
The Linac Coherent Light Source Project 
Introduction and Description 

The Stanford Linear Accelerator Center, in collaboration with Argonne National 
Laboratory, Brookhaven National Laboratory, Los Alamos National Laboratory, Lawrence 
Livermore National Laboratory, and the University of California at Los Angeles, has 
created a conceptual design and carried out a considerable amount of essential R&D for 
an x-ray Free-Electron-Laser (FEL) facility operating in the wavelength range 1.5–15 Å. 
This FEL, called the “Linac Coherent Light Source” (LCLS), utilizes electron beams from 
the SLAC linac passed through a long undulator to produce sub-picosecond pulses of 
short wavelength x-rays with extremely high peak brightness and full transverse 
coherence.  The LCLS has considerable potential as a tool for groundbreaking research in 
the physical and life sciences.  LCLS x-rays can be used to create and observe extreme 
conditions in matter, such as exotic excited states of atoms and warm dense plasmas, 
previously inaccessible to study.  They can be used to directly observe changes in 
molecular and material structure on the natural time scales of atomic and molecular 
motions.  LCLS x-rays offer an opportunity to image non-periodic molecular structures, 
such as single or small clusters of biomolecules or nanostructured materials, at atomic or 
near-atomic resolution.  These are only a few examples of breakthrough science that will 
be enabled by LCLS, planned to be the world’s first “fourth generation” x-ray light source.  
The Department of Energy has approved Critical Decision 0 (mission need) and Critical 
Decision 1 (approval to begin formal Project Engineering and Design, PED) for LCLS. The 
plan for acquisition starts with long-lead procurements in FY2005, beginning of 
construction in FY2006 and Project completion in FY2008.  

The LCLS will be integrated with the SLAC Two-Mile Accelerator, which will continue to 
support programs in particle physics and accelerator R&D.  The upstream 2/3 of the SLAC 
linac will be unaffected, and will continue to serve as injector for the PEP-II B-Factory.  
The LCLS will utilize a new high-brightness photocathode gun and a short linac to inject 
an electron beam into the last 1/3 of the SLAC linac.  With the addition of two stages of 
magnetic bunch compression, the linac will produce an electron beam with energy up to 
14.3 GeV, a peak current of 3,400 Amperes, and a normalized emittance of 1.2 mm-mrad.  
A transfer line takes the beam to the entrance of the undulator.  The 121-m long undulator 
will be installed in the tunnel that presently houses the Final Focus Test Beam Facility.  In 
passing through the undulator, the electrons will be bunched by the force of their own 
synchrotron radiation to produce an intense, spatially coherent beam of x-rays, tunable in 
energy from 0.8 keV to 8 keV.  The process of self-bunching and coherent radiation is 
called Self-Amplified Spontaneous Emission (SASE).  After exiting the undulator, the 
electron beam is deflected onto a beam dump, while the photon beam enters the 
experimental areas.  A detailed description of the LCLS design may be found in the LCLS 
Conceptual Design Report (available on-line at http://www-slac.stanford.edu /lcls/CDR/).   
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Facilities 

The LCLS Project [1] comprises the following main elements: 

• A photoinjector and a short linac, where a bright electron beam is generated and 
accelerated to 150 MeV 

• The main linear accelerator, consisting of the last one-third of the SLAC 3 km 
linac, where the electron bunch is compressed and accelerated to 14.3 GeV 

• The transport system to the undulator 

• The undulator itself, where the electrons emit FEL and spontaneous radiation 

• The undulator-to-experimental area transport line, including shutters and 
attenuators 

• Two experiment halls 

• A comprehensive suite of diagnostics to characterize the electron and x-ray beams 

• Prototypical x-ray optics for control of focus, intensity and spectral bandwidth 

• Basic infrastructure for future experiments such as hutches and computer facilities 

 

Figure 1 Layout of the Linac Coherent Light Source on the SLAC site. 
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Capabilities 
The peak brightness of the LCLS FEL radiation will be about ten orders of magnitude 
greater than currently achieved at third-generation light source facilities.  In average 
brightness it will exceed existing storage ring-based sources by a factor of 100.  The 
LCLS beam will also produce copious spontaneous synchrotron radiation.  Within the 
opening angle and bandwidth of the FEL radiation, the spontaneous radiation power is 
negligible.  However, integrated over its full opening angle and spectral range, the peak 
spontaneous radiation power is 92 GW. The LCLS, being based upon a linear accelerator, 
offers the opportunity to control coherence, pulse duration and intensity in ways that are 
not possible in a storage ring. 

