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Introduction

Pressure is one of the fundamental thermodynanmiabtas, which can be varied
over a range of more than sixty orders of magnitfiden the vacuum of outer space to
pressures in the interior of neutron stars. Thdagapon of matter at extreme conditions
is a central theme in a broad range of scientiiigciglines (e.g. material science
chemistry, physics, and Earth and planetary sclendde application of pressure can
induce both continuous and discontinuous changestamic and electronic structure.
Learning how atomic and electronic arrangemesttange under extreme conditions
provide insight into the nature of phase transfdiomg, chemical reaction, and also
evolution in micro- and nanostructural componestsgh as crystallite size, dislocations,
voids, and grain boundaries. Once these processasderstood, it will be possible to
predict responses of materials under thermomecalregtremes using advanced
computational tools. Further, this fundamental idealge will open new avenues for
designing and synthesizing materials with uniqueopeprties. Using these
thermomechanical extremes will allow tuning thenaitostructure and the very nature of
chemical bonds to produce revolutionary new mdteria

Powder and single-crystal diffraction and infraggbctroscopy have been on the
forefront of synchrotron-based techniques usedudysmaterials at high pressure. Many
scientific breakthroughs have been made duringldkse 30 years that advanced our
knowledge of materials at high pressure and thecttre of Earth’s interior. The
introduction of 3 generation synchrotron sources about a decadbagtead to a major
step forward in high-pressure science. New appdica of synchrotron spectroscopy
methods at high pressures in a diamond anvil @MNQG) have been developed at the
third-generation synchrotron sources: spin-seresittvray emission, nuclear resonant
scattering methods, inelastic scattering from etectand phonon excitations, resonant
inelastic scattering techniques (RIXS). The rap&ledopment of inelastic scattering
techniques provides a multitude of probes of eldargrexcitations in condensed matter
in a broad energy and momentum parameter space.a Agsult of synergetic
developments in synchrotron and pressure cell desigroad range of x-ray studies of
the physical and chemical properties of solids bannow conductedn situ at high
pressures to several hundred gigapascals.

Addressing forefront scientific questions in higlegsure research is only
achievable through combination of the results frarperiments obtained with
complementary high-pressure techniques. Furthernmneent scientific challenges in
high pressure involve multiple extreme conditionsaddition to the static or dynamic
high pressure environment, e.g. high and low teatpez, magnetic fields. The
combination of state-of-the-art diffraction withtm@al and X-ray spectroscopy, imaging
and computational methods open new frontiers irsthdy of the high pressure behavior
of materials.



Scientific Challenges

The scientific challenges in high-pressure reseaneh manifold and involve
overlapping scientific disciplines. In the past al@e, advances in synchrotron x-ray
based analytical techniques fostered remarkablkekbreughs in high pressure sciences,
including discovery of the post-perovskite phasdlgSiO; stable at more than 100 GPa
(2, 3), the unusually low melting temperaturesaifism, reaching 300 K at 118 GPa (4),
complex structures of alkali metals at high press{&-8), observation of a spin state
transition in iron under conditions in Earth’s lawmantle (9), the changes in the bond
characteristic of compressed graphite (10), aedntkeasurement of the spin and charge
order in chromium at high pressure (11).

The following chapter describes the current andirtutscientific challenges
defined by the high-pressure community at workshaps conferences held during the
period of 2005-2008. The scientific case coverdlehges from several fields, such as
material science, chemistry, physics, and eartanseis. Some classifications for these
scientific challenges are arbitrary, since they ldaoiit in any of the scientific fields
mentioned above.

Earth and Planetary Science

Study of the structure, composition, and historytleé Earth and planetary
interiors is an extremely challenging task becatise deep interior is inaccessible.
Seismological investigations are the primary sowbeut the interior structure of the
Earth and other planets. Advances in seismologyigeodetailed 3D tomographic
images that show heterogeneities, anisotropy, @dteon and discontinuities from the
surface to the center of the co&eismic models of the variation of compressiona an
shear wave velocities and densities presumablgatefladial and lateral variations of
chemical composition, mineralogy, pressure and &ratpre. Experimentally derived
information on the density and elastic propertie€arth and planetary materials under
geologically relevant pressure and temperature itond are needed for successful
interpretation of the seismic models.

Refinement of the Earth’s interior structure
Subduction Zones

Subduction zones (Figure 1) are the geologicallystraxctive areas on Earth,
greatly impacting life on Earth’s surface (12-1Subduction zones exist at convergent

plate boundaries where oceanic lithosphere consexgih another plate and plunges into
Earth’s interior. Thereby, crustal and upper mantégerials get recycled into the mantle.
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Figure 1 Structure of a subduction zone. The descding plate presses against the overlying
continental plate, causing the overlying plate toracture and producing shallow earthquakes. Deep
earthquakes occur in the oceanic crust that is begnbent downward into the subsurface. As the Plate
descends into the hot interior of the earth, rock ear the plate boundary starts to melt, feeding
volcanoes above.

Increased volcanic and earthquake activity can daend at plate boundaries,
where subduction is active. The general mechanissubduction is well understood
through the concept of plate tectonics. Howeveg, glocesses in the subduction zone,
that lead to volcanism and earthquakes are poardienstood. The technical capabilities
to study the complex processes in subduction zonsgu, have recently emerged with
the availability of & generation synchrotron sources. With the curreqegmental
facilities at hand and the unique experimental bdgpas that NSLS-1I will provide on
the horizon, experiments that simulate the commemrditions (pressure, temperature,
composition, stress etc.) in the subduction zoeerareach.

One of the key issues related to subduction zandsei influence of volatiles, in
particular water and carbon dioxide, on mineral syak properties and stabilities at high
pressure and temperature. The determination aéffiency of the recycling of volatiles
in the mantle and the identification of possiblenenal reservoirs for volatiles at Earth’s
mantle conditions will allow us to gain a deepederstanding of Earth’s water and
carbon dioxide budget and Earth-Atmosphere intemast Synchrotron IR spectroscopy
at extreme conditions is the only technique thédwa in situ investigations of the
volatile content of minerals and provides inforroation the speciation of hydrous
components. In the lower mantle, where silicateoyskite (PV) and magnesiowdstite
(MW) are the stable assemblage, the water storagacty remains uncertain, with
current estimates ranging by three orders of madajtfrom ~1 ppm (16) to over 2000
ppm wt. HO (17) in silicate perovskite. The major questiamwnis whether or not
hydrogen observed in synthetic samples occurs rastgtally bound hydroxyl in the
perovskite, or is present as hydrous mineral inghssor melt quench.

Earthquakes are among the most destructive natewahts happening in
subduction zones and are almost impossible to gtetine earthquake process involves
the interaction of stress fields with minerals amdatiles from the macro scale to the



micro scale. Deep earthquakes occuring along stioduslabs offer a natural probe of
the Earth's interior. However, the mechanisms as¢hearthquakes have remained
uncertain for decades. Improved understanding edeldynamic phenomena requies
situ, time-resolved studies of surface physics and cteynduring stress and strain
episodes. High-resolution strain mapping, chemmeabping, and interface phenomena at
controlled environmental conditions of pressurepgerature, and stress holds the hope
of new insights into the phenomena of earthquakeqsses.

Core-Mantle Boundary

The Core-Mantle-Boundary (CMB) at depth of 2900 ¢eparates the liquid outer
core from the silicate lower mantle (Figure 2). Tdiange

in physical properties across this boundary israatgas that
between the solid Earth and the atmosphere at 'Earth
surface. The CMB region is highly anomalous, anid$ithe
key to a number of fundamental geophysical question
including: thermal structure of the deep Earthgioriof
geochemical heterogeneity, ultimate repository of
subduction slab material, and chemical interactiogtsveen
the mantle and core. Just above the CMB at 2700akm
discontinuity in seismic wave velocities is observe
commonly referred to as D”. Recent advances in -high
pressure science make it now possible to routigelyerate

‘ pressure and temperature conditions of the CMBhim t
Figure 2 Cross section of laboratory.

