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Shown	   here	   are	   more-‐detailed	   versions	   of	   the	   cover	   illustration,	   indicating	   the	   relative	   difficulty	   of	   the	   laser	  
applications	  discussed	   in	   this	  whitepaper.	   	  Colliders	   for	  high-‐energy	  physics	   represent	   the	  presently	  aspirational	  
pinnacle	  of	  laser	  power	  (top),	  but	  other	  applications	  are	  demanding	  in	  other	  parameters,	  such	  as	  short	  pulses	  and	  
repetition	  rate.	  	  	  Illustrations	  courtesy	  T.	  	  Tajima,	  University	  of	  München,	  DE.	  
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High Power Laser Technology for Accelerators 

A joint International Committee on Future Accelerators (ICFA) and International Committee on 
Ultrahigh Intensity Lasers (ICUIL) whitepaper 

EXECUTIVE SUMMARY 

  
Particle accelerators, which made fundamental contributions to science and society over the last century, 

are poised to continue making great strides—enabled in part by remarkable recent and anticipated progress in 
lasers.   Modern accelerators have become increasingly dependent on laser technology for a variety of uses, 
ranging from the production and manipulation of electron beams to novel acceleration techniques and 
advanced light sources.  The demand for high average laser power even in near-future accelerator applications 
is already outpacing the state of the art in lasers.  A class of more-futuristic accelerators for particle physics, 
driven entirely by lasers, would require average laser power far exceeding today’s state of the art.   

To ensure that the laser and accelerator communities understand each other’s needs and to assist them in 
vigorous progress, the ICFA and ICUIL have set up a standing Joint Task Force, which held an international 
workshop.1  The JTF identified four areas of particular interest: colliders for high-energy physics; laser 
stripping for H- sources; light sources (such as x-ray free electron lasers), and medical ion therapy 
accelerators. That first JTF Workshop set forth the requirements for laser performance in each of these areas 
and  assessed laser technologies that could meet these requirements, as detailed in this  whitepaper. 

The primary conclusion of that first Workshop was that all these applications will require progress in 
various laser parameters.    Important aspects of the fundamental science of laser-driven accelerators have 
been successfully demonstrated.  New proof-of-principle experiments are underway to demonstrate higher 
electron beam energies, to develop techniques for more control over the accelerator, and to engineer higher 
degrees of stability and flexible tunability.  In addition to further development of the underlying accelerator 
technology, there is an urgent need for development of laser technology to drive future accelerators and their 
applications.  

The following aspects of laser development were explored: 
• Power.  Improvements in average and peak power are needed for all of the application areas under 

consideration, especially colliders for high-energy physics.  Advances in these parameters made on 
behalf of the accelerator community will have spinoff benefits for other uses.  In turn, accelerators 
should benefit from laser advancements made for other purposes, though we recommend that the 
accelerator community should advise upon programs and steer them toward its needs, rather than 
hoping that these specialized and demanding needs will be addressed by others.   

• Efficiency. To deploy and continue to advance accelerators and radiation sources, the accelerator field 
will need not only high average power and high peak power lasers, but also high “wall-plug” efficiency. 

• High Power Optics.  Both laser components and optics that can withstand high-average-power 
operation will be crucial to these advances. 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  First Workshop of the Joint ICFA-ICUIL Taskforce on High Average Power Lasers for Future Accelerators, GSI 
(Darmstadt, Germany), April 8-10, 2010.	  	  	  
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• Multi-way, interactive R&D cooperation. Engagement of the national labs, universities and industry 
will be essential for comprehensive R&D of new materials and new architectures for lasers, as well as 
for novel concepts in acceleration and radiation generation. 

• Graduate and postdoctoral education. Innovation in accelerator and laser science and technology can 
be strengthened by expanding opportunities for training of students and postdocs. In some areas, better 
funding will be needed to bring in competition and foster stronger ties with other disciplines. Operating 
user facilities at national laboratories, with support for university researchers, are excellent for this. 

 

Overall Findings 

The JTF has identified several promising candidate technologies that could provide a path to the laser 
parameters required by future accelerator applications. A vigorous R&D program on these technology 
candidates is needed in the near future.  The research should be guided in part by the laboratories that will 
benefit from each application.  This collaboration between ICFA and ICUIL could play a crucial role, with the 
accelerator scientists providing guidance on what is needed, and the laser scientists on what is possible.  

