengths are on the order of the size of atoms,
scientists have long dreamed of atomic resolution x-ray microscopes that could visualize
arrangement of atoms in three dimensions. However, X-rays are much more difficult to
focus than electrons. The smallest x-ray focal spot currently achievable is around 30 nm.
This limitation can be overcome by using coherent x-ray diffraction and the oversampling
method. We have recently carried out an experiment to image a buried nanostructure at 8
nm in two dimensions and 50 nm in three dimensions (Figure 10 (b)) using coherent x-
rays [30]. The 2D and 3D imaging resolution is currently limited by the exposure time
and the computing power, while the ultimate resolution is limited by the X-ray

@) (b) (c)

Figure 10 (b) A SEM image of a buried nanostructure. (b) An image obtained from the x-ray diffraction
microscope. (c) A 3D image of the nanostructure

wavelengths. Moreover, by calibrating both the incident x-ray flux and the diffraction
pattern, we have experimentally demonstrated that the absolute electron density of
nanostructured materials can be directly determined [31].

We propose to further improve the resolution of this form of microscopy.
Specifically, we will attempt to record diffraction patterns at better than 1 nm resolution.
We will first determine the 3D electron density of nanostructured particles of MCM—48
(mesoporous materials consisting of 3D platinum rod hexagonal frameworks) as a test
example, due to its high-Z materials and scientific importance. Looking forward, we
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expect atomic resolution 3D x-ray diffraction microscopy will have a significant impact
in condensed matter physics, nanoscience.

This section describes the work of J. Miao (Stanford)
regarding coherent imaging. The electron diffraction part
does not request support from DOE within the context of this
proposal. However, it is included here to explain the
connection between the x-ray work and electron diffraction.
Electron lens aberration is one of the major barriers limiting
the resolution of electron microscopy. The traditional
approach to overcome the barrier is to use holography [32]. gglgreuculﬁé ﬁf ;e%(;?gtéf;;;d
However, holography not only requires reference waves but  ya4e of Al Si and O atoms
also is primarily useful for 2D imaging. We have recently
proposed a novel form of 3D electron diffraction microscopy based on coherent electron
diffraction and the oversampling method, which requires neither high-resolution electron
lenses nor reference waves. By using computer simulation (Figure 11), we have shown
that the 3D structure of a nanocrystal can be determined ab initio at a resolution of 1 A
from twenty-nine simulated noisy diffraction patterns [33]. The resolution of this form of
microscopy, only limited by the quality of sample diffraction, can in principle reach the
subatomic level. Figures 12 and 13 provide examples of x-ray images, and tomographic
reconstruction.

\ I ’.\'
"h; l‘\

Figure 12. E. coli bacterium images from the x-ray diffraction microscope. The dense regions
inside the bacteria are the distribution of yellow fluorescent proteins labeled with KMnO,. The
semitransparent regions are devoid of proteins.

(@ (b)

Figure 13 (a) Onedlice of a3D artificial vesicle reconstructed from 47 projections using tomography.
(the artifacts are due to the limited number of projections). (b) The same dlice of the 3D reconstructed
vesicle using the oversampling method.
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We propose a series of experiments to verify this form of diffraction microscopy,
including (i) imaging a gold nanoparticle (~ 3 nm in diameter) at 1 A resolution in two
dimensions, (ii) imaging the nanoparticle at 1 A resolution in three dimensions, and (iii)
imaging a single carbon nanotube at atomic resolution in three dimensions. We anticipate
that 3D electron diffraction microscopy will find important applications in physics,
nanoscience, and materials science.

3.2.2 Imaging biological cells, cellular structuresand viruses using coherent x-rays
and electrons

We have recently carried out the first experiment of recording and reconstructing
the diffraction pattern from intact E. coli bacteria at 30 nm resolution using coherent X-
rays [34]. The distribution of proteins inside the bacteria labeled with manganese oxide
has been identified and this distribution confirmed by fluorescence microscopy images.
By using heavy metal labeling of fluorescently tagged (yellow fluorescent protein and
other short peptides) and histidine-tagged protein constructs, we propose to conduct
correlated studies of proteinsin living cells using fluorescence microscopy followed by
high-resolution structural analyses with x-ray diffraction microscopy. To reduce radiation
damage and improve the resolution, we plan to use cryogenic technologies to freeze the
biological samples at liquid nitrogen temperatures.

Compared with lens-based electron microscopy, electron diffraction microscopy
imposes relatively lower sample charging and less sample drift and can achieve better
resolution for a given amount of radiation dose [35]. We propose to image cellular
structures and viruses using cryoelectron diffraction microscopy, which can achieve
better resolution than cryotransmission electron microscopy. Moreover, preliminary
studies suggest that the 3D reconstruction using the oversampling method can get better
guality images than conventional tomography.

