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Ultrafast X-ray Science Facility
at the Advanced Light Source

Executive Summary

We propacse to develop a true user facility for ultrafast x-ray science & the Advanced
Light Source This faality will be unique in the world, and will fill a aiticd need for the
growing ultrafast x-ray reseach community. The development of this fadlity builds uponthe
expertise from long-standing research efforts in ultrafast x-ray spedroscopy and the development
of femtoseaond x-ray sources and tedhniques at both the Lawrence Berkeley National Laboratory
and at U.C. Berkeley. In particular, the technical feasibility of a femtosecond x-ray beamline &
the ALS has already been demonstrated, and existing ultrafast laser technology will enable such
a beamline to operate near the pradicd limit for femtosecond x-ray flux and lkrightnessfrom a
3" generation synchrotron.

Facility Description

The Ultrafast X-ray Science (UXS) facility will generate 200fs x-ray pulses in the
0.2-10keV range with an average flux of ~10° phVs/0.1% BW and an average brightness of
~10" ptvsmm?/mrad?/0.1% BW. The fadlity will consist of four main parts (1) a
superconducting unddator source which will provide the highest possble phaon flux and
brightnessin the 0.2-10keV range, (2) an x-ray beamline consisting of imaging opticsto provide
atunable femtosecnd x-ray beam in a micro-focus got, with additional cgpabili ty for dispersive
measurements in the soft x-ray range (3) a high-repetition rate, high-average-power femtosecond
laser system and associated beam delivery optics which will serve the dual purpose of providing
laser pulses for moduating the synchrotron beam (for generation d femtosecond x-rays) as well
as tunable “pump” pulses for sample excitation, and (4) endstation comporents including an
ultrafast streak-camera for measurements on pcosecnd time scales, a UHV vacuum chamber
with a phaoeledron spedrometer, and gated detedors (~2 nsec gate width) for isolating
individual synchrotron pulses. The UXS fadlity will make use of an existing wiggler (which
will simultaneously serve the eisting protein crystalography beamline) for generating
femtosecond x-rays via laser-moduation (slicing) of the stored electron beam.

Scientific Program

Our scientific understanding of the static or time-averaged structure of matter on the
atomic scde has been dramaticdly advanced by dired structural measurements using X-ray
tedhniques and modern synchrotron sources. Of course the structure of matter is not static, and
to understand the behavior of matter at the most fundamental level requires dructural
measurements on the time scde on which atoms move. The evolution of matter structure is
dictated by the making and kreaking of chemicd bonds and the rearrangement of atoms, and this
occurs on the fundamental time scae of a vibrational period, ~100fs. Atomic motion onthis
time scde ultimately determines the curse of phase transitions in solids, the kinetic pathways of
chemicd reactions, and even the dficiency and function d biologica processes. A thorough
understanding of such dynamic behavior is a first step to being able to control structural
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evolution, and will have important scientific applications in solid-state physics, chemistry,
materials science, AMO physics, and biology.

Our ability to measure and understand fundamental structural dynamicsis limited by lack
of appropriate experimental tools. Femtosecond lasers provide the requisite time resolution, and
have been applied to study ultrafast processes in numerous fields of research. The award of the
1999 Nobel Prize in Chemistry for the application of femtosecond lasers to the study of chemical
dynamics underscores the fundamental significance of this time regime. In condensed matter
systems however, visible photons from lasers are not effective as structural probes since they
interact with electronic states extending over multiple atoms. On the other hand, x-ray photons
can provide the requisite structural information via interaction with localized core levels. This
capability is driving the emergence of ultrafast x-ray science as a new field of research in which
x-ray techniques are used in combination with femtosecond lasers and applied in a time-resolved
manner to probe structural dynamics. The scientific potential of this research area is
undevel oped due to the inadequacy of present short-pulse x-ray sources.

The scientific development of the UXS facility is driven by a cross-disciplinary core
research group with backgrounds in solid-state physics, chemistry, materials science, and AMO
physics; and with specific expertise in ultrafast x-ray research and synchrotron research. This
scientific expertise is complemented with technical expertise in laser-electron beam interactions,
beam physics, femtosecond lasers, and synchrotron instrumentation. The scientific program for
the UXS facility is organized around the following five general areas of time-resolved x-ray
research.

Order-Disorder Transitionsin Solids and at Surfaces

The dynamics of phase transformations in solids are of fundamental scientific interest
since they determine the genesis and evolution of new structural phases. The conventional
description of first-order solid/liquid transitions is based on a local thermal equilibrium model
which describes the transfer of energy to the lattice in the form of heat. However, femtosecond
optical excitation can create highly non-equilibrium conditions by depositing energy in solids
faster than the relevant relaxation and dissipation times. Under such conditions, the fundamental
structural dynamics are revealed. In principle, non-equilibrium excitation can give rise to the
development of unique structural phases. Femtosecond x-ray diffraction provides direct
information about the changes in long-range order in crystalline systems. Experiments to date
have revealed the physics of energy transfer which begins with the optical excitation of carriers
and eventually leads to the generation of coherent acoustic phonons and the development of
strain. At sufficiently high excitation densities, the first suggestions of direct disordering on a
sub-picosecond time scale have been observed. More sensitive measurements will elucidate the
unique physicsin this regime. Femtosecond EXAFS and XANES measurements will be used to
probe bond-distances and coordination during the transition from solid to liquid, and may
identify metastable intermediate phases. These techniques can provide surface sensitivity and
will be applicable to order-disorder transitions in polycrystalline and nanostructure systems.
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Dynamicsin Warm Dense Matter

A significant gap in theoretica understanding and modeling capabili ty exists in the warm
dense matter regime which is intermediate between condensed matter and plasma phases. This
regime ranges from solids with temperatures comparable to the Fermi energy to materials which
are plasma-like but too dense and/or cold to permit description by any standard solutions of
plasma physics. A theoreticd understanding of the warm dense phase of matter is criticaly
important for progressin a variety of scientific endeavors including strongly-coupled plasma
physics, high temperature cndensed matter physics, inertial fusion, and astrophysics.
Femtoseaond ogpical excitation d solids is a unique means for studying the transition from a
cold, dense solid to a hot plasma. Time-dependent x-ray absorption dhta are aiticd for testing
computational models and for advancing our theoreticd understanding of material physicsin this
regime. In addition, theoretica work in this area & Lawrence Livermore National Laboratory
will diredly suppat a broad range of experimental adivities at the UXS fadlity by providing
advanced modeling capabiliti es for interpreting x-ray spedral measurements, particularly in the
complicated near-edge region.

Solid-Solid Structural Changes and Phase Transitions

Transitions from one distinct solid phase or crystalographic structure to another
represent another classof phase transitions in which the underlying dynamics are determined by
atomic motion onthe time scde of a vibrational period. In extended solids, transformations of
this type ae difficult to study at the fundamental level since they nucleate & defed sites and
evolve maaoscopicdly via the aeation d new defeds and rucledion sites at the interface
region. Semiconductor nanocrystals are aunique model system for investigating the structural
dynamics of solid/solid phese transition sincein this quantum size regime the transition begins to
behave & a moleaular isomerization. Static x-ray measurements have demonstrated a
completely reversible, presaure-induced transition between wurtzite and rocksalt structure in
these materials. By initiating the phase transition with afemtosecond optical pulse, the structural
evolution can then be probed viatime-resolved EXAFS or x-ray diffracion techniques.

Ultrafast x-ray measurements can also be applied to understand the dynamica properties
of “complex” materials in which numerous degrees of freedom (such as charge, spin, and lattice)
strongly interact. Time-resolved dffraction and EXAFS measurements can provide dired
information abou the impulsive resporse of the lattice to rapid carier excitation and charge
redistribution. In recent experiments, the polaron dynamics in manganites exhibiting colossa
magnetoresistance have been studied viatime-resolved Bragg diffradion.

Ultrafast Photochemical Reactions

In chemicd reactions, the scientific challenge is to understand the structural evolution o
the “transition state” intermediate between reactant and product species. The making and
breging of chemicd bonds and the rearrangement of atoms in this regime ultimately determines
which readive pathways are favored. Advancing ou understanding o condensed-phase
readions requires dired structural measurements on the fundamental time scde of a vibrationa
period. EXAFS and XANES will be gplied on the femtosecond time scde to probe bord
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lengths, coordination, and bondng geometries during the @urse of readions. Initia experiments
will focus on spin-crosover readions in Fe based organo-metalli c moleaules. In this system, the
normally forbidden spin transition is thowght to be facilitated by changes in the metal-ligand
bond dstance (which in turn modifies the spin-orbit couging) on the sub-picosecndtime scale.

A wedth of important chemistry occurs in solution, where the influence of the solvent
environment is sgnificant, and yet poorly understood. Experiments will apply time-resolved
EXAFS and XAN ES to simple diatomic model systems (e.g. I,) to studying the dfeds of solvent
caging and solvent/solute wugding and hav they influence the phaodissociation pocess
Subsequent experiments will extend this work to the more complicated reaction dynamics of
solvated tri-atomic systems (e.g. Is and CIO,). In addition to solute dynamics, ultrafast x-ray
measurements can provide dired information about the transient structural resporse of the locd
solvent environment in resporse to rapid changes in the solute dharge state. These fundamental
guestions of structural dynamics aso apply to chemicd reactions in a protein environment,
which are the basic structural events that drive biological processes.

Atomic and Molecular Physics with Femtosecond Optical and X-ray Pulses

The availability of femtoseaond EUV and x-ray pulses in combination with utrashort
opticd pulses will open new areas of research in AMO physics by simultaneously providing core
level phaton energies for atomic spedficity and Utrafast time resolution. These todls will enable
the tharacterization d energy levels, bondng, and phdoionization as a function d the evolving
moleaular geometry. For example, XANES will probe the dependence of the near-edge
absorption resonances on bond distances and angles in moleaules in which coherent vibrational
wavepackets have been excited along a norma coordinate of interest. Time-resolved
phaoeledron spedroscopy will probe the evolution d moleaular orbitals and their degree of
locdization as a function d bond dstance in molealles during phdoexcitation and
phaodissciation. Complementary phaoeledron spedroscopy experiments will probe the core
levels of moleaules oscill ating periodicdly between reutral and “ion-like” states due to the
coherent motion d a an eledronic wavepacket of excited Rydberg levels.

The UXS fadlity aso provides a unique opportunity to develop a new areaof high-field
AMO research. High-energy x-ray phaons can be used to probe @omic and moleaular systems
which are simultaneously subjected to field strengths which are comparable to the nuclear
Coulomb fields. Such reseach requires both femtosecond duation ogica pulses to crede the
high-field condtions, and x-ray probe pulses of comparable duration to charaderize the couped
atom-field (or moleaule-field) system that exists only while the high field is applied. X-ray
absorption and/or phaoemisson measurements from a laser-dressed atom can provide dired
information onthe energy-level structure and dstribution d popuation within the light-matter
system. Highfiedd AMO studies of the dressed continuum and boundstate energy level
structure will provide afoundiion for understanding hightintensity matter-field interadions in
more amplex systems such as moleaules and condensed matter.
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Relation to U.S. Department of Energy Programs

The UXS facility is driven by the need to understand the behavior of matter at the atomic
level within the fundamental (femtosecond) time scale in which structure evolves via the making
and breaking of chemical bonds and the rearrangement of atoms. Understanding matter at the
fundamental level is one of the scientific drivers identified in the Strategic Plan of the Office of
Science. The UXS facility supports specific existing BES programs within the Division of
Materials Sciences, as well as the Division of Chemica Sciences. These include programs in
ultrafast dynamics in condensed matter, nanostructure materials, chemical dynamics, and AMO
physics. The UXS facility is aso in support of current DOE Defense Programs research in high-
energy-density physics. This proposal is consistent with the DOE mission to provide nationa
user facilities and research instrumentation that is beyond the capability and scale of university
laboratories. Finally, the UXS facility will play acritical rolein developing a new scientific field
(ultrafast x-ray science) and will serve as a proving ground for experiments that will in the future
take advantage of a 4™ generation source providing ultrashort x-ray pulses.

Organization and Management

The UXS facility will operate in the spirit of a collaborative research center. Because
ultrafast x-ray science is an emerging field, it is important that scientific applications and
experiments be developed in synergy with new instrumentation and measurement techniques.
Experiments will be conducted in collaborative teams comprised of researchers with
complementary scientific and technical expertise. The scientific development of the UXS
facility will be guided by a Beamline Steering Committee which is representative of the core
research team, with membership rotating on an annual basis. The committee will be avehicle for
determining experimental priorities (allocation of beamtime) only within the core research group
and will make decisions related to the operation of the facility. Beam time for other UXS facility
users (outside the core research group) will be allocated according to the existing peer-reviewed
Independent Investigator Program at the ALS. The steering committee will be co-chaired by
R.W. Falcone (U.C. Berkeley-Physics) and R.W. Schoenlein (LBNL-Materials Sciences).

The technical design and construction of the UXS facility will be supervised by a project
manager selected by the Beamline Steering Committee together with ALS management.
Experienced personnel for managing the major components of this project have already been
identified: superconducting undulator: R. Schlueter (LBNL Engineering), beamline and optics:
P. Heimann (LBNL ALS Experimental Systems Group), modifications to the ALS storage-ring
lattice D. Robin (LBNL ALS Accelerator Physics Group), femtosecond laser system R.
Schoenlein (LBNL Materials Sciences Division).

Budget

Table 1 provides a summary of the construction costs for the UXS facility over the
projected three-year course of the project. Separate labor and equipment costs are indicated for
each year of the project, and for each of the major components of the project. LBNL overhead
and contingency isincluded and is distributed proportionally for each table entry.
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Labor Equipment | Labor Equipment Labor Equipment | System

2002 2002 2003 2003 2004 2004 Totals
Undulator 0 0 390 230 305 280 1,205
Front End 0 0 172 335 0 0 507
Beamline 135 640 435 275 300 350 2,135
Endstations 0 0 0 437 0 0 437
Laser System 123 1225 154 782 31 25 2,340
Project 52 0 104 0 78 0 234
M anagement
Escalation 0 0 46 41 27 14 128
Yearly Totals 2,175 3,401 1,410 6,986

Table 1. Ultrafast X-ray Science facility construction costs over 3 year period in K$. LBNL
overhead and contingency are included. Escalation rates are included at 2.0% per year
for equipment and 3.7% per year for labor
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Ultrafast X-ray Science Facility
at the Advanced Light Source

|. Introduction and Background

We propacse to develop a unique fadlity for ultrafast x-ray research. The propcsa is
motivated by the scientific neal to understand the behavior of matter at the fundamental level.
That is, uncerstanding the structure of matter at the aomic scde, within the time period in which
that structure evolves via the making and lre&ing of chemicd bonds and the rearangement of
atoms. The relevant time interval for such dynamics is a vibrational period, which is on the
order of 100fs. Over the past 25 yeas, x-ray techniques applied with modern synchrotron
sources have driven rapid advances in ou understanding of the static or time-averaged structure
of condensed matter on the @omic scae. Now, with the development of ultrashort pulse x-ray
sources, time-resolved x-ray science is rapidly emerging in order to investigate structural
dynamics and atomic motion accurring ontime scades from milliseconds to femtoseands. The
development of this interdisciplinary research field will addressimportant scientific questionsin
physics, chemistry, materials sience and bology.

For physical chemists, the direct observation d the moleaular structure of “transition-
states’ (intermediate conformations between reactant and product spedes) has been a major goal
since Eyring and Polanyi formulated “transition-state theory” in the 1930's. Even at that time,
they recognized that the transition state is extremely short-lived, as dictated by the time scde of
an atomic vibrational period, ~100 fs. Indeed, the period d a vibrational oscill ation is
fundamental not only for moleaular systems, bu for condensed matter in general (even
crystali ne solids) because this is the limiting time scde on which structural dynamics occur.
The motion and rearangement of atoms on the time scde of a vibrationa period utimately
determine the course of structural phase transitions in solids, the kinetic pathways of chemical
readions, and even the function and efficiency of biologicd processes.

The first spedroscopic measurements on the femtoseand time scde were made possble
by the successul modelocking d the cw dye laser nearly three decades ago [1]. Because of the
subsequent revolution in ultrafast laser techndogy, measurements of transient dynamics with a
resolution d better than 10fs (over a spedral range from the ultraviolet to the infrared) are now
routine[2]. The scientific significance of applying femtosecond ogical pulses to probe the
transient structure of transition states on the fundamental time scae in which they exist, was
spedficdly recognized in the avard of the 1999 Nobel Prize in Chemistry to A.H. Zewall.
Whil e femtosecond lasers aff ord accessto this time regime, they suffer from the limitation that
visible phaons probe only the opticd properties of condensed matter systems. Opticd
properties in condensed matter are afunction d eledronic states extending over multiple aoms.
Therefore, they are only indiredly related to the underlying atomic structure. Extrading
quantitative structural information from opticd properties is esentially impaossble for most
systems.
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The development of femtosecond x-ray science portends another scientific revolution by
combining the ultrafast temporal resolution d femtosecond puses and strobascopic pump-probe
tedhniques with the structural spedficity of x-ray phaons. X-rays are ided probes of atomic
structure because they interad with core electronic levels that are dosely boundto the d@omic
nucleus. A growing number of research groups around the world are applying ultrafast x-ray
tedhniques to investigate structural dynamics in a variety of condensed matter systems [3-22],
however, future progress in this field is substantialy limited at present due to the lad of suitable
short-pulse X-ray sources.

A number of important advances have been made in the generation o femtosecond x-ray
pulses using a variety of tedniques including: high-order harmonic generation from
femtosecond ogticd pulses [23-26], laser-plasma based x-ray sources [11,18,27, laser-driven
x-ray diodes [17], and femtosecond x-rays from Thomson scétering [15]. While initial time-
resolved x-ray experiments have been performed using these sources, they suffer from
significant limitations in ore or more criticad parameters including: (a) x-ray average brightness
and/or flux, (b) x-ray photon energy, tunabili ty, and spedral range, and (c) x-ray pulse duration
and control.

While modern synchrotrons have revolutionized x-ray science by providing high-
brightness tunable x-ray beams, a significant limitation d such sources for time-resolved
measurements is the pulse duration (typically greder than 30 5) as determined by the duration
of the stored electron bunch. The Department of Energy, Basic Energy Sciences Advisory
Committee (BESAC) report on Novel Coherent Light Sources [28] recognizes that an important
new capability of proposed 4" generation x-ray sources is ultrashort pulses for time-resolved
structural studies. Idedly such a 4™ generation source would provide the flux, brightness and
tunabili ty (0.1-20 keV) which is currently avail able from 3" generation synchrotrons, with atime
resolution d 100fs or better, at moderate (kHz) repetition rates. The BESAC report further
recommends “better utilization d existing 3" generation sources and table-top lasers as proving
grounds for innovative science and experiments planned for light sources of the future.” [28]

We propcse a synchrotrontbased user beamline for ultrafast x-ray reseach. This
propcsal stems from long-standing research efforts in utrafast x-ray spedroscopy and the
development of femtosecond x-ray sources and techniques at both U.C. Berkeley (in the Falcone
group) [3,13,16,18 and at Lawrence Berkeley National Laboratory [4,9,15,2931] (funded
through Laboratory Directed Research and Development). In particular, the Ultrafast X-ray
Science (UXS) facility takes maximum advantage of the unique capabiliti es of a 3 generation
synchrotron, and will provide 200fs x-ray pulses with an average flux (~10% pVs/0.1% BW) and
average brightness (~10 ph/symm%mrad®/0.1% BW) which are many orders of magnitude
beyond what is presently avail able in the sub-picosecond time regime (see section VI1.2). The
fadlity is based ona recently-demonstrated technique for generating femtosecond x-ray pulses
from a synchrotron storage ring [4,29 in which the energy of an utrashort slice of the stored
eledron burch is modulated using a femtosecond ogicd pulse interading with the dectron
beam in awiggler [30]. The dharacteristics of the Advanced Light Source — particularly the low
bean energy and low emittance in addition to the expertise & the Berkeley Lab and U.C.
Berkeley, make this laboratory best positioned to develop such a fadlity for ultrafast x-ray
research. Furthermore, a unique oppatunity presently exists at the ALS because the sole

10
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avail able straight sedion is fortuitoudy located immediately adjacent to the existing wiggder
which isrequired for laser-moduation d the dectron beam. Finally, the UXS fadlity will make
use of a state-of-the-art high-average-power femtosecond laser system. Criticd techndogy for
this laser system is now avail able from commercial vendas.

The unique caabiliti es of this facili ty will be instrumental in advancing the field of time-
resolved x-ray science The fadlity is being proposed by a @re research team comprised of
leading reseach groups in utrafast x-ray science and includes complementary expertise in x-ray
spedroscopy using synchrotron beamlines, ultrafast opticd spedroscopy, beam physics,
laser/electron beam interadions, and femtosecond lasers. In the near term, this facility will
provide aproving ground for the ultrafast x-ray science and measurement techniques that may
ultimately be done & a 4™ generation x-ray source providing ultrashort x-ray pulses. In the long-
term, the high-repetition rate femtosecond x-ray pulses provided by this fadlity will be an
important complement to a future x-ray FEL which is expeded to provide substantially higher
pe&k x-ray flux at lower repetition rates, suitable for single-shat experiments.

The development of this fadlity is consistent with the recommendations of the BESAC
Panel on Novel Coherent Light Sources (S.R. Leone - chair), and has been endarsed by the ALS
Scientific Advisory Committee which has reserved the ALS straight sedion 6for this projed.
This projed was favorably reviewed by the LBNL Director’s Review Committee for the ALS,
and was enthusiasticaly endarsed by the BESAC Sub-Panel (Y. Petroff - chair) charged with
reviewing the Advanced Light Sourcefor the Department of Energy:

Perhaps the most innovative, unique capability being developed at the ALS s the femtosecond spectroscopy
and diffraction work discussed by R. Falcone and RW. Schoenlein. For the study of ultrafast chemical
reactions, phase transition, surface dynamics and a wide variety of critical biological processes operating
on the sub-picosecond time scale, direct x-ray experiments have long been a dream. Impressive first steps
along these lines have now been done at the ALS using femtosecond laser excitation of the sample,
monitoring the evolving phenomena by x-ray diffraction with a streak camera (R. Falcone et al.). As this
capability is advanced there will clearly be many interesting measurements that will be enabled. By far the
most intriguing, however, are the successes reported by RW. Schoenlein et al. in production of 100 fs
x-rays by scattering of a femtosecond laser off of the electron beam packet in the synchrotron itself
(femtosecond dlicing). Used in pump/probe schemes with another femtosecond laser on the sample there
are a vast number of experiments that will be possible for the first time. In this development the ALS is
poised to be the world leader for many years to come. The panel feels that the development of the new
undulator beamline for femtosecond x-ray science now being discussed should receive top priority. There
is no comparable effort in any other synchrotron light source in the world (except for Free Electron Laser
Projects, that will take much more time).