The average power and efficiency requirements of HEP applications may be met by some of these 
technologies after a period of development effort. Thus it is important to start a vigorous research program to 
start and incubate some of these technologies. Considering the size of the gap and the timing of the users’ 
needs, it would be a long-range R&D program, perhaps five to ten years.   To assess its potential, we 
recommend that exploratory-level research on a modest scale be started immediately. 

Other applications are less demanding than colliders, but still need high average power and efficiency from 
their lasers.    Their goals might be reached en route to the ultimate goal of lasers suitable for colliders, and at 
a much earlier date.   A large scale real-world use of these interim results could provide leverage, scalability, 
and new technologies that are helpful in achieving the final goal.  

This whitepaper is organized by application area.  Discussed first are lasers in high-energy and high-
intensity accelerators.  Then comes a discussion of laser stripping for H- generation in ion sources.  The next 
chapter discusses lasers as they relate to light sources: photocathodes, FELs, etc. including Compton and 
Thomson scattering against an electron beam, or high-harmonic generation in gases.  Laser applications in 
medical accelerators for proton and heavy-ion therapy are covered next.  Finally a draft roadmap for laser 
development in support of these areas is presented, showing our vision of a long-term R&D program joining 
the user perspective of the accelerator community with the expertise of laser laboratories. This roadmap will 
be further developed in an upcoming workshop. 
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INTRODUCTION AND MOTIVATION 

Lasers are essential to modern high performance accelerator facilities that support fundamental science and 
applications, and to the development of advanced accelerators.  For present-day light sources they are used to 
drive photocathodes in high-brightness electron guns; to control and measure beam properties; and to seed the 
amplification process in the latest generation of light sources that rely on electron-beam-based free-electron 
lasers.  (At the user beamlines of light sources, they are also widely used in pump-probe experiments.)  In 
accelerator and radiation science, which aims at developing advanced acceleration and radiation source 
concepts, lasers provide the power for laser plasma accelerators or dielectric-structure-based direct-laser 
accelerators.  Lasers are also used in radiation sources, such as those producing high harmonics in gases, or 
those producing intense gamma-ray beams via Compton or Thomson scattering against relativistic electron 
beams. 

The performance of lasers has grown in dramatic ways, thanks to inventions such as chirped pulse 
amplification.  Today,  lasers can achieve petawatt-level peak power operating at 1 Hz; lower-energy systems 
(10 mJ) can operate at tens of kHz.  These performance improvements have enabled a vast range of scientific 
opportunities, including proof-of-principle experiments on the most advanced accelerator concepts.  As these 
laser-based techniques mature, the need for higher average power has come to the fore.  Higher average 
power enables laboratory-tested concepts to be turned into facilities:  light sources that serve a broad range of 
users; industrial and medical applications; or the most demanding of all, particle colliders.  

Developing high average power (tens to hundreds of kilowatts), high peak power (petawatt) lasers is an 
extremely challenging task that will take several decades of aggressive R&D and, most likely, revolutionary 
new concepts and ideas. 

 

Joint Task Force and Workshop Structure and Participation 

The 2009-2011 membership of the JTF consists of members of the ICFA Beam Dynamics Panel (Ralph 
Assman, ICFA Beam Dynamics Panel chair Weiren Chou, Ingo Hofmann, and Kaoru Yokoya); the ICFA 
Advanced and Novel Accelerator Panel (Bruce Carlsten, Dino Jaroszynski, Wim Leemans, Akiro Noda, 
James Rosenzweig, Siegfried Schreiber and Advanced and Novel Accelerator Panel chair Mitsuru Uesaka); 
and ICUIL (Chris Barty, Paul Bolton, Robert Byer, Almantas Galvanauskas, Wim Leemans, and Wolfgang 
Sandner).  Leemans is the chair of the JTF.   