Potential of determining the 3D structure of single biomolecules at or near atomic
resolution

X-ray protein crystallography is currently the primary method used for
determining the 3D structure of protein molecules at near-atomic or atomic resolution
(the other being NMR). However, typically around 20% - 40% of all of the protein
molecules, including most of the important membrane proteins, are difficult or
impossible to crystallize, and hence their
structures have not been accessible by
crystallography. Also, NMR has limitations on
the size of the molecules that can be structurally
characterized. With the prospects of the x-ray
free- electron lasers (X-FEL) providing ultrashort
and extremely intense coherent pulses, a
completely new approach to molecular imaging
may become feasible. Theoretical studies showed  Figure 14. A 3D electron density map

that when a pulse is short enough, a diffraction ©f @ rubisco protein molecule
reconstructed from simulated diffraction

patterns.
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pattern can be recorded before a molecule is destroyed [36,37]. By using the
oversampling method, we have shown that a simulated molecular diffraction pattern at
2.5 A resolution (Figure 14) accumulated from multiple copies of single rubisco
biomolecules each generated by a femtosecond-level X-FEL pulse can be successfully
phased and transformed into an accurate electron density map comparable to that
obtained by more conventional methods [38].

The experiments proposed here will pave the way for next-generation
experiments that can be conducted on X-FEL. Since the first X-FEL will be available
around 2008 [39], we hope to begin of imaging nanoparticles and nanoclusters due to
their relatively larger scattering cross section. These experiments can then be extended
to imaging viruses and single protein molecules. If this project is successful, the impact
on molecular biology and a number of other fields where non-crystalline materials play
significant roles would be tremendous.
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3.3 Nuclear Resonant Scattering at High Energies

The availability of hard x-rays from undulator sources at third generation sources
along with high-resolution monochromators has made it possible to investigate nuclear
resonant scattering (the Mossbauer effect). In particular, coherent forward scattering and
inelastic nuclear resonant scattering have added many new capabilities that were not
possible via the traditional Mdssbauer effect [40]. Especially applications to samples
under extreme conditions like high pressure, low/high temperature, high external
magnetic field, confined geometries or tiny samples especially benefit from the
outstanding properties of synchrotron radiation.

Besides basic and fundamental research, nuclear resonant scattering applications
may be roughly divided into hyperfine spectroscopy and vibrational dynamics. Using
hyperfine spectroscopy, poly- and single crystalline samples and amorphous specimens
can be investigated by nuclear forward scattering. Surfaces, buried interfaces and
multilayers have been investigated using nuclear reflectometry. Single crystal studies
have also alowed determination of the electric and magnetic structure by nuclear Bragg
diffraction. Magnetic and electric domains, and domains with roughness have been
mapped by nuclear small angle scattering. In studying the structural dynamics, the
density of phonon states has been probed in amorphous solids and biomolecules by
nuclear resonant inelastic x-ray scattering. Nuclear quasi-elastic scattering lends itself to
the study of diffusion in the nstime domain.

Currently, the isotopes with nuclear transitions between 6 and 25 keV have been
employed in such studies using synchrotron radiation. However, there are many higher
energy nuclear transitions in atoms with s-p, d- and f-shell configurations with broad
applications in condensed matter physics and material science. In order to extend the
energy range, high-resolution monochromators have to be developed. The angular
acceptance of higher order Si reflections drop below 1 prad levels in the forward
scattering geometry (with nested monochromator) making it unsuitable for this
application.

We propose to explore EBB geometry, which provides both natural collimation
and very high resolution for x-ray beams. Si crystals allow backscattering in a limited
region of the x-ray energies with loss of reflectivity at the EBB condition and mostly far
from MOssbauer transitions. Furthermore, the Mdssbauer transition energies cannot be
reached by changing the Si lattice spacing (by heating), the required heating being
impractical. On the other hand, sapphire provides lattice reflections at EBB geometry
with excellent reflectivity at energy values with about 15 eV intervals in the 10-25 keV
range and even closer at higher energies.

We propose to investigate nuclear resonant transitions with energies above the
current capabilities of 25 keV using a synchrotron radiation source. A list of potential
candidates is given in Table 4 along with the properties of nuclear resonant transitions
and sapphire reflections.
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Figure 15. Two recent applications of nuclear resonant inelastic x-ray scattering, NRIXS, to geology, and
biophysics: (a) High-pressure density of states of iron in a diamond-anvil cell. Note that there is a structural
phase transition between 13 and 20 GPa, during which iron transforms from a body-centered cubic phase to
a hexagonal close-packed structure. (b) Fe-partial density of states for [Fe(TPP)(2-Melm)], (2-
methylimidazole) (tetraphenylporphyrinato) iron(ll). The single crystal whose porphyrin plane was
oriented either parallel or perpendicular to the x-ray propagation axis helped unambiguous identification of
in-plane and out-of-plane vibrations.