Earth's interior. B. Close up
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The discovery of the structural phase transitiammfrperovskite to Calritype
phase (post-perovskite) (2) at pressure and teryera
j" s &‘ ‘ understanding of the CMB (2, 3) (Figure 3). Butnya
® % fundamental questions regarding D” and the CMB 1ian(&8).
& 3 & y is largely unknown (19, 20). Knowledge of exchamegactions
R \ @  at high pressures and high temperatures betweeata from
important for understanding the early Earth diffeia@ion. The
: temperature of the liquid outer core and the teatpee profile
CalrO .-type (post-perovskite) ~ the melting temperature, elastic properties andstaty
phase of (Mg,Fe)SiO3 (from (1)). Structures of iron alloys, metal oxides and loweantre

conditions of the D” discontinuity has revolutioatd our

The interaction of the molten outer core with tiieate mantle

j' \ & % one side and refractory oxides and silicates frowtleer side is
Figure 3 Crystal structure of over the CMB are still unknown (21). Measuremerfts o
silicates (e.g. perovskite and post-perovskitd)igih pressure and temperature will allow



us a further insight into the composition, tempamatand structure of the CMB.

Mission to the Earth’s core and beyond

The Lehmann discontinuity at 5150 km marks the lbamy of the liquid outer
core and the solid inner core. The structure aogeies of a planetary core promise to
provide a wealth of information about the evolutiamd dynamic processes within the
planet. However, limitations in pressure generatiod related properties measurements
at such extremely high pressures and temperatundsrithe mission to the Earth’s core
(21). As analytical techniques set restrictionstib@ minimum sizes of high pressure
samples and higher pressures normally require esmallmples, the sub-micrometer
spatial resolution of the NSLS Il X-ray beams veitlable new ground breaking work to
challenge accessibility to the pressure at theeceot the Earth’s core (3.5 million
atmospheres) and beyond. The high spatial resaltticay beam will also significantly
enhance the capability to recognize heterogeneitiggessure, temperature, chemistry,
structure and phase within small samples and toawgoreliability of experimental data
obtain at such high pressures. With such advamcesperimental capabilities, we expect
to address the long-standing issue of core compnsénd to understand the new
observations of inner core seismic anisotropy, sup@tion and magnetism.

Rheology

The plastic properties of ceramics — rocks — ah Ipgessure and temperature
control the evolution of the Earth and planets (Z2)e pressure envelope for quantitative
rheological experiments has limited us to propsrtiethe upper layers of the Earth until
very recently when synchrotron methods have extbide pressure range by about two
orders of magnitude. This has come with synchroiXeray imaging techniques and
stress metrics. The current experimental capabiityts the strain precision to 0
(resolving 100nm length change over 1 mm long sejnipl multi-anvil apparatus. The
high spatial resolution of less than 10 nm will honee by one to two orders of magnitude
strain precision to about 18nd strain rate precision to-<t00* s*and will significantly
reduce the gap of strain rates between laboratgpgrenents and geological flow (%0
10 s7). On the other hand, seismic studies use millthadoustic waves to probe the
Earth, while laboratory studies often use megahactwistic waves. Differences in these
time scales are expressed in the attenuation, eQHquality factor), of stress-strain
relationships. To measure Q, we need to measuessstelaxation times and strain
retardation times as a function of frequency. Whk advances of synchrotron tools,
unprecedented flexibility in controlling the streaad strain during the deformation
process at high pressure and temperature is feadJibe strain precision to be achieved
at the NSLS Il will allow us to describe seismicweaattenuation and related transient
creep with a requirement of strain resolution®{If@levant to seismic attenuation in the
mantle. Finally, the high spatial resolution coeltable quantitative flow measurements
in a diamond anvil cell. This will be a new erarb&ology research, promising to extend
the pressure envelope for rheological studies yeare order of magnitude, from the



pressure limit in multi-anvil apparatus to thatdémond anvil cell at the same strain
precision of 10 (resolving less than 5 nm length change over &0 long sample).
Knowledge gained thereby will place important ceoaists on the thermal, velocity, and
density structure of Earth’s interior.

Planets

The discovery of 273 extra solar planets, since&s18@monstrated that planetary
systems are very common in the universe. Understgritie formation, evolution and
current structure and dynamics of planets is a rpawmmt challenge for planetary
scientists. High pressure and temperature expetsream help interpret the data gained
from satellites and exploration missions on theenirstructure and dynamics of planets
and provide insight into planetary evolution. Treestific challenges differ from the
ones in Earth sciences, sirte range of compositions and thermodynamic camstin
the solar system is much greater than for Eartle. 8 planets and the planetary bodies in
our solar system can be divided in four categofBes giants (Jupiter, Saturn), Ice giants
(Neptune, Uranus), ice/rock bodies (Europa, Gangnéllisto, Titan, Triton, Pluto),
and terrestrial bodies (Mercury, Earth, Mars, Vemdson, o).

The investigations of hydrogen and hydrogen-helmixtures at high pressure
and temperature are key to understand the struofugas giants and will contribute to
understanding their formation. Precise measurenwdritee equation of state of hydrogen
and hydrogen-helium mixtures in the relevant presand temperature range will help to
determine if Jupiter has a rocky core. Furthermahe, detection of continuous or
discontinuous transitions in the high pressure tentperature behavior of,tand He-H
mixtures will provide important information abouhet interior structure of gas giant
planets (23).

High pressure and temperature investigation of myvateater mixtures with
ammonia, methane, and water-rock interaction withvie further insight into the
interior structure of ice giants and solid ice/rdiddies (24, 25). The determination of the
properties of aqueous fluids at moderate pressuck tamperature, e.g. reactivity,
although technically very challenging, is crucialunderstand the internal evolution of
many solid ice/rock bodies in our solar system.

Further insight into the formation, structure andlation of terrestrial planets can
be gained by determining the phase diagrams of da¢@ompositions relevant to these
planets experimentally and correlate these data megults from exploratory and satellite
missions. Extra solar terrestrial planets whichoemgass up to 10 Earth masses are
expected to have central pressures and temperatprés 3500 GPa and 8000 K, much
greater than found in terrestrial planets in ounaselar system (26) and constraining
their interior structure will consequently requegperiments to extend to much more
extreme conditions.



Material Science and Chemistry
Super hard materials

Compounds can be defined as super hard materiaksn wheir micro-hardness
exceeds 40 GPa. In addition to high hardness, tyally possess other unique
properties such as compression strength, sheataese, large bulk moduli, high melting
temperatures, chemical inertness, high thermal wcinhdty, etc., which makes them
materials highly desirable for a number of indadtapplications. One prominent goal is
to synthesize new phases in systems such as B-GoNSDB-C-N that are thermally and
chemically more stable than diamond, and hardemn thébic BN, and thus would be
excellent materials for high-speed cutting and ghotig of ferrous alloys. The most
common conditions employed to synthesize super hmaaderials involve extreme
pressures or extreme pressures in combination temtiperatures. Fundamental research
to better understand the atomic structure and theding characteristics are badly
needed. Knowledge of these fundamentals will hefennals scientists understanding
how and why a material becomes super-hard.

The source characteristics of NSLS-1l and the umigyperimental capabilities at
the proposed high-pressure stations will open nessipilities in synthesis and
characterization of super hard materials.

Nano-crystalline Materials

The field of nano-crystalline materials is in ragldvelopment (27). Materials
consisting of nanometer-sized crystallites are attarized by a large fraction of surface
or inter-surface atoms. Correspondingly, these mnadde have novel physical and
chemical properties compared to their bulk courasesy which could lead to new
functional materials. One of the main goals of hpghssure research in this area would
be a thorough investigation of crystallite sizeeeft6 on the equation of state (bulk
modulus and other elastic constants), strength @& possible solid-solid phase
transformations. As for nano-materials, the commoe seems to be that the smaller the
particle size, the higher the transition pressH@wvever, a few systems with the opposite
trend have been reported in the literature. Compgirocesses are determining the high-
pressure behavior, and there is a need for systestatlies of the influence of crystallite
size on the transition pressures and other phyparameters.