To understand what is needed and to plan how to build it, leading scientists from the accelerator and the 
laser communities convened in the First Workshop of the Joint ICFA-ICUIL Taskforce on High Average 
Power Lasers for Future Accelerators, GSI (Darmstadt, Germany), April 8-10, 2010.  The workshop’s local 
organizing committee was chaired by Ingo Hofmann.   The workshop had 47 participants in all; they came 
from China (1), France (4), Germany (18), Japan (4), Switzerland (2), the UK (4) and the US (14). 
Accelerator experts from the collider, light source, medical accelerator, and advanced accelerator concepts  
communities were present.  On the laser side, experts in solid state lasers, fiber laser, diode pumping, chirped 
pulse amplification based systems and optical components attended. 
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The goals of the workshop were to: 

• Establish a comprehensive survey of requirements for laser-based light and particle sources, with 
emphasis on sources that can advance light and particle driven science, and that require lasers beyond the 
state of the art or at least the state-of current use.  Emphasis was placed on the fact that the workshop was 
not intended to carry out a down-selection of specific designs or technology choices, but instead, was 
meant to take an inclusive approach that represents a community consensus. 

• Identify future laser system requirements and key technological bottlenecks. 
• From projected system requirements, provide visions for technology paths forward to reach the survey 

goals and outline the laser-technology R&D steps that must be undertaken. 
 

The workshop was organized around four “work packages” by content:  Colliders (led by Weiren Chou); 
Light Sources (led by Wim Leemans); Medical Applications (led by Mitsuru Uesaka); and Lasers (led by 
Chris Barty and Wolfgang Sandner). 

The first day of the workshop featured plenary talks covering the different work packages, followed by 
discussions of the material presented.  The second day was devoted to working group discussions and 
material development and gathering.  On the third and final day, final discussions were held, followed by a 
summary and assignment of follow-up tasks for manuscript preparation. 

The outcome of those discussions and writing assignments is this whitepaper, organized along the same 
lines as the work packages.  The first chapter lays out requirements for lasers in	   future	   high-‐energy	   and	  
high-‐intensity	  accelerators.  Light sources and medical applications are discussed in the next three chapters.  
Laser technology that has the potential to provide higher average power than today’s systems, and future 
concepts that need to be developed, are discussed in the next two chapters. The final chapter gives a summary. 

Other International Workshops and Projects 

Listed below are some notable examples of the emerging international dialogues and projects that bring 
together the laser and accelerator communities. 
• Extreme Light Infrastructure (ELI): ELI-Beamlines (Prague) plans to provide a testbed for laser 

accelerators for high energy physics (on the order of 50-100 GeV). ELI-Nuclear Pillar (Bucharest) is 
planning an experimental facility for high energy acceleration and high energy gamma beam physics. 

• CERN is organizing the EuCARD EuroNNAc (European Network for Novel Accelerators) to study, among 
other things, high energy laser wakefield accelerators. They intend to organize a pan-European and possibly 
worldwide network, and hosted a workshop May 3-6, 2011. This is a potential funding opportunity. 

• KEK hosted a workshop called “Physics in Intense Fields 2010” in Tsukuba to  connect the communities of 
fundamental physics (including particle physics/high energy physics) and intense lasers. The workshop was 
held Nov. 24-26, 2010, and its Proceedings have been published.   

• ILE (L’Institut de la Lumière Extrême) organized the “Bridgelab Symposium” on Jan. 14, 2011 at L’Orme 
(CEA), France, to connect the accelerator labs and laser labs and to inaugurate the L’Orme lab site bridging 
these communities. R. Heuer, Director-General of CERN, was plenary speaker. 

• ICAN (International Coherent Amplification Network) is a proposal to the European Union for the study of 
coherent amplification technologies for producing high average power and high efficiency that can match 
the collider needs. These include the fiber laser and thin disk laser technologies.  Submitted to the EU last 
year, the project has been selected and is in budget negotiation. 
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1. LASER APPLICATIONS FOR FUTURE HIGH-ENERGY AND 

HIGH-INTENSITY ACCELERATORS 

The very high gradients (~10 GeV/m) possible with laser plasma acceleration open up new 
avenues to even higher energy and more compact e+e– or muon colliders, compared to RF 
technology  (see W. Leemans and E. Esarey, Physics Today 62, 44-49 (2009)).  This workshop 
investigated the beam and laser parameters of a 1-10 TeV, 1036 cm-2s-1 e+e- collider based on 
two different technologies – laser plasma acceleration (LPA) and direct laser acceleration 
(DLA). The main challenges to the practical achievement of laser acceleration are: high 
average power (~100 MW), high repetition rate (kHz to MHz), high efficiency (~40-60%) and a 
cost that ideally would be an order of magnitude lower than that of RF based technology. The 
workshop also studied the laser requirements for a 200 GeV γγ collider, proposed as the first 
stage of a full scale ILC or CLIC. The required laser systems for such a collider may be within 
reach of today’s technology. 
 

