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Executive Summary

The intent of this White Paper is to outline a focused research and development plan in accelerator science and technologies that is essential for the realization of future light sources with capabilities significantly beyond existing, planned, and under-construction facilities. This R&D plan is necessarily driven by a careful consideration of major scientific challenges and opportunities, and is guided by a quantification of light source characteristics required to meet those scientific challenges. We outline a vision of an ambitious soft x-ray free-electron laser (FEL) that pushes the performance envelope in ways that complement the unique scientific capabilities of the Linac Coherent Light Source (LCLS). An intensive 5-year R&D program is described to provide the technological advances necessary for both next-generation FELs as well as related future light sources such as energy recovery linacs (ERLs). The estimated cost of this R&D program is $32M.
Scientific Challenges.

The underlying theme of the grand challenges now being posed for physics, chemistry, and materials science is to understand, predict, and ultimately control the properties of matter. The “emergent” properties of complex systems are of particular interest. Here, correlated interactions among charge carriers, and between charge carriers and constituent atoms, give rise to new properties and functionality with tremendous potential for practical applications. These same correlated interactions also challenge our understanding of complex systems in that they defy conventional paradigms based on the Born-Oppenheimer approximation, single-electron band structure models, Fermi liquid theory, etc. These problems cry out for tools that are sharper than those currently available. 

To meet these challenges we must answer fundamental questions about the coupling between the correlated motion of electrons and the motion of atoms. The intrinsic time scales of those motions, differing as they do by three orders of magnitude, require both femtosecond and attosecond time resolutions. The need to directly probe electronic structure and dynamics demand a focus on the VUV and soft x-ray regions, and the creation of experimental facilities that complement those being constructed with hard x-ray capabilities.

A Path to a New Class of Light Source. 

A machine that is responsive to the scientific needs expressed above would be a seeded, second-generation, FEL (free electron laser)-based light source. We envision a 1–2 GeV superconducting linac feeding an array of ten FELs each independently operating at a repetition rate of 100 kHz. This would therefore be a true user facility. The wavelength range would be 200–1 nm (photon-energy range 25–1200 eV). A very attractive feature of the proposed machine is that it can simultaneously support complementary beamlines offering: (1) short x-ray pulses (20–100 fs); (2) high energy resolution with longer pulse length (500-1000 fs); (3) attosecond x-ray pulses (0.1 fs).

Critical R&D Needs.

Unlike third-generation SR facilities, next-generation light sources will need extensive R&D to be conducted to define the final optimum configuration. A comprehensive five-year R&D program is proposed to address the challenges of implementing a high-repetition-rate seeded-FEL facility, while also advancing capabilities and technologies for other facility concepts such as ERLs (energy recovery linacs) with common needs. By developing advanced technologies of high-repetition-rate (of order MHz), low-emittance electron injectors; CW superconducting-RF linacs; and optical manipulations, the second generation of FEL facility will be able to open up new areas of research, complementing the FEL facilities currently being built or planned, as well as enhancing the technology base for other accelerator-based light sources.
Injector. For high-repetition-rate FEL applications, the optimum injector-technology choice cannot presently be made based on available experimental and theoretical work. Some of the fundamental issues to be resolved can be addressed by working with the leading groups in each of the relevant fields. In addition, several core areas of R&D need to be established where the goal is to explore the limits of accelerator technology in areas of high potential. In order to establish the optimum solution, ultimately we need to explore systems with their full operational characteristics. In order to make substantial progress, we need to test complete injector systems capable of operating under realistic conditions with high rep rates, high bunch charges, and with an energy high enough to make precise beam-quality evaluations.

Electron beam manipulation. Electron beam manipulation of increasing sophistication can be used in the future, from emittance exchange for improvement of transverse emittance to optical manipulation to enhance peak current or to produce attosecond photon pulses. While some of these techniques can be experimentally tested on existing accelerators, what is required is a program to develop and validate the methodologies in a dedicated development accelerator designed for the purpose. 

Superconducting linacs. While much is being done already in superconducting-linac design, the major outstanding issues are to do with achieving operation that is reliable enough for a major user facility while at the same time pressing the accelerating gradient to higher values in order to obtain a compact and economic solution.

Laser system engineering. Although very recent developments in laser materials and techniques have now given us amplifiers with the pulse energy needed for operation at high repetition rate, the sophistication of the applications in temporal and spatial distributions, in synchronization, and in harmonic generation needs significant development. In addition, these research systems need to be developed to a level where they operate with a robustness commensurate with a user facility. What is needed is an R&D program based on a state-of-the-art laser with a high repetition rate and a high pulse energy for development of the techniques discussed above.

Simulation and validation of FEL design and diagnostics. X-ray FEL performance is extremely sensitive to the details of the electron beam’s phase-space distribution, and design using state-of-the–art simulation tools is required for the next generation of x-ray FELs. Multi-physics computer modeling tools need to be developed to allow the full start-to-end simulations required when designing nm-wavelength FELs, and diagnostics need to be developed to allow realistic comparisons between measurements and simulations. A vigorous experimental program is required in order to validate the detailed physics of seeding, and this will require substantial collaboration with the FERMI @Elettra and BESSY FEL projects.

1. Major Scientific Challenges Driving the Development of New Light Sources

1.1 Introduction

The underlying theme of the grand challenges now being posed for physics, chemistry, and materials science is to understand, predict, and ultimately control the properties of matter. This central scientific goal is driven by a wide range of energy-related technology needs including devices that perform specific functions, materials with unique properties, optimized chemical reactions, and catalysts for energy conversion, storage, and transmission. The “emergent” properties of complex systems are of particular interest. Here, correlated interactions among charge carriers, and between charge carriers and constituent atoms, give rise to new properties and functionality with tremendous potential for practical applications. Examples range from high-temperature superconductors, to light-harvesting molecular complexes, to nanomaterials for hydrogen storage. These same correlated interactions also challenge our understanding of complex systems in that they defy conventional paradigms based on the Born-Oppenheimer approximation, single-electron band structure models, Fermi liquid theory, etc. Thus, at the heart of this correlation challenge are two fundamental scientific questions:

· How does the correlated interaction of electrons give rise to collective or emergent phenomena in atoms, molecules, and solids?

· How does the coupling between correlated electronic structure and atomic structure generate the properties of matter?

While current research at DOE laboratories and facilities is focused in part on these issues, it is important to consider how major breakthroughs might be achieved over the next several decades. More specifically, in order to exploit these opportunities for understanding and controlling the properties of matter: 

· Where are the major scientific opportunities?

· What characteristics are required for the next generation of light sources?
It is clear that in the future, direct quantitative measurements of the electronic and atomic structural dynamics on the ultrafast time scale of the underlying correlations will be indispensable for achieving new insight into the physics of complex systems and novel properties emerging from correlated phenomena in atoms, molecules, and complex solids. Thus, there is a strong scientific need to be able to probe matter with atomic spatial resolution, elemental specificity, meV energy resolution, momentum resolution, and ultrafast time resolution, in order to separate correlated phenomena in the time domain. Time resolution, high average flux, high repetition rate, high resolving power, and soft x-ray tunability emerge as critical needs. These needs are not fully met by existing or planned research facilities within the United States, and sources complementary to the third generation light sources and the LCLS are required.