(from the BESAC Sub-Panel Report on the Advanced Light Source, February 2000[28])

[I. Objectives

A unique oppatunity exists for the development of a dedicated beamline & the ALS that
will fill a aiticd need for the growing utrafast x-ray research community. We request DOE
fundng for the design and construction d this ultrafast x-ray science facili ty which consists of
four main parts: (1) a supercondicting unduator source which will provide the highest posshble
phaon flux and krightnessin the 0.2-10keV range, (2) an x-ray beamline mnsisting of imaging
optics to provide a tunable monochromatic x-ray beam in a micro-focus fat, (3) a high-
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repetition rate femtoseaond laser system and associated bean delivery optics which will serve
the dual purposes of providing laser pulses for dlicing the synchrotron keam (for generation d
femtosecond x-rays) as well as tunable “pump” pulses for sample excitation, and (4) endstation
comporents including an ultrafast streak-camera for measurements on gcosecndtime scales, a
UHV vaaium chamber with a phaoeledron spedrometer, and gpted detedors (~2 nsec gate
width) for isolating individual synchrotron puses. Substantial in-kind equipment suppat is
provided by the existing (protein crystalography) wiggler which the UXS faality will use
(smultaneously with operation d the aystall ography beamline) for laser-moduation (slicing) of
the stored electron beam on the femtosecondtime scde.

[11. Ultrafast X-ray Science Facility Overview

The UXS fadlity will be implemented as a general user fadlity aacessble through the
Independent Investigator Program at the ALS, with preferential access provided to the re
research team (see V111.2 for proposed alocaion d beam time). The fadlity will be dedicaed to
time-resolved x-ray measurements with temporal resolution ranging from 200fsto ~2 nsec The
highest possble flux and lrightness in the 0.2-10keV range will be generated using a
supercondwcting unddator in ALS straight sedor 6. For the highest time-resolution
measurements, the fadlity will provide 200 fs x-ray pulses (at 40 kHz repetition rate) generated
via laser-moduation d the dectron bean energy in the eisting protein-crystall ography wiggler
(W16). Operation of the wiggler at the smallest gap will allow simultaneous use of the wiggler
by the protein-crystall ography beamline (BL5.0) and by the UXS fadlity. Furthermore, the
present wiggler location (immediately upstream from the proposed undilator) is optimum for
generating the shortest x-ray pulses. Measurements on the picosecond time scae (at 40 kHz
repetition) will make use of the nominal 30ps x-ray pulses from the ALS in combination a
femtosecond laser system synchronized to the storage ring. In addition, an utrafast x-ray streek
camera may be used in combination with the laser system to aciieve atemporal resolution o
1 ps. Thefull flux and brightness(at 500 MHz repetition rate) of this beamline will be avail able
for static structural measurements and for dynamics on the nanosecondtime scde.

The beanline will consist of a 1:1 imaging optic suitable for both soft x-rays and hard
x-rays. A doule-crystal monochromator will provide aresolution o AA/A~1/3000 ower the
spedral range from 2-10keV. A complementary, interchangeable plane-grating monochromator
will provide aresolution of AMA~1/2000from 0.2 to 2keV, and will additionally provide the
cgpability for dispersive measurements over a spectral bandwidth of ~100eV. A medhanicd
chopper operating at 40 kHz will allow seledion d a 200nsec window of the x-ray pulse train,
synchronows with the laser system. An x-ray focd spot of 100um (horizontal) by 70 um
(verticd) will be delivered to the sample aea by grazing-incidence focusing optics operating
over the entire spedral range of the beamline.

The UXS fadlity will i nclude a high-average-power femtosecond laser system based on
chirped-pulse amplificaion in Ti:Al,03, and synchronized to the storage ring with ~1 ps
acarracy. The laser system will provide two amplified puse trains (from a single mode-locked
oscill ator) at a repetition rate of 40 kHz. One pulse train will provide for energy-moduation
(slicing) of the dedron kean in wiggler W16, and the second will provide opticd pulses for
sample ecitation. The laser system will i nclude an opticd parametric amplifier for generating
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excitation pulses over the largest possible spectra range. The endstation hutch will
accommodate a variety of x-ray measurement techniques, and will include two UHV sample
chambers, an ultrafast x-ray streak camera, appropriate gated detectors for use in x-ray
diffraction, EXAFS, and XANES measurements, as well as a hemispherical analyzer for
photoemission measurements.

Telescope

A—

Diagnostics

g

Wiggler
Femtosecond o

laser system

Superconducting

Beamline undulator

Endstation hutch

Figure 1. Schematic illustration of the proposed UXS facility including existing wiggler (for laser
modulation of the electron beam), superconducting undulator, beamline, endstation hutch, and
femtosecond laser system.

V. Scientific Program

IV.1. Introduction

Structural dynamics in condensed matter are ultimately governed by the motion and re-
arrangement of atoms on the fundamental time scale of a vibrational period. The integration of
X-ray measurement techniques, a high-brightness femtosecond x-ray source, femtosecond lasers,
and stroboscopic pump-probe techniques will provide the unique capability to address
fundamental scientific questions in solid-state physics, chemistry, AMO physics, and biology
involving structural dynamics. Thus, the scientific research program at the UXS facility will be
interdisciplinary in nature and cross-cutting in scope. Furthermore, because the field of ultrafast
X-ray science is in its infancy, scientific applications and experiments will develop
synergistically with advances in timeresolved Xx-ray measurement techniques. Active
collaboration between scientists with complementary expertise is critical to this development,
and the scientific program at the UX S facility will actively promote such collaboration.

x-ray pump probe diffraction EXAFS

diffraction angle

Kedge energy

Figure 2. Schematic of time-resolved x-ray diffraction and EXAFS using femtosecond x-ray
pulses and stroboscopic pump-probe measurement techniques.
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The UXS fadlity will provide for time-resolved implementations of numerous x-ray
tedhniques including: Bragg diffraction; Laue diffradion; extended x-ray absorption fine
structure (EXAFS), measured via transmisson, fluorescence and phdoeledron yield; x-ray
absorption rear-edge structure (XAN ES); and x-ray photoeledron spectroscopy (XPS. Samples
will include aystaline and amorphows lids, surfaces, nanostructures, liquid solutions and
gases. The description d the scientific program is organized into five general research aress. (a)
order/disorder transitions in solids and at surfaces; (b) structural dynamics in warm dense matter;
(c) solid-solid structural transitions; (d) ultrafast chemicd reaction dynamics; and (e) atomic and
moleaular physics with femtosecond ogicd and x-ray pulses.

IV.2. Order-Disorder Transitionsin Solids and at Surfaces

The dynamics of phase transformations in solids are of fundamental scientific interest
since they determine the genesis and evolution d new structural phases. The @nventional
description d simple first order solid/liquid phese transitions in crystals is based on a thermal
model, which assumes locd thermal equili brium among the vibrational modes and between the
eledronic and vibrational energy reservoirs. In such a model, the phase transition proceels via
energy transfer to the latticein the form of hea. The thermal model then predicts that foll owing
opticd excitation, a phase transition will evolve on the time scde determined by eledron-phonm
energy exchange, typicaly several picoseconds. Implicit in such a description is the assumption
that excitation a energy deposition to the solid is dow compared to a vibrational period a to
eledron-phonm scatering times. Indeed, time-resolved x-ray diffradion measurements confirm
that anneding of silicon via excitation with nanoseaond laser pulses follows a therma melting
model [20,37.

However, highly non-equili brium condtions can be aeded in solids via femtosecond
opticd excitation. Ultrafast opticd pulses can deposit energy on time scdes that are short
compared to eledron-phonon interadion times; thereby creating eledron temperatures well in
excess of the underlying lattice temperature. Energy can even be deposited on time scdes
shorter than electron-electron scatering times (<100fs), creaing non-equili brium (nonFermi)
eledron dstributions. Under such conditions, the thermal melting model bress down, and new
physicd effeds emerge.

This raises fundamental scientific questions about how phase transiti ons occur under nor
equili brium conditions, and spedficdly whether “melting” of a solid can occur on the time scde
of a phonon period (i.e. before the vibrational modes readh therma equili brium abowve the
melting temperature). Such a “plasma annealing’” model was originally proposed more that 20
yeas ago, in an attempt to explain pused-laser anneding d Si [33,34. Since then, theoreticd
models have predicted that in covalent crystals, the promotion d a large fradion o eledrons
from bondng to anti-bonding states will sharply reduce the restoring forces between atoms,
rendering the aystal structure unstable on the time scde of ~200 fs[35-37]. Under such
conditions, disordering may proceed in a manner analogous to phdodissociation in moleaules.
Recent ab-initio moleaular dynamics cdculations for Si [38,39 predict that unique metastable
structural phases, with coordination that is substantially different from ether the solid or
equili brium liquid phese, can result from such nan-equili brium condtions [38,39.
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To date, utrafast nonequili brium phase transitions in crystals with damond and zinc-
blende lattice structure (Si, GaAs, and InSh) have been studied using a variety of indired optical
tediniques[40-46]. Recet opticd experiments provide some evidence of laser-induced
disordering in crystaline slicon on a time scde comparable to the phonon period
(~70fs) [42,44,47. Nevertheless because opticd measurements do nd provide dired
information about the aomic positions and coordination, they are unable to address the
fundamental scientific questions related to structural dynamicsin this regime.

Time-Resolved Bragg Diffraction of Order-Disorder Transitions

Femtoseoond x-ray diffraction provides dired information about long-range atomic order
(and loss of order) in crystaline systems and is a powerful tod for studying ultrafast phase-
transitions and energy transfer in solids, espedally metal and semiconductor material systems. A
number of research groups around the world are beginning to apply time-resolved Xx-ray
diffradion to investigate ultrafast phase transitions using a variety of short-pulse x-ray
sources[3,5,10,11,16,2]¢ Our ealy experiments in InSh made use of 300fs x-ray pulses (at 30
keV) generated via Thomson scétering between a terawatt laser pulse and 50MeV eledrons
from the ALS linac injector [15,48. Time-resolved dffraction measurements made with this
relatively low-flux source, shown in Fig. 3, clearly elucidate the energy transfer dynamics to the
latticefrom the initial electron-hole plasma aeated by the opticd pulse. The processof eledron
phononenergy relaxation and the development of acustic phonors from anharmonic optica
phonors are manifest in the diffradion data @ a distinct delay (~10ps) in the onset of lattice
expansion following laser excitation[9]. The resulting strain (lattice expansion: Ad~4 mA) and
strain propagation into the sample & the soundspeed can be diredly measured.
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Figure 3. Diffraded x-ray photons (30 keV), integrated over the InSb Bragg pe&, as a function
of time delay following laser pulse excitation. Inset: time-dependent shift in spedral position o
Bragg pe&k. Solid lines are from a model cdculation accounting for energy transfer from the
eledron-hole plasma to LO phonons to amustic phonon population, and subsequent propagation
of gtrain into the aystal. (Measured at the ALS Thomson-scattering source, from [9]).
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Investigation d non-thermal melting requires greater surface sensitivity since the highest
eledron-hale densiti es (which are thought to drive this procesg are & maximum in athin surface
layer. Time-resolved dffradion measurements in InSb using 7.5keV x-rays (Fig. 4) show the
first hint of nonthermal ultrafast disordering. (These measurements are more sensitive to
surface layers due to the shorter attenuation length compared to 30 keV phaons). An owerall
dropin the diffradion efficiency is observed within 1 ps of excitation, indicative of the formation
of a disordered surface layer ~30 A thick [9]. Spedra measurements of the Bragg peak show a
distinction ketween this overal loss in dffradion efficiency (at 1 ps delay), and the strain
propagation as evidenced by a broadening and shifting of the Bragg pe&k to lower energies (at
10 psdelay).
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Figure 4. (left) Normalized integrated x-ray diffraded photons as a function of time delay.
(right) Representative x-ray diffradion spedra (with ssimulated profiles) for different time delays,
taken with 7.3 keV x-rays. (Measured at the ALS Thomson-scdtering source, from[9]).

These experiments and more recent measurements using x-ray pulses generated from a
laser produced plasma [10,17, have provided the strongest indicaion yet of nonthermal
disordering driven directly by a high-density eledron-hole plasma. They raise important
scientific questions abou the kinetics of disordering in this non-equili brium regime & will be
discussed later. At the same time, these measurements ill ustrate the severely limited cgpabiliti es
of existing short-pulse x-ray sources. In particular, diffradion measurements require high-
brightness x-ray sources becaise the agular acceptance of the Bragg rocking curve is on the
order of only 100purad. This is in striking contrast with the 2m divergence of laser-plasma
sources and is a significant limitation even for the ~10mrad divergence of the Thomson-
scdtering based source. Furthermore, the acceptance bandwidth (AA/A) of the Bragg rocking
curve is ~10° which is poorly matched by the ~15% bandwidth o the Thomson sourcg15,49.
Finally, the enhanced x-ray brightnessand temporal resolution provided by a synchrotron-based
femtosecond x-ray source will enable a quantitative interpretation o such utrafast
measurements.

Recently, the Falcone group (U.C. Berkeley) has developed a complementary approach
for timeresolved dffraction measurements by applying an utrafast x-ray streak camera
detedor [13] at an ALS bend-magnet beanline. The flux and energy resolution (narrow
bandwidth) provided by a synchrotron beamline enable the dired observation d energy-couging
from an opticdly-creded eledron-hole plasma to coherent vibrational modes of the lattice in
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InSb [3]. Figure5 (left) shows the strong sinusoidal modulation of the x-ray diffraction intensity
due to a coherent acoustic phonon mode. These measurements indicate that below a given
threshold laser fluence, the primary mechanism of energy transfer between hot carriers and the
lattice is coherent acoustic phonon generation via deformation potential coupling and LO phonon
decay.
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Figure 5. (left) Sinusoidal modulation of x-ray diffraction by coherent acoustic phonons
measured at 40 arcsec away from the (111) Bragg peak of InSh. The inset shows the phonon
frequencies measured at different angular deviations from the Bragg peak. (right) At higher
fluence, rapid disordering isindicated by the prompt drop in the diffraction efficiency and absence
of vibrational coherence. (Measured at ALS beamline 7.3.3, from [3]).

The phonon dispersion relation (inset Fig. 5) is measured by sampling acoustic phonons
of different momentum by changing the angle of the crystal. This new approach to doing
phonon spectroscopy may be applied to a variety of solid-state systems, including ferroelectrics,
high-T. superconductors, and other complex materias. At high laser-excitation levels, near the
damage threshold of the material, strongly anharmonic or nonlinear states will be induced.
These will manifest themselves in deviations from the harmonic phonon dispersion relations,
which may be directly measured. In InSh, above a threshold in laser fluence (Fig. 5 right), it is
found that the atoms no longer coherently oscillate around the equilibrium positions of the
lattice. Instead they are driven into a disordered state where no atomic motion of long-range
coherence (and thus no oscillation in the x-ray Bragg diffraction) can exist. This occurs on the
time-scale of one-half of a phonon period, at which point the atomic displacement exceeds the
Lindemann criterion of melting.

The generation of large amplitude coherent phonons is evidently an important step in
non-thermal disordering of a crystalline lattice. Large-amplitude atomic motion may also lead to
localization of normally extended vibrational states. However, present temporal resolution of
x-ray streak cameras, and the limited capabilities of femtosecond x-ray sources prevent a more
complete study. Important questions remain about the time scale and mechanism for the
order/disorder transition, the local structure of the disordered state, and the dynamics of the re-
crystallization. A better understand of these issues may have applications, for example, in laser-
processing of semiconductors.
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Time-Resolved EXAFS of Order-Disorder Transitions

Time-resolved Bragg diffraction measurements provide information about long-range
order (and dsorder), including strain propagation, and coherent phanon dynamics. Other x-ray
tedhniques can be gplied on the femtosecond time scde to eucidate the details of the locd
structural evolution from the solid to the liquid phase under non-equili brium conditions creaed
by pulsed laser excitation. Time-resolved EXAFS measurements can be gplied to probe
changes in short-range structure, bondlengths, and coordination, and thereby identify metastable
structural phases that may be aeaed. For example, recent abinitio cdculations by Silvestrelli et
al. predict a transient metastable liquid phese in Si following heaing by an utrashort laser
pulse[38,39. Figure6 illustrates the power of time-resolved EXAFS for distinguishing between
crystaline silicon (Si, coordination: 4, r=2.35A), conventiona liquid-phase silicon (I-Si,
coordination: 6-7, r=2.4A), and the predicted metastable liquid phese with a high coordination
more dharaderistic of liquid metals, (I’-Si, coordination 11-13,r=2.7 A).
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Figure 6. (left) Model EXAFS cdculations and corresponding Fourier transforms (right) for
crystaline S (300K), liquid S (1700K), and a predicted metastable liquid phase
(1700 K) [38,39].

In addition, EXAFS measurements via phaoeledron yield will provide the surface
sensitivity (as mediated by the phaoeledron escape depth, <100A) that is necessary to probe
the region d highest eledron-hade density within the opticd absorption length. Furthermore,
becaise EXAFS is snsitive to locd order and coordination, and is element spedfic,
measurements are not restricted to single-crystal samples. This opens the oppatunity to
investigate phase-transition dynamics in complex materials, nanastructures, and pdycrystalli ne,
materials in which material compasition and/or domain boundries may influence the dynamics.

It is known from experimental observation and \erified by moleaular-dynamics modeling
that conventional melting is a heterogeneous, or nucleaed process[49]. It proceels from
interfaces and grain boundries due to the enhanced mobility of the surface aoms.
Homogeneous melting, in which the entire crystal lattice becomes unstable to shea deformation,
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isusually observed orly when surfaces are carefully passvated, and is manifest by a solid-liquid
phase transition accurring at temperatures above the thermodynamic melting point (i.e.
superheding) [49]. The non-equili brium conditions creaed by femtosecond laser excitation can
test the limits of the heterogeneous model of phase transitions. At sufficiently high carier
densities (with a significant fradion d electrons promoted from bondng to anti-bondng
orbitals), the mohility of interior atoms dhoud be largely unconstrained, and the solid-liquid
phase transition may become a homogeneous process Time-resolved EXAFS provides an
oppatunity to understand the behavior of materials in this unique regime by measuring the
structural dynamics of solid-liquid phese transitions in pdycrystalli ne materials. In the future, it
may be possble to extend these techniques to study phase transitions in buied layers and
interfaces as well.

Of particular interest are ultrafast phase transitions in nanastructure materials in which
the nucleaion model bre&ks down because the aitire aystal is much smaler than a typicd
domain size. Equilibrium studies of semiconductor nanocrystals of CdS (~200A diameter with
nealy perfed crystalli ne structure) reved that the melting temperature is drongly suppressed (by
more than afador of 2) with deaeasing size, as alarger fradion d the constituent atoms are on
the surface[50]. Essentialy the entire nanocrystal starts to resemble asingle defed, and the
solid-liquid phese transition may occur homogeneously throughou an individual nanoparticle.
By exciting a distribution of nanocrystals with a femtosecond ogiica pulse, the phase transition
may be initiated simultaneously throughou the sample. The structural evolution duing both
disordering and re-crystalli zation may then be observed via time-resolved EXAFS at the Cd
L,-edge (at ~4 keV). Preliminary opticd-pump and ogica-probe experiments on ader-disorder
phase transitions of CdS nanocrystals in solution are arrently underway. Estimates based on
simple euili brium thermodynamics indicate that ~100 phdons (at A=400nm) per nanocrysta
should be sufficient to elevate the temperature to the melting point. Considering the non
equili brium condtions creaed by excitation onthe femtosecond time scde, this is likely an
overestimate. Opticd excitation will be & short wavelengths (>3 eV phaon energy) far from the
exciton (homo-lumo) transition which is easily bleaded.

IV.3. Dynamicsin Warm Dense M atter

The onstruction of a tunable short-pulse x-ray source will provide an important step
towards achieving a quantitative research capability into the warm dense matter (WDM) regime.
The aea of WDM refers to that part of the density-temperature phase space between solids and
plasmas where the standard theories of condensed matter physics and/or plasma statisticd
physics are invalid. Thus, warm dense matter refers to states from liquid to greder than solid
density with temperatures comparable to the Fermi energy. It also refers to those states of matter
that are plasma-like, bu are too dense and/or too cold to admit to standard solutions used in
plasma physics. Thisis the region where plasmas become strongly couped so that perturbation
approadies fail as no small expansion parameters exist. Moreover it is the region where the
temperature of a solid neas or exceeds the Fermi temperature, thus indicating the failure of
standard cold condensed matter approaches. Warm dense matter is fourd in planetary interiors,
cod dense stars, and in every plasma device which evolves from an initia solid phese (e.g.,
laser-solid matter produced plasmas as well as al inertial fusion schemes).
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To date, the study of dense plasmas has been severely hampered by the fact that laser-
based probe methods are ineffective. The most useful diagnostic of local plasma conditions (the
temperature, Te, the density, ne, and the ionization, Z) has been Thomson scattering using lasers.
However, visible light will not propagate in systems in which the electron density exceeds
~10% cm, Thus, all dense matter can not be probed in depth by visible photons. Time-resolved
x-ray absorption experiments in the warm dense matter regime at the proposed UXS facility will
provide a near-term solution to the problem of probing dense matter on sub-picosecond time
scales. In this approach, warm-dense-matter (10 eV) is created via laser excitation, and the
evolution of the electronic and atomic structure can be probed via XANES and EXAFS. In the
longer term, it is expected that 4™ generation x-ray sources will provide ultrashort x-ray pulses of
sufficient intensity for creating warm dense matter (in addition to providing an ultrafast x-ray
probe capability).

The scientific interest in the warm dense matter regime arises because in dense plasmas
the atoms and/or ions start to behave in amanner that isintrinsically coupled to the plasma. That
is, the plasma starts to exhibit long- and short-range order due to the correlation effects between
the atomg/ions. This intriguing regime, where the plasma can no longer be considered a thermal
bath and the atoms are no longer well described by their individua properties, provides a
tremendous challenge to researchers. For such a plasma the defining quantity is the coupling
parameter I which is the ratio of the inter-atomic potential energy to the thermal energy given
by:

2 1/3
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here Z is the ion charge and r, is the inter-particle spacing. The regions of interest span the

density-temperature phase space from modestly coupled (I'<1) to strongly coupled (F>1), while

bridging the transition regimes between solid to liquid to plasma. In the limit of dense cool

plasmas one arrives at the threshold of condensed matter. Here the perturbative approach is

abandoned in favor of ground-state methods requiring complete renormalization of the atom/ion
and its environment.

From a condensed matter perspective strong coupling is not the relevant measure, as the
matter is highly structured and correlated. In approaching the warm dense matter regime from
cold condensed matter, the issue becomes the temperature of the system relative to the Fermi
energy, Eremi. In the case where T < Erermi the normal methods of condensed matter theory will
work as only a few valence/conduction bands need to be taken into account. However, when
T > Erermi the number of bands that are required to describe the system become enormous. In
addition, one must also include both excited core states and ionized species in the description.

The region of the temperature-density plane (for Al) where warm dense matter studies are
important is illustrated in Fig. 7. The theoretical uncertainties are largest in the WDM region
(indicated in blue) where the standard theoretical approaches fail and experiments are
exceedingly difficult. The experimental study of WDM is difficult in part because the creation
and isolation of matter in this regime is complicated. Although the plasma evolution of every
density-pressure (o-T) path that starts from the solid phase goes through this regime and plays an
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important role in its evolution, trying to temporally and spatialy isolate warm dense matter
remains a significant challenge.
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Figure 7. The temperature-density phase diagram for Al. The relevant regimes are noted, as are

the various values of the coupling I'. The region of greatest uncertainty is noted as WDM (warm
dense matter).

The study of warm dense matter offers the possibility of exploring new frontiers in
diverse areas including: strongly coupled plasma physics, high temperature condensed matter
physics, and high pressure chemistry. Moreover, in many areas of research the transition from a
cold dense solid to tenuous hot plasma occurs in a time-dependent manner, which is important
for the physical description of the system and its evolution. Examples are numerous, with the

most obvious being the p-T track of inertial fusion targets, laser produced plasma sources, and
shock heated systems.