Table 4. Potential candidates for the study of nuclear resonant scattering studies using EBB capabilities
planned to be developed on the NID beamline at the APS. The isotopes that have been highlighted (bold
face) will be the focus of this proposal.

| sotope I sotopic Nuclear Half Transition Resonant Al,O5-back Refle-
Abundance Transition Life | Iy l o Cross- reflection ctivity
(%) Energy (ns) Section (hkil)
(keV) (10%°cm?)
1 Dy | 18.88 25.6513 | 28.2 | 52-5/2 |95.3 (5101534) | 092
21100 27.77 16.8 | 7/2—-5/2 | 39.0 (7132018) |0.91
YK | 0.012 29.834 425 |4 — 3 | 287 (1652116) | 0.88
21 Hg | 13.22 32.138 0.20 | 3/2-1/2 | 0.95 (5182314) |0.89
»Te| 6.99 35.499 148 | 1/2-3/2 | 26,5 (3131658) | 0.89
¥ 0s | 16.10 36.22 050 | 32-12 | 115 (781564) 0.87
1 gy | 57.25 37.15 350 | 52-7/2 | 195 (161228 14) | 0.84
2 Xe | 26.44 39.58 101 | 1/2-3/2 | 235 (2182914) |0.83
28 | 99.27 44,915 023 |0-2 0.92 (151934 14) | 0.72
B\W | 14.40 46.4837 |0.18 | 1/2—-3/2 | 5.52 (171734 30) | 0.64
¥ Th | 100.00 57.995 0.11 | 3/2-5/2 | 10.53 (20204054) | 0.20
2"Np | 0.0 59.537 68.3 | 5/2—-5/2 | 30.6 (202040 60) | 0.09
®'Ni | 1.14 67.419 7.6 | 5/2-3/2 70.1 (0 363684) | 0.32




The development of both the coherent forward scattering and inelastic nuclear
resonant scattering for each of these isotopes has the potential to initiate new programsin
many fields, such as material science, condensed matter physics, chemical physics and
environmental science. Two examples are provided in Figure 15, which are related to
high-pressure and protein applications. In the present proposal, we intend to pick only a
few candidates with an intent to have maximum potential for broad applications. Hence,
the highest priority will be given to the study of *Ni, **°I, ***Te, **!Sb, and *'Np. Table 4
summarizes their characteristics, as well as potential sapphire reflections to be studied..
Selected demonstrations of applications would include study of phonons under high
pressure, chemical characterization, diffusion, and lattice and magnetic behavior of
correlated electron systems. The community which is currently using the nuclear
resonance scattering techniques with Kr, Fe, Sn, and Eu will have to be acquainted with
the potential of new resonances, and new users have to be educated and attracted through
demonstration experiments and community outreach activities. In strengthening the
scientific case for the EBB facility, we will present below a small set currently conceived
demonstration experiments using various nuclear resonances in afew selected areas.

3.3.1 Advanced electrode materials

The interest in portable power is ever increasing, with demand for batteriesin a
wide variety of transportable electronic applications. Advanced lithium rechargeable
batteries have taken center stage because of their portability. There is mgor research
effort on lithium electrode materials because of the low electronegativity and high
electron/atom ratio for lithium. The enhancements in lithium battery performance are
hindered by limitations in the electrode materials. Improvements of the electrode
materials demand higher capacity for lithium uptake, higher lithium diffusivity, and
greater chemical and structural stability. While a whole class of tools is being used in
the development and characterization of electrode materials, nuclear resonance
scattering offers some unique capabilities for in situ investigation of chemical behavior
of electrode materials. With this goal, we have selected two classes of electrode
materials that have drawn great attention during recent years, viz., intermetallic
compounds [41] and nickelates [42]

I ntermetallic Electr odes

In recent years there has been a renewed interest in intermetallic negative
electrodes as alternatives to graphite for lithium-ion batteries because of the inherent
safety hazards of those carbon-based cells, particularly when subject to abuse or
overcharge. The choice of new materials includes ternary systems in which a strong
structural relationship exists between a parent binary intermetallic electrode, AB, in
which A and B are different metal atoms, and a lithiated LiAB product [43].