 
The consensus in the world high-energy physics community is that the next large collider after the LHC 

will be a TeV-scale lepton collider. Options currently under study include the ILC (0.5-1 TeV), CLIC (up to 3 
TeV), and the muon collider (up to 4 TeV), all using RF technology.  

The very high gradients (~10 GeV/m) possible with laser acceleration open up new avenues to reach even 
higher energy with more-compact machines (important because “conventional construction” and mechanical 
assemblies are large and costly components of such facilities).  This workshop set forth a set of beam and 
laser parameters for a 1-10 TeV e+e– collider based on two different laser-based technologies – laser plasma 
acceleration (LPA) and direct laser acceleration (DLA).  

Because the effectiveness of a collider is judged by its luminosity, and the cross section for a process 
creating a large mass M varies as 1/M2, a high-energy machine must also have high luminosity. The 
luminosity goal for a 10 TeV collider is 1036 cm–2s–1, a factor of 100 higher than for a 1 TeV machine. To 
reach this goal, the laser system must have high average power (~100 MW) and repetition rate (kHz to MHz). 

Moreover, the laser-based collider must have high wall-plug efficiency in order to keep power 
consumption at a reasonable level. To set this efficiency goal, the workshop compared the efficiency of a 
number of large accelerators that are in an operational or a design phase. The results are listed in Table 1-1.  
The goal for efficiency of an LPA-based collider was set at 10%. 
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Table 1-1: Comparison of wall-plug efficiency of various accelerators. 

Accelerator Beam Beam energy 
(GeV) 

Beam power 
(MW) 

Efficiency 
AC to 
beam 

Note on AC power 

PSI Cyclotron H+ 0.59 1.3 0.18 RF + magnets 
SNS Linac H– 0.92 1.0 0.07 RF + cryo + cooling 
TESLA 
(23.4 MV/m) 

e+/e– 250 × 2 23 0.24 RF + cryo + cooling 

ILC 
(31.5 MV/m) 

e+/e– 250 × 2 21 0.16 RF + cryo + cooling 

CLIC e+/e– 1500 × 2 29.4 0.09 RF + cooling 
LPA e+/e– 500 × 2 8.4 0.10 Laser + plasma 

 
It is difficult to set a reasonable goal for cost. Ideally, the  cost should be significantly lower than that of 

colliders based on RF technology. Take the 0.5 TeV ILC as an example. The total estimated cost is about 
$8B, of which about 1/3 is the RF cost. This gives roughly $5M per GeV for RF. The laser cost of a LPA or 
DLA collider should be an order of magnitude lower than the RF cost of conventional colliders in order to be 
most attractive. 

The workshop also studied the laser requirements for a 200 GeV γγ collider. This idea, originated at BINP, 
is interesting because the cross section for Higgs production in a γγ collider is significantly larger than that of 
an e+e– collider of the same energy. In 2008, it was proposed to ICFA to build a 180 GeV γγ collider as the 
first stage of a full scale ILC in order to lower the construction cost and realize a more rapid start for the 
project. That proposal was not approved for a number of reasons, including physics potential, cost saving 
potential, and the need for additional laser R&D.  

This workshop concluded that the required laser systems for an ILC γγ collider may already be within 
reach of today’s technology, whereas for a CLIC γγ collider, the required laser technology could piggyback 
on the inertial fusion project LIFE at LLNL or the high-power laser project ELI in Europe. 

In addition to high-energy colliders, lasers also find application at another frontier–high-intensity 
accelerators. Lasers have been used in beam diagnostics for some time now, including “laser wire” beam 
profile monitoring, as well as beam polarization measurement. These require only low-power lasers. A 
challenge, however, is to use a laser for stripping H– particles during injection into a high-intensity proton 
machine, such as the SNS, J-PARC or Project X. In these MW-scale machines, the thin foils, made of carbon 
or diamond, that have been used for stripping would experience a severe heating problem and have limited 
lifetime. Experiments have demonstrated that a laser beam interacting with H– particles can convert them to 
protons. However, to replace foils in real machine operation, the laser must have high average power (kW) 
and high repetition rate (hundreds of MHz). This workshop investigated the required laser parameters for the 
SNS and Project X. 