Thereis aso an astrophysical interest in warm dense matter. Large planets and low-mass
stars exist in a state that can be described as warm dense matter. This is true whether the major
constituents are hydrogen and helium or more complicated compounds. A correct description of
a brown dwarf requires consideration of elements at Mbar pressures over a range of high
densities and temperatures. Theories of formation of planetary bodies rely on structure models
that are in turn determined by fundamentals like the equation of state (EOS) and constrained by
observations. For example, the largest uncertainty in estimates of the structure of extra-solar
planetsisthe EOS, which isthe EOS of warm dense matter [51].
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Threeimportant fadors are driving the development of WDM reseach and nov enable
significant progressto be made in thisfield:

* First, with a tunable femtosecond x-ray source one will be &le, for the first time, to probe
matter in the warm dense regime.

» Sewond, with the alvance of theoreticd methods, it is becoming possble to dredly compare
theory and experiment. New predictions will require verification by experimental data.

» Third, there ae important misson oriented reseach requirements, e.g., inertia fusion and
wegpors related studies, that involve matter in the warm dense regime.

The objedive of WDM experiments at the UXS fadlity is to oktain x-ray spedroscopic
data that is necessary for acarately determining the equation d state for matter in the warm
dense regime. The euation d state is a thermodynamic description d matter in terms of
presaure, density and temperature, and hav matter reacts to any change in ore of those three
variables. An improved understanding of this region is important because the fundamental
physics that effed the EOS in the warm dense regime ae predsely the physics that effed the
maaoscopic properties of matter. Indeed, the mnductivity, the opadty, and aher properties of
warm dense matter al depend onsimilar levels of understanding. Therefore, the EOS data
provides atest of our fundamental understanding of these systems.

The experiments propased for the UXS fadlity will be conduwcted in close @llaboration
with the theoreticd effort at Lawrence Livermore National Laboratory (LLNL). An initiative at
LLNL, Creating a Quantitative Capabili ty for the Warm Dense Matter Regime, is organized in a
two-part parallel approach. Theoreticd techniques that are usually applied to ha plasmas are
being extended towards a regime that is colder and more strongly couded. At the same time,
condensed matter methods (such as ab initio quantum moleaular dynamics) are being extended
from cold solids (T<<Egem) towards higher temperature solids.

At the UXS fadlity, experiments will be conduwted on rapidly-heated thin film targets
and the x-ray phaoabsorption cross ®adion will be measured as a function d wavelength and
compared drectly to theory. An energetic laser pulse can rapidly hea an initially cold sample
of condensed matter to the warm dense regime. Short x-ray pulses can subsequently probe the
sample, providing temporally resolved data related to the structure (via EXAFS), and electronic
properties (via XANES), of the material. Experimental methods to probe warm dense matter at
34 generation light sources have been recently developed at the ALS. Preliminary experiments
have been dore & the using a bend magnet source (beamline 7.3.3 to measure the time-
dependent absorption spedrum of Si foils (0.5um thick) heaed with a 10 ns laser pulse & an
irradiance of 2 Jcm?. Figure 8 shows the results of thisinitial experiment. The gray badkground
is the reference spectrum (unheaed) and the data show the sample asorption at 50 ns after laser
heding. Thereisal.5eV shift of the Si K-edge toward lower phaon energy that is attributed to
the metallic character of the liquid silicon. Similar shifts have been seen recently in XANES
spedra of I-Ge, which has been interpreted as an increase in the screening o the wre holein the
metalli c liquid phase [52].
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Figure 8. Thefirst data on a warm dense sample using the ALS beamline 7.3.3 showing the x-ray
absorption spedrum of a 0.5 pum sample of Si in the spedral region around the K-edge. The gray
areais the asorption spedrum of an unheaed sample while the circles indicate the absorption at
50 ns after laser heating. Note the shift of the heaed spedrum toward lower energy.

The second stage of experiments are now being implemented in anticipation o the
experiments that will make use of a short pulse x-ray probe source from the proposed unduator
beamline. Since the nature of the experiments requires that the sample be destroyed with each
measurement, one needs to maximize the data acquisition rate by recording absorption spedrain
adispersive mode, thereby enhancing the signal by about two arders of magnitude. Furthermore,
it isimportant to study the evolution d warm dense matter with minimum contamination from
underdense material that is ablated from the target. Thisis acieved by using a short-pulse laser
to hea the target rapidly. With these objedives in mind, experiments were recently initiated on
ALS beamline 5.3.1in which a short pulse laser (<1 ps) was used to hea the sample ad a
variable-line-space grating couped to a streak camera (2 ps resolution) was used to measure the
entire asorption edge for eat x-ray pulse. Absorption measurements of the Al L-edge (for a
cold 1000A foil) required oy four shats, andindicate avast improvement in datarate. Further,
we use athin foil to improve the uniformity of the sample that is being probed.

To illustrate the behavior of a thin Al foil irradiated by a short pulse laser we show in
Fig. 9 the predicted temperature and density contours at severa times after laser heding at an
irradiance of 10" W/cm?® Note that the time scale on which changes occur is on the order of
200fs. Further, we note that 1 ps after irradiation a relatively uniform temperature profile is
establi shed throughou the foil .
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Figure 9. The predicted temperature profile (right) and the density profile (left) of a 200A Al foil
at various times after heaing by a 100fs, 0.3 mJ laser pulse. Note that changes occur by ~200fs
and that after 1 ps the temperature gradients are small.

Given the steps that have been taken at the ALS on keanlines 7.3.3and nav 5.3.1it is
clea that the caability of the UXS facility will provide amajor step forward. The arrent warm
dense matter experiments with the bend-magnet source ae dready pushing the beamline
cgpabiliti es. The alditional femtoseaond x-ray flux of the UXS fadlity is necessary in order to:
(2) improve the time resolution to <1 ps, which is important for defining a uniform p and T, and
(2) to simultaneously enhance the signal to nase which is necessary for EXAFS experiments.
The plan is to first verify the sub-nanosecond x-ray absorption dynamics of the Al foil using
short-pulse laser heaing. Thiswill provide aitical information abou the behavior of the system
under short-pulse excitation condtions. Beyondthis, the high-flux short-pulse x-rays (from the
UXS beanline) will be used to accurately probe the XANES and EXAFS spedra a&ou the
K-edge of laser-heded Al a the gpropriate time following excitation. Initial experiments and
cdculations will focus on Al because of the wedth o existing data and simulations for this
element. Finadly, the theoreticd development effort at LLNL will be an important resourcefor a
broad range of experimental adivities at the UXS fadlity by providing advanced modeling
cgpabiliti es for interpreting x-ray spedral measurements, particularly in the complicaed near-
edge x-ray absorption region.

IV.4. Solid-Solid Structural Changes and Phase Transitions

Transitions from one distinct solid phese or crystalographic structure to another
represent another classof phase transitions in which the underlying dynamics are determined by
atomic motion onthe time scde of avibrational period. In extended solids, transformations from
one structure to ancther typicdly nucleae @ defed sites. The macroscopic evolution d such
transformations is then determined by the growth rate of the transformed region (at acoustic
velocities), damain fradure, and the aedion d multiple new defects and nucleaion sites at the
interface region. The complex evolution of such transformations make it difficult to understand
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the fundamental structural dynamics at the @omic scde occurring at each defect or nucleation
site. By initiating such transitions homogeneously throughou a sample region (viadired opticd
excitation a viaopticdly induced temperature or presaure jumps, for example), and pobing the
structural evolution with femtosecond x-ray diffraction a EXAFS, we can dredly observe such
ultrafast structural dynamics for the first time. This will | ead to a better understanding of the
atomic rearrangement and changesin bondng which are & the heart of such transitions.

Semicondtctor nanocrystals are aunique model system for investigating solid/solid phase
transitions sncethey are essntially freeof defeds. X-ray diffradion and EXAFS studies have
shown that nanocrystals undergo a wurtzite (coordination=4) to rock salt (coordination=6)
structural transformation at high presaure (~6 GPa, seeFig. 10) [53-56]. The presaure-induced
phase transition is entirely reversible, with esentially no loss of crystalline structure. This is
convincing evidence that only single nucledion events occur in ead crystallit e, in contrast to the
extended solid where multi ple nucledion and domain formation complicate the dynamics. Thus,
for sufficiently small particles, the phase transformation is reduced to the fundamenta structural
dynamics, which can then be diredly probed using time-resolved x-ray techniques.

The scientific challenge is to understand nd only the time scde, but the structural
kinetics of such phese transformations. For example, the reversibility of the phase
transformation suggests that it occurs homogeneously throughou each nanocrystal, analogous to
the Néd coherent rotation model for magnetization reversal in a single magnetic domain. As
shown in Fig. 10, the presaure dependence of the nanocrystal phase exhibits a pronourced
hysteresis. In contrast with buk phase transitions (in which the hysteresis width is determined
by the types of defeds present), in nanocrystals, the hysteresis is determined by the total number
of unit cdlswhich participate in the nucledion event. For instance, if the transition nicleaes by
one plane of the nanocrystal dliding against ancther, then the barrier to the transition is expeded
to scde with the areaof the plane. Theimplicéion isthat for sufficiently small nanocrystals, the
transformation begins to behave & a moleaular isomerization[54]. Furthermore, in this sze
regime the transformation may involve ordinated movement of the @&oms throughou an
individual nanoparticle (i.e. coherent motion onthe time scde of a single vibrational period).
Time-resolved EXAFS and/or x-ray diffradion dfers unique caabiliti es for addressng these
guestions by diredly probing the changes in atomic coordination and bord distances through the
course of the phase transition.
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Figure10. (left) Meaurements of the wurtzite/rocksat phase transformation in CdSe
semiconductor nanocrystals. For CdSe particles ~43 A in diameter, the thermodynamic transition
presarre is Pr~4 GPa, and the adivation energy is Ex[R2 eV (at Py) [53,54]. (right) Model EXAFS
cdculations (top) and fourier transforms (bottom) for CdSe wurtzite and rocksalt structure (Cd L -
edge).

A criticd comporent for such experiments is the aility to trigger the phase transition
simultaneously in a sufficient number of nanocrystals. Several promising approacdhes for
opticdly triggering the phase transition are aurrently being explored. These gproades take
advantage of what is already known abou the kinetics and thermodynamics of the phase
transition. As $hown schematicdly in Fig. 10, the adivation energy, Ea, can be manipulated via
presaure. Furthermore, at a fixed presaure, the energeticdly favorable transition can be induced
by a dhange in temperature [54] (i.e. the width of the hysteresis curve is temperature dependent).
This adlows one to choose an optimum condition (with a minimum potential barrier) for
triggering the phase transition with an ogticd pulse. For example, operating at presaures below
Pr may enable one to transiently induce a wurtzite—rocksalt transition. Under such condtions,
the relaxation time of the rocksalt—-wurtzite back-transition is known to exhibit an Arrhenius
dependence on the adivation energy (as determined by presaure) [54]. The activation energy at
Pr has been measured to be only 1.5eV for 30 A diameter nanocrystals [54].

In a smple scheme, the phase transition may be triggered through femtosecnd puse
laser heding of the sample. More sophisticaed techniques include triggering the transition
through opicd excitation d coherent LO phonon modes in the excited state (via resonant
absorption), or in the ground state (via impulsive Raman). Previous gudies have shown that
femtosecond opical pulses can excite strong coherent LO phona modes due to enhancement of
the Frohlich couding by quantum confinement effects[57]. Since the wurtzite/rocksalt
transformation involves relative motion ketween basis atoms, it is likely that the LO phonm
mode has a significant projedion along the reaction coordinate of the phase transition. Finally,
the modest presaure requirements (<10 GPa) will enable the transition dynamicsto be probed via
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x-ray diffradion a EXAFS (at the Cd L,-edge & 4 keV) in a diamond anvil cdl, probing ether
through a thin damond windowv or though a small diameter Be gasket (1/Oge =~ 650um at
4KkeV) [58]. Figure 10 (right) ill ustrates the distinct signature of this phase transition in the
CdSe EXAFS spedra.

Ultrafast X-ray Spectroscopy of Complex Materials

Time-resolved x-ray measurement techniques offer powerful new tods for unraveling the
complicated dynamical properties of “complex” materials. Complex materials include strongly
correlated materials and man-made novel structures in which the effeds of strong interactions
and/or reduced dimensionality play an important role in determining the material properties.
Ultrafast opticd measurements of complex materials provide only limited information abou the
underlying dynamics because the opticd properties in these systems are complicaed functions of
numerous degrees of freadom (charge, spin, lattice, etc.) which strongly interact. Complex
materials are often multi-element and require dement-spedfic or depth-sensitive probes for a
thorough uncerstanding. Furthermore, the energy scaes of the dementary excitations cover a
wide range, of which only asmall portion can be cvered by optical methods.

Strongly correlated materials exhibit many fascinating phenomena, such as colossl
magnetoresistance (CMR) or high-T¢ superconductivity, due to the strong interactions among

charge, spin and lattice A better understanding of the interadion ketween charge, spin, and
lattice can be obtained by time-resolving their individual responsesto external perturbations. For
example, utrafast lasers can instantaneously introduce cariers into the darge-ordered,
antiferromagnetic, insulating ground state of heavily hodedoped CMR manganites.
Measurements of the subsequent excitation and relaxation d the darge, spin, and lattice will
provide new information about the physics of the CMR materials. The strength of the dharge-
spin and charge-lattice interadions can be estimated from the time-scaes of the excitation and
relaxation, for instance Ultimately, the form of the interadion Hamiltonians resporsible for the
dynamics can be inferred from these measurements.

Time-resolved measurement techniques can be implemented in virtually al x-ray
spedroscopic methods, which have proven to be excdlent probes of the static properties of
complex materials. Time-resolved x-ray Bragg diffradion can be used to monitor changes in the
long-range lattice order induced by carrier excitation via the Jahn-Teller (JT) interadion.
Resonant time-resolved x-ray diffradion a the Mn K-edge[59,6Q will provide alditional
information onthe dynamics of the d-orbitals of the manganese ions. the ordering of Mn d-
orbitals is believed to be an important ingredient in the formation d the darge stripes[61].
Time-resolved EXAFS can probe the evolution d the short-range lattice order, bondlengths, and
bondangles. The dynamics of charge-ordering can be observed by time-resolved XANES [62]
or by changes in the superlattice Bragg diffradion die to the charge ordering.

The utility of timeresolved x-ray measurement techniques for strongly correlated
materials has been demonstrated by recent observation d the poaron dynamics in charge-
ordered Ndy,Sr1,MnO;3 using time-resolved x-ray Bragg diffradion, as $own in Fig. 11
Transient modificaions in the lattice structure induced by the JT interadion are monitored
following opticd excitation with 150fs, 803nm laser pulses. The laser wavelength overlapped
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with the broad Mn** to Mn** charge-transfer band [63]. The x-ray rocking curve for Pbnm
orthorhombic (112) reflection, measured 50 ps after the laser pulse, is shown in the inset of
Fig. 11 with the unperturbed rocking curve. The observed dynamics of the diffracted intensity at
different points on the rocking curve are illustrated in the left panel of Fig. 11. The increasesin
both the shorter and longer wavelength sides of the rocking curve signify the development of
compressive and expansive strains in the crystal.
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Figure11. (left) The measured dynamics of the diffracted x-ray intensity at different points of the
rocking curve. (right) Theoretica modeling of the data assuming laser-generated transient Jahn-
Teller lattice distortion in the crystal. The inset in the left panel shows the rocking curve measured
50 ps after the laser pulse (solid curve) and the unperturbed rocking curve (dashed curve). In the
figure, the unperturbed x-ray intensity for each point of the rocking curve is set to unity.
(Measured at AL S beamline 7.3.3).

The laser-induced modification of the x-ray Bragg diffraction is a direct result of the strong
coupling between the JT lattice distortion and the charge-transfer transition in this system.
Impulsive (faster than the lattice can respond) charge-transfer from ions to ions creates the JT
|attice distortions shown in Fig. 12. The laser-induced |attice modulation appears be anisotropic
(unlike simple therma expansion) as both the compressive and expansive components are
observed in the data. The data is modeled under the assumption that the charge-transfer
transition creates the JT distortions depicted in Fig. 12. Relative to the lattice plane, which
corresponds to (101) of the cubic perovskite, these distortions amount to longitudinal expansion
and transverse compression. The longitudinal and transverse strain associated with the JT
distortions propagate into the crystal with the relevant speed of sound. Modifications of the
diffracted intensity due to the strain waves are calculated and shown in the right panel of Fig. 11.
From the calculation, the relaxation time of JT distortions is estimated to be ~50 ps and the JT
interaction energy is ~1 eV, independent of temperature. The fact that similar dynamics are
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observed between 20 and 300 K suggests that the JT interaction strength is larger than the
bandwidth of the band derived from theitinerant e, electrons.

Q Q2 Qs

Figure 12. The Jahn-Teller distortion of the oxygen octahedra around Mnions which strongly
interact with the optical charge-transfer transition.

The proposed undulator beamline provides a much improved capability for studying the
dynamics of strongly correlated materials compared to the current bend-magnet beamline. The
additional x-ray flux will allow time-resolved x-ray powder diffraction measurements. This will
significantly increase the scope of materials whose dynamics can be studied since novel complex
materials are rarely available as high-quality single crystals. The bright sub-picosecond soft x-
ray pulses are especially suited for studying the electronic and magnetic dynamics at the L-edges
of these transition-metal compounds. The sensitivity of the streak camera measurements can
also be greatly improved at soft x-ray range due to the enhanced quantum efficiency of the
photocathodes.

IVV.5. Ultrafast Photochemical Reactions

The conventional model of photochemical reactions in the condensed phase is based on
the notion of alowest-energy excited-state which is common to both reactant and photoproduct.
In such a model, photoexcitation to the Franck-Condon region is followed by intramolecular
vibrational relaxation (IVR) in the excited state followed by internal conversion (IC) or
partitioning to photoproduct and reactant ground states. Such a model assumes that structural
changes aong the reaction coordinate are slow compared to IVR (which occurs on a picosecond
time scale). A necessary consequence of such a model is that the reaction dynamics are
determined by the lowest-energy excited state and are essentially independent of the initially
excited Franck-Condon states.

The application of femtosecond lasers to photochemistry has demonstrated the
inadequacy of such a model. Clear experimental observations of photochemical reactions
involving structural changes on the time scale of a vibrationa period include isomerization
reactions in dtilbene[64], bacteriorhodopsin[65], and rhodopsin [66-68], charge transfer
reactions [69,70], photodissociation reactions in iodine [71,72], and myoglobin [ 73], to name just
a few. Such, observations raise an important scientific question about the role of structural
dynamics in influencing the reaction pathway. Recently ultrafast reactions have been described
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theoretically using dynamic, non Born-Oppenheimer models such as Landau-Zener
tunneling [66,74], or conical intersections[75,76], which attempt to account for the role of
structural (vibrational wavepacket) dynamics on the evolution of the transition state. Our present
experimental understanding is limited by our inability to directly probe the molecular structure of
these transition states during the course of a reaction. Femtosecond lasers have been
successfully used to probe the optical properties of molecules in the transition state (as well as
the ultrafast creation of photoproduct), because they can provide the necessary time-resolution.
However, it is generally not possible to infer detailed structural information from optical
properties. Optical properties provide only indirect information about the underlying atomic
structure because visible light interacts with extended electronic states as opposed to core levels
which are closely bound to the atomic nuclei.

Organo-metallic Spin-Crossover Molecules

The extension of EXAFS and XANES techniques to the femtosecond time domain opens
the possibility of directly investigating the transition state of ultrafast chemical reactions. One
particularly interesting class of molecules are the Fe-based organo-metallic complexes|[77,78].
Thisisamodel system for understanding the fundamental interplay between structural dynamics,
charge-transfer, and spin-state interconversions. The spin-crossover transition which occurs in
Fe' complexes is of particular interest because it is closely related to the electron transfer
reactions in heme proteins. Of practical interest is the potential application of the light-induced
excited spin-state trapping (LIESST) for opto-magnetic storage [79].

The Fe'' complex (illustrated in Fig. 13) consists of an Fe atom within a shell of organic
ligands characterized by 6-fold coordination of N [78]. Optical excitation promotes an electron
from the low-spin Fe'' complex to a meta-to-ligand charge-transfer (*MLCT) state that is
thought to be localized on a single ligand. The system subsequently undergoes a rapid spin-
crossover to a high-spin state (°T») of the Fe' complex. Femtosecond optical pump-probe
experiments have demonstrated that the spin transition (AS=2) occursin less than 700 fs[77,80].
The speed and efficiency of this reaction are inconsistent with the conventional model for such
reactions (which assumes that the reaction proceeds from a thermally-equilibrated excited state)
and suggests that the initial wavepacket dynamics in the Franck-Condon region play an
important role in determining the reaction pathway. Static x-ray diffraction [78] and EXAFS
measurements [81] demonstrate that the high-spin state is associated with significant (~10%)
changes in the Fe-N bond lengths. Model calculations suggest that the increase in Fe-N bond
lengths together with an increase in trigonal distortion facilitate the fast rate of spin
interconversion in [Fe(tpen)]?* by modifying the spin-orbit coupling [78].
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Figure 13. (left) Ultrafast spin-crossover reaction in Fe'' organo-metallic complex. The high spin
state is associated with an ~10% increase in the Fe-N(ligand) bond distance. (right) Model EXAFS
calculations (top) and corresponding Fourier transforms (bottom) for Fe'' low-spin and high-spin
structures.

A new understanding of the structural dynamics, and the role they play in the ultrafast
spin-crossover conversion may be obtained by monitoring the changes in the Fe-N bond
distances during the reaction using time-resolved EXAFS measurements on the Fe K-edge at
7.1keV (or on the L,-edge at 845eV) in [Fe(tpen)]**. Of significant advantage for these
experiments is the wealth of existing static x-ray measurements of the temperature-isolated high-
spin and low-spin states [78,81-83], as well as femtosecond optical measurements of the excited-
state dynamics[77]. Initial experiments may be done in microcrystalline solids. A significant
advantage of the superconducting undulator is the enhanced flux which will enable time-resolved
EXAFS measurements in solution. In the case of the Fe'' complexes, solution measurements are
crucia to understanding the influence of solvent environment and intermolecular interactions on
the ultrafast dynamics.

Solvent-Solute Structural Dynamics

Understanding chemical reactions in solution remains an important scientific challenge.
In contrast to gas-phase reactions, solution reactions are strongly influenced by the solvent
environment. Caging effects of the solvent can trap reactive species in close proximity allowing
them to geminately recombine. In addition, coupling to the solvent can strongly influence the
vibrational and electronic relaxation of the solute, and thereby influence the reaction pathway.
The 1, photodissociation reaction is a simple model system for understanding molecular
dynamics in solution, and there have been extensive theoretical and time-resolved experimental
studies[71,84-88]. Measurements with femtosecond optical pulses indicate that vibrational
coherence is maintained as photo-excited molecules in solution undergo curve-crossing to a
dissociative state within a few hundred femtoseconds[71]. Geminate recombination has also
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been shown to occur within 2 ps[87]. Nevertheless, the dissociation dynamics, even for such an
apparently simple diatomic molecule in solution, are not well understood. Thisis a consequence
of the difficulty in inferring the structure of the molecular transition state from measurements of
the optical properties. Time-resolved EXAFS measurements at the iodine L-edge (4.6 keV)
will provide the first direct measurement of the I-1 bond distance during the dissociation process,
and will provide new information about the subsequent solvent caging and geminate
recombination.