Recent developments in high-energy X-ray total tedag techniques at high
pressure combined with pair distribution functiomalysis allow now extracting
information of the atomic structure of nano-padsclfrom diffraction data. This new
technique will mature over the next years and \pilbvide fundamental insight in
structure-property relationships of nano-crystallmaterials at extreme conditions.



Porous Materials form Micro- to Nano-Pores

Porous materials play an important role in manyhnetogical processing
applications (29). These materials are widely uasdcatalysts, catalyst supports and
membranes, and form the basis of new technologs)ving energy storage, novel
reactions, waste sequestration étigy process that takes place within the pores siflil
is strongly influenced by the geometry and topolofjyhe host's pore matrix. Therefore,
the determination of the structural or physicocleihparameters that are related to the
mechanism of these processes is the key for thexcteaization of porous materials. In
order to understand the processes in the porebotiing and dynamic of guest ions and
molecules in the porous compounds need to be dietedn(30, 31).

The application of pressure to porous materialerofteads to unexpected
structural response, e.g. amorphization (32), patieh of liquid media into the pore
volume (30). Understanding the mechanism of geame&formation of the structure
with pressure and temperature is important to ewaluts stability at non-ambient
conditions. Compressibility and thermal expansiatadare necessary for thermodynamic
calculations and to yield thermo-chemical paransetath internal consistency. Possible
interactions with penetrating pressure transmittimgdia will give new insight on the
nanoscopic poroelasticity of the materials (30)e Thermal behavior of many porous
materials has been extensively studied and integesffects, for example negative
thermal expansion behavior have been discovereld (B3wvever, the literature on the
effect of pressure is limited, and until recenttild quantitative information on pressure-
induced structural modifications and phase trams&ions has been reportedihe
combination of structural data of the host and gs&sicture and data on the dynamic
and mobility of the guest yields the informationcessary to clarify the mechanism of
structural deformation and to understand technoligelevant processes.

Chemical Reactions and Reaction Kinetics

Chemical reactions are ubiquitous in nature. Theimprehensive studies are
necessary for defense, industry, and academic cieBetter understanding of the
chemical reactions in the condensed phase at ebbvatessure and temperature is
currently required. Almost all industrial and syetils chemistry occurs in the condensed
phase. Chemistry in the condensed phase is the bikie. Condensed phase chemistry
is essential to planetary processes on the Earthelisas other terrestrial bodies. The
knowledge of the reaction chemistry of energetictemals at high pressure and
temperature is necessary to understand their b@hawder impact and in detonation
conditions. Understanding of a nature of chemieattions in simple molecular materials
(e.g., hydrogen and nitrogen) will provide a bdsisdesigning and synthesizing of fuel
for the future.

Following chemical reactions using the unique tisteucture of synchrotron
sources will allow deep insight into reaction kingtand reaction mechanisms previously



inaccessible. The high brilliance of NSLS-II wiladilitate thesein situ studies of
reactions at extreme conditions.

Synthesis of Novel Materials

Research at elevated pressure and temperaturederainew insight into
synthesis of materials with properties important ifedustrial, technical and scientific
applications (34). These include super hard madseitdgh-temperature superconductors,
ferroelectrics, multiferroics, high energy dengiiaterials, hydrogen storage materials,
materials for computers and communications, and-maaterials. High-pressure studies
provide otherwise unattainable information abowg ffhase diagrams, thermodynamic
properties, and electronic structure which can iptedirections for search of materials
with desirable properties. Moreover, high-presssyathesis remains unique in many
cases.

Physics
Element Structure and Complex Alloys

The exploration of high-pressure modifications déngents has revealed a
surprising complexity of their properties and caysstructures. Recently, a rich
polymorphism under high pressure in elementary rizdgée has been observed and
reported. In addition, theoretical studies predhigthly unusual properties of materials
containing light elements, e.g. superionicity, riation and superconducting
superfluids.

Light elements like hydrogen, sodium and lithiune arlong-standing subject of
scientific interest. For hydrogen, predicted of afletation motivated a large scientific
effort over many decades. For lithium, the receistalery of low-symmetry high-
pressure allotropes in combination with theoretfeadings concerning the compression-
induced transition of the valence electron fromas-like behavior has stimulated a
number of investigations concerning their physjpaperties (35-37). Measurements of
the melting curve of sodium revealed an unexpeeatad! unpredicted behavior at high
pressures. The melting temperature of sodium resaghmaximum at about 31 GPa and
shows a decrease in the melting temperature ta<380118 GPa (4). The experimental
exploration of light elements at high pressureiireg the brilliance of "3 generation
synchrotron radiation sources, due to their wealtteging power.

A large number of elements show unexpected electrsansformations e.g.
metal-insulator transitions, or transition to suoerducting state (Figure 4).
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Figure 4 Periodic table of the elements. The purpleolor highlights the elements for which
superconductivity was observed at high pressure (gure from Ashcroft (37)).

It was shown that several elements, e.g., the hedkgline metals undergo
pressure-induced s-d transitions. In the regimin@felectronic change the occurrence of
low symmetry atomic arrangements has been obseB@ue of the structural patterns
correspond to partial structures of intermetallampounds, e.g., that of Rb-IV (38)
(Figure 5) to that of \ASis.

Figure 5 The host-guest structure of Rb-IV showmogt (blue) and guest (red)
atoms. (Figure from McMahoet al (38))

Similar framework structures have been found fer alotropes Bi-lll and Sb-II,
which are additionally characterized by incommeatgimodulations of host and guest
lattice. In the light of these investigations, phagability and crystal structures of a
number of as-yet undetermined high-pressure madiifios of elements like silicon and
germanium have been characterized. The studiesetdlim elements and the findings
concerning their electronic and structural orgatmra have motivated a number of
projects investigating the pressure dependence hef dlectronic configuration in
intermetallic phases. It was shown that in a nundbgitterbium containing intermetallic
compounds compression induces changes of the @idstiate of the rare-earth metal.
The observations of these valence transitions Hmeme a focal point of ongoing
theoretical and experimental investigations.
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Highly Correlated Electron Systems

Systems with strongly correlated electrons haveirfiased materials scientists time and
again, by revealing such intriguing phenomena g bémperature superconductivity,
the colossal magneto resistance, and heavy ferrb@ravior and unusual dynamic
ground states. There is growing evidence that inynmd these systems, as for example
the transition metal oxides, the unusual physicalperties result from a competition
between different electronic phases, of which sosi®w instability towards a
nanoscopically inhomogeneous electronic ground esté®9). Understanding the
phenomenon of “competing-order” and the inherergctebnic inhomogeneities is
considered to be key to identify the microscopicchamism of many of these exotic
ground states. In principle, pressure providesmiftable tool to study these phases, as it
allows manipulating the band structure as wellleslattice parameters and symmetry.
However, the challenge has been to detect the wiiak lattice modulations associated
with the electronic in homogeneities in a high ptge environment, and only recently
groups have succeeded (11). The NSLS-II will enabileh diffraction experiments with
an unprecedented degree of resolution, and proaidirect probe of electron-lattice
interactions in some of the most unconventionatestaof condensed matter at high
pressure.

The ability to combine high pressure with otherrexte environments such as high
magnetic or electric fields is vital for studies obmplex interactions in strongly

correlated electron systems, such as questionenang the competition or coexistence
of magnetism and superconductivity, or the intgrfdatween electronic order and Fermi
surface instabilities. The combination of high gree with other extreme environments
(in addition to temperature) is world wide stillits infancy. The NSLS-II offers a unique

chance to develop a world-leading program.