Studies of the copper-antimonide system, notably Cu,Sb, have shown
significantly superior electrochemical properties. The excellent cycling behavior of these
cellsis shown in Figure 16, in which it can be seen that, after one conditioning cycle, the
Cu,Sb electrode provides a steady rechargeable capacity of approximately 300 mAh/g;
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this practical specific capacity compares favorably with the theoretical capacity of
graphite (372 mAh/g). With respect to volumetric capacity, the Cu,Sb electrode provides
1914 mAh/ml (based on an average electrode density of 6.6 g/ml), which is significantly
superior to the theoretical volumetric capacity of graphite (818 mAh/ml). In situ x-ray
diffraction data obtained during the operation of Li/ Cu,Sb cells have provided structural
information about the reaction mechanism that occurs at the Cu,Sb electrode (Fig. 17).
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Figure 16. Plot of capacity vs. cycle number for aLi/Cu,Sb cell.

In situ x-ray diffraction data obtained during the operation of Li/ Cu,Sb cells
have provided structural information about the reaction mechanism that occurs at the
Cu,Sb electrode (Fig. 17). Analysis of the data has shown that lithium is inserted into
Cu,Sb with a concomitant extrusion of copper, which initiates a phase transition to a
lithiated zinc-blend-type structure, Li,Cu,,Sb for 0<x<2 and O<y<1, yielding Li,CuSb at
x=2, y=1. Further lithiation results in displacement of the remaining copper to yield
Li,,,Cu, ,Sb compositions (0<z<1) with the end member Li,Sb [43].
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Figure 17. Schematic illustrations of the structures formed during the electrochemical transformation of
the Cu,Sh to Li;Sh: (a) Cu,Sb [010] projection, (b) A CuSb component of Cu,Sh, (c) Li,CuSbh [110]
projection, and (d) Li,Sb [110] projection [43].

The excellent electrochemical performance obtained from Cu,Sb electrodes is
attributed to the retention of a face-centered cubic Sb array throughout discharge and
charge, despite a 42% expansion/contraction of the array that occurs during
electrochemical cycling. Other factors that contribute to the good electrochemical
properties of Cu,Sb electrodes are the fast diffusion of both lithium and copper within
the Sb array and the apparent lack of exaggerated crystal growth of the extruded copper.

There isawhole class of questions, however, concerning the chemical processes
responsible for the performance of the battery electrodes. For example, how is the
charge neutrality maintained in the cell? What are the electronic charge distributions in
the cell? How does the antimony structure remain stable through the charge-discharge
cycle? Are there phase transitions and major changes in the atomic dynamics as the
structures change?

The proposed development of high resolution optics for nuclear resonance in **Sb
would allow us to address some of the above questions. For example, it is easy to
evaluate the Sb charge state, its local symmetry and phonon dynamics from elastic and
inelastic nuclear resonance measurements. In situ measurements will give us insight into
the phase transitions in these interesting el ectrode material.
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Role of nickel oxide based anode and cathode materials

Lithium-ion battery systems, based on the use of layered LiNi,zCo,,0, as the
positive electrode material, have high energy density compared with other secondary
batteries. However, this cathode material exhibits significant capacity fade because of its
high surface reactivity with the nonaqueous electrolytes, which affects the ability to
cycle [44]. It is speculated that the displaced divalent nickel causes rapid capacity fade
by blocking the path for lithium ions, preventing them from shuttling into and out of the
cathode and resulting in a corresponding large, irreversible capacity loss. Alternatively,
anew layered material, based on LiNi,, Ti,O,, with titanium substitution is considered to
be an excellent cathode. Figure 18 shows the cycle performance of LiNiygTi ;450,.
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Figure 18. Capacity asafunction of cyclesfor acell with LiNiggsTi 050, cathode material [45].

The material exhibits high capacity densities (almost 200 mAh/g) and
outstanding cycleability, with no fade for ailmost 30 cycles. The success of this material
as compared to LiNi,;Co,,0, is associated with nickel ions that keep the lithium
channels open.

While the structure of these oxides consists of NiO, slabs made of edge-sharing
NiO, octahedra, the charge balance requires Ni atoms to have different valance states.
The microscopic nature of chemical balance in these materials is governed by valence on
nickel atoms and could be both 2+ and 3+. Evaluation of the valance can be performed
in situ as the battery is charge cycled using the nuclear resonance of ®Ni. We expect
such measurements to make a major contribution in developing electrode materials with
improved composition.