The related tri-atomic system, 13, exhibits more complicated structural dynamics during
the photodissociation reaction:

I3+ hv - Iy (vibrationally excited) + |

In solution (e.g., H2O), geminate recombination occurs after vibrational relaxation from high-
lying nascent |, vibrational levels, and vibrational coherence has been measured to persist for
several picoseconds[72,89-92]. Time-resolved XANES and EXAFS with femtosecond x-ray
pulses will allow a direct observation of this rapid bond-breaking process involving all 3 iodine
atoms. By resolving the structura evolution of the photodissociation, we can gain a better
understanding of the steric interaction between the caged fragments | and I,

An important goal is to apply time-resolved x-ray techniques to understand the structural
dynamics of more complicated reactions in a solvent environment. Of particular current interest
is the photochemical reaction dynamics of aqueous chlorine dioxide (O-ClI-O) which exists in
stratospheric polar clouds and plays a significant role in sunlight-induced atmospheric
chemistry [93] due to its ability to produce atomic Cl. Recently, a number of groups have
applied femtosecond optical techniques to understand the pathways and the dynamics of this
reaction[93-96]. The data suggest that in solution, photo-dissociation and geminate
recombination occur within 1 ps. However, there are several competing reaction pathways that
appear to be solvent dependent [96].

OCIO+hv - CIO+0O
OCIO+hv - Cl +0O,
OCIO + hv - CIOO - Cl+ O,

Optical measurements have not been able to clearly distinguish between these pathways
due to the difficulty in uniquely identifying the optical absorption spectra of the various transient
species. Solvent caging further complicates the problem since reactants that geminately
recombine will have substantial excess vibrational energy in the electronic ground state. Thus,
the corresponding optical absorption signature evolves on the picosecond time scale as the
excess vibrational energy is coupled to the solvent. We can achieve a clearer understanding of
OCIO photodissociation by using time-resolved EXAFS and XANES to measure the time-scale
of the reaction dynamics, and to distinguish between the various reactant species during the
course of the reaction. EXAFS measurements at the Cl K-edge (2.8 keV) can be used to monitor
changes in the CI coordination while XANES measurements can be used to distinguish between
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OCIO, CIOO, and Cl due to their distinct absorption signatures and chemicd shifts in the
absorption edge.

The structural dynamics of the solute moleauleis only one asped of readions in solution.
Equally important is the structural resporse of the solvent environment since the mutua
interadion between solvent and solute can influence the readion dynamics. Recent attempts to
addressthis isaue using femtosecond opicd pulses have focused on the solvated eledron as a
model probe of the solvent environment [97-102]. Analysis of the transient absorption and
dephasing provide information abou the statistical fluctuations of the solvent, but canna provide
any dired structural information. By using a solvated halogen anion as a probe, time-resolved
EXAFS and XANES can be gplied to drectly capture the structura details of the solvent
dynamics.

For example, the EXAFS structure of Br™ or I” in water is quite pronownced due to the
large wordination number of oxygen atoms surroundng the anion. An utrashort opticd pulseis
then used to initi ate the following readion:

X"+ hv - Xnatra + Solvated (X=I, Br)

thus phao-detadhing the eledron from the ion and generating a nascent radicd and an eledron
(seeFig. 14). Thelocd structural environment of the solvent will read to this ultrafast changein
the solute charge distribution, and the caging H,O moleaules will tend to repel from the halogen
atom. Whil e the resporse of the cage moleaules occurs on an utrafast time scde, the lifetimes
of bath the “wet” eledron and the radical are mainly diffusion-limited (the probability for
geminate recombination is very low). In an ogicd pump-probe experiment, the lifetime of the
solvated eledron following UV-phaolysis of I'/H,O has been shown to include an 8ps and a
60 ps comporent [100. The group d M. Chergui (U. Lausanne) has observed the same
dynamics for I, and for Br. They have further verified that more than ~25% of the
phaogenerated electrons survive on a nanosecond to microsecond time scde (depending an
concentration). At low concentrations the neutral survival probability is expeded to behave
similarly, since the neutral lossreadion | + 1" - I, [103 remains insignificant. At larger
concentrations the loss readion contributes to a reduced survival lifetime of | down to the
picosecond regime, which can then be probed with femtosecond x-ray pulses. Therefore, this
system offers svera advantages for time-resolved x-ray measurements of solvent structura
dynamics. First, the longer lifetime of the iodine radicd together with the pronourced EXAFS
signal enables us to measure the @age structure around a radicd in solution for the first time.
Seomnd, the 200fs time resolution provided by the superconducting undulator beamline, will
allow the ultrafast response of the solvent cage to the initial excitation d the darge-transfer to
solvent (CTTS) state to be diredly monitored viatime-resolved EXAFS.
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Figure14. Schematic illustration of the halogen anion, I°, photo-detachment experiment in the
liquid phase (left), and expected appearance of the 2s- 5p resonance (right: dashed curve). This
resonance has been observed in the x-ray absorption spectra of diatomic halogens at BM29 of the
ESRF (A. Filipponi, unpublished data). The displayed halogen spectra will change shape after
photolysis yielding the pre-edge resonance together with altered EXAFS modulations due to the
changing I-O distance. The solid curve shows the measured EXAFS of |” in water under pump-
probe conditions (gated detection at 1 kHz repetition rate - measured at AL S beamline 7.3.3).

Femtosecond optical experiments at the U. Lausanne have already verified that iodide
can be efficiently ionized with UV pulses at 266 nm (via a one-photon process), or at 400 nm
(via 2-photon absorption). A particular advantage of this model system is the enormous x-ray
absorption changes expected after photolysis. Photodetachment of I” will free a 5p hole. This
hole is easily detectable in the XANES region due to its large absorption cross section.
Figure 14 (right) illustrates this for the case of iodine. The anticipated 2s- 5p transition is
displayed by the Lorentzian-shaped pre-edge feature. The solid curve shows the static EXAFS
spectrum of 17/H,0, recorded by the Chergui group at BL7.3.3 of the ALS. The 5p hole
resonance is expected to be even stronger than the edge absorption itself.

Structural Dynamicsin Biological Systems

Biological processes are ultimately governed by chemical reactions, and the fundamental
time scale for the structural dynamics associated with these reactions (even in a protein
environment) is a vibrational period. Thus, a thorough understanding of the basic driving
mechanisms behind many biological processes requires direct structural measurements on an
ultrafast time scale. Femtosecond optical techniques have been widely applied to investigate
ultrafast biological processes[2], and coherent vibrational motion has been observed to play a
rolein biological reactions such as the first step in vision [66-68], photosynthetic charge transfer
[69], and photodissociation in heme proteins [73]. Of course quantitative structural information
requires x-ray measurements, and to date x-ray techniques have been applied on time scales
from milliseconds to nanoseconds to investigate structural dynamics in biological systems such
as heme protein[21,104], bacteriorhodopsin[22], and photoactive yellow protein[12].
Extending structural measurements of biological systems to the femtosecond time scale is a
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significant challenge due to demanding x-ray source requirements, bu it is nevertheless an
important long-term goal.

The UXS fadlity will be an important first step in this direction by enabling initia
ultrafast time-resolved x-ray experiments in relatively simple biologicd systems gich as
metall o-proteins in solution. In addition to studying the metal atom in various oxidation states,
it shoud be possible to apply EXAFS and XANES to determine the transient changes in the
metal-ligand bond dstance with high accuracy. For example, in heme proteins it is well
established that a short opticd pulse can induce phaodissociation by absorption into the Soret
bands. The first experiments will focus on the Hb-H,S system, which is currently investigated
by opticd pump-probe techniques at U. Lausanne (M. Chergui group) in coll aboration with the
University of Puerto Rico (UPR) at Mayagiez This newly discovered sulfide-reactive
hemoglobin from the dam (Lucina pectinata, Hb1-H,S) is a fascinating biologicd system which
functions as a carier protein for H,S[105. Read et a. first cdled attention to Hb1-H,S in
1962[106. Nealy 30 yeas later it was finally possble to solve the static aystalli ne structure
on a Hb1 compoundwith a resolution d 1.5A [107. The structural dynamics including the
binding, transportation and release of the H,S ligand, remain urknown. Here, time-resolved
X-ray absorption measurements may play an important role in furthering our understanding.

Probing structural dynamics in biologicd systems is a very challenging task, in part
becaise of the low sample cncentrations that are possble in red physiologicd media
Although dlute biologicd samples have dready been succesdully studied via EXAFS and
XANES[108, the x-ray flux requirements are substantial. Estimates based onthe performance
of the proposed urdulator beamline indicate ressonable data aquisition times for XANES and
even EXAFS measurements at 30 ps resolution (see Appendix).

IV.6. Atomic and Molecular Physics with Femtosecond Optical and X-ray Pulses

Femtoseaond ogtical techniques are widely used in gas-phase @omic, molealar, and
opticd (AMO) physics for timeresolved photoemisson and ionization; generation and
manipulation d non-stationary vibrational and Rydberg wavepadets; and in the investigation o
atoms and moleaules in high fields[2]. The availability of high-brightness femtosecond EUV
and x-ray pulses (in combination with femtosecond ogicd pulses) will open new areas of
research in AMO physics by providing core-level phaon energies (atom-spedficity) and atomic-
scde resolution combined with utrafast time resolution and hgh laser fields. These tods will
enable for the first time, the dired charaderization d moleaular energy-level structure and
bondng, as well as the phaoionization dynamics as a function d the evolving moleaular
geometry.

AMO Research with Femtoseocond X-ray Pulses— Low Field Regime

Femtoseaond opqicd techniques are commonly used to study the time evolution o
complex systems by preparing a state of interest with a pump puse and interrogating the system
as a function d the time delay with a probe pulse. In simpler systems for which the time
evolutionis known, pump-probe experiments can be used to study the behavior of the system as
a function d geometry. For example, ultrashort opticd pulses can prepare spatialy locdized
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vibrational wavepadkets in the excited eledronic state of a diatomic moleaule. These
norstationary wavepackets then oscill ate between the dasdcd turning points of the potential
energy surface (until coherence is lost via dephasing and Mbrational energy relaxation). By
probing such systems with a delayed utrashort x-ray pulse, it is posdgble to study the dectronic
energy level structure a a function d the internuclea distance This approadh may aso be
applied to spedfic payatomic moleaules, thus allowing the study of the moleaular eledronic
structure as afunction d anormal coordinate of interest.

The aility to perform inner-shell x-ray studies as a function d moleaular geometry wil |
provide insight into a wide range of moleaular phenomena. Nea-edge absorption spedra often
show a number of intense resonances which can be adgned to: transitions to unacupied
valence orbitals below threshald, to Rydberg orbitals, to states with multi eledron excitation, and
to shape resonances. It is of particular interest to uncerstand howv the positions, widths, and
intensities of the resonances depend onthe moleaular geometry. The lowest energy resonances
can often be correlated with the lowest unoccupied moleaular orbital (LUMO) of the molecule,
an important concept in models of chemicd reactivity and the behavior of moleaules on surfaces.
The aility to probe these resonances as a function d geometry (for example, along a readion
coordinate) is expeded to provide important new insight.

The internuclear distance (R) dependence of the energy of the o* shape resonances has
been the subjea of considerable discusson for more than 20 years. Studies of large dasss of
moleaules have led some researchers to propcse aquantitative arrelation between bondlength
and o* resonance position[62]. If valid, such a correlation would provide apowerful toad for
the charaderization d moleaules on surfaces, in readions, and in aher novel environments.
However, the eistence of such a arrelation hes been questioned by a number of
researchers[109; the principa objedion being the assgnment (and even existence) of the o*
shape resonances in many of the molecules used to make the crrelation. Some information on
the R dependence of the o* resonances can aso be obtained from nonFranck-Condan
distributions in vibrationally resolved phdoelectron spedra. Unfortunately, such results are
limited to very small moleaules, require high-level theory to extrad even semi-quantitative
information, and are limited to a small range of R. Time-domain, pump-probe techniques will
provide near-edge dsorption spedra & a function d R, and thus diredly addressall of these
isaues.

As an example, consider the near-edge ésorption spedrum of ICl near the | L, or Cl K
edges. Opticd pump-probe experiments[110] on ICl have shown that it is possible to crede
wavepackets in the A °; state that oscill ate between ~2.3 and 4.6A with avibrational period o
~1ps. By probing such wavepadets with an utrashort x-ray pulse, it shoud be possble to
record "fixed R" nea-edge spectra over this large range of internuclear distances. It isimportant
to nae that the o* resonances are predicted to depend strongly on R--near Rg in N3, a change in
R of 0.3A moves the resonance gproximately 20 eV. Thus, in the propcsed experiments, the
o* resonance shoud be shifted a cnsiderable distance from the "probe-only” resonance
pasition, improving the ability to distinguish the two. The extension d this approach to
polyatomic moleaules and their bending coordinates is expeded to be quite rewarding. For
example, athough the T* resonances in triatomic moleaules are thought to depend ony weakly
on bondlength, theoretical considerations indicate that they may depend strongly on bondangle.
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There is little experimental information onthis effect. Pump-probe experiments produwcing a
wavepacket in the bending coordinate of such moleaules would all ow the recording of near-edge
spedra & a function d bondangle, and drectly addressthis isaie. The 200fs duration d the
ultrashort x-ray pulse is particularly well suited for such studies in heasier moleaules (in which
spatialy locdized wavepadets can be excited at relatively low vibrational frequencies). Pump
probe studies of the bond angle dependence of the 1 resonances in lighter moleaules can still be
dore, bu in this case the pump laser will excite avibrational level (or group d levels) that is
well-defined in the frequency domain.

One triatomic system which illustrates the idea of this approach is nitrogen doxide
(NO). Nitrogen doxideis anonlinea free radical with ore dedron ouside a ¢osed shell ion
core. Although the ground eledronic state of NO; is bent, the groundstate ion and the Rydberg
states converging to it are linea. The first absorption band system of NO, consists of a long
progresson d bands assgned to transitions to the A?B; state. This progresson is extremely
complex but can be simplified by coding in supersonic moleaular beans. By varying the pump
laser wavelength, it shoud be possble to excite seleded bands and subsequently to probe the
inner-shell spedrum of the excited moleaule with the femtosecondx-ray pulses.

Because the nuclei in a vibrating molecule spend most of their time at the dasscd
turning points of their motion, the wave function in the time-independent picture has most of its
amplitude nea the dasdcd turning poaints. Thus, in a nominally linea triatomic moleaule with
the bending vibration excited, the moleaule will spend most of itstime in the bent geometry with
the bond angle determined by the bending quantum number. For the v, bending vibration in
NO,, this means that the effedive O-N-O angle will depend onthe particular value of v,, with
larger v,, correspondng to smaller O-N-O angles. By performing inner-shell absorption studies
on a series of vibronic levels with dfferent values of v,, we will be &le to gain insight into the
bondangle dependence of the resonances in the nea-edge region. Thus, detail ed studies of the
¢ resonances will bewmme possble.  Similarly, because the two turning points of the
asymmetric stretching vibration have the same geometry, excitation to a series of vibronic bands
of the asymmetric stretch of NO, would provide information on haev these feaures depend m
the relative bondlengths of the two N-O bond. These experiments soud be feasible based on
the aurrent ability to perform experiments on stable moleaules and assuming that 10% of the
sample can be excited to the level of interest.

Pump-probe techniques can also be gplied to study the R dependence of the inner-shell
orbitals. For example, phdoeledron spedroscopy and phdoeledron angular distributions could
be used to probe how the moleaular orbitals derived from the M-shell atomic orbitals in I,
change @ the bond length varies from 2.5to0 5A, and in particular, to determine the degree to
which the orbitals are locdized on the individual atoms. Interestingly, at 2.5 keV the x-ray
wavelength is ~5 A, the same size & the moleaule & the outer turning point. In this stuation,
the dipde gproximation is expeded to be severely compromised. On the other hand, at the
inner turning point the moleaule is considerably small er than the x-ray wavelength and the dipde
approximation shoud be more accurate. Thus, at the inner turning point the wavelength of light
istoo long to dstinguish the individual atoms, while & the outer turning paint this is becoming
possble. Under these condtions, the phaoionization dynamics will be quite sensitive to the
degreeof delocdli zation d the aomic M-shell orbitals.
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In contrast to vibrational wavepackets, in which the nuclei of the molecule are spatially
localized, it is also possible to prepare Rydberg states in which the Rydberg electron is spatially
localized. Pump-probe experiments using such electronic wavepackets can then be used to study
properties of the molecule as a function of the electron-ion core distance. For such experiments,
it is desirable to stretch the excitation laser pulse to ~1 ps (with a bandwidth of about 30 cm™).
This requirement stems from the fact that on any classical orbit, the electron spends only a few
picoseconds in the vicinity of the atomic nucleus. Classicaly, the Rydberg period scales as n®,
and for n~47 the period is ~15 ps. By exciting a coherent superposition of severa Rydberg
levels around n=47, it is then possible to create a Rydberg wavepacket with a classical period of
this magnitude. Most of this period is spent with the electron far from the ion core. Time-
resolved x-ray absorption spectra measured during the outer excursion of the Rydberg
wavepacket should reveal an inner-shell ionization spectrum similar to that of the corresponding
bare ion. Conversely, x-ray absorption spectra obtained at time delays corresponding to the
electron "in" the ion core should correspond more closely to that of the neutral species.

Time-resolved studies of Rydberg wavepackets have been performed previously with
optical probes, however, the emphasis of these earlier studies has been primarily on the
dynamics of the Rydberg electron (see, for example [111]). In the proposed experiments, the
emphasis will be on the effect of the Rydberg electron on the inner-shell absorption spectrum of
the core, particularly when the Rydberg wavepacket is localized in the core. As an example, in
an akali atom, single-photon excitation will prepare a wavepacket composed primarily of np
Rydberg states, while two-photon excitation will prepare a wavepacket composed primarily of ns
and nd Rydberg states. Because the short-range behavior of the np and ns/nd wavefunctions are
very different, they are expected to have different effects on the core electrons. The comparison
of near-edge absorption spectra recorded when the Rydberg wavepackets are localized in the
core should provide new insight into the correlated behavior of the core electrons.

Another example where ultrafast time-resolved core-level studies would be a powerful
new tool in the chemical physics toolbox isin the study of the photodissociation of polyatomic
molecules. Much attention has been given to studies of photofragmentation mechanisms|[112].
Large molecules can have complex valence spectral features that are often impossible to
uniquely assign to individual molecular orbitals. Core level spectra of large polyatomic
molecules are typically much simpler and it is easy to separate features from different atoms due
to the large energy shifts between core-level binding energies of different types of atoms. We
propose to exploit this atomic site specificity in core-level studies of Fe(CO)s by initiating the
photoexcitation process with the femtosecond x-ray photon and by probing the time evolution of
the molecular fragmentation using laser multiphoton ionization. The initial excitation can be
done at the oxygen K-edge or at the Fe L and K-edges. The ionic states can be well
characterized by methods such as high resolution photoelectron spectroscopy. Using the x-ray
photon as a pump will alow the deposition of energy at a specific location in the molecule,
initiating electronic and nuclear rearrangements that can be probed with a variably delayed uv-
visible pulse. Alternatively, the molecular photodissociation can be initiated with a femtosecond
laser pulse and the time evolution of the molecular rearrangement probed with atomic site
specificity using photoel ectron spectroscopy with the ultrashort x-ray pulse.
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In most of our studies we will use phaoeledron spedroscopy since it is a universal
detedion technique that is a sensitive probe of the eledronic structure of the moleaule [113,114.
This method tes arealy been applied in a time-resolved fashion for the study of ultrafast non
adiabatic proceses[115-117] and spin-orbit couding [113 inisolated pdyatomic moleaules.

Finally, the past decade has e tremendouws improvement in the peak power of lasers.
We would aso like to explore new frortiers in phdochemistry, by investigating the dfed of
high field phdons introduced to the interadion region on the &owve propcsed experiments.
Processes a2uch as bord-seledive chemistry can be explored in which a strong programmed
opticd field creaes arovibrational or eledronic wavepacket in a moleaule, which may induce a
spedfic change in moleaular chemistry. Multi ple interfering pathways toward specific ionization
or disociation products have dready been demonstrated [118).

AMO Research with Femtoseand X-ray Pulses— High Field Regime

Advances in high-power, femtosecond laser technology have enabled experimenters to
subjed matter to eledromagnetic fields on the order of an atomic unit of field strength
(5x10" V/m). Interesting new phenomena aise (high harmonic generation[119, laser particle-
acceleration[12(), production d x-ray lasers[121], etc.) and physicd systems can be placed in
novel regimes of phase-space which create new problems and oppatunities for the theorist.
While ‘highrintensity’ matter-field interactions have been investigated for well over a decade,
even the basic aom-field interadion is poaly understood typicdly perturbation theory is
inadequate sincethe field canna be regarded as a small perturbation. Accordingly, oreisforced
to develop and/or test non-perturbative methods of describing complex systems.

The UXS facility provides a unique oppatunity to study two important aspeds of high-
intensity atom-field interadions. First, femtoseaond xrays can be used to probe the structure of
an atom or moleaule dressed by an intense laser field. While measurement of eledron andion
spedra in ‘laser only’ experiments has ded light on the interadionof intense lasers with
atoms [122-124), the energy-level structure of a tightly couded atom-field system has not been
diredly probed and is not well understood in the high-field, nonperturbative regime. Using
wavelength-tunable, femtosecond xrays one can probe the structure of the laser-dressed valence
states by driving transitions from well-defined and ungerturbed core states to the laser-dressed
valence states of interest. Since femtosecond laser pulses are used in high-field experiments
(both to olktain high intensity and kecause @oms in intense fields exist only transiently before
ionizing), femtosecondx-ray puses are needed to probe the dynamic system.

Seoond, xray absorption and eledror/ion spectroscopies can be used to probe how
intense laser fields modify bath the interadion of x-rays with inner-shell eledrons and the
relaxation d an x-ray-excited or ionized atom. The filling o the inner-shell hole by Auger
processs is very fast (< 2 fs). However the presence of the laser during relaxation will modify
the autoionization d the upper states as well as the paostcolli sion interadion, thereby changing
the end poduwts. In addtion to its importance from a fundamental perspedive, gaining
knowledge on the relaxation d atoms and small moleaules in intense femtoseand fields is an
important stepping stone to understanding the processes by which more complex moleaules that
are x-ray excited come apart in intense fields. This stuation is very likely to occur in
experiments planned for fourth generation light sources.
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Continuum Dressing

A central asped of understanding atoms and moleaules dressed by intense laser fields is
understanding the aom-field wavefunction. An exact analytic solution to the laser-field +
Coulomb-field system remains an unsolved problem and ae typicdly resorts to analytic or
guasi-analytic solutions at various levels of approximation. Experimental confirmation d the
model predictions is important. Continuum dressng experiments will be performed as an initial
attempt to probe the aom-field wavefunctionin the high-field regime.

Here an x-ray phaon pojeds an eledron from a wre state into a laser-dressed
continuum and ore measures the resulting electron spedrum. Continuum scatering is attractive
since it is the presence of the Coulomb pdentia which credes the theoreticd difficulties and
since the importance of the Coulomb potential can be adjusted by tuning the x-ray wavelength.
Effects of the Couomb pdential are epected to be most significant near an x-ray
phaoabsorption edge (where the phaoeledron energy is low and more easily perturbed by the
Couomb pdential) [125. One can therefore begin far from an absorption edge (where the
Coulomb paential can be negleded and physics is relatively well understood) and subsequently
tune nea an absorption edge where dfects of the Coulomb paential become important.