1.1. One- to Ten-TeV e+e– Colliders Based on Laser Plasma Acceleration 

Advanced acceleration techniques are actively being pursued to expand the energy frontier of future 
colliders.  Although the minimum energy of interest for the next lepton collider will be determined by high-
energy physics experiments presently underway, it is anticipated that ≥1 TeV center-of-mass energy will be 
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required. The laser-plasma accelerator (LPA) is one promising technique for reducing the size and cost of 
future colliders—if the needed laser technology is developed. LPAs are of great interest because of their 
ability to sustain extremely large acceleration gradients, resulting in compact accelerating structures. [1-3]  

1.1.1.  Design principles of a LPA 

 Laser-plasma acceleration is realized by using a short-pulse, high-intensity laser to ponderomotively drive 
a large electron plasma wave or wakefield in an underdense plasma (see Figure 1-1).  The electron plasma 
wave has relativistic phase velocity—approximately the group velocity of the laser—and can support large 
electric fields in the direction of propagation of the laser.  

Figure 1-1: Laser-plasma acceleration: An intense laser pulse drives a plasma wave (wake) in a plasma channel, 
which also guides the laser pulse and prevents diffraction. Plasma background electrons that are injected with the 
proper phase can be accelerated and focused by the wake. [1] 

 
When the laser pulse is approximately resonant (duration on the order of the plasma period), and the laser 

intensity is relativistic (with normalized laser vector potential a0 = eA/mec2 ~ 1), the magnitude of the 
accelerating field is on the order of E0[V/m] = 96(n0[cm–3])1/2, and the wavelength of the accelerating field is 
on the order of the plasma wavelength λp[µm] = 3.3×1010(n0[cm–3])–1/2, where n0 is the ambient electron 
number density.  For example, E0 ≈ 30 GeV/m (approximately three orders of magnitude beyond conventional 
RF technology) and λp ≈ 100 µm for n0 = 1017 cm–3.  

Rapid progress in laser-plasma accelerator research, and in particular the demonstration of high-quality 
GeV electron beams over cm-scale plasmas at Lawrence Berkeley National Laboratory, [4] has increased 
interest in laser-plasma acceleration as a path toward a compact TeV-class linear collider. [5] A conceptual 
diagram of an LPA-based collider is shown in Figure 1-2. 
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Figure 1-2: Concept for an LPA-based electron-positron collider. Both the electron and positron arms start with a 
plasma-based injection-acceleration module where controlled injection techniques are applied to produce a high 
quality ~10 GeV electron beam.  Electrons are then accelerated to 1 TeV using 100 laser-plasma modules, each 
consisting of a 1-m long preformed plasma channel (1017 cm-3) driven by a 30 J laser pulse giving a 10 GeV 
energy gain. A fresh laser pulse is injected into each module. Similarly, positrons are produced from a 10 GeV 
electron beam through pair creation and then trapped and accelerated in a LPA module to ~10 GeV. Subsequent 
LPA modules would accelerate positrons to 1 TeV. A luminosity of 1034 cm–2s–1 requires 4×109 particles/bunch at 
a 13 kHz repetition rate. [1] 

 
In the standard laser wakefield acceleration configuration, the electron plasma wave is driven by a nearly 

resonant laser (pulse duration on the order of the plasma period) propagating in a neutral, underdense (λp >> 
λ, where λ is the laser wavelength) plasma. There are several regimes of plasma acceleration that can be 
accessed with a laser driver. Two regimes that have attracted attention for collider applications are the quasi-
linear regime [3] and the bubble [6] (or blow-out [7]) regime.   