1.2 Challenges in Gas-Phase Atomic and Molecular Science

For atoms and molecules in the gas phase there are two essential time scales: that of electronic motion and that of nuclear motion:

· The fundamental time scale for nuclear motion is that of molecular vibrations, ranging from 10 to 100 femtoseconds

· The fundamental time scale of electronic motion in atoms and molecules is the atomic time unit, ~24 attoseconds.

Dynamics on those time scales has traditionally been inferred from high-resolution optical spectral measurements, and the limitations of that approach are now well known. Advances in the generation of ultrashort pulses of short-wavelength radiation opens exciting opportunities to probe these processes directly in the time domain, and much new experimental work is now directed in this area.

A major goal of this research is to understand the nature of electronically excited states and the associated dynamics. In most cases, such as in all photochemical processes, understanding and ultimately controlling the dynamics is the primary objective. In other cases, excited-state dynamics are an essential tool for probing processes occurring in the electronic ground state. Both cases present an immediate challenge to the conventional way of thinking about these problems that arises both from the nature of electronic states of polyatomic molecules and from the fact that finite energy bandwidths allow ultrafast probes to excite many of them simultaneously (e.g. t = 1 fs ( E = 2 eV).
For even simple polyatomic molecules the Born-Oppenheimer potential surfaces of excited states become a dense “puff pastry” of surfaces connected by myriad conical intersections. We have only limited understanding of the associated dynamics, in spite of the fact that they underlie nearly all of organic photochemistry, for example. This situation prompted Walter Kohn (Nobel laureate for development of a successful theoretical treatment of the electronic ground-state of large molecules) to comment that the Born-Oppenheimer approximation might be irrelevant for
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Figure 1.1 Left: Dissociative recombination of an electron with H3+ proceeds through an infinite series of conical intersections [V. Kokoouline and C. H. Greene, PRA (2003)]. Right: Multiple conical intersections are found for the water anion [D. Haxton et al., PRA (2005)].

the excited-state dynamics to be studied with next generation of light sources using ultrashort pulses. In fact, we may not yet have a proper theoretical language with which to interpret them.

Time resolved experiments in the gas phase in the femtosecond and attosecond regimes are just beginning to address these questions. Substantially more detailed and sophisticated experiments, than now possible, are necessary to significantly advance our understanding and to stimulate the theoretical work that will lead to the development of the essential new language. We are not yet in a position to test new theories of excited state dynamics of polyatomic molecules, and without this ability, the iteration of experiment and theory that will finally explain the detailed mechanisms of photochemistry and excited state reactions cannot occur. The following examples illustrate promising areas for major advances in our understanding of correlated phenomena in atoms and molecules.

Time-resolved momentum-imaging experiments—Gas-phase molecular physics is being revolutionized by an entire class of “momentum-imaging” experiments at current light sources that make use of position sensitive detectors and coincidence detection of the charged fragments produced by x-ray photoabsorption. Present experiments produce a time-averaged picture of these photoinduced processes, but by detecting the momenta of all the emerging charged fragments, the results exhibit both the angular distributions and energetics of these reactions. A capability for momentum imaging in the time domain will be a major breakthrough. Intense, femtosecond and attosecond x‑ray pulses will enable a direct quantitative investigation of bond dissolution, conformational changes, and molecular dissociation dynamics for the first time.

Pump-probe experiments with two attosecond pulses—A fully tunable source of intense attosecond pulses will open a new scientific research area in electronic correlation phenomena in atoms and molecules. It will outperform by orders of magnitude contemporary attosecond sources based on high harmonic generation both in terms of spectral coverage and intensity, (high harmonic generation sources are largely limited to experiments combining a single attosecond probe pulse with a few cycle, phase-locked, “streaking” pump pulse at 800 nm). A capability for two-pulse attosecond pump-probe experiments with dramatically enhanced spectral coverage and intensity will be a dramatic scientific advance for the study of dynamical processes in the gas phase

Time-resolved nonlinear x-ray processes—While high-field physics has been actively pursued in the visible regime, the analogous interactions at short wavelength are largely unexplored and the prospects for new science are very high. One expects high-field interactions with atoms and molecules to be qualitatively different at short wavelengths, because the ponderomotive energy (free electron oscillation energy) is small compared to the photon energy. Exploring multiphoton ionization with intense femtosecond and attosecond x-ray pulses will allow investigation of the mechanisms and extent to which atoms or molecules in an intense short wavelength field will be excited or ionized.

Time-resolved experiments using longitudinal coherence and chirping—In the intensity regime near the saturation limit for single-photon ionization, an individual molecule has a high probability of absorbing two sequential photons separated by a few femtoseconds. A high- 
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Figure 1.2 Attosecond capabilities allow direct probing of atomic electron correlation [S. X. Hu and L. A. Collins, PRL (2006)].

intensity femtosecond x-ray pulse, chirped by a few percent between the head and the tail, could probe both events. The first photoabsorption might be excitation of a core electron to a discrete  (or narrow) state of the molecule that initiates an isomerization or other unimolecular reaction. The second photon could ionize the molecule during the reaction, and the electron and any charged fragments generated by this “probe” photon could be detected.

1.3 Advancing Our Understanding of Condensed Matter

A fundamental challenge in condensed matter research is to understand the correlated interaction of charges and the dynamic interplay between valence electronic structure (energy levels, charge distributions, bonding, spin) and atomic structure (coordination, bond distances, atomic arrangements). These issues are pervasive both in crystalline solids that are not adequately described by single-electron, band-structure models and in molecular systems that are not adequately described by simple adiabatic potential energy surfaces. Here, direct quantitative measurements of the atomic structure and electronic structure on the fundamental time scale of the underlying correlations will be essential for achieving new insight onto the physics of condensed matter, including complex materials, magnetic materials, nanostructures, and novel states of matter. In molecular systems, such measurements will provide a quantitative understanding of the formation and dissolution of chemical bonds throughout the transition state of chemical reactions. These fundamental time scales span:

· A few picoseconds, characteristic of conformational relaxations in molecular systems and electron-lattice energy transfer times in crystalline solids 

· ~100 femtoseconds, characteristic of atomic vibrational periods

· ~10 femtoseconds, characteristic of electron-electron scattering times in solids 

· <1 femtosecond, characteristic of electron-electron correlations

Atomic and electronic structural dynamics on these time scales underlie the novel properties of correlated materials and determine the course of phase transitions in solids, the kinetic pathways of chemical reactions, and even the efficiency and function of biological processes.

To date, ultrafast time scales have been accessible primarily with femtosecond lasers operating in the UV to infrared range. Such photon energies provide limited quantitative information on structural dynamics because they probe only electronic states extending over multiple atoms. Soft x rays are powerful probes of electronic structure via transitions from core levels with well-defined symmetry, spin, orbital moment, and element specificity, while hard x rays are ideal probes of atomic structure. High resolution x-ray measurements of electronic and atomic structural dynamics in condensed matter on time scales approaching the attosecond domain will be a dramatic breakthrough for the fields of condensed matter physics, chemistry, and materials science, as outlined in the following examples.

Molecular dynamics—In condensed-phase molecular systems an important scientific challenge is to understand the structural evolution of the “transition state” intermediate between reactant and product species. The making and breaking of chemical bonds and the rearrangement of atoms in this regime ultimately determines which reactive pathways are favored. Ultrafast x-ray measurements are essential to quantify the electronic and atomic structure in this region. Moreover, a wealth of important chemistry occurs in solution and at surfaces. X‑ray measurements provide surface sensitivity as well as direct information about the transient structural response of the solvent environment to rapid changes in the solute conformation and charge state. These fundamental questions of structural dynamics also apply to chemical reactions in a protein environment, which are the fundamental drivers of biological processes.
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Figure 1.3 Soft x rays are a powerful probe of the electronic structural dynamics of transition-metal molecular complexes. In FeII molecules, Fe d-electron interaction with the ligands in the initial photoexcited state gives rise to ultrafast spin-state interconversion.