Preliminary investigations far from threshold (Coulomb pdential unimportant) have been
condwcted in France[126] and at LBNL [127]. In the LBNL experiments femtosecond VUV
pulses (~30 eV, from high harmonic generation) phaoionize ahelium gas sample in the ésence
(Fig. 15, thin line) or presence (Fig. 15, thick line) of a‘dressng laser pulse. The dressng laser
pulses gimulate transitions within a laser-dressed continuum producing additional pe&s in the
phaoeledron spedrum. In addition, the spedrum is observed to shift to lower energy due to an
AC Stark shift of the continuum level. A comparison to theory shows that to within the acairacy
of the data (~20%) the processis well described by Volkov wavefunctions.
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Figure 15. Helium VUV photoeledron spedra obtained in the ésence (thin line) and presence
(thick line) of alaser field. Right inset: laser-induced spedral shift. Left inset; comparison to
theory [127].

The UXS fadlity offers a unique oppatunity to extend this preliminary work to study
eff ects of the Coulomb potential. One can therefore diredly assess (via experiments) the need-
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for and accuracy-of more sophisticated approximations to the aom-field wavefunction (such as
Couomb-Volkov wavefunctions[125). Continuum dressng will be studied by working at
moderate laser intensities (<10 W/cm?) and with core-state dectrons (i.e. states where it is a
good approximation to negled effects of the laser). Both angle-integrated (initially) and angle-
resolved (subsequent) x-ray phaoeledron spedra can be measured as a function d the x-ray
wavelength (and laser intensity). An inert gas ssmple such a neonis an attradive candidate for
study since its 1s core state is degoly bound(~870€V) yet well within the range of available
x-ray phaon energies. This core state shoud be relatively unperturbed for laser intensities less
than 10°-10" W/cm’. These continuum-scatering experiments will probe the cntinuum states
of the aom-field system and will help to develop an understanding d the more @mplicaed
boundstate structure of laser-dressed atoms and moleaules.

Bound state structure and modification of x-ray absorption

Arguably one of the most interesting and chall enging aspeds of these AMO studies will
be the study of the bound state structure of a femtosecond laser-dressed atom and the evolving
distribution d popdation within this tightly bound light-matter system. While the strong
interadion d light with matter has been investigated for decales, these studies have typicdly
relied onresonances to enhance the @aom-field couging; here the major changes to the aomic
structure are diredly related to single-eledron interadions with the field. In the arrently
propcsed AMO studies we rely on high field intensity rather than resonances to aacess the
strong-interadion regime.

One @n expect modficaions to the (field-free) bound state structure through
mechanisms which include Stark shifts (and associated transient multiphaon resonances[122),
laser-dressng o bourd states, and the possble mixing d states via multiphaon cougings
(multiphaon cougings may even be sufficiently strongto permit observation d the multiphaon
analog to Autler-Townes splitting [128]). Importantly, since an atom is a multieledron system
that responds as awhole when perturbed by alaser field, modificaions to the aomic structure by
a femtosecond laser (ading onthe outer electrons only) can indiredly extend to the inner-shell s
through electron correlation. These modifications are sizable and can modify dramaticdly the
interadion d the aomic system with soft or hard x-rays. For example the binding energy o the
2p eledron varies from 38 eV for a groundstate Na @&om to 44.9eV when the outer electronis
promoted to 5s using two dye lasers[129-131]. This represents an energy shift of 6.9eV for the
2p core level, a shift that is much larger than the correspondng shifts due to the laser-induced
Stark effect for the 2p eledron at the laser power of interest here (~10* W/cm?). Our goal hereis
to extend the measurements of inner-shell phaoionization and target relaxation to the time
domain using femtosecond laser pulses in combination with femtosecond xrays. An important
difference with the av laser experiments dore to date is that the intense femtosecond laser fields
will interad with many eledrons of the @aom and strondy perturb the structure and the
popuation d the outer states. Althoughx-ray induced inner vacancies relax on a much shorter
time scde than the laser pulse width, the complete relaxation d the gom throughautoionizaion
will be modified by the presence of the strong laser field and can occur on a much longer time
scdes. Postcolli sioninteradion and recapture of the phaoel ectron foll owing the relaxation of an
atom with a ore hole has been extensively studied ower the last decade. The postcollision
interadion, autoionization and shake up processs invalving the outer-shells have an important
effect on the tharge state distribution d the ions. The influence of an intense laser on these
processes will be probed using x-ray absorption and eledron/ion spedroscopies. Significant
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modifications due to the presence of a laser are expeded and shoud, for instance, lead to very
different charge state distributions and eledron dstributions for a field free @aom versus laser-
dressed atom.

V. Relation to U.S. Department of Energy Programs

The Ultrafast X-ray Science fadlity supports the Strategic Plan of the Office of Science
in several respects. The scientific motivation diving this fadlity is the neel to understand the
behavior of matter at the fundamental level — that is understanding structure & the aomic level
within the fundamental (femtosecond) time scde in which structure evolves via the making and
breaing of chemical bonds and the rearangement of atoms. This reseach is important to
condensed matter physics, chemistry, AMO physics, materials <ience and hiology. Structural
dynamics ultimately dictate the genesis of unique states of matter, novel microstructure and
nanaostructures, as well as the pathways for chemicd reactions, and even the function and
efficiency of biologicd processes. One of the motivating fadors behind the Nationa
Nanotechndogy Initiative is the goal of controlling and manipulating matter at the gomic scale.
Understanding the basic structural dynamics of matter is an important step toward that goal.
Furthermore, the UXS fadlity supports gedfic existing BES programs within the Division o
Materials Sciences, as well as the Division of Chemica Sciences. These include programs in
ultrafast dynamics in condensed matter, nanastructure materials, chemical dynamics, and AMO
physics. The UXS fadlity isaso in suppat of current DOE Defense Programs research in high-
energy-density physics.

Finaly, the UXS fadlity is consistent with the DOE misgon to provide national user
fadliti es and research instrumentation that are beyond the capability and scde of what can be
adhieved in university laboratories. The UXS beamline & the ALS represents a significant
fadlity enhancement for an existing national user fadlity by improving the measurement time-
resolution that can be ahieved at a 3" generation synchrotron by several orders of magnitude.
This approach has been strongly endorsed by the BESAC Panel on Novel Coherent Light
Sources (S. Leone — chair). The report of this panel speaficdly recognized that an important
cgpability for future light sources is to combine ultrafast time resolution with structura
information. Furthermore, ore of the five key recmmendations of the panel was *“better
utili zation o 3 generation sources and table-top lasers as proving grounds for innowetive
experiments planned for light sources of the future” [28]. The UXS facility pushes the practicd
limits for ultrafast x-ray measurements at existing 3 generation synchrotrons, and will open a
new area of scientific reseach. The fadlity will play a critica role in developing a scientific
field that will i n the future take alvantage of a 4™ generation source providing ultrashort x-ray
pulses. In the long term, the unique caability of the UXS fadlity for time-resolved
measurements at high repetition rates (advantageous for signal averaging) will complement
future x-ray FEL sources that are expeded to gperate a low repetition rates and high peak flux.

V1. Technical Description of the UXS Facility
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A detailed floor plan for the UXS facility at the ALS (beamline 6.0.1) is shown in
Fig. 16. The superconducting undulator occupies straight-sector 6 of the storage ring. The hutch
houses two experimental endstations (ES1 and ES2). Adjacent to the hutch is an enclosed area
for the optical tables and the femtosecond laser system.
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Figure16. Layout of the Ultrafast X-ray Science facility (beamline 6.0.1) in sector 6 at the
Advanced Light Source.

VI1.1. Generation of Femtosecond Synchrotron Pulses

The duration of x-ray pulses generated by synchrotrons is determined by the duration of
each stored electron bunch, typically greater than 30 ps. Storage of ultrashort bunches of
appreciable charge in aring is problematic due to the effects of bunch-induced wakefields which
give rise to bunch lengthening and other instabilities [132]. However, short electron bunches can
exist in a storage ring for a limited time. We have recently demonstrated experimentally that a
femtosecond laser pulse can be used to create femtosecond time structure on a long electron
bunch via energy modulation. The energy modulation is then used to create an ultrashort slice of
electrons that is spatially separated from the long bunch. Femtosecond x-rays are generated from
the ultrashort electron slice[4,30]. Natural energy damping of the stored electrons allows the
electron bunch to completely recover between laser interactions. Furthermore, because the
modulation is created by interaction with a femtosecond optical pulse, there is absolute
synchronization between the x-ray probe pulses and a convenient pump source for triggering
dynamic processes.

Figure 17 shows a schematic illustration of the bunch modulation which is accomplished
by co-propagating a femtosecond laser pulse with the stored electron bunch through a wiggler.
The high electric field of the femtosecond laser pulse (~10° VV/m) produces an energy modulation
in the underlying electrons as they traverse the wiggler (electrons are accelerated or decelerated
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depending on the optical phase ¢ as seen by each electron at the entrance of the wiggler). The
optimal interaction occurs when the central wavelength of the spontaneous emission from an
electron passing through the wiggler, AssAw(1+K?%/2)/2y?, satisfies the resonance condition,
As=AL, where A is the laser wavelength, Ay is the wiggler period, y is the Lorentz factor, and K
is the deflection parameter of the wiggler [133]. In addition, the spectrum and transverse mode
of the laser beam must match the spectrum and transverse mode of the spontaneous radiation
from the electron passing through the wiggler. Under these conditions, the electron energy
modulation, AE, is given by [30].

/2
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L

where A_ is the laser pulse energy, My is the number of wiggler periods, and M| is the laser
pulse length in optical cycles (FWHM). Aw4.1o%w, K%(2+K?) is the energy sportaneously
radiated by a single dectron passng through the wiggler [134], where a is the fine structure
constant, and w_ =21c/AL. The efficient, Nemit=0.7, acounts for the non-zero electron keam
size[4,29]. For the UXS beanline, simultaneous operation with protein crystall ography
beamline 5.0 requires that the wiggler operate & minimum gap (to maintain the wiggler flux at
1 A). Under these mndtions, the laser is in resonance with the third harmonic of the unduator,
As=3\., and EQ. 1bemmes:
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where n isthe unddator harmonic. Based onEq. 2, operating in resonance with the third wiggler
harmonic (n=3), we etimate that a 75fs laser puse (FWHM of the intensity, or
M_ =40=2.12My) with a phaon energy of 1.55eV, and a pulse energy A| =600uJ will produce
an energy moduation amplitude AE=9Q MeV using a wiggler with Mw=19 periods. The
significance of the energy moduation AE, isin comparison with the rms bean energy spreal, og
(for the ALS operating at a nominal energy of 1.9 GeV, og=1.5MeV). Thisis criticd since it
determines the dficiency with which the femtosecond synchrotron puses can be isolated from
the long synchrotron pulses, as described below. Note that since oe[y?, Eq. 2implies that for a
fixed ratio of AE/Og, the required laser puse energy must scale & A Oy*. Thusthistedhniqueis
particularly well suited for low-energy 3" generation synchrotron storage rings.



Ultrafast X-ray Science Facility at the Advanced Light Source

) ;

na Ulg tor

i \
beamline X-rays

bend
magnet
mirror
femtosecond
fﬁgfrssﬁg;d electron bunch femtosecond x-rays
- N » l
- R | N
30 ps electron
bunch g } l
electron-photon spatial separation bend magnet
interaction in wiggler dispersive bend beamline
@ (b) ()

Figure 17. Schematic ill ustration d the technique for generating femtosecond synchrotron puses,
(a) laser/eledron keanm inter-adion in resonantly-tuned wiggler, (b) separation of accderated
femtosecond eledron dlice in a dispersive sedion, (¢) generation d femtosecond xrays at an
unddator or bend-magnet beamline.

As described above, the laser-induced energy moduation can be more than five times
larger than the rms beam energy spread at the ALS, and orly athin slice of electrons (temporally
overlapped with the laser pulse) experience this moduation. The energy-moduated electrons
are spatially separated from the rest of the dectron burch, in a dispersive sedion d the storage
ring, by a transverse distance that is svera times larger than the horizontal size of the dedron
bean (Fig. 17b). For the UXS fadlity, a vertical dispersion bump will be incorporated in the
storage-ring lattice upstream of the superconducting unddator (see section V1.6). Thus, energy
moduated eledrons will be verticdly displaced, and the extremely low verticd emittance of the
storage ring will thus allow for optimum separation d the femtosecond x-ray pulses. Finaly, by
imaging the synchrotron radiation from the displacel electrons to the experimental area the
femtosecond x-rays can be separated from the long-pulse using an aperture (Fig. 17c). (The
relatively narrow spectral bandwidth of the unddator emisson provides an additional means of
isolating the femtosecond x-ray pulses, i.e. by photon energy, see section VI1.3). Furthermore,
the extradion d an ultrashort slice of eledrons leaves behind an ultrashort hole or “dark puse”
in the wre of the dedron burch (Fig. 17c). This dark puse will appea in the generated x-rays,
and can also be used for time-resolved spectroscopy.

The average flux and lkrightness of the femtosecond x-rays is determined from the full
unddator flux and krightness sded by three fadors: n, =7, /1,, n,=f /f,, and n;=0.2,
where 1. and 7. are the laser pulse and electron burch duations, f, and f, are the laser and

eledronbunch repetition rates, and 17; acourts for the fradion d electrons that are in the
proper phase of the laser pulse to get the maximum energy exchange suitable for creding the
large transverse separation. Synchrotron radiation damping provides for recovery of the dectron
beam between interadions. Since the laser interads squentially with ead bunch, the time
interval between interadions is given by Ng/f. where Ng is number of bunches in the storage
ring. Furthermore, since the burch dliceisonly asmall fradion d the total bunch an interadion
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interval of ~3 msec (30% of the storage ring damping time for the ALS[135]) is sufficient to
allow recovery of the dectron bean between laser interadions[30]. Thus, with 300 buihesin
the storage ring, femtosecond x-rays can be generated at repetition rates as high as 100kHz
withou adversely affeding the other beamlines at the ALS. Based on the known parameters of
the ALS a a beam energy of 1.9GeV [135] and the spedfications for the propcsed
superconducting unddator (1.5m long, 3cm period, Bnx=1.5T - see sedion VI.2) with
N: N2 N=5%10%, (eg. laser puses of 100fs, 600u) a 40kHz) we eped an average
femtoseoond flux of ~10°ph/sed0.1%BW, and an average brightness of
~10" phsedmrad?’mm?/0.1% BW over a spedral range from 0.2 to 10keV (see Figs. 18 and
19). Note for comparison that the Thomson-source a the ALS used for the time-resolved
diffradion experiments described in sedion 1V.2 provided an average femtosecond flux
~2x10° ph'sed0.1% and an average brightness of ~3x10° pivsedmrad®’mm?/0.1% BW. Also
shown in Figs. 18 and 19 is the flux and krightness available in 30ps pulses for pump-probe
experiments at 40 kHz repetition rate.
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Figure 18. X-ray flux from the superconducting undulator at 1.9 GeV, for 30 ps and 2@ fs x-ray
pulse durations, at 40 kHz (corresponding to the repetition rate of the laser system). Curves are a
locus of points from the tuning range of the 1% and 3% undulator harmonics, plus the wiggler
emission (for energies above ~2 keV). Note that the full beamline flux is at a repetition rate of
500MHz (scae 30 ps curves by 1.25x10%.
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Figure 19. X-ray brightnessfrom the superconducting undulator at 1.9 GeV, for 30 ps and 200fs
x-ray pulse durations, at 40 kHz (corresponding to the repetition rate of the laser system). Curves
are alocus of points from the tuning range of harmonics 1,3,5,6 and 9, plus the wiggler emission
(for energies above ~6 keV). Note that the full beamline brightnessis at a repetition rate of
500MHz (scae 30 ps curves by 1.25x10%).

Proof-of-Principle Experiments. Femtosecond Synchrotron Pulses from the ALS

Proof-of-principle experiments have been condicted at the ALS storage ring operating at
E=1.5GeV (rms beam energy spread og=1.2MeV [135) using a wiggler (W16) with My=19
periods, Aw=16 cm, with the gap adjusted to provide a defledion parameter of K[L3.
Femtoseoond pulses (1.=100fs, A =400uJ, A\.=800nm, f =1kHz,) from a Ti:sapphire laser
system [136 are synchronized to the storage ring RF using phase-locking techniques[137], and
are direded into the main vaauum chamber and co-propagate with the dedron beam through the
wiggler. Following the interadion region, a mirror directs the fundamental sportaneous wiggler
emisgon and the laser beam out of the storage ring for diagnostic purposes (tempora and
spedral overlap, and spatial mode matching ketween the laser bean and the wiggler emisson).
The dficiency of the laser/e-bean interadionis tested by measuring the gain experienced by the
laser beam passng with the dedron beam through the wiggler. The gainisadired indication o
the energy exchange, AE, between the laser and the dectron beam and is equivalent to the single-
passgain that occursin free éedron lasers[4,29.

The femtosecond time structure of the synchrotron radiation is diredly measured using
crosscorrelation tedhniques.  Visible light (~2eV phaon energy) from ALS bend-magnet
beamline 6.3.2is imaged onto a noninea opticd crystal along with a delayed 50fs pulse from
the laser system. Photons at the sum frequency are ourted as a function of delay between the
moduating laser pulse (propagating through the wiggler) and the laser pulse used for cross
correlation. An adjustable knife edge located in the beamline at an intermediate image plane of
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the synchrotron radiation (before the nonlinear optical crystal) provides a means to select
radiation from different transverse regions of the electron beam.

Figure20 shows a series of cross-correlation measurements for various knife edge
positions. Measurements of the central core of the synchrotron beam (Fig. 20 top) revea the
femtosecond hole or dark pulse that is created due to the acceleration of electrons by the laser
pulse. The bright pulse is measured with the knife edge at the 3oy position (Fig. 20 bottom) such
that the central core of the beam is blocked. Measurements at 4oy (not shown) reveal a similar
femtosecond synchrotron pulse which is shifted dlightly later in time, and demonstrate that the
laser pulse provides at least 6 MeV (Ax=40, corresponds to AE=50g) energy modulation to a
femtosecond slice of the electron bunch.

Figure 20. Femtosecond synchrotron pulses
measured via cross-correlation between a delayed
laser pulse and synchrotron radiation originating
from an energy-modulated electron bunch. In (a),
synchrotron radiation from the central core (-30y to
+30,) of the electron bunch is selected. In (b),
synchrotron radiation from the horizontal wings
(+30, to +8a,) of the electron bunch is selected.
Solid lines are from a model calculation of the spatial
and temporal distribution of the energy-modulated
electron bunch following propagation through 1.5
arc-sectors at the ALS.
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The solid lines in Fig. 20 are based on a model calculation of the electron bunch
distribution [4,29]. We additionally account for the measured transverse profile of the visible
synchrotron light at the image plane which exhibits non-Gaussian tails beyond 3oy due to the
limited collection aperture of the optics in beamline 6.3.2. This diffraction of visible
wavelengths accounts for the relatively large background levels in the measurements shown in
Fig. 20 (bottom), but is not an issue at x-ray wavelengths[138]. A peak energy modulation of
AE=6.4 MeV is assumed and is essentially the only free parameter in the model, aside from an
amplitude scaling of the signal. The energy modulation is consistent with that predicted by Eqg. 1
using the measured laser pulse energy (A =400 uJ) and duration at the wiggler (1.=110fs
FWHM), with an interaction efficiency of ~50% as indicated by the measured gain. The
agreement between the theoretical predictions and the experimental measurements (including the
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amplitude of the dark pulse, the time shifts of the bright pulses, and the signa to background
ratios) indicates that the model can be confidently applied to predict the characteristics of the
femtosecond x-rays and their dependence on experimental conditions. In particular, the location
of the bend-magnet beamline used in these demonstration experiments (as shown in Fig. 17) is
less than optimum due to the distance (1.5 arc-sectors) from the wiggler in which the
laser/e-beam interaction occurs.  The UXS facility will collect radiation from the
superconducting undulator located one arc-sector after the wiggler. This will reduce the
stretching of the electron pulse length due to time-of-flight effects by a factor of 1.5, resulting in
an x-ray pulse duration of ~200 fs.

V1.2. Superconducting Undulator

The UXS facility will rely on a superconducting undulator since such an insertion device
can provide the highest possible flux and brightness in the 0.2-10 keV range for the ALS
operating at a beam energy of 1.9 GeV. An important consideration is that the relatively large
vacuum aperture (12 mm) of this insertion device makes it directly compatible with the current
beta functions of the ALS storage ring. This eliminates the need for any modifications to the
storage ring lattice. Furthermore, the narrow spectral emission from the undulator lines provide
additional means of isolating the femtosecond x-rays by combining spatial separation (as
described in section V1.1) with energy separation (as described in section VI1.3).

Advances in superconducting magnet technology are beginning to have a major impact
on the performance of synchrotron storage rings, with a number of facilities incorporating
superconducting insertion devices[139]. The Berkeley Lab has extensive experience in
superconducting magnet technology, and the Superconducting Magnet Group isaworld leader in
this area. The ALS has taken maximum advantage of this expertise as witnessed by the very
successful Superbend Project[140]. The Superbend project represents the first time
superconducting bend magnets have been introduced into the magnet lattice of a synchrotron
light source. The incorporation of these 5T bend magnets provides a mgor performance
upgrade for the ALS, and the success of the project is a testament to the effective collaboration
between the ALS Accelerator Physics Group, the LBNL Engineering Division, and Wang NMR
(the industrial partner responsible for final magnet construction). The superconducting
undulator/wiggler will be developed by the same collaborative group that developed the
superbends for the ALS.

The radiation source incorporates a 1.5m undulator of period length 3cm. By
employing superconducting magnet technology, the device will generate an on-axis peak field of
1.5T, corresponding to a fundamental wavelength of 116 €V, and simultaneously providing
useful wiggler emission up to ~10keV (Knx=4.2) in addition to the undulator lines. The
undulator will operate with a cold bore with a 12 mm vacuum chamber aperture and a magnetic
gap of 16 mm. A schematic of the undulator is shown in Fig. 21. The undulator itself operates
cryogenically at atemperature of ~4 K. Shown in the figure are the 80 K surfaces as well as the
room temperature cryogenic vessel. Space in the vertical and transverse directions amply
accommodates superinsulation layering. In the axia direction the shields are positioned
optimally so as to accommodate shielding, minimize conduction heat transfer losses, and allow
for a smooth RF transition between the insertion device beam vacuum section and the adjacent

49



Ultrafast X-ray Science Facility at the Advanced Light Source

ring vacuum chamber sections. Support for the cryogenic assembly is provided via eight support
straps of the type used in the ALS superbend construction [140]. Cooling is provided via two
Gifford-McMahon (two-stage) 1.5W cryo-coolers [140].

For the ALS operating a 1.9GeV, 400mA, with emittance parameters
£,=6.75x10° med, and &=1.5x10""mied, this undulator will provide a flux of
1x10™ photons/sec/0.1% BW and a brightness of 8x10* photons/sec/mm?®/mrad?/0.1% BW at a
photon energy of 2keV [141]. The spectra tuning range of this insertion device (flux and
brightness at 40 kHz repetition rate) is shown in Figs. 18 and 19 (section VI1.1). Note that the
maximum flux and brightness from the undulator (500 MHz repetition rate) is a factor of 12,500
higher than the dashed curves shown in Figs. 18 and 19 (which are for 40 kHz operation,
corresponding to the laser repetition rate).