High Pressure Program at NSLS

High-pressure research has a strong presence atS.N&lurrently, four
experimental end stations are dedicated to highspre research using diamond anvil
cells and large volume presses. The experimentdoasded at the superconducting
wiggler X17 at the X-ray ring and the bending magb at the UV ring. X17B2
provides the high-pressure community with statéhefart capabilities for experiments in
large volume presses. Diffraction experiments ghhpressure and temperature in a
diamond anvil cell can be performed at X17B3 and®&1The bending magnet beamline
U2A offers the unique capability of conducting arfed spectroscopy measurements at
high pressure and moderate temperatures usingreoddhanvil cell.

The experimental capabilities provided by the higlessure program at NSLS
serves each year a user community of about 208 frgen 50 national and international
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institutions. The topics of the conducted experitaariginate in a range of scientific
disciplines, such as material sciences, physiathEaiences and chemistry.

During the past six years, the high-pressure progaaNSLS has been mainly
supported by NSF, through COMPRES (COnsortium fatdvlals Properties Research
in Earth Sciences). Additional funds for the IR dpascopy beamline U2A have been
provided by DOE CDAC (Carnegie/DOE Alliance Centand by NSF-EAR and DOD
for large volume program at X17B2.

The high-pressure program at NSLS is currently oujmg the capabilities of the
experimental stations by addition of new hardwaned aby development and
implementation of new experimental techniques. Sofmle new additions are already
made with the unique beam characteristic of NSL8-thind.

The following additions will be made to the bearaBrduring 2008 and 2009:
X17B2

Development of a monochromatic X-ray diffractiomlesistation.
The side station will allow experiments in a Pd&dinburgh type
pressure cell at pressures up to 30 GPa and ak@@@ K.
Experiments in side station can be conducted sanatiusly with
experiments in the large volume press resultinghare effective
use of beamtime.

Implementation of a new ten element solid stateeatet for
precise stress measurements.

X17B3

Development of a compact laser heating system basecdh
Yb:fiber laser. This will add simultaneous high gsere and
temperature capabilities to the beamline. Furtheemthis is the
first step towards the development of a potentiglbytable laser
heating system for NSLS-II.

Development of micro beam capabilities (beam sizéum) by
focusing with kinoform refractive lenses in colla@ton with K.

Evans-Lutterodt (NSLS). This development is thestfiistep
towards sub micron beams at the high pressur@ssasit NSLS-II
(e.g. proposed Station A)

Further development of the total X-ray scatteri@chhique at high
pressures and temperatures for the investigationligdrdered,
amorphous and liquid materials in diamond anvilscel
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X17C
Implementation of angle dispersive and energy dspe single
crystal diffraction, in collaboration with P. Def@SECARS).

U2A

Development of in-situ high pressure and tempeeasynchrotron
IR spectroscopy and applications to Earth sciersces material
sciences under extreme condition (up to 300 GP&8a4a K). The
first step is to build an offline laser heatingteys based on a GO
laser, allowing the investigations of samples ghedcfrom high
temperatures.

Coupling dynamic-compression with pulsed synchrotradiation
for time resolved measurements. A feasibility stbgya team led
by Daniel Dolan from Sandia National LaboratoriesQctober
2006 achieved an important milestone when they vedile to
couple a broadband synchrotron IR radiation fromAUWi2zamline
to characterize the emissivity of a copper film @ndhock
compression.

Development of an experimental side station. The faeility will
allow measurements on high-pressure samples wehhtghest
spatial resolution possible at a synchrotron soustele also
having the highest broadband IR brightness. Withnew
microscope coupling a newly developed IR focal plaarray
detector and FTIR instrument, the facility will hdeal for
mapping of natural samples (e.g., solid and flaicusions in thin
section), heterogeneous charges from high-pressyseriments,
as well as samplem situ at very high pressure in diamond or
moissanite anvil cells.

Due to the continual development of the experimestations, we expect a
significant growth of the user community over tlextyears.

A large portion of the high-pressure research dt®takes place in experimental
stations at the superconducting wiggler X17 andetioee depends on greatly on the
reliability of this insertion device. The high-psese community follows with great
interest the solutions to the problem with the gemic cooling system of the wiggler
X17. From the currently discussed solutions, thghipressure community is largely in
favor of the replacement of the wiggler X17 witlmew superconducting wiggler, which
can be operated at reduced capabilities (limitettl fand/or periods) at NSLS and be
transferred to NSLS-II. The advantages of this tsmtufor the high pressure program at
NSLS as follows: (i) the high pressure experimentauld be served by a new and
reliable insertion device; (ii) the reduced captibd of the new superconducting wiggler
would be equal or superior to the current wiggherd (iii) a superconducting wiggler,
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suitable for high pressure research and taking &Nantage of the unique source
characteristics of NSLS-1l would be present atribe ring on day one.

The high-pressure community applauds the decisidheoNSLS to build a new
beamline, X17A, at the superconducting wiggler pdithe unique capability of this
beamline will be ideal for investigation of disordd, nano-crystalline and amorphous
materials at high pressure, using X-ray total scamty in conjunction with pair
distribution function analysis. The condensed mapieysics department at BNL has
submitted an energy-related Laboratory DirectedeBeh and Development proposal
(Tranquada, Huecker, Bozovic, Davis). As part a$ firoposal it is planned to develop
the capability to perform high-pressure single-talysX-ray diffraction at low
temperatures at X17A. This is in addition to theynaple of this beamline for powder
diffraction. The decision on this proposal is gtéinding. These additional high-pressure
capabilities will further strengthen the high pragsresearch program at NSLS and could
be transferred to a high-pressure or high-energyntiae at the NSLS-II.

The development of a new generation of X-ray detsciead by D.P. Siddons at
NSLS, is of great interest to the high-pressureaeshers. The current generation of area
detectors was developed mostly for protein crystgdphy and therefore has the highest
sensitivity at X-ray energies of 8-12 keV. Diffrat experiments at high pressure are
usually conducted at energies of 30-40 keV, whbesd detectors have a remaining
efficiency of less than 40 %. The proposed micipsind a hybrid pixel-array detector
using germanium sensors will be an ideal deteatordfffraction experiments at high
energies. High pressure diffraction experimentd wmiainly benefit form the superior
signal-to-noise ratio, the fast read-out time drallarge dynamic range. We envision the
germanium hybrid pixel-array detector as the stehaketector at the dedicated high
pressure diffraction stations proposed for NSLS-II.

High Pressure Program at NSLS-II

The future scientific challenges in high pressuwsearch involve sophisticated
experiments on increasingly complex systems at kigirer pressures and temperatures.
Most of the modern scientific questions in reseaathextreme conditions require
integration of multiple experimental techniqguese ®Bample environment for experiments
at extreme conditions poses a rigorous restrictftoeample size and volume and often
contaminates the collected data. Therefore, thaimagents on focal size, collimation
and beam stability are very high. The small sowwize and the high brilliance over a
large range of X-ray energies of NSLS-II will gigabenefit experiments at extreme
conditions and stimulate new directions in reseafamnaterials at extreme conditions.

The high-pressure program at NSLS-II should have ¢@mponents: dedicated
high pressure beam lines and support for high-preseesearch at a variety of other
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beamlines around the ring. Many high pressure eelscompact and portable and thus
there is a prime opportunity to integrate high-puee techniques into other beamlines
built at NSLS-II from the beginning. We envisionetldevelopment of portable and
compact laser heating systems that will allow stamdous high-pressure and
temperature experiments to be performed using d@manvil cells at nearly any
beamline. Our experience at other synchrotron ssuis that new X-ray techniques are
commonly adaptable to high-pressure application thog often requires restructuring of
the sample stage and/or X-ray optics. However, dpecial needs of high-pressure
equipment need to be considered now, in the dgsigise of the experimental stations
for NSLS-II. This will be of great benefit, enabte greater array of groundbreaking
scientific research, and ultimately reduced cost.

The NSLS-II x-ray sources offer great improvemeover the existing NSLS
beamlines for experiments at extreme conditionsies€ improvements arise from the
following four factors:

1. The storage ring emittance is much smaller, meatinag the source size is
smaller. The source divergence is also less, wiich significant factor for
undulator beamlines, although not for bending magrewiggler beamlines,
where the natural opening angle of the synchrotadiation dominates the

divergence.