Complex materials—In complex materials, the correlated interaction among charge carriers, and between charge, spin, orbit, and lattice vibrational degrees of freedom challenge conventional paradigms of condensed matter physics. Such phenomena are at the heart of the remarkable properties of complex materials, the best known of which are high-temperature superconductivity, and colossal magnetoresistance. Studies to date using ultrafast visible pulses have been limited to interpretation of relaxation kinetics (e.g. photobreaking of Cooper pairs), which provides only limited physical insight since optical properties are only indirect indicators of the underlying structural dynamics. Ultrafast x-ray measurements provide a unique capability for separating correlated phenomena in the time domain, with element specificity and direct sensitivity to electronic and atomic structure, thereby providing significant new insight that is not available from traditional static measurements. Such capabilities will be of increasing importance for understanding the new physics and exotic properties arising from multiferroic materials synthesized at the nanoscale from correlated materials with different order parameters. Understanding, controlling, and exploiting the emergent properties of complex materials will be critical for future applications in energy conversion/transduction, information storage, radiation sensing, and energy storage.

Magnetization dynamics—The underlying physics of magnetic transitions is governed by the exchange of both energy and angular momentum between electrons and lattice. Thus magnetization reversal and demagnetization are typically mediated by the spin orbit interaction. While some physical insight has been provided by time-resolved Kerr experiments with visible femtosecond pulses, the fundamental dynamics, even of relatively simple ferromagnetic materials, are not well understood. This knowledge-gap prevents us from developing a first- 
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Figure 1.4 New physics, new properties, and new functionality emerge from lattice matched coupling of complex materials with different order parameters. Ultrafast x-ray spectroscopy offers new insight by providing elemental and interfacial sensitivity, quantification of electronics structure and bonding, dichroism to separate spin and orbital components of magnetic moments, atomic structural dynamics, and a capability for separating correlated phenomena directly in the time domain (figure courtesy R. Ramesh, LBNL-MSD).

principles understanding of basic magnetic phenomena including precession, damping, demagnetization, spin-flip excitation, and magnetic switching on an ultrafast time scale. Ultrafast x-ray techniques will elucidate the fundamental dynamics of complex magnetic materials by providing: elemental specificity, strong magnetic contrast from x-ray dichroism effects (sensitive to both ferro- and antiferromagnetism), and a quantitative separation of the orbital and spin components of the total moment. Thus the flow of angular momentum on the ultrafast time scale can be studied in detail for the first time. Of additional importance will be direct imaging of magnetization dynamics on the fundamental (~10 nm) scale of magnetic exchange lengths. Recording time-resolved images of magnetic domain and interface dynamics will be a significant scientific breakthrough in this field.

1.4 Ultrahigh-resolution X-ray Spectroscopy and Imaging

Inelastic x-ray scattering (IXS)—As a probe of electronic structure in condensed matter, IXS has tremendous scientific potential that is not fully realized due to limitations in present x-ray sources. It is an essential complement to both time-resolved x-ray spectroscopy and angle-resolved photoemission, particularly for understanding highly correlated materials such as high-Tc cuprates, colossal-magnetoresistive manganites, doped Mott insulators, transition-metal oxides, and related systems. IXS directly measures the electronic density–density correlation function, S(q,), thereby providing critical information about charge dynamics, charge collective modes, and quasiparticles—perhaps the most critical information in understanding emergent phenomena in complex materials. In addition, IXS provides a direct connection to first-principal theoretical methods for treating electronic structure, such a time-dependent density functional theory.

Important experimental advantages of IXS include bulk sensitivity, applicability to insulating samples (organics, biomaterials, etc.), and compatibility with external fields and forces (optical, magnetic, electric, pressure, etc.). Tuning to absorption resonances (RIXS) provides elemental, interface, and magnetic sensitivity. Moreover, IXS affords access to the entire Brillouin zone, and a unique capability for probing optically “forbidden” transitions (e.g. d-d excitations important in transition-metal oxides).

A new generation of photon sources providing high resolution, high average flux, precision, and sensitivity will enable a full exploitation of the capabilities of IXS, leading to significant scientific advances in our understanding of highly correlated materials, quantum critical behavior (e.g., under applied magnetic field), and novel collective modes (charge density waves, charge stripes, vortices in superconductors, orbitons etc.). Quantifying these properties with sufficient energy resolution will be a revolutionary development in condensed matter research.  Finally, the time resolution of future photon sources (operating at the transform limit) will allow inelastic scattering techniques to be extended to the time domain. Thus, the evolution of correlated electronic structure can be followed in response to specific nonadiabatic excitations and across electronic, magnetic, and structural phase transitions.
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Figure 1.5 High energy resolution and high average flux are required to fully exploit inelastic x-ray scattering to probe density-density charge correlations in complex materials [Left: Kuiper et al., PRL 80, 5204 (1998). Right: S.G. Chiuzbaian et al., PRL 95, 197402 (2005)].

Lensless imaging of matter—Dramatic advances have been made over the last few years in developing a new form of nanoscale imaging of isolated objects based on x-ray diffraction and phase reconstruction (lensless imaging). This approach has significant advantages over transmission electron microscopy (typically limited to thin samples) and conventional x-ray diffraction (requiring highly ordered periodic crystals). Important applications include imaging whole cells, artificially nanostructured materials, and naturally nanoporous materials for catalysis, hydrogen storage, etc. The combination of nanometer imaging with femtosecond time resolution opens up many exciting new opportunities. Very recent pioneering experiments using the VUV FEL in Hamburg have shown that dynamic diffractive imaging of 2D model systems with 100-fs pulses is possible, and excellent high-resolution images have been reconstructed. The full development of lensless imaging as a scientific tool has been limited by the capabilities of third-generation storage rings. The necessary coherent flux scales as 1/R4 (where R is the spatial resolution). Extending the present resolution of 10 nm to 1 nm will open dramatic new scientific opportunities for imaging structures. However, a new generation of light sources will be necessary to provide the required 104 increase in coherent x-ray flux.

1.5 Scientific Requirements Demand a New Generation of Light Sources

In order to have a major impact on the fundamental questions, scientific goals and research objectives outlined above, a new generation of light source is required. The necessary capabilities of such a source is substantially beyond those of both third-generation storage rings and the x-ray FELs that are now planned or under construction. The two most challenging performance requirements that must be met simultaneously are: ultrafast temporal resolution (driven by the fundamental time scales of correlation phenomena in matter), and high average flux (driven by the required measurement precision/resolution). Table 1.1 specifies the various performance requirements and summarizes the research areas that are the primary drivers of each requirement.