Figure2l1. Superconducting undulator design. Room temperature outer chamber is shown in
gray, 80 K surfaces are shown in red. The magnetic coil structure operates at ~4 K with a
magnetic gap of 16 mm. The bore is cold, with a vacuum aperture of 12 mm. Also shown is one
of the two-stage cryo-coolers.

The fixed undulator magnetic gap will be ~16 mm, to accommodate the 12 mm bore vacuum
chamber. RF continuity needs to be maintained within the undulator and in the transitions at the
undulator ends. The RF transition external to the insertion device will have a maximum slope of
1:10. The upper and lower magnet arrays will be bolted to horizontal support beams and
cryogenic contact surfaces, within a cryostat. This entire assembly will be mounted on a stage
with standard ALS 6-strut positioning capability.

50



Ultrafast X-ray Science Facility at the Advanced Light Source

V1.3. Beamline Description

The undulator beamline 6.0.1 will be dedicated for time-resolved x-ray science. It is
specifically designed to provide the highest possible flux and brightness over a photon energy
range including both hard x-rays and soft x-rays. The beamline incorporates optical components
specifically chosen to accommodate femtosecond x-ray pulses by providing low non-specular
scattering and high image contrast. The high-average-power, femtosecond laser system will be
located at the end of the beamline adjacent to the endstation hutch. The location of beamline
6.0.1 at the straight section immediately following the wiggler minimizes the electron time-of-
flight contribution to the x-ray pulse duration. Based on the known storage ring parameters and
our characterization measurements, we expect that x-ray pulses of 200 fs can be generated from
this beamline.

Since the time-resolved x-ray experiments will generally operate at a fraction of the
synchrotron bunch repetition frequency (500 MHz), high efficiency in the beamline design is
required in order to deliver the maximum possible number of x-ray photons onto the sample.
Thefirst consideration is to maximize the laser repetition rate. At arepetition rate of 40 kHz and
an average power of 40 W, the laser system for the UXS facility represents a significant advance
in the state-of-the-art for femtosecond lasers (see section VI.4). To optimize beamline
efficiency, the number of reflections is kept to a minimum. In the soft x-ray range, dispersive
methods are employed. White beam is imaged onto the sample and subsequently dispersed in a
grating spectrometer, thus making use of the full bandwidth of the undulator source.

Another important consideration in the beamline design is the isolation of the
femtosecond x-ray pulse from the long-pulse x-ray background originating from unperturbed
electrons. The laser pulse modulation of the electron beam energy combined with a vertical
dispersion bump in the storage-ring lattice, will cause a fraction of the particles (~10 of the
electrons in a bunch) to be vertically displaced within the undulator by a distance of 5oy. A pair
of dlits at the image plane of the undulator source (displaced 50, above the optic axis) will then
select the femtosecond x-ray pulses and block the long-pulse background. Previous
measurements have verified that the electron beam in the ALS follows a Gaussian profile to
50 [142]. Thus, creating a clean image of the source is critical for minimizing the background.
In particular, non-specular scattering in the vertical plane is minimized by using a sagittal
focusing mirror. For an x-ray mirror with a grazing incidence angle, in-plane scattering
dominates over out-of-plane scattering because of the different length scales of roughness
sampled [143]. Measurements of the x-ray beam profile from a similar mirror at ALS beamline
7.3.3 have demonstrated that the out-of-plane scattering can be suppressed by nearly four orders
of magnitude compared to the peak specular intensity. This is dominant contribution to the
background, and scattering levelsin the 10 range or lessinsures that the integrated femtosecond
flux will be larger than the long-pul se background (integrating over one long synchrotron pulse).

An additional method for separating the femtosecond x-ray pulses takes advantage of the
relatively narrow spectral bandwidth of the undulator emission combined with the fact that the
femtosecond x-rays originate from energy-modulated electrons. Thus the femtosecond x-rays
are shifted in energy according to:
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hv = 950 n E%/(1+K?/2)A,, (3)

where hv (eV) is the undulator harmonic energy, E (GeV) is the electron beam energy (including
the laser-induced modulation), and A, (cm) is the undulator period. For the third harmonic, the
energy separation alows the long-pulse x-ray flux to be suppressed by afactor of ~20. The two
isolation methods based on spatia position and harmonic energy may be applied simultaneously.

In order to take advantage of the entire photon energy range of the undulator source,
0.2-10 keV, the beamline is designed to operate aternatively with grating or crystal optics. For
X-ray energies greater than 2 keV, apair of crystals will be used in the monochromator. For soft
x-ray experiments, the crystals will be translated out of the beam and a plane mirror and plane
grating will be employed as a spectrometer for dispersive measurements or as a monochromator.
By employing differential pumping instead of a Be window both hard and soft x-rays are
transmitted through the same beamline.

Figure 22 shows a schematic diagram of the beamline components, and Table 2 lists the
optical elements. The first mirror collects a solid angle of the undulator radiation 1 mrad
horizontally by 0.2mrad vertically. This angular acceptance includes the undulator 2™
harmonic, which helps to cover the photon energy range from 1 to 2keV. The M1 mirror
provides a 1:1 image of the source, 500 um horizontal by 70 um vertical. This side-cooled
mirror is polished as a cylinder and bent into atoroid. By sagittally imaging the vertical source,
the slope error requirement of the mirror is reduced by the grazing angle, 7.5 mrad, and so this
mirror isrelatively easy to manufacture.

Aperture

for separating M4 mirror
. fs x-rays
M1 mirror .
M2 mirror
ML — O e Endstation 2
Ay ) :
i @ Plane grating/ M3 (ccii|stpertswe
Undulator Chopper i yciation 1 or Ge(111) crystal etector)
Source monochromator
Figure 22. Schematic layout of beamline 6.0.1.
Type Coating and Dimensions Radius |Incidence angle| Grating period (mm)
blank material (mm) (m) (deg) order
M1 toroidal Pt-coated 1200 x 75 933 (R) 89.57 -
mirror silicon 0.0525 (p)
M2 cylindrical Pt-coated 150 x 20 356,462 89.57
mirror silicon
M3 plane Pt-coated 100 x 20 00 85.8-89.1
silicon
Gl plane Au-coated 40 x 20 00 84.5-875 1/600,
grating silicon -1
X1, X2 crystal Germanium 20 x 20 00 7-70(8,)
(111)
M4 Plane elliptical Pt-coated 600 x 65 222 89.57
mirror silicon

Table 2. Optical elements of beamline 6.0.1.
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Following the M1 mirror is an x-ray chopper to match the time-structure (duty cycle) of
the x-ray beam to the laser system. The dopyer islocaed at the intermediate focus produced by
the M1 mirror. Consequently, the cdhopper openings (dlits) can be narrow enough to provide an
opening time of 200ns. This gate window is short enough to isolate individual x-ray pulses
during ALS two-bunch operation. Mecdhanicadly choppng single x-ray pulses all ows the use of
averaging detedors such as CCDs and hes been used very successfully at the ESRF for
measuring time-resolved Laue diffradion petterns of protein crystals[12,14. Following the
chopyper, apair of dlits (as described previously) is used to seled the femtoseandx-ray pulses.

The M2 and M4 mirrors relay and cemagnify the x-rays from the intermediate focus into
the second endstation. In the Kirkpatrick and Baezgeometry, the M2 mirror produces a vertical
focus at 1:1 magnification whil e the M4 mirror demagnifies the beam horizontally by 10:1. The
M2 mirror is sde @aled. Mirrors, similar to the M2 and M4 mirrors, have been successully
developed at the ALS by the bending of initially flat substrates [144]. These methods have
worked well for arange of applicaions including microscopic x-ray diffraction, where asimilar
mirror system routinely produces a 1 um spot size. For the M2 and M4 mirrors, ray traang
shows afocus of 100um horizontally by 70 um verticdly in endstation 2.

The monachromator, commercially available from Accd Instruments, will acommodate (in
vaauum) bath a plane mirror and dane grating, M3 and G1, and a pair of crystals, X1 and X2.
Ge(11) crystals, which have high integrated refledivity, will be used to monachromatize x-rays
with energies above 2 keV with a resolution o AANA=1/3000. The M3 mirror and G1 grating
comprise a plane grating spedrographymonochromator. In spectrograph mode the sample is
locaed in endstation 1, either in reflection a transmisson geometry, and a multi-channel
detedor islocaed in endstation 2. In monochromator mode, endstation 2will house an exit dlit
followed closely by the sample. The cylindrical M2 mirror will be bendable to compensate the
fixed magnification d the grating. Plane grating monachromators (PGM) have the alvantage of
covering a wide energy range with a single grating [145. A spectral resolution d 2.5€V is
cdculated at 1450eV (Al K edge) with a 70 um dlit at the intermediate focus. We ae airrently
developing methods to apply grating spedrometry to the entire phaon energy range of the
unddator, up to 10keV. This will be particularly advantageous for dispersive asorption
measurements, by increasing the data aqjuisition rate.

An important consideration in the design of the beamline is the dfect of the beamline
optics on the x-ray pulse duration. The most significant contributions to the pulse stretching
come from diffractive optics (ruled gratings for example) which introduce wavel ength-dependent
path lengths, and from Bragg optics in which a number of Bragg planes can contribute to the
speaular reflection (analogous to opicd reflections from multi-stadk dieledric mirrors).
Stretching of an x-ray pulse upon scatering from a grating arises from the variable path length
that is introduced acossthe profile of the x-ray beam. The maximum path length dfferenceis
given by: mMNgAxra, Where m is the diffradion ader and Ny is the number of ill uminated
grooves, Ng=D/(6: N), where D is the bean diameter, 6; is the grazing incident angle, and A is
the groove spacing. In this beamline the contribution d the grating monochromator to the soft
x-ray pulse duration is ~30fs. The small magnitude of this effect is a result of the relatively
short maximum wavelength of the beamline, and the moderate resolving power of the grating
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monochromator (relatively few illuminated grooves). In the case of Bragg crystals (which are
used in the hard x-ray range, A«ray<6 A) the pulse stretching is determined by the path length
difference between rays diffrading from the first lattice plane and rays diffracting from the last
lattice plane, and is given by 2[N,dB; where N, is the number of lattice planes contributing to
the diffraded beam, and d is the lattice spadng. Np is determined by the effedive attenuation
length due to dynamical diffradion, and corresponds to the resolving power of the aysta,
typicdly <3000. From the Bragg law, Axa,=2dsin6;., we conclude that two Bragg crystals can
generate atotal path length dfference ~2Np Ax.ray Or ~12fsfor 2 keV x-rays.

The flux delivered to the sample is cdculated for the different operating modes of the
beamline andis srown in Fig. 23. The x-ray intensity displayed corresponds to the 200fs pulse
duration at 40 kHz repetiti on (correspondng to the repetiti on rate of the laser). The output of the
unddator harmonics 1, 3, 5 (circles) is evaluated with varying unddator gap (K parameter)
together with the wiggder radiation (circles). The source intensity is normalized to 0.1%
bandwidth. The crystal monochromator curve & high energies uses the wiggler radiation while
the grating monochromator curves use the unddator harmonics. The beamline flux is $own
using the Ge(111) crystals (triangles), for the plane grating monochromator (fill ed squares), and
for the plane grating spedrograph (open squares). The refledivity of the mirrors and the
diffradion efficiency of the aystals and gratings are included as appropriate. The Ge(111)
crystal diffradion efficiency is cdculated with the program XOP [146. The grating diffraction
efficiencies are calculated from the dectromagnetic theory of gratings[147]. Using the grating
optics in spedrograph mode enables a large x-ray bandwidth to be deteded in paralel. The flux
of the unduator beamline is three orders of magnitude higher than that of ALS beanline 5.3.1,
the bend magnet beanline presently available for femtosecond x-ray science (seesection VII.1
for adetail ed performance cmparison).

Flux {(photon / s at 40 KHz)

Ge(111) mono (.03% BW)

] i grating mono (5% BW)

4 dispersive mode
—jl}— grating mono (.05% BW)

107 =3 exit slit mode

1 —@— source (0.1% BW)

3 01 5 67688 2 3 1 5 6788
03
Photon energy (eV)
Figure23. The cdculated flux delivered to the sample from beamline 6.0.1
(200 fs pulses, 40kHz repetition rate). In dispersive mode, the bandwidth is

determined by both the spedrograph and the undulator.
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VI.4. Laser System

The UXS facility represents a compl ete integration of high-power femtosecond lasers and
a 3 generation synchrotron. The laser system in this facility serves dual purposes, by
simultaneously providing (1) ultrashort pulses for modulation (time-slicing) of the relativistic
electron beam for subsequent generation of femtosecond x-ray pulses, and (2) suitable ultrashort
excitation pulses over the largest possible spectral range for optical excitation of the dynamic
process being studied. The technical requirements for the laser system are outlined below:

Laser requirementsfor electron beam interaction (see V1.1):
(@ ~1mJpulseenergy, 75fsFWHM, at ~760 nm
(for sufficient energy modulation of the electron beam)
(b) 40 kHz repetition rate, 40 W average power
(average femtosecond x-ray flux scales linearly with repetition rate up to 100 kHz)
(c) diffraction limited focusing, beam parameter: M?<1.1
(for efficient interaction with the el ectron beam)

Laser excitation pump pulsesfor time-resolved experiments:

(@ ~1mJpulseenergy for high-field experiments and driving an optical parametric amplifier
(at least 1 uJ pulse energy, tunable over the range from 260 nm to ~1000 nm via
parametric amplification and frequency mixing techniques)

(b) 75 fspulse duration, 40 kHz repetition rate

(from common oscillator, synchronized with pulses for el ectron beam modulation)

(c) ~500 nsdelay relative to the pulse used for modulating the electron beam

(to account for propagation delay of the laser pulses as well as the x-rays, see Fig. 1)

System Overview

The laser system will be based on chirped-pulse-amplification (CPA) [148] in Ti:sapphire
(Ti:Alx03). The unmatched thermal properties and broad bandwidth of this material allow
Ti:sapphire lasers to be scaled to high powers while maintaining excellent beam quality.
Ti:sapphire can be efficiently pumped with the second harmonic of solid-state Nd:YAG lasers.
Recent development of high-average-power frequency-doubled Nd:YAG lasers now enable
Ti:sapphire amplifiers to be scaled to the multi-100 watt level. Pulse compression of high-
average-power sources is made possible by master holographic gratings in which grooves are
etched directly into the optical substrate. Such gratings can tolerate power densities of
100 W/cm? without beam distortion.

The total average output from the laser system is 80 W (divided between two 40 W
femtosecond pulse trains). High-power femtosecond laser systems providing <10 W of average
power have already been demonstrated using Ti:sapphire as the gain medium [149-151], and
these techniques can be readily extended to the 40 W range. The critica components for the
laser system are the front-end (oscillator and regenerative preamplifier) and the high-power
pump lasers, which are commercial products available from Coherent Inc. (oscillator and pump
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lasers) and from PositiveLight (pre-amplifier). These systems have a proven record of
reliability, an important consideration for a user facility.

The block diagram in Fig. 24 illustrates the basic components of the CPA laser system.
First, femtosecond pulses from a mode-locked oscillator are stretched using a grating stretcher to
reduce the peak power for amplification. Second, the stretched pulses are amplified in a high-
gain (moderate average power) regenerative amplifier. The pulse is then split, and two
individual pulses (one of which is delayed by ~500 ns) are amplified in two paralel 2-pass
power amplifiers (all operating at 40 kHz repetition rate). The 500 ns delay line will rely on a
multi-pass arrangement between two spherical mirrors, and will incorporate interferometric
feedback control to maintain path-length stability. The use of parallel power-amplifiers divides
the total laser power, thereby simplifying the thermal loading problem. Finally, each amplified
chirped pulse is compressed using a grating compressor.

Oscillator l -‘J L Regen
<75fs 0.5ns

2.0nJ

JI\

0.5ns
2mJ

2-Pass
Amplifier

Compressor
75fs
1.4mJ

~500 ns delay
delay J L J L

Compressor

(~500 ns) 05ms P

1.5mJ
Figure 24. Block diagram of CPA laser system design.

08I

2-Pass
Amplifier

Oscillator/Regenerative Amplifier

The laser design will employ commercial components where possible to reduce cost and
development time and enhance system reliability. Mode-locked Ti:sapphire oscillators suitable
for this design are available from several laser vendors including Coherent, Spectra Physics,
IMRA America Inc., etc. Experiments at the ALS have already demonstrated the
synchronization of such lasers to the storage ring within ~1 ps[4,15]. In addition, PositiveLight
manufactures a Ti:sapphire regenerative amplifier (Spitfire) that is an established workhorse for
ultrafast spectroscopy. This amplifier (pumped by a Q-switched frequency-doubled Nd:YAG
laser ) can produce ~15 puJ pulses (uncompressed) at pulse repetition rates of 40 kHz and will be
used as the pre-amplifier.
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Power Amplifier

The power amplifiers represent the most challenging part of the design due to the high
average powers involved. A conceptual design for the power amplifiers is siown in Fig. 25.
Eadch powver amplifier consists of two Ti:sapphre rods, which are ayogenicadly coded with
liquid nitrogen. At 77K, the thermal conductivity of Ti:sapphre increases by a factor of 30 (to
10 Wem™K ™) and the dependence of the refradive index on temperature, dr/dT, deaeases by a
fador of 7 (to 1.9x10° K™*) compared to the respedive values at 300K. These dfeds grealy
reduce the thermal gradients in the rod urder high pump power conditions and alow Ti:sapphire
to be scaled to the 100-watt level withou isue. Cryogenic coding of Ti:sapphire has been
pioneaed at Lawrence Livermore National Laboratory [152 and at MIT Lincoln Laboratory
where cw output powers of 350W [153] have been demonstrated. Recently these tedhniques
have been applied to femtosecond amplifiers using chirped-pulse-amplificaion[150,154156].
Commercial re-circulating cryogenic chill ers with the required cgpaaty for this application are
readily avail able from commercial vendars (Oxford Instruments, 1GC-Polycold, etc.). The laser
rods are housed in a small vaauum vessl to prevent condensation onthe rod surfaces. Each rod
is end-pumped with two courter-propagating pump beams. The signal beam enters the anplifier
through a pdarizer, making two passes through each laser rod. A Faraday rotator in combination
with a A/2-waveplate is used to rotate the polarization after the second pass ® that the output
beanm is reflected off of the polarizer. The Faraday rotator allows the signal bean to propagate
along the high-gain ogicd axis of Ti:sapphre during both passes through the amplifier for
efficient energy extradion. Also, the rods can be Brewster cut eliminating the need for anti-
reflection coatings, which could be damaged uncer the high fluences.

The pump lasers for the power amplifiers are diode-pumped, Q-switched, frequency-doulded
Nd:YAG lasers with an output power of ~75W each at 532nm. These lasers have recently been
developed by Coherent (Corona model) and are based on a simple and robust design. They
represent nearly an order of magnitude improvement over previous high-repetition-rate pump
lasers. The pump lasers (four for each power amplifier) will operate & a pulse repetition rate of
10 kHz, and the pulses are interlaced in time to generate the required 40 kHz repetition rate.
Ead Ti:sapphre anplifier rod will t herefore operate & 20 kHz generating 30-40 W per rod for a
total output power from each amplifier chain of 60 to 80W at 40 kHz (before cmpresson).
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Figure 25. Optical schematic of 2-pass Ti:sapphire power amplifier.
Stretcher/Compressor

The pulse is stretched and compressed using diffraction gratings in the standard technique
developed for CPA systems. High efficiency, master holographic diffraction gratings have been
developed by J.-Y. Instruments SA for use in high average power CPA systems. A compressor
design using a single grating (to minimize cost and complexity) will be used. The transmission
throughput of the compressor is expected to be ~75%, which requires 54 W from the amplifier to
deliver 40 W out of the compressor.

VI1.5. End Station Description

The two endstations for the UXS beamline are designed to accommodate a variety of
time-resolved (and static) x-ray experiments including Bragg and Laue diffraction; photoelectron
spectroscopy; and EXAFS and XANES in transmission, reflection, fluorescence, and
photoelectron yield modes. The first endstation will consist of a UHV-compatible vacuum
chamber with a goniometer and sample manipulator, and will be located at the intermediate
focus of the white beam. The second chamber (endstation 2) will be equipped with a 4-axis
sample manipulator and will be located following the monochromator. The second chamber will
be used for AMO photoelectron spectroscopy and high-field AMO experiments in which the
plane-grating and dlits serve as a soft x-ray monochromator. This chamber will also house a
gated imaging detector for use in dispersive soft x-ray experiments. The endstation will be
designed so that either chamber can be easily exchanged for specia -purpose chambers that might
be required for particular experiments. In addition to the chambers, the endstation-hutch will
include an optical parametric amplifier, laser optics, and delay stages for delivering femtosecond
excitation pulses at a variety of wavelengths.
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Detedors for the UXS facility are an important consideration. Initially, we will make use
of existing commercially-available techndogy. In the future, detector development will be
required to make optimum use of the x-ray flux from the superconducting unduator (e.g. linear-
array avalanche phaodiode detedors for dispersive EXAFS). Since the repetition rate of the
synchrotron is substantially greaer than the laser repetition rate, we will make use of high-speed
avalanche phaodiodes and microchannel plates (MCP's) as detectors for x-rays and
phaoeledronsin optical-pump/x-ray-probe experiments. The detedors will be gated onthetime
scde of afew nanoseconds in order to separate the femtoseaond x-ray flux (arriving at the laser
repetition rate) from the long-pulse x-ray flux (arriving at 500 MHz, correspondng to the
storage-ring fill pattern). Gating will be acomplished using standard boxcar integrators
providing a 2 ns gate width. In addition, the MCP detedors may be pulse-biased either for 1D
detedion (e.g. dispersive EXAFS) or 2D detedion (e.g. Laue diffradion) as part of a gated
image intensifier (in combination with a CCD camera). The streek camera described below
alrealy incorporates a gated MCP with a phaspha which is coupged to a CCD cameravia afiber
bunde. These comporents can be used independently of the stre& tube for gated 1D and 2D
detedion. Finally, due to the 200ns opening time of the beamline dopper, it will aso be
possble to run experiments withou gated detectors during two-bunch or camshaft operation o
the storage ring (1.3 MHz repetition rate).

High-Time-Resolution Streak Camera

An utrafast x-ray streak camera is an important end-station comporent for the UXS
fadlity. The canerawill be useful as adiagnastic for the femtosecond x-ray pulses, and can also
be put to use in dred detedion d x-rays for some time-resolved experiments. The stregk-
camera will be particularly advantageous for measurements invalving the dired detedion o
x-rays (e.g. Bragg diffraction) in the time range of 1 to 30ps because it can colled the entire
time-evolution d a dynamic process for each 30ps synchrotron puse. In the past several years,
the use of x-ray streak cameras at 3" generation synchrotrons has been demonstrated in a number
of scientific goplications[3,13,14,16. At synchrotron keanlines, streak-cameras operate in
integration mode due to the relatively low phaon flux per pulse. At present, the timing jitter
between successve streak images is one of the major limitations to the adievable tempora
resolution.

To med the requirements of the UXS fadlity users, we propcse to develop a canera
operating in the 0.2to 10 keV range with ~1 ps resolution in integration mode & a repetition rate
of 40kHz. This effort will be led by Dr. Zenghu Chang from the Center for Ultrafast Opticd
Science (CUOS) at the University of Michigan who hes considerable previous experience in
streak camera devel opment, and their appli cation at synchrotron keamlines.