Main performance characteristics of the Linac Coherent Light Source 
X-ray beam energy 0.8 keV 8 keV 

X-ray pulse duration <230 femtoseconds FWHM 

X-ray peak power 10 GW 8 GW 

Peak brightness  1032 1033 

Average brightness 4 x 1021  4 x 1022  

Photons/pulse 2.8 x 1013 1012 

Pulse repetition rate 120 Hz max. 
 

Assessment of Scientific Potential 
In the past three decades, the average brightness of synchrotron sources has improved 
by about a factor 1010.  The LCLS is the next major step in x-ray light source capability.  In 
peak brightness, it will surpass existing sources by a factor of 1010.  The Birgeneau/Shen 
Report [2] cited the scientific promise of an x-ray free electron laser, and included the 
allocation of funds to 4th-generation source R&D among its highest priority 
recommendations to BES.  In response to this recommendation, BESAC charged a 
subpanel chaired by Steven R. Leone to assess the scientific opportunities offered by new 
coherent light sources and to propose a research and development plan for novel 
coherent sources.  The Leone Committee Report [3] stated that: 

“Given currently available knowledge and limited funding resources, the hard X-ray 
region (8-20 keV or higher) is identified as the most exciting potential area for 
innovative science. DOE should pursue the development of coherent source 
technology in the hard X-ray region as a priority. This technology will most likely take 
the form of a linac-based free electron laser device using self-amplified stimulated 
emission or some form of seeded stimulated emission.” 

At the time of the Leone Committee report, the LCLS concept had been under 
development for nearly seven years by SLAC scientists, in collaboration with experts at 
UCLA, the Brookhaven National Laboratory, the Los Alamos National Laboratory, and the 
Lawrence Livermore National Laboratory.  Argonne National Laboratory scientists joined 
the collaboration in 1999.  The Leone Committee endorsed the multi-institutional nature 
and the mission of this collaboration. In response to the Leone Committee 
recommendations, DOE-BES has provided $1.5M per year since FY1999 for research 
and development of the LCLS concept. 



LCLS February, 2003 Page  4

The Leone Committee also recommended that scientific case for the LCLS be further 
developed by documenting concepts for a: 

“…compelling and rigorous set of experiments that can be achieved only if such a 
new coherent light source becomes available.” 

This recommendation was acted upon by the LCLS Scientific Advisory Committee, which 
took on the task of identifying and developing specific concepts for experiments at the 
LCLS.  This committee, chaired by Gopal Shenoy and Joachim Stohr, developed a report 
entitled “LCLS – The First Experiments” [4]. This document, available on-line at 
http://www-ssrl.slac.stanford.edu/LCLS/papers/LCLS_Experiments_2.pdf, described six 
representative experiments for the LCLS, selected to demonstrate potential impact across 
a wide range of fields such as atomic physics, plasma physics, chemistry, materials 
science, condensed matter physics, high energy physics, and biology. The six 
experiments may be divided into two general categories:  

• using the LCLS to probe matter in different states 

• modifying matter with LCLS and then probing it 

The same source can serve both types of experiments by utilizing huge (~106) changes in 
photon flux density available by focusing the LCLS beam, by exploiting the strong 
dependence of the photoabsorption cross section on photon energy and atomic number 
(~102), or by use of the ultrafast nature of the x-ray pulse.  

The first class consists of experiments where the x-ray beam is used to probe the sample 
without modifying it during the x-ray scattering process, as is done in most experiments at 
current synchrotron sources.  An example is the study of molecular reaction processes in 
response to a fast optical excitation pulse. Such processes form the very heart of 
chemistry. The LCLS x-ray beam will have the capability to directly probe changes in 
molecular structure as they take place, in the tens and hundreds of femtoseconds (fs) 
following a laser pulse that triggers a chemical transition. 