2. The number of insertion device straight sectionsn@eased by more than a
factor of 4, and the maximum length of insertiowides is increased from 4.5 to
7 meters.

3. The ring current is increased from 300 to 500 mA.

4, The ring energy is increased from 2.8 GeV to 3.9 Ge

There are three figures of merit that are commambgd when comparing
synchrotron sources:

1. Flux: This is the number of photons per 0.1% endandwidth, integrated over
the full vertical opening angle, per 1 mrad of korital angle. Flux is the
appropriate figure of merit for a beamline withioptthat can collect a large
fraction of the output of a wiggler or bending magsource. It is not very useful
for high-pressure beamlines, because the high mseagd small beam sizes
required preclude collecting a large solid angle.

2. Intensity. This is the flux density in the cendéra synchrotron beam, i.e. the
number of photons per 0.1% energy bandwidth, padhuf solid angle. It is the
appropriate figure of merit for a beamline withioptconsisting of a small slit to
define the beam, and that does not use focusingsopfn example would be
white beam in the multi-anvil press. Figure 6 shdke intensity of a number of
synchrotron sources, including NSLS-II undulatard svigglers, NSLS X17,
APS undulator A, and the APS bending magnet.

3. Brightness. This is the intensity per unit sowsize. It is the appropriate figure
of merit for a beamline that has focusing optiEggure 7 shows the brightness of
the same synchrotron sources plotted in FigurB@e that because NSLS-II has
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a very small source size, it has a very large tbniggs. In order to take deliver
this brightness to the experiment, it will be neseeyg to have x-ray optics of

extremely high quality.

Figure 6 Intensity of synchrotron x-ray sourcefie3e include NSLS-11 20 mm period
undulator tuning curve; NSLS-1I superconducting gkgy 100 mm period, 6T field;

NSLS Il superconducting wiggler 60mm period, 4TdjieNSLS-11 damping wiggler, 90
mm period; NSLS X17 superconducting wiggler; APSY38 period undulator tuning
curve; same APS undulator with gap tapered frorb i®12.5 mm, modeled as a wiggler

source; APS bending magnet.
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Figure 7 : Brightness of the same synchrotronyxsiurces plotted in Figure 6.
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Table 1. Parameters of synchrotron sources plotteish Figures 1 and 2

Source E Current| Magnetic | Period | # poles| Source
(GeV) (mA) field (mm) size
(T) (Sx: Sy,
nm)
NSLS-Il undulator (U20) 3.0 500 20 300 28, 2.6
NSLS-II damping 3.0 500 1.8 90 150 99,55
wiggler (DW90)
NSLS-II superconducting 3.0 500 6.0 100 20 28, 2.6
wiggler (SCW100)
NSLS-II superconducting 3.0 500 4.0 60 34 28, 2.6
wiggler (SCW60)
NSLS X-17 2.8 300 4.2 174 5 307,11
superconducting wiggler
APS bending magnet 7.0 100 6 1 109, 27
APS undulator A 7.0 100 33 144 275, 9
APS undulator A 7.0 100 0.81 33 144 275, 9
(tapered)

Multi-anvil press experiments:

There are two superconducting wigglers that coddbnsidered for the multi-
anvil press high pressure beamline at NSLS-II. fits¢is a 6 T device with a 100 mm
period, and the second is a 4 T device with a 60panod. The lower field device can
have more periods (at a fixed 1 m length), and thigker intensity up to about 65 keV.
The lower field device also has many fewer photaingery high energy (e.g. 300 keV),
which could greatly simply the shielding in the ¢tutwhen using white beam. These
wigglers provide an intensity that is 10-20 timesager than X17 up to 100 keV. Given
that the experiments at NSLS-II will be about twibe distance from the source as those
at NSLS, the gain in photons on the sample thraught will be about 2.5 to 5 over the
existing setup at X17B2. The fact that the sowize is much smaller at NSLS-11 will
not have a significant impact on these experimesmse they do not use focusing optics.
Relative to the APS undulator operated in taperedenthe NSLS-II will be a factor of 2
to 10 lower in intensity, depending on the enengy which wiggler is selected.

Diamond anvil cell experiments:
The diamond cell experiments at NSLS-II will usecdsing optics, and so

brightness is the appropriate figure of merit (Feggd). It can be seen that NSLS-II
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superconducting wigglers offer increases of moentBOO relative to X17. Even more
impressive are the gains from the U20 undulatddSitS-1l. This has a brightness up to
5 orders of magnitude greater than X17, and thghbress exceeds that of the NSLS-II
superconducting wigglers up to about 30 keV. ldddgee U20 undulator has a higher
brightness than the APS undulator up to about 2& k&he U20 undulator will be an

excellent source for spectroscopy, inelastic sgatge and diffraction below about 25

keV. It will offer a tremendous increase in cafliibs relative to X17. The large gap (90
mm) bending magnet is the ideal source for the gweq far-infrared beamlines. It will

provide better flux and brightness over the enfiteregion and a 10-1000 times better
stability. This will enhance the experimental capis for IR spectroscopy at extreme
conditions.

A major challenge will be the development of optikkat can take advantage of
the very small source sizes at NSLS-II. For examnil order to preserve the brightness
of the source an optic such as a Kirkpatrick-Ba@zanmust have slope errors that are
less than about 25% of the angular size of thecgoas viewed from the optic. At NSLS-
Il the vertical source size for the undulator i6 ghicrons, and the optic will be about 50
m from the source. The slope error requiremerthis 0.252.6 10%50 = 1.3 10°%.
This is a slope error of 0.01&ad. The best mirrors we are currently able tacipase
have slope errors of about 0.5®ad, so factors of 40 improvements in quality are
required.

In summary, the above discussion illustrates that three proposed extreme
conditions beamlines for extreme conditions wilbyide unique capabilities currently
not available in the portfolio of DOE beamlinesghchrotron radiation facilities.

Superconducting Wiggler
Diamond Anvil Cell Stations

The high pressure community identified the needtfoo extreme conditions
diffraction stations utilizing small pressure geaterg devices like diamond anvil cells
(DAC) or small Paris-Edinburgh (PE) cells, locattdhe superconducting wiggler port.
The experimental capabilities of the two diffractieeamlines are complementary to each
other and to other diffraction beamlines proposedNISLS-II.

Station A

Station A will be a diffraction beamline for expments at simultaneous high
pressure and temperature. An experimental hutchsudficient size (4x5 m) to
accommodate the experimental setup including a aeemt laser heating system and
possibly other spectroscopic (Raman, Brillouin)teyss is necessary. The station will
operate at a fixed energy in the range of 35-40 leed will be optimized for the
following high-demand experimental techniques:
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Powder diffraction: Measurements of PVT equations of state,
compressibility, structural evolution, phase transfation, element
partitioning, melting, strength, rheology, etc ohple to moderately
complex structures at pressure and temperaturee fiesolved
measurements of phase transformations and reattiaetermine kinetic
parameters.

Single crystal diffraction: Determination of complex crystal structures
and the investigation of their compression behavior

Quasi single-crystal diffraction: The micro-beam capabilitiesill make

a new class of experiments at high pressure anpeaeture possible.
Experiments at high pressure and temperature li¢ad i transitions of a
single phased compound to a multi phase assemiiaganicro-beam
will allow to probe desired grains in the polyclihe and multiphase
sample and perform single crystal diffraction oestd grains with sizes

< lpm.

The following components for the beamline and tlpeeimental station are
proposed:

The monochromator will be a side scattering asymmbent Laue crystal
utilizing the (111) or (311) reflection of silicoho gain a high stability the
monochromator needs to be liquid dboled. The energy resolution of the
monochromator should be aimed fff/E of 1° 10°to 1 10™.

Microfocusing optic, including silicon kinoform Fseel lenses,
Kirkpatrick-Baez mirrors, or zone plates will beedsto focus the beam in
the horizontal and vertical directions. The beare $or Station A should
be adjustable betweem® and 100 nm.