Table 1.1 Performance requirements and research needs driving specifications for future light sources

	Performance Category
	Quantification
	Required for:

	Ultrafast Time Resolution

and Laser Synchronization
	<100 fs

and ~100 as
	All dynamics studies 

- attosecond to picosecond time scales

- duration/bandwidth control

	High Repetition Rate
	10-100 KHz
	Time-resolved spectroscopy

 - high repetition rate for signal averaging

 - repetition rate limited by sample recovery/replacement

 - flux per pulse limited by damage and non-linear efffects
Inelastic x-ray scattering

Lensless imaging

	High Average Flux
	~1015 ph/s/0.1% BW

(~ 3rd Gen. SR)
	Time-resolved spectroscopy

X-ray emission spectroscopy—RIXS/XES

 (at 0.5 eV resolution)

 - flux per pulse limited by damage and nonlinear effects

	Very High Average Flux
	>>1015 ph/s/0.1% BW

(>> 3rd Gen. SR)
	Inelastic x-ray scattering—IXS

X-ray emission spectroscopy—RIXS/XES

(<10 meV resolution)

Lensless imaging

 - flux per pulse limited by damage and nonlinear effects

	Tunability
	100 eV – 10 KeV
	X-ray spectroscopy (electronic/atomic structure)

 - soft x-ray: XANES, EXAFS (TM L-edges)

 - hard x-ray: EXAFS (TM K-edges)

	Polarization Control
	adjustable circular/linear
	All x-ray dichroism spectroscopy

	Coherence
	Full transverse and longitudinal
	Energy resolution (temporal transform limit)

Chirped/shaped pulse experiments

Lensless imaging (transverse coherence)

	Stability
	<10% pulse amplitude

<0.1x,y alignment
	Extraction of small signals from background


2. Motivation for a Seeded, Second-Generation, FEL-based Light Source

To address the scientific challenges discussed in Section 1 requires the development of a user facility with capabilities orders of magnitude beyond existing, under-construction, and even currently proposed facilities. Here we outline why these sources are not suitable for the proposed experimentation:

· Storage rings provide high average flux, at very high pulse repetition rates, and with pulses typically of many tens of picoseconds duration. However, the repetition rate of 100 MHz or greater is too high for pump-probe experimentation, and the pulse duration three orders of magnitude too long for the scientific challenges we propose to address. There is also significant scientific need for sources with average flux exceeding that available from third-generation synchrotrons.

· Conventional pulsed, RF linac-based, SASE FELs can provide short x-ray pulses of unprecedented peak power, however the repetition rate is limited, of order 100 Hz, by power dissipation in the accelerating structures, which is too low for many applications. The stochastic nature of the SASE process limits control of x-ray-pulse time structure and bandwidth. The average flux is similar to that available from third-generation sources, and for multi-shot experiments, only a fraction of this flux is usable because of the extreme peak power. Finally, the low duty cycle is a poor match for coincidence-based measurement techniques.

· Energy recovery linacs (ERLs) provide high average brightness in a conventional configuration of spontaneous emission from a chain of insertion devices transited by the beam in series. Short pulses may be obtained in certain dedicated operating modes, and bunch rate may vary up to GHz. Insertion of an FEL in the configuration would seriously degrade beam quality in downstream insertion devices. 

Advanced FEL technology, exploiting a high-repetition-rate, low-emittance electron source, superconducting RF technology, and optical manipulations of the electron beam, provides the basis for a future multi-user facility to meet the scientific requirements set out in Section 1.5.

FELs offer ten orders of magnitude increase in flux per pulse compared with third-generation synchrotron light sources, and with the implementation of optical manipulations, in which a “seed” laser is used to control the distribution of electrons within a bunch, the following benefits are gained:

· Very high peak flux and brightness (comparable to SASE FELs) 

· Very high average flux and brightness (>> third-generation rings, at 100 kHz repetition rates)

· Temporal coherence of the FEL output pulse

· Control of the time duration and bandwidth of the coherent FEL pulse

· Close to transform-limit pulse provides excellent resolving power without monochromators

· Complete synchronization of the FEL pulse to the seed laser

· Tunability of the FEL output wavelength, via the seed laser wavelength or a harmonic thereof

· Enhancement of peak current 

· Reduction in undulator length needed to achieve saturation.

Figure 2.1 shows example characteristics modeled for a 1-nm FEL output with SASE and with a seeded harmonic cascade. Seeding is shown for two cases, the first a short pulse of 25 fs as an example for time-domain exploration and the second a long pulse of 500 fs for high-resolution studies. The temporal coherence available in the seeded FEL allows close-to-transform-limited x-ray pulses, resulting in a capability of very narrow bandwidth without the use of a monochromator. In addition, techniques have been developed to use optical manipulations of the electron bunch to produce attosecond x-ray pulses in FELs.

High repetition rate and high average flux are essential to many experimental techniques, and to provide high-repetition-rate electron bunches requires an accelerator to support the necessary electric field over the bunch-to-bunch timescale. At a bunch rate of kHz, normal conducting technology becomes inefficient, and superconducting RF (SCRF) structures hold the key to high-repetition-rate beams, with a potential for GHz bunch rates as in ERLs. Operating in CW mode, a high-gradient superconducting linac would allow a compact and efficient FEL facility. SCRF structures have inherently reduced wakefields compared with conventional RF, allowing for improved beam quality, and can accommodate bunches at repetition rates up to the RF frequency of the structures. Options exist for high-repetition-rate electron injector technology, and these will be discussed in Section 3.1.

The approach of using FEL technology to advance scientific exploration is already well-founded, for example in the LCLS project, the European  XFEL, the FERMI@Elettra seeded-FEL project, and the BESSY FEL. These funded projects and proposals are to provide facilities with new regimes of performance capabilities, allowing experimentation in areas not accessible with existing light sources. This “first generation” of FEL facilities will lead to new science and open up research not currently possible. By utilizing more advanced technologies of high-repetition-rate (of order MHz), low-emittance electron injectors, CW SCRF linac technology, and optical manipulations techniques, the “second generation” of FEL facility will be able to open up additional areas of research, complementing the FEL facilities currently being built or planned, as well as the existing third-generation light sources. In Figure 2.2 the performance of this type of machine relative to other facilities is indicated. The flexible seeded-FEL approach provides for three distinct capabilities in a single facility:

· Controlled pulses of 10-100 fs duration for ultrafast experiments in atomic and molecular dynamics 

· Attosecond capability with pulses of ~100 as duration for ultrafast experiments in electronic dynamics

· Temporally coherent pulses of 500-1000 fs duration for experiments in ultrahigh resolution spectroscopy and imaging.

[image: image10.png]<

<,

Average Brightness [Ph/(s 0.1% BW mnf mradz)]
3

. X-FEL (bunchtrains)
-

-

LBNL-FEL (750fs) -
-

%

-

Cornell ERL (high coherence)

ALS U50

”
e
ks
’

,‘r‘,LBNL-FEL (100as)

1

10 10




Figure 2.1 Examples of FEL output characteristics; SASE (top row) and seeded (second and third rows). Left column is power profile in the time domain; right column shows the spectral domain. Note the control of the output pulse afforded by seeding the FEL process, with well-defined pulses and clean spectra close to the transform limit of the idealized pulse. In addition, shot-to-shot reproducibility of the seeded FEL is significantly better than for the stochastic SASE process.
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Figure 2.2 Average brightness versus pulse duration for storage ring, ERL, and FEL sources. Values for FELs and the ERL are shown for their optimized performance at the photon energies indicated. For the European XFEL and FLASH this reflects the use of bunch trains. For a 100-kHz seeded-FEL facility utilizing optical manipulations to control pulse duration, three representative cases are shown, each for 1.2-keV photons: a high-resolution beamline (750 fs), an ultrafast beamline (50 fs), and an attosecond beamline (100 as).