The quasi-linear regime is accessible for parameters such that π2rL
2 /λp

2 >> a0
2/2γL, where a0

2 can be written 
as a function of the laser intensity I0;  a0

2 = 7.3×10–19(λ [µm])2 I0[W/cm2] (linear polarization), γL = (1+a0
2/2)1/2, 

and rL is the laser spot size. The amplitude of the accelerating field of the plasma wave in the quasi-linear 
regime is Ez ≈ 0.76(a0

2/2γL)E0. This regime is characterized by regular plasma wave buckets and nearly-
symmetric regions of acceleration-deacceleration and focusing-defocusing (see Figure 1-3). In the quasi-
linear regime, the accelerating and focusing phase regions for electrons and positrons are symmetric, since the 
wakefield is approximately sinusoidal. 
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Figure 1-3: Wakes generated in the bubble (left) and quasi-linear (right) regimes by a laser pulse with a0=4  (left) 
and a0=1  (right).  Top figures are axial electric field, central figures are density, and bottom figures are transverse 
electric fields. The black boxes indicate the accelerating/focusing regions for electrons, and the green boxes are 
for positrons. . (Courtesy C. Benedetti et al., LBNL).  

 
The bubble regime of LPA occurs for laser-plasma parameters such that π2rL

2 /λp
2 << a0

2/2γL. This regime 
is characterized by complete removal of plasma electrons and creation of an ion cavity (see Figure 1-3, left). 
The bubble regime has several attractive features for acceleration of electron beams. Inside the moving ion 
cavity, the focusing forces for electrons are linear (and attractive) and uniform for all phases and the 
accelerating field is independent of transverse position with respect to the cavity axis.  The major drawback of 
the highly-nonlinear bubble regime is that acceleration of positrons is problematic because the entire ion 
cavity is defocusing for positrons, and a positron beam would be scattered transversely.  There does exist a 
small phase region immediately behind the bubble where positrons could be accelerated and focused; 
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however, but there some of the attractive properties of the bubble regime (e.g., uniform accelerating and 
constant linear focusing) are lost. 

The amount of charge that can be accelerated in a plasma wave is determined by the plasma density and 
the size of the accelerating field. The maximum charge that can be loaded—the “beam loading limit”—is 
given by the number of charged particles required to cancel the laser excited wake.  A collider will operate 
with particle bunches that are asymmetric, so that the bunches can approach the beam loading limit without a 
large wake-induced energy spread. The maximum number of loaded charged particles into a small (<< λp = 
2π/kp) segment is approximately N = n0kp

–3 (Ez/E0).  
In general, the energy gain in a single laser-plasma accelerator stage may be limited by laser diffraction 

effects, dephasing of the electrons with respect to the accelerating field phase velocity (approximately the 
laser driver group velocity), and laser energy depletion into the plasma wave. Laser diffraction effects can be 
mitigated by use of a plasma channel with transverse plasma density tailoring, guiding the laser over many 
Rayleigh ranges. Dephasing can be mitigated by longitudinal plasma density tailoring, which can maintain the 
position of the electron beam at a given phase of the plasma wave. Ultimately, the single-stage energy gain is 
determined by laser energy depletion. The energy depletion length scales as Ld ~ λp

3/λ2 ∝ n0
–3/2, and the energy 

gain in a single stage scales with plasma density as Wstage ≈ Ez Ld ∝ n0
–1.  

After a single laser-plasma accelerating stage, the laser energy is depleted and a new laser pulse must be 
coupled into the plasma for further acceleration. This coupling distance is critical to determining the overall 
accelerator length (set by the average or geometric gradient of the main linac) and the optimal plasma density 
at which to operate. One major advantage of laser-driven plasma acceleration over beam-driven plasma 
acceleration is the potential for a short coupling distance between stages, and, therefore, the possibility of a 
high average (geometric) accelerating gradient and a relatively short main linac length. (Reducing the main 
linac length requires the coupling length between stages to be on the order of the length of a single plasma 
acceleration stage.) Although conventional laser optics might require meters of space to focus intense lasers 
into subsequent LPA stages, plasma mirrors show great promise for use as optics to direct high-intensity laser 
pulses, requiring only tens of cm to couple a drive laser into a plasma accelerator stage. A plasma mirror uses 
overdense plasma creation by the intense laser on a renewable surface (e.g., metallic tape or liquid jet) to 
reflect the laser beam.  

The beam-beam interaction at the interaction point (IP) of a collider produces radiation (beamstrahlung) 
that generates background for the detectors and increases the beam energy spread, resulting in loss of 
measurement precision. The beam-beam interaction is characterized by the Lorentz-invariant beamstrahlung 
parameter ϒ (mean field strength in the beam rest frame normalized to the Schwinger critical field). The 
current generation of linear collider designs based on conventional technology operate in the classical 
beamstrahlung regime ϒ << 1. Next generation linear colliders (≥1 TeV) will most likely operate in the 
quantum beamstrahlung regime with ϒ >> 1.   