The sample stages need degrees of freedory Y9 z , in order to
perform the above-mentioned experiments. The mecalastability of the
optical table and the translation and rotation esageeds to be high, due
to the small beam size in combination with the Hakeating setup.
Furthermore, the sphere of confusion of the trdiogiaand rotation stages
needs to very small, to meet the extraordinary celmaof micro
diffraction.

An area detector will be used to detect the diffeercpatterns. The use of
the germanium pixel-array detector, currently undeveloped by D.P.

Siddons at NSLS, is anticipated to be one of thieeater options for

Station A.

A double-sided laser heating system suited fop @@l Yb:fiber laser will
add high temperature capabilities to the beamliBetrapolating the
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current advancements in laser technology, a verynpeat, but
mechanically stable, design for the laser heatys¢esn might be possible.

A micro-Raman spectrometer for simultaneous X-rafyrasttion and
Raman spectroscopy studies will be installed abdamline. This system
will be used for online pressure measurementsumydéiscence methods as
well.

Additional the following beamline components wille bneeded: Slit
systems, cleanup slits and pinholes, motorized kstapy cameras, and
ionization chambers.

Station B

Station B will be a diffraction beamline for expeents at simultaneous high
pressure and high/low temperatures. An experinhéntah of sufficient size (3x5 m) to
accommodate the experimental setup including ther laeating systems and a cryostat is
necessary. The station will operate in the eneagge from 20-120 keV. The wide
energy range will allow large variety of scatteriegperiments at extreme conditions,
currently not possible at other dedicated highgues beamlines in the world. In
addition to conventional powder and single crystdiraction at extreme conditions,
Station B will allow the following experimental tegiques.

X-ray total scattering: Standard X-ray diffraction techniques that are
only take the Bragg component of the elastic sgagento account for
structure determination fail on whole classes oftamals (e.qg.
nanocrystalline, amorphous materials and liquigsgaise of their limited
structural coherence. Total elastic X-ray scattgrincluding the Bragg
and diffuse contributions, in conjunction with palistribution function
analysis allows determining the short-, intermesliabnd long-range
atomic arrangement. A high-energy incident X-rayarbewith large
detector coverage is necessary to measure high wester transfers in
order to obtain a real space resolution of bettantl A.

Resonant scattering: The high brilliance of NSLS-II will allow
measurements of the anomalous dispersion of thetste factor close to
the K- andL- absorption edges at extreme conditions. Gaindujtianal
information of the crystal structure of complex sislline and non-
crystalline materials at extreme conditions. Theergyp range of the
proposed experimental station will allow resonasdti®ring experiments
on absorption edges of elements with 43.

The following components for the beamline and tlkpeeimental station are
proposed:
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The monochromator needs to cover a wide energyerang the energy
needs to be tunable. Two monochromators are netwddlfill these
requirements. A silicon (111) double crystal momochmator (Bragg
geometry) for the energy range of 20-50 keV andi@as (311) sagitally
bent Laue double crystal monochromator for the ggheange above 50
keV.

Mirrors in Kirkpatrick-Baez geometry will achievetizontal and vertical
focusing. The beam size for Station B should beveen 1-5mm.

The sample stages need degrees of freedomyinz , c, , 29 in order
to perform the above-mentioned experiments. Theharacal stability of
the optical table and the translation and rotatitages needs to be high,
due to the small beam size in combination with khger heating or
cryostat setup.

An area detector will be used to detect the diffeercpatterns. The use of
the germanium pixel-array detector, currently undeveloped by D.P.

Siddons at NSLS, is anticipated to be one of thieeater options for

Station A. Single crystal diffraction measuremeantsl resonant scattering
experiments will benefit from the availability of @int detector, usable
with and without analyzer crystal.

A double-sided laser heating system suited fog @@l Yb:fiber laser will
add high temperature capabilities to the beamliBetrapolating the
current advancements in laser technology, a verynpeat, but
mechanically stable, design for the laser heatys¢esn might be possible.

A closed cycle He-cryostat capable of reaching &namjpires of < 1 K will
add low temperature capabilities to the beamline.

A micro-Raman spectrometer for simultaneous X-rafyrattion and
Raman spectroscopy studies will be installed ab#wanline. This system
will be used for online pressure measurementsumydéiscence methods as
well.

Additional the following beamline components wille bneeded: Slit
systems, cleanup slits and pinholes, motorized bstapy small crane for
moving heavy equipment (e.g. cryostat), camerasj #&nization
chambers.
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Large Volume Press Stations

The high pressure community identified the needtfoo extreme conditions
diffraction stations with large hydraulic presses generate sample environments at
extreme pressure and temperature in situationsenMbege samples (1 mm) are required
or uniform pressure and temperature are importahese systems will generally work at
pressures up to about 60 GPa.

Station C

Station C will be a diffraction beamline for expeents at simultaneous high
pressure and temperature. An experimental hutchsudficient size (4x5 m) to
accommodate the experimental setup and space Veraddarge Paris-Edinburgh type
pressure cells is necessary. The station will dpeatia fixed energy in the range of 35-
40 keV and will be used to explore samples at extreonditions using X-ray diffraction
and imaging. Interchangeable high pressure systeithde used here. The different
systems will be optimized for a variety of experirtad goals.

Slow dynamic processesMaterials respond to pressure, temperature and
stress on various time scales. Several time-redobxgeriments require
long periods of time to define kinetics or rheologlyslow strain rates.
This hutch will allow a high pressure experimentémtinue over several
days/weeks but not continually be in the X-ray bed@he experiment can
be started, be characterized with X-rays and tloeirtue at high pressure
and temperature off-line while other experimentstthe beam time. In
certain time intervals, the pressure cell will beved onto the experiment
and characterized with X-ray techniques.

Sample imaging: Cells with a large angular access will be used fo
tomographic imaging of the sample. This will allstudies of fluid flow
through the sample at elevated pressure and tetopmra Melting
phenomena can also be studied with this technique.

Powder diffraction: Equation of state measurements, phase
transformations, kinetics can be studied with diffron measurements.

The following components for the beamline and tlpeeimental station are
proposed:

The monochromator will be a side scattering sdgi@using asymmetric
bent Laue crystal utilizing the (111) or (311) eefiion of siliconTo gain
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a high stability the monochromator needs to beidigy, cooled. The
energy resolution of the monochromator should leedi for DE/E of
1" 10*, since we expect a major advancement in the $pasalution of
area detectors. The focusing capacity of the mawocator will be
sufficient for a beam size of about 1:00.

Detector: an area detector will be primarily usedthis hutch. Also
available will be a high-resolution detector systaith two detectors, one
about a two theta axis that is vertical, the otherizontal. This will

enable high accuracy stress measurements.

Paris-Edinburgh type high pressure cells with \@egressure modules
designs. Opposed Anvil, T-Cup, DT-Cup. Clamp ceilh cryostat.

Additionally, the following beamline components Wile needed: Slit
systems, cleanup slits and pinholes, motorized kstapy small crane for
moving heavy equipment (e.g. PE cell), camerasj@mdation chambers.

Station D

Station D will house a 2000-ton hydraulic presshwihterchangeable high
pressure toolings. These toolings will be spexgali to serve several different
experiments where a high pressure — high tempera&avironment is important. This
provides a versatile experimental environment taax continually expand as new needs
arise by the design and implementation of new hgp$iets. The station will operate in
the energy range from 20-120 keV. Both monochramnatd white x-rays will be
available for the experiments as some high pressondéigurations have very limited
angular access for the detection. The wide eneagge will allow large variety of
scattering experiments at extreme conditions, otigrenot possible at other dedicated
high pressure beamlines in the world.

Rheology: The strength of material at high pressure and teatpe —
and the viscosity of solids can be studied usiniprdeation tooling. A
combination of diffraction and imaging provide theeded data for this
information.