Figure 2.3 shows a schematic of a future multi-user facility designed to address the scientific needs described in Section 1, with ultrafast temporal resolution, high resolving power, and high average flux. The major components are: (1) a low-emittance, high-repetition-rate electron gun, (2) hardware for manipulating the electron-beam emittance in preparation for the FEL process, (3) a CW superconducting RF linac, (4) a beam-switching system, (5) multiple independent FELs and beamlines, and (6) laser systems for the photocathode gun, for seeding the FELs, and for timing and synchronization systems. Each FEL may be configured to operate in a different mode (seeded with control of pulse duration, ESASE, attosecond) independently of other beamlines, offering flexibility and versatility to many users simultaneously. A low-energy linac is used to minimize costs and power requirements, and the electron beam is dumped at the end of each FEL. Excellent electron-beam quality is required for efficient radiation down to 1-nm wavelength and at high-repetition rate, and this drives the need for a vigorous R&D program.
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Figure 2.3 Schematic of a light source facility based on a high-pulse-repetition-rate, seeded FEL.
3. Critical R&D for Future Light Sources

The development of synchrotron radiation sources over several decades has relied heavily on the enormous investments made in accelerator technology for high-energy physics (HEP). While this continues today, it has become clear that some of the most important cutting-edge technology needed for future light source development is highly specialized and not directly relevant to HEP. Thus, further advances will require separate R&D funding. In addition, while the advance to third-generation synchrotron sources was based largely on techniques and experience gained from HEP and through simulation, the complexity of next-generation light sources will require significant R&D and practical validation of critical aspects of the new systems. This is a significant shift in emphasis from light source development thus far. Here we outline the general areas in which R&D is critically needed and for which the impact could be the greatest.

3.1 Injector

The injector for this purpose is defined to include: the photocathode, laser system, and a structure to accelerate electrons to relativistic energy. The main developments needed are a reduction in electron-beam emittance and increased repetition rate. Reduction in injector emittance results in a lower geometric emittance of the beam when accelerated to its final energy (or conversely a lower energy to reach a required geometric emittance). The objective is a significantly lower emittance, for example, than the current state of the art, a 1.2-mm-mrad normalized emittance required by the LCLS photogun for 1-nC bunch charge. High-repetition-rate injectors are needed to achieve high average flux, to supply many beams at high rates to individual undulators in an FEL facility, and to allow good signal averaging in pump-probe experiments. Maximum scientific impact requires orders of magnitude higher repetition rate than, for example, the present 120-Hz design capability for the LCLS. Both future FEL and ERL light sources require advances in these areas. ERLs require high average current obtained from a Ghz-repetition-rate injector at a bunch charge of 0.01–0.1 nC, while maintaining relatively short bunch length and low emittance. Future FELs require similar characteristics, with the emphasis being on obtaining the lowest possible emittance at up to MHz rates and a higher bunch charge of up to 1 nC. The advances needed are summarized as follows:

Photocathode—The main requirements for the photocathode are to have reasonably high quantum efficiency and low thermal emittance. At the same time, for a user facility the photocathode must be robust and stable over long periods of time. Two solutions are primarily used: (i) metallic or positive-electron-affinity (PEA) photocathodes in rf accelerating cavities, and (ii) negative-electron-affinity (NEA) photocathodes in a dc accelerating structure. NEA photocathodes such as GaAs:Cs:O have several attractive features: They exhibit very low excess thermal energy; they can have high quantum efficiency; and they require only 1.5-eV IR light (i.e., no need for nonlinear optical generation of harmonics). On the other hand, NEA photocathodes require extremely good ultrahigh-vacuum (UHV) conditions for stable operation, and suffer from an internal space-charge limit on current density. Thus, extraction of high charge requires the use of a large illuminated area. Even so, the very small thermal energy still allows low thermal emittances to be achieved. The UHV requirements favor dc extraction, and so far, field-emission breakdown restricts the field gradients by a factor of 10 compared to that routinely achieved in rf acceleration structures. This reduced field gradient has negative implications for the maximum pulse charge that can be extracted and for emittance degradation due to space charge. This type of photocathode has been employed at a number of laboratories, including SLAC for polarized-electron studies, at JLab for the IR FEL, and is under test and development at Cornell for an ERL. Metallic photocathodes used in an rf cavity can sustain very high accelerating gradients but suffer from poor quantum yield. In addition, excess energy, i.e., the energy difference between the laser photon energy and the work function, is simply given up as the kinetic energy of photoemitted electrons, and combining this effect with refraction of electrons at the surface leads to relatively large transverse thermal energy. The relatively large thermal emittance that results can be countered by decreasing the emission area but only to the point where space charge effects due to the finite accelerating gradient become significant. 

There is significant potential for developing both types of technologies further. Recent work on superlattice engineering in GaAs has shown that with optimized doping, the internal space-charge limit can be significantly reduced. Further performance improvements are expected in other semiconductor supperlattice systems. The low accelerating gradients achieved with dc guns are also not a fundamental limit. In metallic photocathodes, there are several approaches to improved performance. For example, optimally oriented single-crystal materials with high density of states at the Fermi level may significantly increase the yield and reduce thermal emittance. In addition, by engineering the surface to contain a grating structure such that the laser field couples to a surface plasmon resonance, the photon interaction can be confined close to the surface, further increasing yield.

Field-emitting tip arrays may also offer an option for the future. A field-emitting tip in a strong macrofield can easily reach a peak field gradient of several GeV/m because of geometrical enhancement. Recent work has shown that operating the tip at lower gradients, where field-emission probability is low, can be coupled with laser-driven “photo-assistance” to effectively turn on tunneling. In order to get the currents needed, tip arrays have to be used, and these have recently been developed for high-power RF and other applications. This route has many advantages, but making a dense array and efficiently coupling in light need to be addressed as well as evaluating the effect of electron scattering in the dense electron beam in the proximity of a tip.

In summary, our belief is that significant advances can be made by bringing to bear the modern tools of electronic-structure determination and electronic-materials design. This work will involve a combination of electronic-materials engineering, nanomaterials engineering, traditional surface-physics techniques, as well as electronic-structure theory.

Accelerating structure—At present there are three technologies for the accelerating structure of a photocathode gun that show promise for a high-repetition-rate, low-emittance application: normal-conducting DC, normal-conducting RF, and superconducting RF. 

DC guns have inherent high-repetition-rate capability up to GHz, limited usually by the photocathode laser, and allow excellent ultrahigh-vacuum conditions that are attractive for the high efficiency but surface-sensitive cathode materials such as GaAs:Cs:O. Currently, they are limited in peak current and charge per pulse as well as emittance by the relatively small accelerating field at the cathode surface, so they may require additional bunch compression to achieve the high peak current required for an FEL. However, simulation studies predict excellent performance under optimized conditions. Experimental work recently underway at Cornell on a system for a GHz ERL may indicate the potential for this route, but work is urgently required on a system optimized for FELs operating at significantly lower repetition rate where the highest possible gradients and higher bunch charge will be employed. 

Normal-conducting RF guns are typically limited to repetition rates of 10–100 Hz by RF heating and thermal-load limitations, but they provide the highest accelerating gradient and have the best demonstrated performance to date. At LBNL, we have already developed a design for a normal-conducting RF gun for 10 kHz operation, and further improvements in cooling of the cavity may allow higher pulse-repetition rates. 