The canerawill be based onadesign (shown schematicdly in Fig. 26) which has alrealy
demonstrated 0.5ps resolution in single-shot operation [157]. The key feaures of thisdesign are
the magnetically-focused stresk tube with meander-type deflection dates, and a laser-driven
phao-condictive switch for synchronows triggering.  The new camera will include
improvements in bah the streak tube design, the voltage-ramp generator, and the
phaocondtctive switch, which will further enhancethe temporal resolution.
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Figure 26. Schematic illustration of the sub-picosecond x-ray streak camera.
Streak Camera Single-shot Temporal Resolution

The single-shot resolution (presently Ats ~0.5ps) is determined by three factors, the
width of the glit image on the phosphor screen, wg[um], the deflection sensitivity, Sp[um/V], and
the ramp voltage K[V/sec]:

Ats=wg/(SplK)

In the present streak-tube design, the width of the dlit image is in the range of 80 um, as
determined by aberrations introduced by the focusing lens and the deflection plates. The
deflection sengitivity is Sp=8 cm/kV. To achieve Ats<0.5 ps requires aramp voltage K>2 kV/ns.
However, the deflection sensitivity is inversely proportional to the electron speed. Since space
charge effects are not a constraint for synchrotron beamline applications (due to the relatively
low flux per pulse), Sp can be increased to 16 cm/kV by reducing the electron speed. In
principle this can improve the single-shot resolution by a factor of two using the existing
voltage-ramp generator.

Streak Camera Timing Jitter in I ntegration Mode

For operation in integration mode, the voltage ramp is generated by a photo-conductive
(PC) switch triggered by an optical laser pulse. This approach has demonstrated the lowest
timing jitter compared to other voltage-ramp generation schemes. The rise time of the high
voltage pulse generated by the PC switch is determined by the frequency bandwidth of the
switch design, and thus does not change from laser-pulse to laser-pulse. However, the amplitude
of the high voltage pulse does change with the laser pulse energy, and this gives rise to timing
jitter which is observed as a spatial smearing in the image plane of the streak camera. The
timing jitter due to the voltage-pulse amplitude fluctuations isillustrated in Fig. 27. We assume
that V4/2 is the voltage to deflect the electrons to the center of the phosphor screen, and V,isthe
average amplitude of the voltage pulses produced by the photo-conductive switch. The timing
uncertainty (jitter) is then given by Atj= t>-t;=T,[AV/(2V,) where AV=V,-V; is the shot-to-shot
variation of voltage pulse amplitude, and T, is the voltage-pul se rise time.
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Figure 27. Timing jitter due to voltage-pulse
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The timing jitter will be reduced by shortening the rise time of the photo-conductive
switch. The minimum rise time is limited by the switch design and the response time of the
deflection plates. In addition, the rise time should be longer than the desired linear scanning time
range of camera. The switch and deflection plates will be redesigned to accommodate arise time
of ~100 ps and a linear scanning range of ~30 ps. By operating the switch near saturation,
amplitude fluctuations should be suppressed to ~0.5% which should reduce the timing jitter to
less than 1 ps. In addition, we propose to use a novel dua-PC switch that will further minimize
the sengitivity to laser energy fluctuation. The streak camerawill be enclosed in a separate UHV
chamber with independent vacuum pumping so that it can be used at any endstation sample
chamber. In addition to the streak tube, high-voltage supply, and PC switch, it also will include
a 2 ns gated micro-channel plate image intensifier fiber-coupled to a 16 bit CCD camera. The
gated intensifier and camera can be used independently of the streak tube for gated 2D detection
of x-rays.

V1.6. Local Vertical Dispersion Bump in the Storage-Ring L attice

A superconducting undulator can be installed in straight section 6 of the ALS storagering
without any modifications to the machine lattice. A sizeable dispersion function is necessary to
achieve a transverse separation of the energy-modulated electron slice. Because the ALS lattice
has zero horizontal dispersion in the straight sections, we will implement a vertical dispersion
function. This dispersion can be introduced either at the location of the undulator, or at the
location of the neighboring wiggler which is used for energy modulation of electrons, or
simultaneously at both locations. The amplitude of the vertical separation of electrons is then
given by:

AE
E,

where AE is the amplitude of the energy modulation, E, isthe electron beam energy and n, is
the effective dispersion function:

O =Ny (4)

r’eff :r’und +r’w Bund /Bw (5)
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where n,, and B, are the vertical dispersion and vertical beta functions (respectively) at the
center of the undulator, n,, and S, arethe vertical dispersion and beta functions (respectively)
at the center of the wiggler.

Measurements of the electron beam profile in the vertical direction at the ALS indicate

that it follows a Gaussian distribution up to ~5a,, where o, =+/Buuke, + (1m0, ) .
k = ¢, 1€, isthe coupling coefficient, €, and &, are the vertical and horizontal emittances, and
o, is the rms beam energy spread. Beyond 50, , the measured electron distribution drops as

~ vy~ [142]. Therefore, the signal-to-background ratio improves only modestly if the separation
is increased beyond 50,. On the other hand, larger separation requires increasing the vertical
dispersion in the lattice and/or increasing the laser pulse energy. A model calculation using
£,=4x10° mTad, E,=1.9 GeV, and o, =10, k = 001 and alaser pulse energy of 600 pJ (with
the laser pulse bandwidth being matched to the bandwidth of the spontaneous wiggler emission
a the third harmonic, following Eq.2, M [R2.1Mw) gives 50, separation a a value of

Ng 20mm. It is clear that the small vertical emittance allows us to use a smaller vertical
dispersion to achieve the same separation of electrons.

Two methods have been studied to generate )y . The first method creates a local 1,

bump by coupling the horizontal dispersion into the vertical plane. The second method generates
a n, wave in the ring using a localized vertical orbit bump. Skew quadrupoles can be used to

transform horizontal dispersion into the vertical plane in the same way that a corrector magnet
steers aclosed orbit. At the ALS, the existing sextupole magnets are equipped with special coils
that produce a skew quadrupole field. Eight such sextupoles are available in two arcs
surrounding the wiggler. All of them can be used to produce the required n, . Useful vertica

dispersion can also be created using a vertical orbit bump localized around the undulator. This
orbit bump is confined primarily to a region of the lattice without sextupole magnets; thus it is
free from the non-linear lattice effects. The vertical dispersion produced in this way can further
be used to compensate the unwanted ., in the undulator which appears due to existing spurious

vertical dispersion in the ring. Reference[158] contains a detailed description of both
techniques.

VI1I. Background and Comparison with Existing Femtosecond X-ray Sour ces
VI1Il.1. Femtosecond Bend-magnet Beamline at the ALS

This proposal builds on considerable expertise in the generation of femtosecond x-rays
and in time-resolved x-ray spectroscopy developed at the ALS and at U.C. Berkeley. The
generation of femtosecond x-rays via laser/electron beam interaction was pioneered by

Schoenlein and Leemans using Thomson scattering with the ALS linac injector [15,48]. The
application of ultrafast x-ray streak cameras using synchrotron sources was pioneered at the ALS
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by the Falcone group[13]. These efforts resulted in the initial ultrafast spectroscopy
experiments which used time-resolved diffraction techniques to study laser-induced disordering
in crystals[3,9]. The more compelling research applications in ultrafast x-ray science clearly
require substantial enhancements in x-ray flux, and continued development of ultrafast x-ray
techniques.

To date, time-resolved experiments at the ALS have been done during independent
investigator time on bend-magnet beamlines that were designed primarily for other purposes.
For example, the streak-camera based experiments described in section IV have been done on
beamline 7.3.3 which is primarily for x-ray micro-diffraction research. Similarly, the initia
experiments demonstrating the generation of femtosecond synchrotron radiation (section V1.1)
have been done on beamline 6.3.2, which is designed for EUV reflectometry (and is one of the
most heavily-subscribed beamline at the ALS). The limited available beamtime, and non-ideal
beamline performance has considerably restricted the progress of time-resolved x-ray research.
Thus there is a strong and immediate need for a dedicated beamline which is optimally designed
for ultrafast x-ray science. The superconducting undulator beamline which is the subject of this
proposal, represents the practical performance limit of what can be achieved in femtosecond
x-ray flux and brightness from the ALS using the techniques described in section VI.1.
However, the total development period (from initial concept to beamline commissioning) of a
project of this scaleis quite long, typicaly 4-5 years.

As an interim solution, a bend-magnet beamline (BL 5.3.1) dedicated to time-resolved
x-ray science has recently been constructed at the ALS. This beamline serves as the current
home for time-resolved x-ray research, and has been designed specifically to enable the novel
technique for generating femtosecond synchrotron radiation to progress beyond the proof-of-
principle stage to actual scientific applications. Beamline 5.3.1 isrelatively simple, consisting of
asingle toroidal mirror which images the bend-magnet source onto a pair of dlits for selecting the
femtosecond synchrotron radiation. The beamline also includes a double-crystal monochromator
which provides a bandwidth of A/AA~3000. The beamline was constructed with a modest
amount of seed money: ~$300 K in capital equipment money from the University of California
(UCDRD) and a matching contribution from the ALS provided in the form of design,
engineering, and installation support. A Ti:sapphire laser system operating at 5 kHz and
synchronized to the storage ring is available at this beamline for femtosecond modulation of the
electron beam. The beamline was constructed in one year, and represents a 100x improvement
in performance (average x-ray flux and brightness) in comparison with the previous femtosecond
x-ray source a the ALS (based on Thomson scattering with the ALS linac injector) [29].
Nevertheless, beamline 5.3.1 is intended to be an interim solution during the search for funding
and eventual construction of the undulator-based beamline which is the subject of this proposal.

The research program described in section IV (and the feasibility estimates in the
proposal appendix) illustrate the demanding x-ray flux and brightness requirements for time-
resolved experiments. Although the capabilities of the bend-magnet beamline are sufficient for
time-resolved Bragg diffraction and some EXAFS measurements in solid-density materials, it is
clear that the beamline flux is not nearly sufficient for the wide range of scientific applications of
time-resolved x-ray research as described in this proposal. Figure 28 compares the performance
of the existing bend-magnet beamline with the proposed femtosecond undulator beamline. The
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undulator provides a 100x improvement in flux and a 1000x improvement in brightness in
comparison with a bend magnet source. Furthermore, the increase in the laser repetition rate
provides an additional 10x increase in both flux and brightness for time-resolved experiments.
Thus the data acquisition times estimated in the appendix would be ~1000 times longer on the
bend-magnet beamline. Finally, expected developments in commercia laser technology,
particularly Nd:YAG pump lasers, should in the future provide an additional factor of 2.5x
enhancement by allowing operation at 100 kHz repetition rate.

The overall enhancement factors (flux: 10°, and brightness: 10*) apply to pump-probe
experiments on the picosecond time scale (using the full duration of the electron bunch and/or
the ultrafast x-ray streak camera) and also to pump-probe experiments on the femtosecond time
scale using x-rays from laser-modulated bunches. Such performance is near the practical limit of
what can be achieved from an existing third-generation synchrotron, without substantial
modifications to the storage-ring lattice and operation. Beamline performance at this level is
absolutely essential for the most compelling scientific experiments in ultrafast x-ray
spectroscopy.
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Figure28. Average femtosecond flux and brightness from the proposed undulator beamline
compared with that of the existing bend-magnet beamline. The undulator curves are a locus of
points from the tuning range of the odd harmonics, plus the wiggler emission.

VI1I.2. Other Sourcesof Femtosecond X-rays

In the past decade, important advances have been made in the generation of femtosecond
X-ray pulses using a variety of techniques including: high-order harmonic generation from
femtosecond optical pulses [23-26], laser-plasma based x-ray sources [11,18,27], laser-driven
x-ray diodes [17], and femtosecond x-rays from Thomson scattering [15]. While initial time-
resolved x-ray experiments (with modest source requirements) have been performed using these
sources, they suffer from significant limitations in one or more critical parameters including: (a)
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x-ray average brightness and/or flux, (b) x-ray photon energy, tunability, and spectral range, and
(c) x-ray pulse duration and control. As a consequence, these sources are not able to meet the
demanding requirements of the scientific program outlined in section IV. Here we briefly
consider the limitations of short-pulse x-ray sources that are currently available for time-resolved
research.

High-order harmonic generation from femtosecond optical pulses has advanced
significantly in recent years. Laser harmonics offer the advantage of temporal and spatia
coherence, and potentially sub-femtosecond pulse durations. To date laser harmonics have been
generated up to 550 eV [24,25], with a yield of a few photons per pulse at the highest photon
energies. Recently, phase-matching techniques have been demonstrated to increase the harmonic
yield for photon energies up to 70 eV [26]. While this is an active research area in source
development, current harmonic-generation schemes are not likely to yield sufficient flux in the 1-
10 keV range for demanding x-ray spectroscopy applications.

Laser-plasma based x-ray sources can provide high x-ray flux[11,27], and a time
resolution of <600 fs has been achieved by carefully controlling the excitation conditions [27].
However, plasma-based sources are inherently low-brightness since x-rays are emitted in a 41t
solid angle. This is a significant disadvantage for experiments requiring limited source
divergence (such as Bragg diffraction) and presents a problem for designing optics with
reasonabl e collection efficiency. One current approach is to use bent crystal optics[27], which
can collect a large solid angle, but are effective only over very narrow bandwidths. Finaly,
plasma-based sources are not easily tunable since the highest flux comes from the line emission
(Kq radiation) [159].

Laser driven x-ray diodes (essentially x-ray tubes with photocathodes illuminated by
femtosecond laser pulses) are also being developed for time-resolved x-ray research [7]. The
properties of these sources are similar to the laser-plasma sources in that x-rays are emitted in
41, and the spectrum consists of line emission superimposed on a continuum background.
Adjusting the electron energy provides some means of control over the x-ray spectrum, and the
x-ray pulse duration is determined by the electron bunch duration. However, the x-ray flux is
determined by the charge in the e ectron pulse, which is limited by space-charge effects. Space-
charge effects aso limit the achievable electron pulse duration, which is typicaly in the
picosecond range [7].

In arelated approach, electron pulses from laser-driven photocathodes have been directly
used to probe structural dynamics via electron diffraction [160-162]. The electron penetration
depth limits the applicability of this approach to gas phase (or thin-film) samples. The available
time resolution (~2 ps) is limited by the achievable electron bunch duration (mediated by space-
charge effects) as well as the velocity mismatch between photon pump-pulses and non-
relativistic electron probe-pulses. Finaly, electron interactions with matter do not provide the
same element-specificity as x-ray interactions.

Finaly, the generation of femtosecond x-rays via Thomson scattering between relativistic

electrons and terawatt laser pulses has been pioneered at the ALS. This approach offers some
advantages for generating femtosecond x-rays with well-controlled pulse duration in a directed
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beam [15]. However, the flux from such sources is presently limited by the electron-beam
current and the average laser power, while the brightness is limited by the emittance of the
electron beam. Furthermore, the scattering geometry required for achieving femtosecond x-ray
pulse durations also imposes fundamental limits on the flux and brightness that can be generated
via Thomson scattering [29]. Such limitations are particularly significant at low photon energies
(~10 keV or less) and for short pulse durations, ~100 fs[29]. Finadly, it isimportant to note that
even though the proposed undulator beamline operates at a high repetition rate, the flux per pulse
(on sample) is comparable to what one might expect from an optimized 90° Thomson scattering
source operating at much lower repetition rates. Seeref. [29] for a detailed comparison.

VIII. Budget, Administration, and Management

VIII.1. Budget and Budget Justification
Cost Sharing

Other funding agencies have expressed interest in funding components of this project.
The beamline proposa was submitted to the NSF MRI Program in February 2001
(R.W. Falcone-P.1.), with a specific request for funds for the laser system. The proposal was
favorably reviewed, and NSF offered to contribute $0.5M toward the laser system (contingent on
a decision by DOE to proceed with the project). These funds were to be matched with an
additional $0.5M in non-federal money from the University of Cdifornia. The development of
the streak camera is now being supported through a grant to R.W. Falcone from DOE Defense
Programs.

In-kind support is also provided by the ALS for several components of this project. First,
the availability of the existing wiggler (W16) which is necessary for laser-modulation of the
electron beam represents a substantial cost savings ($2-3 M) for this project. The ALS is
presently funding modifications to the wiggler to facilitate simultaneous operation for both the
UXS facility and the protein crystallography beamline. Second, ALS personnel (P. Heimann and
T. Glover) from the Experimental Systems Group have been continuously involved in the
development and demonstration experiments for generating femtosecond x-rays from the storage
ring (~$500 K cost over the past three years). Finally, critical technical support from the ALS
Accelerator Physics Group is provided by the ALS. Due to the unique nature of this project,
Accelerator Physics support is substantially beyond what is typically required for other
synchrotron beamlines.

Options for generating additional support from other funding agencies for this project are
currently being explored. The preferred approach is to develop a strategy with guidance from
BES on how best to proceed in thisarea. Both NSF (through the Mgjor Research Initiative Grant
Program) and DOE Defense Programs (through the High Energy Density Research Program) are
currently supporting (or have supported in the recent past) the research activities of various core
research team members, and this research will be substantially enhanced by the capabilities of
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the UXS facility. Beyond this, there is potential interest from DOE Defense Programs related to
instrumentation diagnostics for the National Ignition Facility. For example, the combination of
ultrafast time resolution, tunability, and high photon energy make the UXS facility uniquely
capable of characterizing the ultrafast detectors that will be developed for use in NIF

experiments.

Financial Plan Summary and Explanation

The UXS Facility will occupy the Sector 6 straight section at the ALS. The construction
costs for the UXS Facility undulator, beamlines and laser system are presented in Table 3. The
UXS Facility financia plan has been prepared with and approved by the ALS office for project

management and budget.

Labor Equipment | Labor Equipment Labor Equipment System
2002 2002 2003 2003 2004 2004 Totals

Undulator 0 0 390 230 305 280 1,205

vacuum 0 0 150 0 65 165

chamber

magnetic 0 0 120 230 180 0

structure

support 0 0 120 0 60 115

and drive
Front End 0 0 172 335 0 0 507
Beamline 135 640 435 275 300 350 2,135

optics 10 200 0 0 0 0

crystal mono 10 440 0 0 0 0

mirror, grating 115 0 435 275 300 350

systems
Endstations 0 0 0 437 0 0 437
Laser System 123 1225 154 782 31 25 2,340

front end amp 0 390 0 0 0 0

pump lasers 0 590 0 588 0 0

power amps 123 170 124 169 0 0

elect. and mech. 0 75 30 25 31 25
Project 52 0 104 0 78 0 234
M anagement
Subtotals 310 1,865 1,255 2,059 714 655
Escalation 0 0 46 41 27 14 128
Yearly Totals 2,175 3,401 1,410 6,986

Table 3. Ultrafast X-ray Science facility construction costs over 3 year period in K$. LBNL
overheads and contingency are included. Escalation rates are included at 2.0% per year
for equipment and 3.7% per year for labor
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Undulator

The undulator cost was estimated based on LBNL fabrication costs and overheads.
Significant cost savings have been achieved by adopting a design based on superconducting
magnets with an open aperture that is consistent with the existing ALS storage ring parameters.
This further eliminates the need for any modifications to the storage ring lattice. Contingency
was included at 30%.

Modificationsto Storage Ring Lattice

Storage ring modifications are no longer required. The new undulator design is not a
small-aperture device and therefore does not require changes to the beta function of the ALS
storage ring lattice.

Front End

The front end is the same as that used for beamline 10.0.1. Thus the actua costs are
known, and there are no changes to the design other than the dimensions of apertures. The
contingency isincluded at 15%.

Beamline

The numbers for these items have been estimated by P. Heimann in consultation with
ALS beamline engineers. The fact that the beamline contains a novel monochromator including
crystal-optics aswell as grating-opticsis reflected in the overall cost. Existing designs as well as
commercialy available components will be used when possible. Contingency was included at
10% for al components and equipment, with 30% contingency only for labor costs.

End Station

The cost of the end station is generally based on the costs of comparable end station and
detectors being developed for beamline 5.3.1. The costs include the chambers, sample
manipulators and detectors. The electron spectrometer requested in the original budget has been
eliminated. In addition, the streak camera has been eliminated from the origina budget as we
have identified other sources of funding for this. Contingency was included at 15%.

Laser System

The laser system design has been modified to incorporate less expensive components that
are commercialy available. The cost of the laser system is based on known costs of the
commercia components which comprise the bulk of the system (75% of the total cost). In
addition, the costs of the optical components and mounts, diffraction gratings, and cryogenic
chillers are based on quotations from commercial vendors. System integration and fabrication
costs for custom components (such as vacuum chambers) have been estimated by LBNL
Engineering Division. Contingency is included at 30%, with 10% contingency on the capital
equipment components.

Operations

Due to the unique nature of the UXS facility, commissioning will be done by the original
group which developed and demonstrated the technique for generating femtosecond x-rays from

68



Ultrafast X-ray Science Facility at the Advanced Light Source

the ALS storage ring. This group includes ALS Experimental Systems Group staff: P. Heimann
and T. Glover.

Ongoing operational support for the UXS facility including beamline personnel and
materials and supplies will be requested in a separate proposa to DOE Basic Energy Sciences.
Due to the complexity of the UXS facility, the requirements for ongoing operational support are
anticipated to be more extensive than for typical beamlines. For the UXS facility to function at
peak performance, several complex systems need to operate simultaneously including the high-
average-power laser system, ultrafast x-ray streak camera and gated detectors, superconducting
undulator etc. At thistime, we estimate that a minimum of ~1.5 FTE will be required.

Construction Schedule

This proposal for the UXS Facility has been structured around a three year construction
schedule. This schedule has been determined by the time needed to construct the undulator and
takes into account the existing and anticipated demands for ALS engineering resources by a
variety of other ALS projects.

VI1I1.2. Organization and Management

Ultrafast x-ray science is an emerging field of research which to date has been based
largely on laboratory-scale, short-pulse x-ray sources and femtosecond lasers. This initial
developmental work has brought the field to a critical point where the scientific applications will
flourish only if the source capabilities can be substantialy improved. Thus, the availability of a
femtosecond synchrotron beamline with flux and brightness substantially beyond laboratory-
scale sources will be instrumental in advancing thisfield.

To take maximum advantage of the opportunities afforded by the UXS facility, we have
assembled a scientific research team which will form the nucleus of a new user community for
ultrafast x-ray science at a 3" generation synchrotron (and in the future at a 4" generation light
source). This group has scientific expertise in several critical areas including:

(a) x-ray research at synchrotron sources including diffraction, EXAFS, and XPS applied
to crystalline solids, nanostructures, molecules, and atoms.