In the quantum beamstrahlung regime, the average number of emitted photons per electron scales as nγ ∝ 
ϒ2/3 and the relative energy spread induced scales as ΔEγ ∝ ϒ2/3. Assuming that the center of mass energy, 
luminosity, beam power, and beam sizes are fixed, nγ ∝ (Nσz)1/3 and ΔEγ ∝ (Nσz)1/3, where σz is the particle 
bunch length [5]. In this regime, beamstrahlung is reduced by using shorter bunches and smaller charge per 
bunch. Laser-plasma accelerators are intrinsically sources of short (fs) electron bunches, due to shortness of 
the plasma wavelength λp. 
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1.1.2.  Parameters for a TeV class collider based on the laser-plasma accelerator (LPA) 

Tables 1-2 and 1-3 show estimates of parameters for electron-positron colliders for three cases: a 1 TeV 
center-of-mass (CoM) collider with a plasma density of n0 = 1017 cm–3, a 10 TeV CoM collider with a plasma 
density of n0 = 1017 cm–3 (Scenario I in Table 1-2), and a 10 TeV CoM collider with a plasma density of n0  = 
1018 cm–3 (Scenario II in Table 1-2). In all these cases a laser wavelength of λ = 1 µm and an intensity 3×1018 
W/cm2 (a0 = 1.5) is assumed. The laser-plasma accelerator parameters are based on scaling laws for the quasi-
linear regime obtained from simulation codes. A mild plasma density taper is assumed. The length of one 
linac is of order of 0.1 km for the 1 TeV, n0 = 1017 cm–3 case, and of order 1 km for the 10 TeV, n0 = 1017 cm–3 

case.   
The conversion efficiencies assumed are 50% from laser to plasma wave  and 40% from plasma wave to 

beam, so  laser to beam efficiency is 20%. A high laser wall plug efficiency of 50% is also assumed, giving an 
overall efficiency, wall plug to beam, of 10%. Notice that the laser energy per stage per bunch is on the order 
of tens of J (for n0 = 1017 cm–3) and the required rep rates are of the order of tens of kHz (for n0=1017 cm–3), 
clearly indicating the need for the development of laser systems with high average power (hundreds of kW) 
and high peak power (hundreds of TW). The higher rep rate (170 kHz) and higher total wall power (3.4 GW) 
required for the higher plasma density case (n0 = 1018 cm–3) is less favorable than for the n0 = 1017 cm–3 case. 

A process that extracts the energy of the remaining wakefields in the plasma as well as in the bunches has 
been suggested.[8] Inserting circuitry in the plasma as a passive feedback system extracts the wakefield 
energy, converts this energy into electricity, and feeds it into an external circuit. The conversion efficiency is 
on the order of unity.  Thus, it would enhance the coupling efficiency of the laser pulse to the wakefield 
energy by at least a factor of 2 (or even more). 
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Table 1-2: Beam parameters of 1 TeV and 10 TeV e+e– colliders based on LPA technology. 

Case 1 TeV 
10 TeV 

(Scenario I) 
10 TeV 

(Scenario II) 
Energy per beam (TeV) 0.5 5 5 
Luminosity (1034 cm−2s−1) 1.2 71.4 71.4 
Electrons per bunch (×109) 4 4 1.3 
Bunch repetition rate (kHz) 13 17 170 
Horizontal emittance γεx  (nm-rad) 700 200 200 
Vertical emittance γεy (nm-rad) 700 200 200 
β* (mm) 0.2 0.2 0.2 
Horizontal beam size at IP σ*

x (nm) 12 2 2 
Vertical beam size at IP σ*

y (nm) 12 2 2 
Luminosity enhancement factor 1.04 1.35 1.2 
Bunch length σz (µm) 1 1 1 
Beamstrahlung parameter ϒ 148 8980 2800 
Beamstrahlung photons per electron nγ 1.68 3.67 2.4 
Beamstrahlung energy loss δE (%) 30.4 48 32 
Accelerating gradient (GV/m) 10 10 10 
Average beam power (MW) 4.2 54 170 
Wall plug to beam efficiency (%) 10 10 10 
One linac length (km) 0.1 1.0 0.3 
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Table 1-3: Laser and plasma parameters of 1-10 TeV e+e– colliders based on LPA technology. 