Many important discoveries in biology and chemistry can be traced back to the 
determination of a structure. In condensed matter physics the excitement lies in 
combining the intrinsic atomic and nanoscale spatial resolution of x-rays with the ultrafast 
time structure of the x-ray pulse and the coherent nature of the beam.  This will allow one 
to record single shot diffraction patterns of the illuminated sample area.  The inverted 
scattering patterns will yield real space images of the evolution of atomic and nanoscale 
motions.  The nature of the recorded information (a molecular transformation), when 
combined with new approaches to solving the phase problem (oversampling) offers a 
direct route to the structural information.  Examples are studies of ordering phenomena in 
hard and soft condensed matter and charge and spin dynamics in correlated systems. 
The LCLS also holds great promise for structural biology.  Simulations indicate that the 
LCLS will have sufficient photons in a single pulse to record high-resolution diffraction 
images from relatively large single biomolecules.  By recording a series of such images 
and utilizing techniques recently developed for cryo-electron microscopy, it will be 
possible to reconstruct high-resolution structures.  These predictions are being explored 
and validated by both molecular dynamics and hydrodynamics tools.  Such an approach 
could be especially exciting if applied to biomolecules that cannot be crystallized, or 
where one is interested in studying the time evolution of very fast reactions in biological 
systems, such as the nature of the structural dynamics of the early events of 
photosynthesis. 
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In the second class of experiments, the intense LCLS beam is used to both create and 
probe states of matter.  For example, an LCLS pulse is used to induce non-linear photo-
processes or transform matter into extreme conditions.  The second pulse (produced by 
an external laser or by splitting the LCLS beam) probes the new state of matter.  One 
proposed atomic and molecular physics experiment explores the formation of hollow 
atoms.  In the x-ray regime the photoelectric cross section for core electron excitation 
exceeds that for valence electron excitation.  When a photon in a LCLS pulse excites a 
core electron there is a high probability that another photon within the same pulse can 
excite a second or more core electrons, creating a hollow atom.  This is possible because 
of the large number of photons per LCLS pulse enabling a second or third core excitation 
to occur before the first core hole gets refilled by Auger de-excitation. Atoms can therefore 
be stripped of electrons from the inside out.  Related experiments will study various 
multiphoton processes enabled by the large photon degeneracy parameter. A proposed 
plasma physics experiment uses the LCLS beam to create and investigate interesting 
states of matter, so-called warm (WDM) and hot (HDM) dense matter that exist in 
astronomical objects and are of interest in the study of inertial fusion. These exotic states 
of matter have the density of conventional solids but the thermal energy of a plasma.  For 
these states of matter few theories are even capable of making predictions. As a probe 
and as a pump, the ability of the LCLS beam to penetrate deep into a dense sample offers 
experimental possibilities unavailable with conventional longer wavelength lasers that 
interact primarily with the surface of a sample.  Other experimental difficulties have been 
associated with the controlled production of such states, e.g. their ultrashort life times and 
the existence of spatial gradients.  LCLS has the capability to create WDM, and can also 
probe WDM and HDM. 

Based on the BESAC review of The First Experiments document, as well as on input 
gathered from the scientific community through workshops such as the May 2001 Basic 
Energy Sciences Workshop on Scientific Applications of Ultrashort, Intense, Coherent X-
Rays, the DOE Office of Science approved Critical Decision 0 (Approval of Mission Need) 
for the LCLS, on 13 June 2001. Critical Decision 0 was the authorization for the creation 
of the Conceptual Design Report. 

The First Experiments document points to three key insights into the scientific potential of 
the LCLS.  First, it is clear that, like existing synchrotron light sources, the LCLS will be a 
powerful tool for research spanning the physical and life sciences.  

Second, it is clear that the short duration of the LCLS pulse (230 fs and shorter) is of great 
importance to certain areas of science.  The LCLS will provide the opportunity to observe 
atomic states and molecular structure on time scales characteristic of the processes of 
atomic transition, chemical bond formation and breaking, and transitions in condensed 
matter structures.  