(b) optical ultrafast spectroscopy in condensed matter, molecular, and atomic systems

(c) time-resolved x-ray spectroscopy using femtosecond lasers

The scientific expertise is complemented by technical expertisein the following critical areas:

(a) development of ultrafast x-ray generation and measurement techniques at
3" generation synchrotrons

(b) synchrotron beamlines and instrumentation

(c) insertion devices for 3" generation synchrotrons

(d) laser/electron beam interactions and accelerator physics
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The UXS fadlity will operate in the spirit of a wllaborative research center. Because
ultrafast x-ray science is a rapidly emerging field, it is important that scientific goplications and
experiments be developed in synergy with new instrumentation and measurement techniques.
Experiments will be conduwcted in coll aborative groups (of the are research team) comprised of
researchers with complementary scientific and technicd expertise. The scientific development
of the UXS facility will be guided by a Beamline Steaing Committee Committee membership
will rotate onan annual basis, and the propased initial committeestructureis as foll ows:

co-chair Roger W. Falcone Physics Department U.C. Berkeley
co-chair Robert W. Schoenlein  Materials Sciences Division LBNL
N. Berrah Physics Department University of Western Michigan
M. Chergui Inst. of Condensed Matter Physics University of Lausanne
P.A. Heimann Advanced Light Source LBNL
C.V. Shank Chemistry Department U.C. Berkeley
Materials Sciences Division LBNL

The primary functions of the Beamline Steering Committee &@e to guide the scientific
development of the UXS fadlity and to determine experimental priorities among the various
coll aborative sub-groups of the @re research team. Actions of the Beamline Steaing Committee
are of course subjed to the gproval of the ALS Scientific Advisory Committee Beam time for
other UXS faality users (outside the are reseach group) will be dlocated acwrding to the
existing pea-reviewed Independent Investigator Program at the ALS. For the initial start-up
period, we propose to alocae most of the beam time to the cre research team and to fadlity
development adivities. Following this period, the proposed alocation o beam time is as
follows:

Independent Investigators 30%
Time-Resolved X-ray Research Development 15%
Core Reseach Team 55%

This proposed distribution is aso subject to regular review and approval by the ALS Sientific
Advisory Committee

The technical design and construction d the UXS fadlity will be supervised by a projed
manager seleded by the Beamline Steaing Committee together with ALS management.
Personnel for criticd comporents of this projed have dready been identified. The development
of the supercondicting unddator will be headed by Ross Schlueter (LBNL Engineering
Division) who leals the engineering team that has developed all the insertion-devices at the
ALS. Design o the UXS beamline will be supervised by Howard Padmore (Head - ALS
Experimental Systems Group) and Phil Heimann (ALS Experimental Systems Group) who
recently supervised the development of the femtosecond bend-magnet beamline (BL 5.3.J) at the
ALS. The modificaionsto the ALS storage-ring lattice (vertical dispersion bump, and mini-beta
function) will be supervised by David Robin (Head — ALS Accderator Physics Group) and by
Alexander Zhdents (LBNL Center for Bean Physics). Dr. Zhdents conceived the original
scheme for generating femtoseaond x-rays from a storage ring, and has been instrumental in the
development of this technique & the ALS. Robert Schoenlein will overseethe development of
the femtosecond laser system and the integration o commercia comporents by LBNL
Engineering.

70



Ultrafast X-ray Science Facility at the Advanced Light Source

Appendix — Asesanent of Experimental Feasibility

This appendix provides feasibility assessments and estimates of data acquisition times for
the various classes of experiments that are anticipated in the scientific program for the Ultrafast
X-ray Science Facility. These estimates also serve to illustrate the demanding requirements that
such experiments impose on the x-ray flux and brightness from the beamline. In most examples,
a signal-to-noise ratio (S/N) of 10 is chosen as a convenient benchmark. The required S/N
depends on the particular experiment and the time-evolution of the signal of interest. Note that
for shot-noise-limited measurements, S/N~Ix-ray1’2, where Ixra is the integrated x-ray flux
(number of x-ray photons).

Order-Disorder Transitionsin Solids and at Surfaces

Feasibility assessments of time resolved Bragg diffraction measurements of laser-induced
disorder in crystalline systems are based on previous experimental measurements. For example,
measurements illustrated in Figs. 3 and 4 [9] were made using a femtosecond x-ray source based
on Thomson scattering [15] which provided an average femtosecond x-ray flux which was a
factor of ~10™ (brightness factor: ~10°®) of the proposed undulator beamline[29]. Measurements
illustrated in Fig. 5 were made using a bend-magnet beamline at the ALS providing flux which
was ~10? (brightness factor: ~107) of the proposed undulator beamline. In addition, the
measurements in Fig. 5 were made at a laser repetition rate of only 1 kHz, compared with the
40 kHz system proposed for the undulator beamline. This represents yet another factor of 40
improvement in average flux and brightness for laser-pump, X-ray probe experiments. It is clear
that the undulator beamline will enable time-resolved Bragg diffraction measurements with
ultrafast time resolution and extremely high signa-to-noise (S/N) ratios. This is a significant
advantage for quantitative interpretation of the underlying dynamics.

For time-resolved EXAFS of order-disorder transitions, the undulator beamline will
enabl e high-sensitivity measurements of ultrafast changes in bond distances and nearest-nei ghbor
coordination. The technical challenge is to achieve sufficient surface sensitivity and signal-to-
noise to distinguish small changesin the EXAFS.

For a uniform sample of a single constituent atom, the EXAFS signal-to-noise ratio
(measured in transmission) is given by [163]:

sIN=0.72H 2 (Al)
U

where |y is the integrated incident x-ray flux (number of photons), p=Ns/ds where Ns is the
sample concentration, s is the absorption cross-section of the sample in the x-ray region of
interest (Aos is the expected change in the x-ray cross section). The factor 0.7 results from the
optimization of the S/N with respect to the sample thickness.

For example, the calculated Si-EXAFS in Fig. 6 illustrates changes in the EXAFS signal

of ~10% of the K-edge absorption. This establishes a minimum requirement of ~200 x-ray
photons (assuming that the dominant noise contribution is shot noise) to reach SIN=1, which is
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easily achieved. However, the dhalenge for these types of experiments is to match the x-ray
probing depth to the opticd excitation depth. If the phaoelectron yield is deteded as a means of
providing surface sensitivity, then the signal-to-noise ratio can be written as:

A
S/N =15 (e (A2

where n¢~1% (conservatively) is the phaoeledron colledion efficiency, ne is the phaoe ectron
yield (ne~1 for Z<20) and d.u istheratio of the dedron escape depth (de) to the x-ray absorption
length (u™). In the cae of Si, a the K-edge, the x-ray penetration depth is ~10°m and the
phaoeledron escape depth is typicdly ~10°m. Thus, ~10° photons are required to achieve
S/N~1, and this corresponds to ~0.25 msec of integration onthe proposed unduator beamline,
operating with the full x-ray pulse length, o ~0.4 seconds of integration wsing the femtoseand
X-ray pulses.

A more dfedive gproach for achieving surface sensitivity for these types of experimentsis
to measure the EXAFS via refledivity a grazing incidence angles. For reflectivity
measurements, the signal-to-noise ratio is given by:

SIN _—(| RI2(d )} (A3)

where R is the refledivity, dyy is the optlcd excitation depth, and Pt is the x-ray penetration
depth. Inthe case of Si, the refledivity at the K-edge is Rq=1.5x10?, and the refledivity change
aaoss the K-edge is ARx=1.2x10? a an incident angle of 1°. For the 10% moduations
indicated in Fig. 6, this gives AR/R=8x102. Furthermore, the optical excitation depth can easily
be matched to the 188A x-ray penetration depth at this angle. Thus, ~1x10* phaons are
required to achieve S/N~1, and this corresponds to ~2 usec of integration on the propcsed
unddator beanline, operating with the full x-ray pulse length, o ~3 msec of integration wsing
the femtosecond x-ray pulses.

Dynamicsin Warm Dense Matter

The objedive of these experiments is to study materials at temperatures of afew eV and
nea solid density. These condtions exist in laser-heaed foil s after heat is transported through
the depth o the sample and before significant expansion d the surfaces occurs. Hydrodynamic
simulations of an Al foil, 100nm thick, show nealy uniform temperature and density 10 ps after
the laser pulse. This time scde matches well the time resolution d the stre&k camera. An
important consideration for these experiments is that the sample must be trandlated between laser
shats (since laser heding to high temperature makes a small hae in the foil). Tests using a
sample manipulator at beamline 5.3.1confirm that the foil samples can be translated quickly for
10Hz data aquisition. Use of the grating in dspersive mode dl ows the entire XAN ES spectrum
to be wllected at once (the spedrum is dispersed along the stresk camera dlit). For Al at the
K-edge, the fail thickness, 100nm, is lessthan the x-ray attenuation length, 900nm. From this
absorption factor, we mnsider a requirement of 10* deteded phdons/ resolution element / 10 ps
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for S/IN~100. The streak camera quantum efficiency at the Al K edge is ~5%. Taking into
account these factors implies that these measurements can be madein 14 laser shotsor 1.4 sec.

Requirements for WDM measurements with the 200 fs x-ray pulses follow from the same
considerations with the following corrections. First, the efficiency factor of 7x10™* in generating
the femtosecond x-rays (see section V1.3 and Fig. 23) results in an increase in the integration
time by a factor of (7x10*)™. However, the streak camera is then replaced by an integrating
detector (CCD or photodiode array) with nearly unity quantum efficiency which reduces the
integration time by a factor of 20 (100% vs. 5% detector efficiency) and another factor of 3
(since it is no longer necessary to gate 10 ps out of the 30 ps x-ray pulse). This implies that
measurements with S/N~100 can be made with ~330 shots, or 33 sec integration time at 10 Hz
repetition rate.

Ultrafast Photochemical Reactions

For studies of structural dynamics of dilute samples (nanocrystals, molecules, atoms) in a
solvent environment (or in gas phase) using x-ray absorption spectroscopy (EXAFS or XANES
for example), one measures the transmitted x-ray intensity, |;, given by:

-NgF (os+A0)d

-Ng(1-F)od ~—ag,d

l,=1.e e e (A4)
where |y is the incident x-ray flux, Ns is the sample concentration, os is the absorption cross-
section of the sample in the x-ray region of interest (Aos is the expected change in the x-ray cross
section due to transient structural changes induced by a laser excitation pulse), d is the sample
thickness, and agyy, is the attenuation length of the solvent (sample environment). F is the
photolysis factor (i.e. the fraction of the samples that are excited by the laser pump pulse) and is
given by:

CDJOpt

; (1— e_NSU"P‘d) 0<F<1 (A5)

F =

3y (O)0
N.d

J;d J oot (z)dz =

where oy is the optical absorption cross-section, @ is the quantum efficiency of the photo-
induced process, and Jy iS the incident laser photon fluence.

The signal of interest is the differential of the x-ray transmission (with vs. without the
optical pump pulse), which in the small-signal limit is given by:

S=INFAcd for NJFAod<<1 (AB)
The shot noise is N=I,"2, thus the signal-to-noise ratio is given by:

SIN = J,, (0)pfi—e ™= | ¥2g Nt 2gamiiop g A7)

opt
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The signal-to-noise can thus be optimized for particular experiments in terms of the
sample concentration, the x-ray absorption cross-section (by choice of K-edge or L-edge for
example), the optical absorption cross section (via judicious choice of the excitation
wavelength), and the sample thickness. Note that the solvent (or sample environment)
absorption always degrades the signal-to-noise ratio and does not influence the optimum choice
of sample concentration or cross section. Furthermore, enhancement of the signal via increases
in Jopt May be limited in some cases by non-linear optical effects in the solvent, and/or by
undesired multiphoton effects in the sample (at photon densities on the order of or greater than
one per optical absorption cross-section). For many systems which have small two-photon
absorption cross-sections, multiphoton effects in the sample will not be an issue. In addition, it
is generally possible to excite samples slightly off-resonance (where oy is reduced) thereby
reducing the probability of multiphoton absorption while maintaining the overall photolysis
factor.

Figure Al illustrates the dependence of S/N on the relative optical and x-ray absorption
cross sections and the sample concentration. Note that for oo>>05 (as is typically the case) the
S/N reaches a maximum at relatively low sample concentrations (at which the sampleis optically
opaque but largely transparent at x-ray wavelengths). Under these conditions, all of the optical
photons are absorbed in the sample and the unexcited molecules simply degrade the achievable
S/IN by attenuating the transmitted x-rays. Similarly, increasing the sample concentration or
sample thickness diminishes the SIN. For ou,>0s, reducing the optical absorption cross section
(for example by exciting off-resonance) to match the x-ray cross-section does not improve the
S/N. The S/N can be improved by probing at edges where differential absorption changes, Aads,
are larger (L-edge vs. K-edge for example), provided that these benefits outweigh the
degradation of the S/N due to stronger overall sample absorption, os, and solvent absorption,
v Usoly-
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FigureAl. Dependence of SIN (calculated from Eq. A7, normalized to J,[@I,Y*(Acy) on the
relative optical and x-ray absorption cross sections and the sample concentration with
0=10" ¢cm?, d=.01 cm, and 0., =0 cm'™.
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Table A1 provides a comparison d the source requirements to measure a o©re-level
absorption edge jump at S/N=10 for various x-ray absorption experiments at the K-edge or
L-edge of the solute moleaule. The dhosen parameters and experimental condtions represent a
rough optimization d the S/N based on Eq.A7. The dange in the x-ray absorption cross
sedion, A0y.ry, refers to the ésorption change & the wrrespondng core level (K or L) for that
moleaule (and is taken from tabulated values). In some cases, the optica excitation is detuned
from the @sorption maximum in order to reduce the @sorption crosssection, aqp, and thereby
avoid mulitphaon effeds. Thisis conservative, and may not be necessary sincethe excited-state
(S:-S,) absorption crosssedion for most molecules is much smaller that the groundstate
absorption crosssection (So-S;). The asumed opticd fluence, Jyy, is chosen to limit the peek
opticd intensity to 10™-10"*W/cm? in order to avoid norinear effeds in the solvent. In
pradice substantially higher intensities may be tolerated since very thin samples are used
(d~100um). Finaly, the integration time (to achieve abenchmark S/N=10) isindicaed for each
experiment.  Integration times are determined dredly from the flux curves in Fig. 23 for
measurements using the full synchrotron puse duration (‘psec’ column). Integration times for
experiments using the 200fs x-rays (‘fsec¢ column) are determined from the flux curves in
Fig. 23 rormalized by the factor, 7x10*, which accourts for the slicing efficiency (seeFigs. 18
and 23and section V1.3).

The signal of interest depends on the particular experiment and the anticipated time
dynamics. The benchmark used in Table A1 of S/N=10 (for which the signal is defined asaK or
L absorption edge jump) is adequate for discerning the dynamics of a significant edge shift or a
nea edge resonance fedure (see Fig. 14 for example). Measurements of dynamic feauresin the
EXAFS will li kely require S/N>100 (since the expeded signals are typically several percent of
the asorption edge jump — see EXAFS cdculations in Figs. 6, 10,and 13for example). For
such experiments, the indicaed integration times soud be scded by at least x100. These
estimates provide only a baseline, and are based on the simplifying assumptions of (a) shot-noise
limited detedion, and (b) 100% detedion efficiency. Additiona integration time will likely be
required for nor-ideal detedion systems. Furthermore, collecting multiple energy points
(scanning spedra) and multiple time points to map dynamics will result in correspondng
increases in integration time. These eff ects may be mitigated to some extent by the extension o
dispersive EXAFS techniquesto 10keV.
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System CdSein CgHyg [Fe(tpen)](ClO,), in H,O I, in n-hexane

M (moleg/liter) 0.1 0.26 0.27

X-ray absorption edge Cd (Legge) 3.54 keV Fe (Kegge) 7.11keV | (Ledge) 5.19 keV
Signal: AGy.a (x10™° cm?) 1.6 0.33 0.26

d (um) 100 100 100

Oop (X210 cn) 20 (at hv=2.5 eV) 0.12(at hv=2.7 eV) A (atv=2.3eV)
Jope (X10" phv/en?) 05 43 5.2

X-ray ph req. (SN=10) 2.8x10° 8.7x10° 1.3x10°

Time resolution psec fsec psec fsec Psec fsec
Integration time (S/N=10) 1 msec l4sec 0.2 msec 0.2 sec 0.3 msec 0.4 sec
System ClO,inH,O Nal in H,O Hb-H,Sin H,O

M (moleg/liter) 0.25 0.27 0.005

X-ray absorption edge Cl (Kedge) 2.83 keV | (Ledge) 5.19 keV Fe (Kegge) 7.11keV
Signal: AGy.a (x10™° cm?) 0.92 0.26 0.46

d (um) 100 100 100

Oop (X210 cn) 0.34(at hv=3.1 eV) 0.2 (at hv=4.9 eV) 0.2 (at hv=4.9 eV)
Jope (X10" phv/en?) 4.0 2.6 1

X-ray ph req. (SN=10) 1.2x10° 3.0x10’ 5x10%°

Time resolution psec fsec psec fsec psec fsec
Integration time (S/N=10) 0.3 msec 0.5sec 6 msec 9sec 9sec 3.5hrs.

Table Al. Feasibility estimates for various x-ray absorption experiments. Estimates provide only
a baseline, and are based on the simplifying assumptions of (a) shot-noise limited detedion, and
(b) 100% detedion efficiency. Additional integration time will likely be required for non-ided
detedion systems. Colleding multiple energy points (scanning spedra) and multiple time points
to map dynamics will result in corresponding increases in integration time. For the Hb-H,S
system, estimates are based on fluorescence measurements with a 10% coll edion efficiency and a
33% fluorescence quantum yield for Fe.

Atomic and Molecular Physics with Femtosecond Optical and X-ray Pulses
Low-Field Regime

For AMO experiments, the time necessary to record a typicd phaoelectron spedrum (in
a femtosecond laser pump and x-ray probe experiment) is estimated based on the known
integration times for measuring phaoeledron spedra & particular x-ray flux levels. For
example, a phaoeledron spedrum of CO (in the energy region d the oxygen K edge) under
typicd source presaures, can be recorded in 40 minutes with a signal to ndse ratio of ~10°. For
these measurements, the flux is ~10"* photons/sec of monochromatized light. In a pump-probe
experiment, we asume that we can excite 2% of the sample with the pump laser, resulting in an
increase by a factor of 50 in the wurting time. From Fig. 23, (scaed by 7x10* see
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section V1.3), the flux of the monochromatized, femtosecond x-ray pulse is ~5x10° photons/sec.
In this case, the probe signal will be linear in the incident flux, resulting in an increase in
counting time by a factor of 2x10%. If we assume the pump-probe experiments will be done at
the same x-ray energies, the cross sections of interest will be the same as in the probe only
spectra. (It should be noted, however, that at higher energies the x-ray absorption cross sections
are reduced, which will add another factor into this estimate of counting times.) Considering
these factors, it should be possible to achieve a /N ratio of 100 with an integration time of 40
minutes (assuming that counting statistics are the dominant contribution to the noise). The SIN
can be further improved (or the integration time reduced) if we are able to excite alarger fraction
of the sample. In generd, it is not unreasonable to expect to be able to excite ~10% of the
sample.

High-Field Regime

We estimate data acquisition times for the high-field, AMO experiments by considering two
classes of experiments: (1) experiments on laser-induced modifications to x-ray photoelectron
spectra and (2) experiments on x-ray/laser two-color absorption spectra.

Data acquisition times are estimated for a signal-to-noise (S/N) ratio of 10 and we
use the fact that if signa events are detected in the absence of a background, then the number of
signal photons one must collect is given by (S/N)? (i.e. 100 signal photons are required to
achieve a S/N=10). If, however, the signal sits on top of a background which is R-times larger
than the signal, then the number of collected signal photons required to achieve a given SIN is.
(SIN)4(1+R). Additionally, we assume gas phase interactions at an atom-density of 10'® cm™
(25 Torr pressure); this is consistent with operation of a pulsed-gas-valve at a 1 kHz repetition
rate. Given the 1 kHz valve repetition rate, we assume a typical beamline flux of ~10° ph/s
(nominal x-ray flux for femtosecond pulses at a few keV, reduced by the ratio of gas-valve to
laser repetition rates, 1/40, see Fig. 23 and section V1.3).

With respect to the observation of optical scattering sidebands in x-ray
photoel ectron spectra, we estimate the time required to observe first order optical scattering. The
probability for an x-ray photoelectron to scatter one laser photon [127] can be approximated as :

P, = (13.6%X10™)-A\* | aser-Eree (A8)

Here the laser wavelength, A, isin microns, the laser intensity, ljasr, isin W/cm? and the
|aser-field-free photoel ectron energy, Efree, iISin €V. In writing Eq. A8 we have assumed that the
scattering probability is not too high (s25%). EQ. A8 indicates that scattering probabilities of
~10% are easily achievable (Eyee=100 €V, Ai=1 pm, l.s«=10""W/cm? for instance). Given N,
x-ray photons incident on a gas sample, the number of detected electrons, Ne, with energy
corresponding to first-order optical scattering is given by:

Here pgs is the gas density, oxis the x-ray photoionization cross section, ¢ is the
interaction length, nqe is the detection efficiency (electron collection efficiency and quantum
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efficiency of eledron detedor), and we have asaumed a 10% opticd scatering probability. We
next asaume al% detedion efficiency (10% colledion efficiency and 10% quantum efficiency),
an x-ray phatoabsorption crosssection o 10*° cm?, a1 mm interadion length, and a gas density
of 10¥ cm™. One therefore deteds (10°)(No) electrons. For badgrourd-free detection, a SN
ratio of 10is obtained with 100 d@tected electrons or equivalently 10 incident x-ray phatons. At
a beamline flux of 10° ph/s this corresponds to an aaquisition time of 100 semnds. While
detedion d opticd scatering peaks $houd be badkground freg the data aqquisition time will
increase & indicated above if these peeks st ontop d abadkground(due, for instance, to ndse-
courts or a spectrally wide unperturbed x-ray peak).

Data acquisition times for a two-color phaoabsorption pocesscan be estimated
by writing an expresson analogousto Eq. A9:

Na = No-(f-05) A NoerPgas (A10)

Here Ny is the number of deteded particles (photons for transmisson experiments or
Auger electrons/phaons for ‘badkgroundfree’ experiments),na is an efficiency factor which
represents the Auger yield for ‘badkground-free’ experiments and is unity for transmisson

experiments, f-ox isthe crosssedion for two phdon absorption, and the remaining quantiti es are
defined above (for opticd scattering experiments). The two-phaon crosssection can be
estimated by writing the expresson (derived in perturbation theory [164]) for a two-phaon
transition between an initial state, i, through an intermediate state, k, to afinal state, f:

0 dka )i

Wtwo— photon = D
ha)k, %

M

[ (A1)
C
Here Ex and E, are the x-ray and laser field strengths, d, is the dipole matrix element

between states a and b,I" isthe energy width of the upper states, 710 is the x-ray phaon energy,

and 7wy is the energy difference between initial and intermediate states. The first bradketed
term in Eq. A11 represents the laser dipdle transition whil e the second term represents the x-ray
transition. Inspedion d Eg. A1l indicaes that one can write the two-photon crosssection as a

product, f-04, of a nomina x-ray absorption crosssedion, oy, and a dimensionlessfador, f =
[(duEL)/2(hi-hwy)]?. We estimate this factor, f, for a 1s— 3d—4p transitionin Ar to be f =
5x10™ |, Where the laser intensity isin W/cm?. With a nominal Ar K-edge sorption cross

sedion d ~10" cm?, the two-phaon cross gction is ~5x10%*cm? for a laser intensity of
10" W/em?.

Photoabsorption experiments will typicdly be performed in a ‘backgroundfree
configuration where one deteds Auger electrons or phaons as a signature of a two-color-driven
core-shell hole. Asauming an auger yield (na) of 10%, a two-photon crosssection o
5x10%' cm?, a detedion efficiency of 1%, an interadtion length of 1 mm, and a gas density of
10" cm™®, ore deteds (5%107)(N,) particles. At abeamline flux of 10° ph/s, a SIN ratio of 10is
obtained in 33minutes (2x10° incident phatons).
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