Ultrasonic elastic properties: Elastic properties are fundamental
properties of materials that map into the equatbrstate and further
define the response to stress. Acoustic wavessaimp information, but
require mm sized samples.

Tomographic imaging: Phenomena from fluid flow to faulting are
possible to study with 3-d mapping of the sampléhvime. By doping
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the sample with materials that have x-ray contadletvs these techniques
to be applied at high pressure and temperature.

Beamline with monochromatic and white beam capadsli

2000 t hydraulic jack and frame
Kawai style system: routine capable of 30 GPa 30@0K, but
may reach 60 GPa and 3000K, for 1x1x1 haimension samples.
DDIA Deformation system. Capable of 10 GPA and B0@vith
uniaxial stress capability, for 1x1x1 msamples

Deformation Kawai style, pressure of Kawai deviaghwiniaxial
stress capability. Currently under development.

Rock mechanics imaging system: 1 GPa pressure, KLOOO
10x10x10 cm samples for fluid flow studies usingntgraphic
imaging.

Rotational Drickamer device: 50 GPa, 3000K witkaing stress,
3x1x1 mmi sample. Also useful for tomographic imaging ahhi
pressure.

The monochromator needs to cover a wide energyerang the energy
needs to be tunable. Two monochromators are netwddlfill these
requirements. A silicon (111) double crystal morroamator for the
energy range of 20-50 keV and a silicon (311) s#lgibent Laue double
crystal monochromator for the energy range aboviee30

Focusing should be available for both white and acbnomatic beams.
Spot sizes from 0.5 mm to 0.005 mm are requirede dmall size will be
used to investigate lateral variations within taeye sample.

Imaging requires a parallel incident beam and apaesion of the
transmitted beam. The optics for this need todelbped.

Diffraction. High d-spacing resolution in multipkzimuthal directions is
required for stress measurements. Goals 6fat@ required for d-spacing
resolution.
Undulator U20
The rapid development of inelastic scattering temines provides a multitude of

probes of elementary excitations in condensed matta broad energy and momentum
parameter space. High resolution techniques uswaliyire tight focusing of X-rays,
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which is ideally matched to the experimental cdods in DAC to very high pressures in

excess of 300 GPa The experimental station propbeesl is specialized on a suite of
techniques, which matches ideally the future NSL&herent sub-meV resolution x-ray

sources. The brightness of the X-rays at NSLS-dniorder of magnitude greater than at
the APS (few keV to 20 keV range), are ideally rhattto the multitude of high pressure
spectroscopic techniques thriving 4t @eneration synchrotron sources.

The high pressure community proposes one experahstation at the undulator
U20 port which will be specialized on X-ray spestopy at extreme conditions.
Although the energy range provided by the unduletarot ideally suited for diffraction
experiments at extreme conditions, some diffracttapabilities should be available at
this beamlines to allow characterization of the sasample by spectroscopic and
diffraction methods.

Station A

Station A specializes on X-ray spectroscopy expenits at simultaneous high
pressure and high/low temperatures. An experinhéntah of sufficient size (4x6 m) to
accommodate a large goniometer and equipment tergtnhigh and low temperatures is
necessary. The station will operate in the eneagye from 5-25 keV and will be
optimized for the following techniques.

X-ray absorption spectroscopy:X-ray absorption spectroscopy can be
divided into near edge spectroscopy (XANES) anderkd X-ray
absorption fine structure (EXAFS). In the EXAFSjion, the excited
electron has significant kinetic energy and EXAR&drum contains
information on the local geometry around the abisgrbatom. The
XANES structure can be described be the multiplattedng, or
alternatively, one can use electronic structure eteoduch as density-
functional theory to calculate the unoccupied dgnsi states (DOS). X-
ray magnetic circular dichroism (XMCD) is an import phenomenon in
both X-ray absorption and X-ray emission. The méagn&ructure of a
system is studied by making use of circular pokdtiX-rays. XMCD can
be observed in both XANES and EXAFS. XMCD in XANE& measure
spin-resolved conduction band densities of statdsreas XMCD in
EXAFS provides local magnetic structural informatioThe unique
advantage of NSLS-II for the suite of high-pressa¥AFS, XANES, and
XMCD is in tightly focused x-ray beams, which wglllow detailed
analysis of the samples in the high-pressure enmiemt by mapping of
local structure, valence states, magnetic structarel spin-dependent
density of states with high spatial resolution l&tashigh pressures.

X-ray near-edge spectroscopy:Near core-electron absorption edge
features measured by soft x-ray absorption (XANBSglectron energy
loss spectroscopy (EELS) reveal information on dbahbonding. Such
information is particularly pronounced and impottéor light elements,
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but has been inaccessible for high-pressure studidbe pressure vessel
completely blocks the soft x-ray and electron beawigh x-ray inelastic
near-edge spectroscopy (XINES), the high-energyidemt x-ray
penetrates the pressure vessel and reaches thdesahme scattered
photon loses a portion of energy correspondindnéd<tedge of the low-Z
sample, but can still exit the vessel to be registeon the analyzer-
detector system. Inelastii-edge scattering spectra of second-row
elements from Li (56 eV) to O (543 eV) at high pe®s opened a wide
new field of neaK-edge spectroscopy of the second row elements.

X-ray emission spectroscopy:In the x-ray emission (XES) technique,
deep-core electrons in the sample are excited kgys- The core-holes
then decay through either radiative or non-radefivocesses. For deep-
core holes, the dominant decay channels are raeliptocesses, producing
fluorescence, which is analyzed to provide infoioraton the filled
electronic states of the sample. The informatioovipled by XES is
complementary to that provided by x-ray absorptspectroscopy. The
final state of the fluorescent process is a one-Btadte, similar to the final
state of a photoemission process. Thus, the impioriformation provided
by photoelectron spectroscopy, namely large chdnsiudts in the core-
level binding energies and the valence band dews$istates, is available
in XES.

Nuclear resonant inelastic X-ray scattering: The inelastic method
provides specific information about materials vilmaal states, e.g., the
phonon density of states. The Méssbauer methodashamique of choice
to measure hyperfine interactions. All nuclear neswe techniques take
full advantage of the unique properties of synalmmotadiation: intensity,

collimation, time structure, and polarization. Asresult both methods
have led to novel applications for materials undetreme conditions.

Nuclear resonant scattering yields information lb@ phonon density of
states (DOS) through an inelastic scattering. Imcgple, the DOS

provides constraints on dynamic, thermodynamic, eladtic information

of a material, including vibrational kinetic energero-point vibrational

energy, vibrational entropy, vibrational heat capya®ebye temperature,
Grlineisen parameter, thermal expansivity, longitadivelocity, shear

velocities, bulk modulus, and shear modulus.

Nuclear forward scattering: Modssbauer spectroscopy has been used
extensively in high-pressure mineralogy in labonatstudies with a
radioactive parent source. High-pressure studiesgua conventional
Mossbauer source suffer from limited intensity fieeasurements on small
samples, absorption by anvils, and background estaqt The nuclear
forward scattering can be used to measure magnetitsitions and
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hyperfine fields at high and low temperatures, aadprobe valence
changes under pressure and temperature.

The following components for the beamline and tlpeeimental station are
proposed:

A cryogenically cooled monolithic silicon (111) nuohromator will be
used at the beamline, giving an energy resolutiohe%y. An additional
cryogenically cooled double channel-cut silicon mdmomator will be
employed for experiments, which need a higher gneggplution (2meV).

Large mirrors in Kirkpatrick-Baez geometry will @t to collect nearly

the entire fan emitted by the undulator. The beamlze focused to a size
of about 10 um with this set of mirrors. For expents that need a
smaller focal size, a set of small mirrors in Kiakpck-Baez geometry
will be available, allowing a beam size of 1 um.

A variety of detectors and analyzers should belabks for the different
inelastic X-ray scattering techniques dependingtloe needed energy
resolution. We anticipate the need for a silicoreparray detector, a
multi-element silicon drift diode for fluorescenceeasurements and a
multi-crystal analyzer. Furthermore, a CCD or gara pixel-array will
serve as detector for diffraction experiments.