Third, as diverse as the scientific opportunities may be, it is possible to discern much 
commonality in the instrumentation requirements for LCLS experiments. It will be 
necessary for the LCLS Project to design and provide the means with regard to the 
photon beam for: 

• Controlled attenuation 
• Filtering 
• Monochromatization and focussing 
• Synchronization of the LCLS beam to a pump laser 
• X-ray beam splitting with adjustable time delay 
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• Detection (e.g., 120 Hz x-ray detectors with large area and high angular 
resolution) 

For this reason, the scope of the LCLS Project also includes the development of the 
above listed prototypical capabilities and techniques, spanning the 0.8 – 8 keV operating 
range of the facility.  

The SSRL Directorate and Faculty have been actively involved in planning the integration 
of LCLS operations and science with the rest of the synchrotron program and indeed the 
broader SLAC Scientific Program.  Since 1992, there have been 34 workshops, attended 
by members of the light source research community worldwide, which have addressed 
scientific opportunities and challenges of importance to the LCLS. For additional 
information, please see www-ssrl.slac.stanford.edu/lcls/.  The LCLS R&D effort has also 
been guided by two key advisory groups, the LCLS Science Advisory Committee and the 
LCLS Technical Advisory Committee.  These committees were founded in 1999 to advise 
the SSRL and SLAC Technical Division Associate Directors on the LCLS scientific 
program and accelerator science/technology issues.  

Figure 2 Average and peak brightness calculated for the LCLS and for other facilities operating or 
under construction. The average brightness plot depicts the 3rd harmonic of the LCLS, and future 
32-bunch operation. 

LCLS Early Operation and Experiment Program 
At least 75% of the operating time of the SLAC linac (the linac operates typically 10 
months per year) has been guaranteed to be available for scientific research using the 
LCLS by the SLAC management as recommended and endorsed by the SLAC Scientific 
Policy Committee.  After characterizing the first pulses of SASE radiation from the LCLS, 
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the “0th experiments”, will be the performance characterization of prototype optics and 
instrumentation developed as part of the Project.  

The Spallation Neutron Source Instrument Development Team approval process is the 
model being adapted for the implementation of up to six LCLS research endstations.  X-
ray endstations will be designed by teams of researchers in parallel with the design and 
construction of the LCLS.  Proposals for x-ray instruments as associated experiments are 
to be submitted to the DOE and other funding agencies for peer review.  These proposals 
will be pre-screened by SSRL management, advised by the LCLS Scientific Advisory 
Committee. SSRL will form partnerships with successful Instrument Development Teams. 
SSRL will take responsibility for construction and operation of approved beam lines. DOE-
BES funding for instruments is anticipated in the FY2005-2006 time frame, and pre-
proposal R&D funds may already be requested to support the preparation of proposals. 
After the beam lines are commissioned, they will be operated by SSRL as general user 
facilities available to the scientific community on a peer-review proposal basis. 

Continued development of optics and instrumentation for the LCLS is worthy of sustained 
emphasis and beam time allocation from the earliest phases of operations.  There is great 
potential for expanding the capability of the LCLS and future FELs if it is possible to 
develop techniques for x-ray pulse slicing, pulse compression and seeding the FEL with x-
rays.  

LCLS Performance Improvements after Commissioning 
Phase 
The SLAC Linac and SASE undulator offer a great deal of flexibility to tune beam 
parameters and enhance XFEL radiation characteristics.  During commissioning and 
operation, efforts to push the performance of the LCLS past baseline goals will form an 
important part of the scientific program. In early operation, two development paths will be 
emphasized:  
 

• Shorter, brighter x-ray pulses 
• Multiplexed distribution of the x-ray beam to several off-axis end stations 

 

Shorter, Brighter X-ray Pulses 
The x-ray pulse length specified for the LCLS baseline design is 230 fs. Computer 
simulations of LCLS performance indicate that pulses in the range of 100 fs and shorter 
should be achievable.  