In addition, one expects Jahn-Teller distortion of the Ni"'O, octahedra with Ni in
the low-spin state. While there is no evidence for cooperative Jahn-Teller distortion of
the lattice, locally NiO, octahedra are distorted [44]. The *Ni nuclear resonant scattering
will provide direct evidence for such distortions and provide diagnostics for the absence
of such material distortion expected in materials where Ni atoms are partially replaced
by Co or Ti atoms.
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3.3.2 Chemical and dynamic structure of iodine chainsin carbon nanotubes

Single-walled carbon nanotubes (SWNTSs) have been doped with a variety of
atoms and molecules to change their electrical properties [46,47]. High-resolution
electron microscopy has revealed that the iodine in SWNTSs forms helical polyiodide
[48]. In Fig. 19, the structural model for the iodine chains intercalated in SWNTSs based
on high-resolution electron microscopy is shown. This observation has been
corroborated by Raman scattering work[49]; however, the behavior under pressure
suggests that the iodine chains might reside both in the interstitial channels and inside
the pores of the SWNTSs.
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Figure 19. Structural model of I-SWANT based on high-resolution electron microscopy. The figures
show the (a) sideview and the (b) top view of the 5 nm helical polyiodide chainin SWNT.

There are many questions still to be addressed regarding the chemical nature of
iodine atoms in I-SWNTs. What is the intercalation mechanism? Is there a charge
transfer between SWNT walls and the end atoms in a chain? What is the charge on
iodine in the chain? Are the iodine chains residing in the interstitial channels different in
structure from those occupying the pores? How does the confinement of iodine chain
influence its dynamics?

The resolution of nuclear resonance of **°I would permit us to investigate the local
symmetries of iodine atoms and their phonon dynamics. A close comparison of these
measurements with accumulated data should give us an opportunity to address some of
the above questions.
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3.3.3 Extraordinary magnetoresistance (EMR) in inhomogeneous semiconductors

Materials that have a large magnetoresistance are useful in a wide variety of
applications, and have drawn major research interest. The best examples are the “giant
magnetoresistance materials’ (GMR), which exhibit 25% increase in resistance at 50
Gauwss, and “ collossal magnetoresistance materials’ (CMR) that show 100000% increase
inresistance at 6 T (at 77K). Recently, extraordinary magnetoresistance or EMR as large
as 100% has been demonstrated in a nonmagnetic narrow-gap semiconductor ( .~ 10°
cm?/Vs) with an embedded metallic inhomogeneity. The metal in a semiconductor acts as
a short circuit, with most of the applied current passing through the metallic
“inhomogeneity” in a zero magnetic field. However in large fields, H>1/m (where mis
the carrier), the current is constrained to flow around the metallic inhomogeneity and the
metallic inhomogeneity acts as an open circuit, and the total resistance becomes very
high.

The magnetoresistance in a solid material depends on its intrinsic physical
properties (carrier density and carrier mobility) and, in EMR materials, on its geometric
properties (the shape of the solid and the shape metallic inhomogeneities, if any).
Usually, the physical properties dominate the behavior, but metallic inclusions can add to
the magnetoresistance through the geometric properties, which are dominant in EMR
materials. The classic examples of EMR materials are InSb and Hg,Cd, ., Te [50-52].

The electronic and dynamical behavior of the transition from metallic to non-
metallic state in EMR materials are of primary interest with a view to understanding the
interaction between physical and geometrical contributions. It is expected that the *!Sb
and **°Te nuclear resonances will provide characteristic information on the electronic
properties and phonon properties, when the tools are well developed.

3.3.4 The biochemical case for *'Ni nuclear vibrational resonance spectroscopy

Nickel atoms are found at the active sites of many enzymes that are critical in biology
and with respec to the environment. Among others, these reactions include:

(1) H, uptake and evolution is accomplished by the enzyme hydrogenase (H,ase) [53] :

2H" + 2¢ - H,
(2) CO oxidation and CO; reduction by carbon monoxide dehydrogenase (CODH) [54]:
CO+H,0 - CO,+2H " +2¢€

(3) acetyl-CoA synthesis and cleavage by a multienzyme complex designated acetyl-

CoA decarbonylase/synthase (ACDS), including acetyl group transfer [55]:
Egl + CoA-SCOCH; -~ CoA-SH + ECOCH;

(4) the last step in methane production by methanogenic bacteria— the reduction of
methyl-coenzyme M (CH,-S-CoM) with coenzyme B (H-S-CoB) by methyl-coenzyme M
reductase (MCR) to yield methane :

CH;-SCoM + H-SCoB - CH, + CoM-S-S-CoB.
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The first three enzyme active sites contain combinations of Fe and Ni (Figure 20). These
are referred to as the “Ni-Fe cluster” of hydrogenase, the ‘C-cluster’ of CODH, and the
‘A-cluster’ of ACDS. The last reaction is catalyzed by an unusual mononuclear Ni in a
reduced porphyrin ring. Although x-ray diffraction has provided crystal structures of al
of these sites, questions remain about the catalytic mechanisms. The key intermediates
often cannot be crystallized or only occur as modest fractions of the total sample.