Superconducting RF guns operating in CW mode can accommodate bunch-repetition rates in principle up to the RF frequency; they operate at ultrahigh vacuum, thus allowing use of surface-sensitive photocathodes; but they suffer from a relatively low accelerating gradient at the cathode, comparable to that of present-day DC guns. They require advanced technology in superconducting RF and materials processing, and they are thus may not be as robust and amenable to rapid modification and development of components as the warm technologies. They also have the disadvantage that they cannot support proposed emittance-exchange techniques.

Some of the R&D needed for these gun technologies is being developed for specific projects. At present, Cornell is developing a DC gun with a superconducting RF injector for ERL applications, and JLab is similarly developing DC gun technology. Brookhaven and Rossendorf are pursuing the superconducting approach. The BESSY FEL project in Berlin is developing a warm RF gun designed for a 1-kHz pulse rate. While each of these efforts is extremely valuable for individual projects, what is needed is a comprehensive attack on some of the fundamental issues of each technology. Clearly the DC gun approach has the very attractive feature that it is compatible with reaching the extremely good ultrahigh-vacuum conditions needed for advanced photocathode materials. The main issue is achieving much higher accelerating gradients in a robust and reliable system. In addition, the energy gain in a DC gun is too low to achieve relativistic freeze-out of the effects of space charge, and so the photocathode accelerator must be closely coupled to a CW superconducting accelerator. The RF normal-conducting technology is very attractive from the point of view of peak field, but it is restrictive in terms of the types of photocathode that can be used. However, the development of more efficient metallic photocathodes may be sufficient, and then the real issue for this technology is power dissipation and cooling. For superconducting RF technology, the fundamental issues are the relatively low accelerating gradient and exclusion of the use of solenoid magnetic fields at the cathode required for emittance exchange.

In summary, for high-repetition-rate FEL applications, the optimum technology choice cannot presently be made, given the available experimental and theoretical work. Some of the fundamental issues discussed here can be addressed by working with the leading groups in each of these fields, but in addition, several core areas of R&D need to be established where the goal is to explore the limits of accelerator technology in areas of high potential. In order to establish the optimum solution, ultimately we need to explore systems with their full operational characteristics. In order to make substantial progress we need to establish a way of testing complete injector systems capable of operating under realistic high rep rate, high bunch charge conditions, with an energy high enough to make precise beam quality evaluations.

3.2 Electron-beam Manipulation

Emittance exchange—The longitudinal emittance produced by the injector will be typically much smaller than that required for the FELs. Exchanging emittance between the longitudinal and transverse planes is therefore highly advantageous for both ERL and FEL applications. Some of the techniques under consideration have been demonstrated, but a crucial piece has as yet been shown only theoretically. It has already been demonstrated theoretically and experimentally (at the FNPL facility at Fermilab) that one can reduce vertical emittance by an order of magnitude and increase the horizontal emittance by the same factor in a conventional RF photocathode gun. Once the emittance has been “concentrated” in one transverse dimension, any technique that can transfer this emittance to the longitudinal plane will leave the beam with low transverse emittance. This method is calculated to result in extremely low transverse emittance.

Beam shaping—Pulse shaping the photocathode laser beam to generate charge distributions “prepared” for modification by the linac and other wakefields, shows significant promise for optimizing the overall system performance. For example, preparation of beams in this way has proven to be extremely effective in our studies of the FERMI@Elettra FEL design for correcting beam-phase-space distortions. Development and application of these techniques will be critical to optimize the photon flux, bandwidth, and wavelength stability of future FELs.

Beam switching—Any future FEL source will need to be a large-scale facility, similar to a third-generation synchrotron source, with many simultaneously operating beamlines to accommodate the range and complexity of experiments. This means that techniques must be developed to allow the electron beam to be rapidly switched into different FELs at the bunch repetition rate. Superconducting RF cavities may be a route to providing a time-dependent deflecting kick to the bunches leaving the linac, followed by septum magnets to selectively transport successive bunches to different FELs. Another approach is to use fast kicker technology, under development for the ILC damping rings.

Optical manipulation—One of the frontiers for future light sources will be to produce extremely short pulses of light, potentially down to ~ 100 as, to enable the study of ultrafast electron dynamics. The normal methods of electron-bunch compression, i.e., introducing an energy chirp in the electron beam and then compressing it in a magnetic chicane is not effective at this temporal scale, and manipulation of the beam has to be produced with an optical laser field. One such method that has been proposed is to cause an energy modulation of the beam with a pair of few-cycle, high-power lasers co-propagating in an undulator. This energy modulation results in a very narrow section of beam with significantly increased peak current. This high-current section rapidly reaches saturation in a following undulator, and simulations have shown that 100-as pulses can be produced in this way. Similarly, the ESASE technique enhances peak current in a train of micro-bunches. Other methods of optical manipulation can also be applied, for example using a seeded harmonic cascades in combination with a single-cycle laser pulse to introduce energy modulation, resulting in a 100-as portion of the bunch resonant with the FEL undulator. 

In summary, electron-beam manipulation of increasing sophistication will be essential in light sources of the future, from emittance exchange for improvement of transverse emittance to optical manipulation to enhance peak current or to produce attosecond photon pulses. While some of these techniques can be experimentally tested on existing accelerators, what is required is a program to develop and validate the methodologies in a dedicated development accelerator designed for the purpose.

3.3 Superconducting Linacs

Superconducting RF acceleration is a rapidly evolving technology, and existing R&D activities at other institutions are already addressing many of the outstanding issues for CW applications. For example, Cornell is funded by NSF to develop CW SCRF technologies for ERL applications, and JLab is engaged in RF-cavity R&D toward an upgrade of their existing recirculating CW SCRF linac for nuclear science applications. Fermilab is developing technology for SCRF-structure and cryomodule fabrication, surface treatment, and materials processing for the International Linear Collider (ILC), an HEP application. The goal of this superconducting-RF research is to increase the accelerating-field gradient in order to reduce the size and costs of a facility, while achieving efficient and reliable operation with minimal negative effect on beam quality. A high quality factor is also desirable, as are small system bandwidth and control of microphonics, for stable and reliable operation. Careful higher-order-mode (HOM) damping will be necessary to prevent electron-beam deterioration through coupled-bunch instabilities. The superconducting linac and cryoplant will be the single most expensive item in many future facilities, and so a goal of R&D is to work towards the most cost-effective way to package and operate all the required components with high reliability. Linac performance requirements for ERLs and FELs are similar, and include:

· High accelerating gradient in CW operation of accelerating cavities, with a goal of 20 MV/m

· High Q values in CW operation of accelerating cavities at 20 MV/m, with a goal of Qo > 3x1010 
· High external Q values at operating gradients of ~20 MV/m, with a goal of Qext > 1x108 

· High stability and control of accelerating fields, with the goals of phase error < 0.01° and amplitude error <10-4 

· Cryomodule providing 100-MeV acceleration in minimal size 

· HOM damping to provide stable performance with design electron-beam current

In summary, while much is being done already in superconducting-linac design, the major outstanding issues are to do with achieving operation that is reliable enough for a major user facility while at the same time pressing the accelerating gradient to higher values in order to obtain a compact and economic solution. 