Recent experimental results at the TESLA Test Facility (TTF) at DESY in Hamburg 
provide supporting evidence for the feasibility of producing x-ray pulses much shorter than 
the overall electron beam pulse duration. TTF has recently demonstrated the reliable 
production of sub-50 fs pulses of ~100 nm radiation from a much longer electron bunch.  
Another means of producing very short pulses with more easily-controlled characteristics 
may be realized by manipulation of the x-ray pulse after the SASE process.  The LCLS is 
designed to be operable with “chirped-pulse” energy distribution in the 230 fs electron 
bunch.  The energy of the electrons can be made to vary by as much as 1% as a linear 
function of position from head-to-tail.  This means that x-rays emitted from the tail of the 
bunch will be different in wavelength by 2% from those emitted at the head of the bunch.  
This correlation between x-ray wavelength and position within the 230 fs standard bunch 
length can be preserved through the SASE process to saturation.  The LCLS Project 
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includes the development of a monochromator capable of handling the full power of the 
LCLS beam, at least in the Far Hall.  The monochromator can be designed for resolutions 
from 10-3 to 10-5, passing the x-ray beam only when its wavelength is within its energy 
acceptance.  Due to the time-energy correlation in the x-ray pulse, a pulse much shorter 
than 230 fs will exit the monochromator. Pulse lengths shorter than 10 fs should be 
possible. The facilities for testing the above-mentioned paths to shorter pulses will be part 
of the Project baseline, and the tests themselves will be part of LCLS commissioning. 
The “chirped pulse” concept can be optimized to avoid any loss of brightness and reduce 
intensity fluctuations by implementing a “chirped-pulse seeded” arrangement.  In this 
arrangement, the monochromator is placed inbetween two shorter undulator sections.  
The radiation produced by SASE operation in the first undulator section (at less than full 
power) is filtered through the monochromator, and then the resulting short-pulse output is 
used as a seed for FEL amplification in the second undulator section.  The total length of 
undulator required for this scheme is equal to the baseline LCLS SASE undulator, but 
additional space is needed for the monochromator section in the middle.  The LCLS 
design accommodates this space requirement.  A test of this “chirped-pulse seeding” 
scheme will be proposed as part of the first FEL physics and technology experiments with 
the LCLS. 

Simultaneous Delivery of the LCLS X-ray Beam to Several End Stations 
The repetition rate of the SLAC Linac is 120 Hz, and the initial LCLS design will direct the 
entire FEL output into one experimental station at a time. Redirection of the x-ray beam to 
one of several experiment side stations could be accomplished in a time of order 0.1 – 1 
second by conventional means. However, for many of the experiments that make up the 
scientific case for the LCLS, the rate of data collection will be limited by other features of 
the experiment.  For example, typical high-power ultrafast laser systems operate at about 
10 Hz. Another limitation comes from the immense data rate; downloading and storing a 
full diffraction pattern at 120 Hz is beyond the capability of today’s detector systems. 
Renewal of the sample may also require more than 8 msec. Therefore, in commissioning 
and early operation, the LCLS instrumentation R&D program will develop the capability to 
multiply the productivity of the LCLS without building more undulators. This will be made 
possible by means of a fast beam-switching scheme that will multiplex the light from the 
single undulator into three or more experimental stations, each receiving equally spaced 
pulses at a submultiple of 120 Hz.   

Readiness for Construction 
The Critical Decision sequence is a series of checkpoints at which the Department of 
Energy assesses the status of proposed and active construction projects. The LCLS 
Project received “approval of the preliminary baseline range”, Critical Decision 1, in 
October 2002. Satisfaction of requirements for Critical Decision 1 is verified by review of 
acquisition planning and hazard analyses, in addition to a thorough review of the 
conceptual design of the facility. For the LCLS, this review took place 23-25 April 2002 [5].  
The review was conducted by the Construction Management Division of the Office of 
Science. The review committee, chaired by Daniel Lehman, addressed the following 
charge: 

• Is the conceptual design sound and likely to meet the technical performance 
requirements? 

• Are the project’s scope and specifications sufficiently defined to support 
preliminary cost and schedule estimates? 
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• Are the cost and schedule estimates credible and realistic for this stage of 
the project?  Do they include adequate contingency margins? 

• Is the project being managed (i.e., properly organized, adequately staffed) as 
needed to begin Title I design? 

• Are ES&H aspects being properly addressed given the project's current stage of 
development? 