If °*Ni nuclear resonance vibrational spectroscopy (NRVS) were available, this
technique could help solve important issues regarding these enzymes. Below we list just
afew of the biochemical questions and how ®*Ni NRV S would help resolve them.

(1) Does a hydride bridge occur between Ni and Fein form C of the Ni-Fe cluster ?

* observation of Ni-H and Ni-D bend frequencies
(2) Does CO bind at Ni and/or Fein reactive intermediate of the C-cluster ?
* observation of Ni-C stretching frequency
(3) Does aNi-CH, bond form at the A-cluster ?
* observation of Ni-C stretching frequency
(4) Isreductive activation of MCR Ni-centered Ni(Il) — Ni(l), ligand-centered, or both?

* the Ni-centered vibrational spectrum would contribute to the answer
Apart from the NRV'S spectrum, access to ®*Ni Mossbauer data on these samples would
help in the electronic characterization of the Ni sites. Because the radioactive sources for
®'Ni M0ssbauer are short half-life **CO (99 m) and ®*Cu (3.3 h) isotopes, time-domain
M 6ssbauer using quantum beats might be an attractive alternative.
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Figure 20. Top-left: Ball-and-stick figures of form A and reduced Ni-Fe cluster. Top-right: Bottom-left:
A proposed structure for the A-cluster [56]. Bottom-right: MCRgjjene and MCRgx1sjene forms of the MCR
enzyme.
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34 X-ray metrology: Mass and Wavelength Standards, | sotopic Dependence of
L attice Constants

The path to x-ray wavelength standards in the metrology world has been through
the use of visible wavelength standards. In 1973, Desalttes and Henins [57] published the
definitive work on x-ray and visible wavelength ratios to establish the robust connection
between these two disparate spectral regions. The use of combined x-ray and optical
interferometry was the key to this approach. Recently, using nuclear resonant scattering
(the Mossbauer effect) of °'Fe, a new approach for x-ray wavelength standard was
presented [58] from the APS. In this methodology the lattice constant of silicon is treated
as a “constant of nature”, which is well accepted by the metrology community [59]. The
accuracy in the measurement of the wavelength of this Mdssbauer transition (86.02547x
x10™ m) istrueto apart in 10". The technique has been recently applied to other radiation
wavel engths based on nuclear resonant transitions using the EBB x-ray beam discussed in
Section 3.2. [60]

Measurement of |attice constants with ultrahigh precision is fundamental to many
properties of solid state. It focuses on defining the equation of state from such
measurements as a function of temperature or pressure. The Bragg law simplifiesto A=2d
with the EBB condition, and, if the wavelength can be independently determined as
discussed above (using nuclear resonant scattering), one can measure lattice constants
with an unprecedented resolution of 1 part in 10, only limited by the resolution of an
anayzer. We have tested this concept by measuring the differing expansion coefficients of
Ge single crystals made up of four different pure isotopes as a function of temperature
[61] as shown Fig. 21. The data are taken at 14.4 keV using the NID station in
backscattering geometry.