3.4 Laser-system Engineering

Future FEL facilities will integrate lasers and accelerators to optimize performance of the overall facility. Laser systems will be used in a multitude of applications: in generating and shaping the electron beam at the photocathode, in ultrastable optical-timing systems for accelerator and diagnostics systems throughout the machine, in seeding the FELs, in optical manipulations of the electron beam, in end-station pump-probe lasers, and in optical synchronization systems linking all lasers within the facility. 

At the photocathode, the laser irradiance distribution is mapped into a distribution of emitted electrons, which are subject to highly nonlinear forces as they transit the gun. Uncontrolled deviations in the electron-bunch charge distribution resulting from unwanted structure in the laser-intensity temporal profile can produce excessive emittance growth downstream, and precise dynamic control of the laser irradiance profile (both spatial and temporal) is necessary to compensate for nonlinear forces in the emitted electron bunch at low energy. Additionally, shaping the laser-beam spatial profile may be necessary to compensate for nonuniform emission from the photocathode due to local variations in quantum efficiency. Dynamic control of the laser spatial and temporal distribution to produce, for example, a 3D-elliptical-shaped laser pulse may be beneficial in controlling charge-density and space-charge effects in the emitted electron bunch. Dynamic focusing of the laser spot may be controlled by a nonlinear cross-phase modulation lens driven by another temporally shaped portion of the original IR pulse.

Developments in short-wavelength seed lasers offer the attraction of avoiding one or more stages of harmonic generation in the FEL. One possibility is the use of high-harmonic generation (HHG) to provide shorter-wavelength seed pulses. 

Synchronization systems that have been developed recently to provide locking of remote lasers to tens of femtoseconds timing jitter will be employed at the LCLS. The next step is to develop systems to meet the more exacting requirements of an attosecond pump/probe experiment. In this regime, ground motion and physical stability of machine and beamline components becomes extremely important, and new concepts need to be developed to gain control of timing systems to such a level.

In summary, although very recent developments in laser materials and techniques have now given us amplifiers with the pulse energy needed for operation at high repetition rate, the sophistication of the applications in temporal and position distributions, in synchronization, and in harmonic generation needs significant development. In addition, these research systems need to be developed to a level where they operate with a robustness commensurate with a user facility. What is needed is an R&D program based on a state-of-the-art, high-repetition-rate, high-pulse-energy laser for development of the techniques discussed above. 

3.5 Simulation and Validation of FEL Design and Diagnostics

For production of intense and well-controlled x-ray beams, the 6-D phase space of the beam at the FEL must be very carefully tailored. The emittance, current, and energy spread of the beam must be controlled and preserved under transport to the photon-production sections of the FEL, in the presence of a multitude of interactions between the charged-particle beam and its environment that can degrade the beam quality, and detailed and accurate simulations are essential in designing any FEL facility. Details of effects including microbunching introduced at the cathode, coherent synchrotron radiation (CSR), wakefields in the linac cavities, resistive wall wakefields, beam-switching processes, and other sources of emittance growth must be modeled in a self-consistent manner using particle-tracking codes and analytical approaches. With the aim of full start-to-end modeling of the electron beam from the electron source to the radiation production in seeded FELs, simulation codes need to be developed to model all physics processes involved in the accelerator by means of massively parallel computers and new approaches. Such detailed simulation studies are required to develop design concepts for future FELs. Novel techniques, such as controlled chirping of the FEL output and two-pulse pump-probe generation, need to be designed to allow full application of the flexibility inherent in the seeded FEL. In addition to simulations, diagnostics are required to allow measurements of the beam at sufficient resolution and accuracy to compare with simulations. Experimental demonstration and validation of simulations of seeded FELs will be pursued most strongly in the near future at the FERMI@Elettra FEL project, expected to deliver its first photon beams in 2008 or 2009. This facility will provide an experimental base for seeded, x-ray FEL facilities of the future with demonstrations of both harmonic generation and a harmonic cascade. In addition, developments at other first-generation x-ray FEL facilities, including the LCLS at SLAC, FLASH at DESY, and high-gain harmonic generation (HGHG) at BESSY, will provide needed experience in x-ray FEL operations and diagnostics systems.

In summary, x-ray FEL performance is extremely sensitive to the details of the electron-beam phase-space distribution, and design using state-of-the-art simulation tools is required for the next generation of x-ray FELs. Multi-physics computer modeling tools need to be developed to allow the full start-to-end simulations required when designing nm-wavelength FELs, and diagnostics need to be developed to allow realistic comparisons between measurements and simulations. A vigorous experimental program is required in order to validate the detailed physics of seeding, and this will require substantial collaboration with the FERMI @Elettra and BESSY projects.

4. R&D Plan

Our proposal is a five-year program to directly address the most critical aspects of accelerator R&D needed to realize a second-generation FEL facility meeting the science needs described in Section 1. An integrated R&D program is proposed, utilizing the many and varied centers of expertise available at LBNL, including the Accelerator and Fusion Research Division (AFRD), Advanced Light Source, Materials Sciences Division (MSD), the Molecular Foundry, the UC Berkeley campus, and other institutions. The major components and goals of the R&D program are listed here, together with a budgetary estimate. Seed funding is requested to begin design studies, build collaborations, hold scientific and technical workshops, assess technology options, select the most promising concepts to pursue, and to detail plans and cost estimates. 

4.1 Low-Emittance, High-Repetition Rate Electron Injector

Budget estimate
$10.6M

Successful development of high-repetition rate low-emittance injectors is critical to future FELs and ERLs. LBNL has relevant expertise in all required components— the cathode (MSD and ALS), lasers (ALS and Engineering Division), and gun technologies (AFRD), and is well positioned to lead developments in advanced injector design. We propose to develop individual components and construct a prototype high-repetition rate low-emittance injector. Collaborations will be formed with institutions having relevant expertise such as SLAC for cathode and laser systems, and Cornell and JLab in DC guns for ERLs.

Cathodes for low-emittance, high-repetition-rate electron beams—R&D in low emittance high brightness, high quantum efficiency cathodes, with production and characterization of prototypes, leading to selection of optimal materials and fabrication processes for implementation in electron guns.
Photocathode laser system—Design, fabrication, and development of a photocathode drive laser system with spatial and temporal pulse shaping for optimal control of the properties of the electron beam.
High-repetition-rate electron gun—Design and construction of a prototype electron gun incorporating cathode and drive laser, in an integrated and optimized system providing low emittance electron bunches at a high repetition rate. 
4.2 Accelerator and FEL Physics of Low-emittance Beams and Beam Manipulations

Budget estimate
$6.3M

AFRD has significant experience in design of light sources, with an outstanding track record of leading the world in FEL design (including contributions to the LCLS) and in optical manipulation of beams (e.g. invention of ESASE, and pioneering attosecond production techniques in FELs), and is currently leading the design study for the FERMI@Elettra FEL facility. Design of systems for phase space control will have applications for both FELs and ERLs, and flexible FEL configurations will have impact on upgrades to the LCLS.