A large 6-circle Kappa-geometry diffractometer, ethcan accommodate
heavy equipment on the detector arm (e.g. deteamtar multi-crystal
analyzer) and on the sample position (e.g. crypstait be installed.

A double-sided laser heating system suited forilgerflaser will add high
temperature capabilities to the beamline. Extrapaa the current
advancements in laser technology, a very compadgt, nfeechanically
stable, design for the laser heating system mighidssible.

A closed cycle He-cryostat capable of reaching &namjpires of < 1 K will
add low temperature capabilities to the beamline.

Additional the following beamline components wille bneeded: Slit
systems, cleanup slits and pinholes, motorized kstapy small crane for
moving heavy equipment (e.g. cryostat), cameras] &mization
chambers.
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Bending Magnet

The beamline for infrared spectroscopy at extremalitions should be located
on a bending magnet port with a wide gap (90 mrppldi The energy range should
cover the far infrared to visible spectrum. An esxmental hutch of 46 m is needed to
accommodate the experimental setup. The interlogktesn should allow for
simultaneous operation of IR spectroscopy sta@onion Argon and a high power O
lasers for the laser heating system. The hutchldhmilocated nearby the high-pressure
undulator X-ray beamlines to create the opportutotgonnect the IR beam through an
extension pipe into the undulator hutches in otdgrerformin situ X-ray and IR studies
for same samples under extreme conditions. Besatelard IR spectroscopy at extreme
conditions, a large growth potential lies in thddwing two experiments that will be
facilitated by the unique beam characteristic oL SSI.

IR spectroscopy at simultaneous high pressure anddh temperature:
Currently, IR spectroscopy measurements at highspre are limited to
temperatures of 1000K or investigations of samplesnched after offline
laser heating. The high flux and the high spagabtution of NSLS-II will
allow performing IR spectroscopy measurement on psasn heated
simultaneously by a CQOaser. This unique capability will open exiting
new research directions in Earth and material seien

IR spectroscopy coupled with dynamic compression:Material

emissivity measurements at extreme conditions cavige fundamentally
important data that allow the measurement of teatpeg on short time
scales, which is crucial for the complete charaation of dynamic
compression events. For opaque materials such aalsmeeflectivity

measurements are necessary and must be conducted dgnamic
compression in order to provide the necessary nmétion. Although
synchrotron radiation has been extensively addaptedferent static high-
pressure techniques for many years, the time-redobapability from a
pulsed synchrotron source has never been utilivedtudy the optical
properties for materials under dynamic compression.

It is anticipated that the current IR spectroscepy station U2A will be further
upgraded and finally be moved to NSLS-II after shetdown of NSLS. The move of the
complete infrared end station can be accomplisined-6 weeks; therefore, the high
pressure IR beamline will serve the extreme cooilticommunity at NSLS until the last
photons are emitted.

Ancillary Laboratories and Office Space

The support laboratories are almost as importardtate of the art synchrotron
radiation beamlines for a successful high prespuogram at NSLS and NSLS-II. The
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sample and cell preparation for diamond anvil aalll large volume press experiments is
space intensive and needs various specialized euip The high pressure laboratory
will not only be supporting the dedicated high gres beamlines, but function as a home
for the high pressure research around the NSL#wj. Beside the laboratory facilities,
lined out in detail below, sufficient office spafar the beamline personnel is needed.
Furthermore, since the current ring design is laglspace for beamline control and data
collection areas at the beamlines, beamline comtmins are needed in the Laboratory
and Office Building.

Sample preparation laboratory (56)m
4 Stereo zoom microscopes with cameras and monitors
Workbench with granite surface
Fume hood
Glove box
3 Furnaces (regular and vacuum)
Refrigerator
Microwave
2 Ultrasonic baths
Small hydraulic press
Buffing & polishing machine
Diamond saw and cutting equipment
Balance
Heating plates
Micro drilling machines (spark erosion, mechanitadger)

Pressure medium loading laboratory (2§ m
Cryogenic loading equipment
Gas loading apparatus

Laser laboratory (25
Raman spectrometer (Ruby fluorescence and stafdarin
measurements)
Offline laser heating station (Yb:fiber laser, £@ser)

User machine shop (2%n
Lathe
Polishing and buffing machine
Drilling machine
Thermocouple welder

Staging and storage area (59m

In the next decade, micro-engineering of the diainanmvil cell sample
environment promises to undergo major developmerilso, advanced methods for
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chemical analysis of recovered samples also offeratgpromise that complement
structural probes. These are areas with potesyrargistic interactions with the Center
for Functional Nanomaterials (CFN) at Brookhavernidiaal Laboratory. We propose
that a Diamond anvil cell micro-preparation and axanalysis facility be established at
CFN and NSLS-II. This may include such capabdgites CVD growth of designer
anvils, ion implantation, micro- and nano-scalerifzdtion of sample assemblages, as
well as material synthesis and characterizatioralogipy. @ For chemical analysis of
recovered samples, focused ion beam milling systeoamsbined with TEM or nano-
SIMS devices will be increasingly required in thentng decade for a complete
characterization of the chemical and structurdkestaf materials achieved under extreme
conditions.

High Pressure Working Group

During the scientific planning workshops for NSL®daNSLS-Il and the
technique-based workshops, many scientific commamiexpressed interest in high
pressure sample environments. High pressure rdsesas a topic in many of the
technique based workshops and the desire to inctgdigh pressure capabilities in
many of the six project beamlines was shown. Adaragriety of high pressure cells are
portable and can be installed at beamlines notcdesti to high pressure. However,
certain choices in the design of a beamline, wiiohld prohibit the use of high pressure
sample environments, need to be avoided. ldeallgpeesentative of the high pressure
community would be a member on the Beamline Adyisbeam (BAT), for each
beamline interested in allowing high pressure neteaHowever, currently just the
Inelastic X-ray Scattering Beamline and the Powldstrument New Generation have
members with a background in high pressure researdheir BAT. Therefore, the high
pressure community formed the “High Pressure Warkdmoup” for NSLS-II.

The two main functions for the members of the wagkgroup are:

1. The “High Pressure Working Group” will serve asmoof contact for
BATSs, providing in depth knowledge of high pressumstrumentation.
The members can advice on how to best integrategmgssure equipment
in beamline designs in order to optimize the redeaapability

2. Creating a synergy effect with other BNL instituiso Several BNL
institutions (e.g. CFN, CMPMSD) possess experimecdpabilities and
instruments that would be useful for a sample dtareation after a high
pressure experiment. The “High Pressure Workingu@racan initiate
contact with these institutions and develop a planintegrate these
experimental capabilities in the high pressure @ogat NSLS-II.

The “High Pressure Working Group” is comprisedha following members:

31
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Stony Brook University
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Thomas S. Duffy

Department of Geosciences
Princeton University
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Andrew Campbell

Department of Geology
University of Maryland
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Jiuhua Chen

College of Engineering and Computing
Florida International University

chenj@fiu.edu

Alexander Goncharov

Geophysical Laboratory
Carnegie Institution of Washington
goncharov@agl.ciw.edu

Viktor Struzhkin

Geophysical Laboratory
Carnegie Institution of Washington
vstruzhkin@gl.ciw.edu

Michael Vaughan

Mineral Physics Institute,
Stony Brook University
Michael.Vaughan@stonybrook.edu

Markus Hucker

Condensed Matter Physics and MaseHaience
Department
Brookhaven National Laboratory
huecker@bnl.gov

Zhenxian Liu

Geophysical Laboratory
Carnegie Institution of Washington
zxliu@bnl.gov

Mark Rivers
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University of Chicago
rivers@cras.uchicago.edu

Oliver Tschauner

High Pressure Science Center
University of Nevada, Las Vegas
olivert@physics.unlv.edu

Yanbin Wang

GeoSoilEnviroCARS
University of Chicago
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Daniel Dolan Dynamic Material Properties
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