The measurement of differences in the lattice constants of different isotopes has
implications both in the basic and applied sciences. The relative contribution of zero-point
energy to interatomic distance can be evaluated, and the degree of anharmonicity in the
interatomic forces can be measured. In addition, the role of strain in electronic band
structure modification (also known as band-structure engineering) in device design relies
heavily on the accurate knowledge of interatomic distance and its temperature
dependence. Finaly, the anomalous behavior of negative thermal expansion coefficient at
low temperatures, which is related to negative phonon softening of transverse modes can
be better understood if accurate information is available from pure isotopes. The inter-
atomic potential like Stellinger-Weber or ab initio methods like density functional theory
can be tested only in presence of correct, precise and accurate data. Given the role of
semiconductors in our modern technology, we believe that thisis going to be an important
application area for the EBB beamline. The potential for this type of work, both for
metrology applications and in condensed matter physics investigations, is only limited by
our imagination, and we expect to build a strong community around this unique capability
of the EBB beam facility.
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Figure 21. (@) The lattice constants of two different Ge isotopes as a function of temperature
measured in the NID-X station with exact Bragg backscattering conditions measured using Ge
(12 4 4) reflection at 14.536 keV with 5 meV resolution. Note that thermal expansion coefficient
becomes negative below 40 K. (b) Comparison of thermal expansion coefficients obtained from
isotopically pure °Ge and natural Ge. The data on natural Germanium (a mixture of Ge 70, 72,
73, 74 and 76) using the capacitance bridge technique is due to Carr et al. [62]. The latter data,
however, was susceptible to experimental difficulties associated with pinholes forming on the
silver coatings, and it would be difficult to perform on isotopically pure crystals with dimensions
of afew millimeters, sinceit may require crystals as long as 10 cm.
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In addition, an active group in the metrology community aims to replace the
artifact kilogram standard with an absolute standard based on Avogadro constant, N,,
given by (M x n)/(p x &°). (The numerator involves molar mass M and atoms per unit cell,
n. The denominator consists of density and cell volume. Great expertise exists at various
metrology institutes in precisely measuring all the quantities other than the lattice
constant. The direct approach to the determination of Avogadro constant could use
ultraprecision lattice constant measurement with an EBB x-ray beam to obtain the
macroscopic crystal density for isotopically enriched crystals. The kilogram standard we
use today is amost 120 years old and it is based on a Pt-Ir alloy from a single charge. The
mass standard is the only unit in Sl system still defined in terms of a material artifact [63].
The project to establish a very precise value for N,, the conversion factor between
microscopic and macroscopic amounts of matter, is expected to set improved limits on the
stability of the present standard of mass and to redefine the kilogram. An international
Avogadro Group with membership from various metrology institutes has been formed
under the auspices of the Comite Consultif pour la Masse et le grandeurs apparentees
(CCM). We expect to attract the experts from this metrology groups who would benefit
from the capabilities of the EBB beam facility, while using their competence in key areas
to improve our facilities for metrology work. The plan is to explore the new area of x-ray
metrology at the EBB beam facility in which metrology specidists (e.g., from NIST, PTB,
CSIRO, NRLM) could potentially form a new user community. We have an indirect
collaboration with Peter Becker of PTB in Germany, and we have already initiated
contacts with the Metrology Group at NIST.



3.5 X-ray Pulse Accumulation

Third generation synchrotron radiation facilities in the hard x-ray range are fully
meeting expectations by supporting a broad spectrum of scientific research requiring high
brilliance beams. The limitations of these storage-ring-based sources have recently
become apparent in the forefront research area of temporal science experiments. Most of
these experiments require either x-ray pulses of very high intensity and/or those with
subpicosecond duration. Delivering such pulses has limitations that are intrinsic to the
physics of storage rings.

In al pump-probe experiments, the pump laser has a repeat frequency of 100 Hz
to 1 kHz, which is many of orders of magnitude smaller than bunch frequency in a
storage ring. For example, with 25 bunchesfilled at the APS, a sample “sees’ x-rays from
about five million bunches, all of which cannot be used in a time-resolved experiment.
On the other hand, the pump process has to be repeated many thousands of times to
collect adequate statistics, since each x-ray pulse is not sufficiently intense. This makes
very inefficient use of the storage ring source. In addition, there is a class of experiments
in which the chemical or spin dynamics is much faster than the width of the x-ray pulse
from the storage ring to be useful.

The ideas presented to overcome these limitations are strategic to this section of
the proposal and will provide new directions in performing a unique set of time domain
experiments in the hard x-ray range, which otherwise would not be possible. The essence
of this proposal includes development of a x-ray optical cavity [10, 64], which would
perform x-ray pulse accumulation. Asaresult, the program will generate unique tools for
performing a new class of x-ray pulse experimentsin various areas of science.

While we focus here on the development of advanced x-ray pulse physics, it also
addresses many exciting problems, such as the seeding physics for the conceptualization
of the x-ray free-electron laser storage and distribution of x-ray pulses from an FEL to
different beamlines, dynamical x-ray diffraction at normal incidence, and Fabry-Perot
interferometer in the hard x-ray range. In fact, recent experiments involving two of our
proposal members (Shvydko and Alp) to realize a Fabry-Perot interferometer in the x-ray
regime has produced positive results, as shown in Figure 22 [65].

The electron bunch pattern at the APS with a limitation of 15 mA/pulse
generates 10" photons/sec/eV/pulse. One can increase this number by an order of
magnitude using an x-ray accumulation cavity as proposed here. We plan to demonstrate
the principle of x-ray pulse accumulation and photons/pul se enhancement using an x-ray
cavity made up of two sapphire crystals. The ideais to adjust the distance between the
two reflecting crystals such that the time it takes to travel from one to the other is equal to
the distance between the electron bunches in the storage ring. The length of the NID
beamline along with the flexibility of locating the reflecting optics allows one to test
these ideas. Maintaining temperatures of the reflectors to within a few millidegrees and
optical alignment to within a few microradians would be some of the major challengesin
the studies planned here. Also, the accumulated pulse has to be extracted from the x-ray
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cavity using a synchronized optical scheme. The instrumentation meeting these stringent
requirements has been conceived, and preliminary studies have been performed.
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Figure 22. First successful demonstration of an x-ray Fabry-Perot interferometer using two sapphire
backscattering crystals 5 cm apart. Data taken at the APS [65]. Top figure shows the geometry of the
experiment. The time decay data indicate near-perfect reflectivity for Al,O; (0 0 30) reflection at 14 keV.