Emittance exchange, control, and transportation of low-emittance beams—Design of electron beam manipulations such as emittance exchange, compression techniques, optical manipulations, and beam phase space preparation, that are crucial for producing beams optimized for photon production in FELs. Design of beam switching techniques to deliver high repetition rate beams to multiple FELs.
Beam-manipulation experiments—Validating of techniques in experiments in electron beam manipulations including transverse to longitudinal emittance exchange, compression strategies, longitudinal phase space manipulations for optimal FEL performance, and beam conditioning.
FEL-array design— Development of multi-physics modeling codes and start-to-end modeling of complete configurations. Design of FEL configurations optimized for different experimental applications, including attosecond x-ray pulse production, seeding techniques, harmonic-cascade design, and of techniques for controlled chirping and two-pulse production. Determination of electron-beam-parameter requirements for FEL performance. Participation by accelerator scientists and engineers in development and validation of designs at seeded-FEL and harmonic-cascade experiments at facilities such as FERMI@Elettra, the BESSY HGHG demonstration, and the Brookhaven SDL facility. 
4.3 CW SCRF Accelerating Structure

Budget estimate $9.2M

Cornell University, Jefferson Lab, and other institutions have world-leading expertise in CW SCRF design, and design and fabrication of a cryomodule for application in a future light source will be performed primarily by our collaborators (e.g. JLab, Cornell), leading to installation of a cryomodule at LBNL for beam tests. For example, the JLab cryomodule design parameters for the 12-GeV upgrade are close to the needs for a high rep-rate FEL. Collaborations with HEP programs such as at Fermilab will benefit development of CW SCRF as well as pulsed systems for the ILC. LBNL will apply expertise in RF-structure design, cryosystems design, and mechanical engineering.

Prototype cryomodule—Design, construction, and testing of a high gradient CW SCRF cryomodule, to prototype the technology necessary for the linac of the final facility. Installation of a prototype cryomodule achieving approximately 100 MeV, and associated cryogenics systems, providing sufficient energy to allow meaningful emittance measurements of the beam produced by the low-emittance gun.

4.4 Enabling Technologies 

Budget estimate
$3.2M

Expertise and existing infrastructure at LBNL will facilitate design of components and systems required for future light sources, benefiting storage ring, ERL, and FEL facilities.

Seed-laser systems—Design of parametric amplifiers for tunable UV seed lasers. Design and testing of HHG lasers as short-wavelength seeds. In collaboration with planned experiments at the LOASIS laboratory at LBNL.
High-resolution diagnostics—Design of high-resolution diagnostics for electron beams in seeded FELs. Time-resolved measurements of electron-bunch-slice energy and emittance. Testing in the LOASIS laboratory at LBNL, at seeded FEL and harmonic cascade experiments such as FERMI@Elettra, and in beam tests from the high-repetition-rate gun.

Short-period undulators—Design concepts and construction of prototype samples for short-period (~1 cm), narrow-gap (~2.5 mm) undulators suitable for FELs operating at wavelengths as short as 1 nm with a low-energy electron beams (1.5 GeV). Collaborations with SPring-8, NSLS-II, and other light source facilities.
Timing and synchronization systems—Develop optically-based timing and synchronization systems to improve performance and maximize capabilities of the most demanding ultrafast experimentation, including a goal of ~100-as stability.
4.5 Preliminary Assessments and Planning 
Budget request $2.5M “seed funding.”

In advance of formal proposals and funding for this R&D program, it is expected to begin studies in several areas, in assessment of technology choices for cathodes and for high repetition rate guns, in preliminary accelerator physics and FEL array design studies, resulting in selection of concepts to pursue in hardware development in following years. Collaborations with expert groups developing required technologies will be formed and workshops held to study scientific and technical challenges. Costs of site preparation for building the experimental program will be determined. 

Total budget estimate
$31.8M, plus site preparation costs to be determined in the initial studies.
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5. 
Vision of a Future VUV-SXR, High-repetition-rate, Seeded-FEL

Facility at LBNL

Figure 5.1 shows a schematic layout of a seeded, second-generation FEL facility at LBNL. Major facility performance parameters are shown in Table 5.1 that meet the requirements of ultrafast temporal resolution, high repetition rate, high average power, and high resolving power indispensable for addressing the fundamental questions, scientific goals, and research objectives outlined in Section 1. This configuration makes optimal use of the former Bevatron site for the FEL array, beamlines, and experimental hall. The injector is housed at one end of a level 350-m-long tunnel connected to the Bevatron site, with a support building that is at the surface and at the same elevation as the Bevatron site and contains the photocathode drive laser and cathode preparation area. The injector, linac, bunch phase-space-manipulation systems, and the beam-switching systems may readily be accommodated within this tunnel, offering flexibility in layout and potential for future upgrades, for example extending the linac to increase the energy or adding additional stages of beam manipulations. One or two tunnels may be used to house all machine components. In the two-tunnel approach, power supplies, controls, instrumentation, and RF power are located in a second tunnel accessible while the machine is operating, for ease of maintenance and improving reliability of the facility. The natural shielding and minimal impact to existing infrastructure of a tunnel are advantageous and an asset of the LBNL site. 

Major machine parameters for the facility include a beam of energy 1-2 GeV (precise values to be determined by a cost-performance optimization study), transverse normalized emittance (i.e., geometric emittance multiplied by ((, where these are the relativistic parameters of the beam) of 0.3–0.6 mm-mrad (for efficient radiation at 1 nm wavelength), electron-bunch peak current of 200–400 A, and beam-energy spread of approximately 100 keV. The gun repetition rate is 1 MHz, with each of approximately ten FEL beamlines operated at 100 kHz repetition rate. Figure 5.2 shows the peak and average brightness as a function of photon energy, with comparisons to other machines. The combination of high peak and average brightness with control of pulse duration provides a unique facility to fully address the science challenges outlined at the beginning of this White Paper with ultrafast, high-resolution, and attosecond capabilities.
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Table 5.1 Performance goals of the proposed LBNL facility
	
	Short-pulse beamlines
	High-resolution beamlines
	Attosecond beamlines

	Wavelength range (nm)
	200 – 1
	200 – 1
	200 – 1

	Repetition rate1 (kHz)
	100
	100
	100

	Peak power (GW)
	1
	1
	0.1 – 0.3

	Intensity stability2
	5%
	5%
	5%

	Timing stability3,4 (fs)
	10
	10
	TBD

	Pulse length5 (fs)
	20 – 100
	500 – 1000
	~0.1

	Bandwidth
	2–3 x transform limit
	2 –3 x transform limit
	transform limit

	Harmonics6
	≤ few%
	≤ few%
	≤ few%

	Source position stability
	<10% source size
	<10% source size
	<10% source size

	Pointing stability (µrad)
	<10
	<10
	<10

	Spot size (µm)
	~50
	~50
	~50

	Divergence (µrad)
	~5
	~5
	~5

	Polarization
	Variable, linear/circular
	Variable, linear/circular
	Variable, linear/circular

	Wavelength stability7
	TBD
	TBD
	TBD

	Background signal8
	TBD
	TBD
	TBD


NOTES:

1) Initial experiments may be at lower rate, the linac and other infrastructure will accommodate higher bunch-repetition rates

2) Most experiments will incorporate a pulse energy measurement; spectroscopies & non-linear experiments will be more demanding

3) Synchronization available from seeded systems 

4) Timing stability for the attosecond mode will need to be developed

5) Capabilities for <20 fs pulse durations to be explored in R&D plan

6) Up to third harmonic, may be useful to achieve wavelengths shorter than 1 nm

7) Currently under detailed study for the FERMI@Elettra project

8) Dependent on FEL configuration and mode of operation
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Figure 5.2 Average and peak brightness comparisons, including the proposed LBNL seeded-FEL facility with three pulse durations.







































































Figure 5.1 Schematic layout of a high-repetition-rate, VUV-SXR, seeded-FEL facility at LBNL..
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Figure 4.1 Timeline of major R&D Activities.
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