The review report concludes that: 

“In summary, the Committee found that the LCLS conceptual design to be sound, 
and the scope was adequately defined to support the cost and schedule 
estimates, which were judged to be credible. The LCLS Management Team is 
experienced and capable of leading the project to a successful conclusion.” 

Since April, efforts have been directed at planning long-lead procurements of accelerator 
and undulator hardware in FY2005. Plans for these procurements will be presented to 
DOE for review in May 2003. Critical Decision 2 will mark finalization of the scope, 
schedule and budget for the LCLS. This will take place in Spring of 2004. 
 

Cost & Schedule 
Based on the bottoms-up cost estimate presented to and reviewed by the DOE 
construction management review team (“Lehman Review” – see above) in April 2002, 
DOE BES has used a Total Estimated Cost of the LCLS in the range $165M-$225M and a 
total Project Cost of $185M-$245M for planning purposes.  A three-year (FY2006-
FY2008) construction schedule is proposed, preceded by long-lead procurements in 
FY2005.  Construction of a dedicated linac for the LCLS would add about $300M to the 
Total Estimated Cost, more than doubling its price.  The institutional knowledge, core 
competencies and creativity of the SLAC staff are of even greater value in assuring the 
success of LCLS construction and operation. 

Milestone Date 

Start of Project Engineering Design March 2003 

Start of long-lead procurements October 2004 

Start of construction October 2005 

Start commissioning laser September 2007  

Project completion September 2008  
 
Summary 
Over the past 11 years, the idea of building the LCLS has been brought to maturity by the 
R&D activities of the LCLS Collaboration, interest and support of accelerator scientists 
and x-ray experimenters, and the financial R&D support of DOE-BES.  Review of the 
technological challenges and scientific opportunities of the LCLS from every perspective 
has brought into focus a compelling case for construction.  Employment of the SLAC linac 
and associated facilities will provide the most direct, expedient and cost-effective way to 
begin scientific research with an x-ray FEL.  As the LCLS science program matures, the 
expansion of the capabilities and capacity of the LCLS beyond its initial configuration will 
follow a natural evolution.  Straightforward and cost-effective enhancements will 
implement fast switching of a single x-ray beam to several endstations, allowing 
simultaneous experiments.  It is expected that development of this capability will be part of 
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the first set of LCLS experimental proposals (the one on “XFEL Physics and Technology 
Program”).  Experimental evidence and simulation indicate that pulses in the range of 10-
100 fs can be achieved by careful tuning of the LCLS, rather than by hardware 
modification.  A reconfiguration of the undulator system to incorporate “chirped-pulse 
seeding” may have advantages for short pulse operation because it offers improved 
stability and control of pulse duration. Tests of these schemes will be included in the 
proposal of an “XFEL Physics and Technology Program” for the LCLS. 

Subsequent upgrades to the LCLS electron gun and beam switchyard, developments to 
enable use of up to 50 GeV electron beams and addition of multiple undulators, could 
provide 120 Hz photon beams with high photon energies to each of multiple endstations.  
These concepts are presented in another document prepared for this BESAC 
subcommittee and are the subject of a talk to follow later (LCLS Phase II).  The LCLS can 
indeed be expanded into a large-scale user facility with several undulators, each 
supporting multiple endstations.  Such an expansion can be accomplished so as to 
completely preserve the initial investment in hardware and civil construction associated 
with the LCLS baseline project.   

Each new LCLS beam line will provide peak brightness equal to or greater than that of the 
initial LCLS configuration.  It is important to emphasize that the peak brightness and 
pulse duration of the LCLS are in no way limited by the SLAC linac, as compared to 
a superconducting accelerator.  These performance measures are determined by the gun 
and bunch compressors, not the accelerator technology. 

For the next 15 or more years, the performance of the SLAC linac will support the most 
ambitious of research programs in x-ray science and beam physics using the LCLS. In the 
further future, the SLAC site, infrastructure, and core competencies in accelerator physics 
and synchrotron science will always be compelling arguments supporting the premise that 
the LCLS and its future expansion are the most scientifically productive, and indeed 
economical, foundation for research with XFELs. 
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