The success of this capability will allow us not only to perform time-resolved
experiments requiring intense pulses at lower repeat frequency but also to time slice the
pulse to produce intense sub-picosecond pulses using the x-ray "switch" technique
developed by researchers at MHATT CAT. The concepts developed in this proposal can
be extended to design an x-ray storage ring with four crystal reflectors that will allow us
to increase the energy bandpass, and eliminate the need for a specialized beamline [66,

67]
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4. Beamline Technical Details

The layout of the facility along with the NID beamline is shown in Figures 1 and
2. A general description has been provided in Section 2. The new additions to build the
EBB beamline facility include experiment stations (which will replace the temporary
structure NID-X station) equipped with various instruments and a support laboratory
adjacent to the station. The layout is shown in Figure 23.

Figure 23. The proposed EBB station on the APS experimental floor and two laboratories. Since
the location of this facility is in the area known as the “Early Assembly Area’, it is not possible to make
use of a Laboratory Office Module, a standard support facility for other APS beamlines. Therefore, we
propose to build two laboratories adjacent to the beamline station. The electrons on this picture are
traveling from left to right, while the x-ray beam is in the opposite direction, being diffracted by a
backscattering crystal about 80 meters downstream.

Since most of the needs of the NID beamline are aready in place, the additional
needs reflect the scientific program described above. The major capital and materials
costs are for (@) a new undulator to meet the needs of both the SRI-CAT Sector 1
program, and the EBB facility program described here, (b) experiment stations along with
all personnel-safety and equipment-safety systems, (c) support laboratory adjacent to the
experiment station, (d) goniometers and nanomotion stages (e) monochromator crystals
and mirrors, (e) ovens with capability of temperature control of better than a few
millidegree, (f) beamline control electronics, (g) data acquisition electronics, (h)
detectors, and (i) cryogenic capabilities.
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The x-ray beam observed in the NID-X station is at the same height as the
electron beam, and the station has a direct line of sight to the ring itself. This generates
some background radiation that originates from the Compton scattering of the white
beam from white beam dlits, masks, and the first optic. We used a time-resolved detector
in the NID-X station to measure the origin of the background and identified the location
of these components, consistent with their distance from the observation point. A double-
crystal monochromator or a pair of focusing mirrors will be used to eliminate this
background.

The reflecting atomic planes of the sapphire crystals should be adjusted to be
parallel with sub-prad or even nanoradian accuracy. The higher the finesse of the crystal
surface, the more stringent is the requirement. The required range angular adjustment is
defined for the proposed experiments by the angular mismatch between the reflecting
atomic planes and the surface of the sapphire crystals. The requirement will be to build a
two-dimensional rotation stage with about 10 nrad resolution and about 1 mrad range (a
dynamic range of 10°). Such devices are not available commercially. We have
manufactured such stages and tested to our satisfaction their suitability for the NID-X
station [68]. The Bragg energy changes with temperature are typically about a tenth of a
meV/mK for high-order reflections like the (0 0 0 30) in sapphire. The energy width of
the reflection is about 13 meV. Therefore, the temperature of all EBB crystals should be
equal and stable within 10 mK so as to maintain the reflectivity peaks to within 1 meV.
We have tested a combination of passive and active temperature controls. Based on our
experience, the instrument would include a nanoradian stage with the sapphire crystal
that will be thermally isolated from the environment. The sapphire crystals can be
mounted to the flat surfaces of the nanoradian stage with the help of copper holders,
which also incorporated wire heaters. The PT100 sensors are mounted on each copper
holder and stabilized to an accuracy of 10 mK by using the heaters and computer control
[69].

Competency of Personnel

All the personnel currently developing the EBB x-ray beam facility have
extensive experience at most of the synchrotrons around the world including the
Advanced Photon Source. All have experience in exact Bragg backscattering techniques
and the various scientific programs proposed. We have already tested the basic concepts
for an EBB beamline facility, and the applications of an EBB beam in demonstration
experiments, pioneering many new areas of research. The personnel have extensive
experience in the development of innovative instrumentation for various applications.
The group also has a proven record in project planning, management and budget control.
We plan to hire a senior member with a broad experience in the field to lead the effort
and to train younger scientists and users.

In building a user program, the PIs plan to organize workshops with potential

users on aregular basis, so that, during the facility development period, the new users can
begin to perform early research in the available temporary station.
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