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LUX - Linac-based Ultrafast X-ray source

A Recirculating Linac/Laser-based Femtosecond Facility for Ultrafast Science

Overview.  A recirculating linac user facility is proposed to address the growing national and international need for ultrafast x-ray scientific research.  The LUX facility is based on recirculating linear accelerator technology, coupled with an array of advanced tunable femtosecond lasers, and is capable of performing an enormous variety of pump-probe type experiments with soft and hard x-rays.  The facility has been specifically designed with a view toward solving problems in ultrafast science, and it’s impact will be across all fields of science, from biology, chemistry, and physics, to novel areas such as quantum computing, spintronics, and highly nonlinear phenomena. LUX follows a decade of ultrafast facility development at LBNL, and represents the next stage of development following the ALS laser-slicing source currently under construction. The science case for an ultrafast x-ray facility has developed over this timescale and is maturing as the ALS slicing source nears operational status.
The recirculating linac accelerates picosecond-duration electron bunches to 2.5-3 GeV.  Intense soft x-rays are produced by cascaded harmonic generation scheme, similar to high-gain harmonic-generation (HGHG) - a laser-seeded process in a cascaded series of undulators, resulting in enhanced radiation at selected harmonics of the seed.  The coherent soft x-rays can be tuned over a range of tens of eV to 1 keV, and ultrashort seed laser pulses produce pulse durations of 10-200 fs.  Hard x-rays are produced by spontaneous emission of the electrons in narrow-gap, short-period undulators.  By use of a novel bunch tilting process followed by optical compression, hard x-ray pulse durations of 50-100 fs are obtained over a range of 1-10 keV.  Synchronization of the x-rays with lasers is critical for experiments, and optical pulses initiate both HGHG seed lasers and experimental end station amplifiers for precise timing.  The femtosecond x-rays are produced at a 10 kHz repetition rate, with variable polarization, and with peak fluxes comparable to third generation light sources. With these capabilities, the LUX facility allows unprecedented studies of time domain processes with x-rays.

The facility has capacity for approximately 20 endstation bays, each with integral laser systems for pump-probe experiments, and an initial complement of 8 beamlines is sought. Multiple user groups may set up at a given beamline, running in shifts, and approximately 60 user groups are accommodated round the clock for 2-3 month periods necessary to perform challenging new time-resolved x-ray science experiments in magnetism, spintronics, structural biology, phase transitions, soft condensed matter, and chemical dynamics.  The LUX facility has flexibility for upgrades, when experiments require higher fluxes and shorter pulses.  An energy recovery option can be introduced for higher powers, and additional tilting, slicing, and electron bunch shaping possibilities offer the potential for high energy 10 fs pulses in the future.  With the possibility for amplification of attosecond seed laser pulses, the facility is well positioned to remain the major contributor to ultrafast x-ray dynamics in the world for many years to come.  

From the many exemplary studies already presented at workshops, a substantial grass roots effort to begin the field of ultrafast x-ray science has already occurred, and there is no doubt that the LUX facility will be in high demand and oversubscribed.  The facility will be unique among DOE ventures, because it marries ultrafast time-domain measurements with x-ray science.  The whole spectrum of already-available x-ray determinations, long a staple at synchrotron facilities, and vigorously producing results in all fields of science, would be open to time-dependent measurements.  The unique design of the LBNL facility will satisfy an enormous range of pulse properties for each area of specialty. There will be outstanding synergism with other facilities such as the Advanced Light Source (ALS) and the Molecular Foundry. The x-ray pulse slicing beamline currently under development at the ALS, and capabilities in nanoscience at LBNL, will merge directly into the important science accomplished at LUX, and the facility will become an international attraction for time-dependent measurements. The extensive expertise in ultrafast laser measurements and laser development in the San Francisco Bay Area ensures a high likelihood of finding solutions of unique and challenging scientific problems, and an exciting environment for students to flourish in an emerging field.  The facility will be as much a laser-related set of tools as an accelerator system, with world-renowned expertise in how to produce and use ultrafast lasers and x-rays to solve real scientific problems.  We anticipate that advances in lasers in the next decade will be remarkable, and these advancements will also represent continual upgrades to the facility, both through seeding and for direct excitation at end stations, even without major changes to the accelerator structure.

The importance of the science.  Ultrafast x-rays have been identified world-wide in numerous workshops and reports as a key area ripe for new scientific investigations (see web sites below).  Lasers successfully cover most of the visible, infrared, and ultraviolet regions of the spectrum with both high resolution and very short pulses.  Thus, experimentalists have utilized lasers to tremendous advantage for thousands of time-dynamics investigations, many absolutely critical to the scientific fields of solid state physics, semiconductors, photochemistry, and photobiology.  Until now, ultrafast time domain studies in the x-ray region have been almost completely lacking.  By use of synchrotron radiation and by novel conversion of intense laser pulses into soft and hard x-rays, scientists have been able to perform some of the first innovative experiments recently, such as Bragg diffraction studies of phase transitions, time-resolved Laue diffraction of myoglobin-CO reversible binding, femtosecond photoelectron spectroscopy, and even attosecond electron redistribution in Auger electron processes.  However, these laser-based x-ray fluxes are low, the signal levels weak, and experiments are challenging to accomplish by individual scientists. The LUX recirculating linac-based facility proposed here provides an increase of x-ray flux by several orders of magnitude, is accessible to a large number of users, with resources available for set-up of pump-probe femtosecond-scale time resolved experiments utilizing ultrafast lasers.  

While the approximately 40 available light sources in the world are largely limited to static spectroscopies, microscopies, and structures, this facility will be the first designed from the start as a user facility for femtosecond x-ray dynamics, with precise timing as an integral requirement.  The LCLS has the potential to demonstrate some of the first exciting ultrafast x-ray studies with an accelerator-based machine.  LUX will be a highly refined ultrafast x-ray source, offering higher repetition rates but lower pulse energies than LCLS, tunability, and precision timing with other laser sources for excitation and probe experiments.  It will accommodate many users at one time across the whole spectrum of experimental possibilities. The science to be carried out with the LUX facility cuts across all scientific disciplines.

By combining both diffraction to explore nuclear positions in real time and spectroscopy to interrogate electronic and atomic states and their structural parameters and chemical environments, the facility represents a powerful combination to address scientific problems.  Broad categories of possible experiments include: 
Photoinduced phase transitions

Metal-insulator photo-induced transition

Magnetics, photon-excited ferromagnetism, spintronics

Time domain structural biology

Solute-solvent structural dynamics and charge switching

Surface transformations

Laser-induced continuum dressing of atoms & molecules

Nanoparticle physics

Plasma physics

Liquid microjet photochemistry studies

Interfacial phenomena
Soft condensed matter, time-domain microscopy
And the basic techniques of interrogation involve:

Pump-probe with visible laser pump light

Twin x-ray pulses, one and two color

Coherence and multidimensional spectroscopies, four wave mixing, x-ray probe

X-ray near edge absorption spectroscopy

Photoelectron spectroscopy

Photoemission microscopy

X-ray magnetic dichroism

Time-resolved Laue diffraction

Magnetic speckle

Scanning transmission microscopy

Time domain XPS
Although pump-probe experiments represent some of the most important techniques, involving a femtosecond laser as a pump and the ultrafast linac-based x-ray source as the probe, the facility will also be designed to accommodate rapidly emerging multidimensional coherent laser spectroscopies (e.g. three-laser pump beams and an x-ray probe), as well as two x-ray wavelengths, for double-resonance x-ray pump and probe spectroscopies.  Most of these novel forms of spectroscopies with x-rays have not even been delineated yet. The ability to perform high resolution near edge x-ray spectroscopy, magnetic dichroism, time domain speckle, and time-resolved Laue diffraction are critical.  Sample damage is kept to a minimum with lower energies and higher repetition rates, in many cases with complete sample regeneration by translation or flow. 

Outline of the facility. Feasibility studies carried out at LBNL show that the proposed facility is feasible and can be built with existing technology, with engineering developments for this particular application. These studies have explored a variety of machine concepts in pursuit of a facility to meet the needs of x-ray studies of ultrafast dynamic processes, leading to the recirculating linac design for LUX. The major components and systems of LUX are already known accelerator technologies: an rf photo-injector, superconducting linear accelerators, magnetic arcs and straight sections, pulsed extraction magnets, transversely deflecting cavities, cascaded harmonic-generation, narrow-gap short-period undulators, x-ray manipulation in optical beamlines, and a variety of short-pulse laser systems. The flexibility of the LUX lattice design allows control and preservation of electron beam transverse and longitudinal emittances, minimizing the influence of collective effects. The machine layout is shown in Figure 1. After acceleration to 2.5-3 GeV, the electron bunches pass through undulators to produce radiation over a range of a few tens of eV to 12 keV. EUV and soft x-rays are generated by a seeded free-electron laser process in a cascaded harmonic-generation scheme (similar to HGHG). Hard x-rays are produced by spontaneous emission of the high energy electrons in short-period undulators. 
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The physics and engineering design has been developed sufficiently to confirm the feasibility of the project, and to produce a preliminary costs estimate. LUX is based on accelerator technologies that have already been successfully demonstrated on operating machines. We have identified engineering development requirements, and developed risk mitigation plans with an R&D program. Significant R&D has already been invested in the accelerator technologies required, and is ongoing in many areas that may be expected to lead to advances beyond our baseline design parameters, and thus to improved future performance. 

Figure 1. Machine layout showing experimental beamlines cascaded harmonic-generation chains, and major accelerator components. The machine footprint is approximately 150x50m. A capacity of approximately 20 beamlines is shown, an initial complement of 8 is proposed.
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