Case 1 TeV 
10 TeV 

(Scenario I) 
10 TeV 

(Scenario II) 
Wavelength (µm) 1 1 1 
Pulse energy/stage (J) 32 32 1 
Pulse length (fs) 56 56 18 
Repetition rate (kHz) 13 17 170 
Peak power (TW) 240 240 24 
Average laser power/stage (MW) 0.42 0.54 0.17 
Energy gain/stage (GeV) 10 10 1 
Stage length [LPA + in-coupling] (m) 2 2 0.06 
Number of stages (one linac) 50 500 5000 
Total laser power (MW) 42 540 1700 
Total wall power (MW) 84 1080 3400 
Laser to beam efficiency (%) 
[laser to wake 50% + wake to beam 40%] 

20 20 20 

Wall plug to laser efficiency (%) 50 50 50 
Laser spot rms radius (µm) 69 69 22 
Laser intensity (W/cm2) 3 × 1018 3 × 1018 3 × 1018 

Laser strength parameter a0 1.5 1.5 1.5 
Plasma density (cm−3), with tapering 1017 1017 1018 
Plasma wavelength (µm) 105 105 33 
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1.2.  Ten-TeV e+e– Colliders Based on Direct Laser Acceleration 

The Direct Laser Acceleration (DLA) research effort focuses on development of high-gradient dielectric-
loaded vacuum accelerator structures driven with high-repetition-rate tabletop near-infrared lasers. The 
concept uses dielectric structures to couple very high laser fields to a particle beam, in much the same way 
that microwave structures couple RF fields to a beam, except that the wavelength and dimensions are reduced 
by a factor of 10,000 (from cm to μm). The dielectric structure confines a speed-of-light optical mode that is 
driven by a laser and will accelerate synchronous charged particles, as shown in Figure 1-4.  

In contrast to plasma-coupling schemes, structure-based acceleration offers strong coupling to the particle 
beam, and is fundamentally a linear acceleration process. Consequently, laser pulse energies in the <1 
µJ/pulse range are needed to generate GeV/m-class gradients, the process has no minimum laser energy 
threshold, and efficient energy transfer between laser and particle beam is possible [9]. Lasers with the 
required peak and average power, and >30% wall-plug efficiency, are commercially available. The 
technology to integrate much of the accelerator infrastructure onto a single silicon or silica substrate (an 
“accelerator chip”) exists today and is being advanced rapidly by industry. The program leverages multi-
billion-dollar private-sector investments in semiconductor and telecommunication technology to produce an 
entirely new accelerator technology. 

The primary challenges for this technology are the requirement of exquisite phase control of multiple 
lasers and the reduction in the dimensions from microwave scales to near-IR that lead to very small machine 
apertures. Since carrier-phase envelope methods were proposed in 1999, significant progress in optical phase 
stabilization of ultrashort lasers has occurred, leading to microwave-reference frequency combs for optical 
metrology, and to the efficient, coherent combination of the outputs of multiple lasers  [10]. The small 
apertures require constructing the accelerator structures with micron-scale dimensions. Three styles of 
structures are being considered: photon band-gap (PBG) fibers [11], a 3-D band-gap “woodpile”’ structure 
[12], and a grating structure  [13].  The small dimensions also require small bunch charge and small 
emittances, which are also naturally required by optimum beam loading and beam transport considerations. 
As optimum beam loading bunch charges are on the order of 10 fC, the pulse repetition rate must be 
dramatically raised in order to provide sufficient beam power to attain adequate luminosity. Fortunately, 
repetition rates in the tens of MHz range are natural for fiber lasers and allow for the bunch-by-bunch 
feedback systems that will be necessary to maintain beam control. 

Beam transport though the small aperture requires very small normalized emittances. In a manner similar 
to RF accelerators, microscale periodic focusing elements will play an important role for beam containment in 
the structure vacuum channel. Simple beam transport considerations have led us to a possible FODO lattice 
for beam transport in a PBG fiber accelerator. Focusing elements of 2 cm length, 1 mm bore, and a gradient 
of ~500 T/m spaced ~2 m apart would allow for transport of a beam with an emittance of ~10–10 m-rad 
through a ~1.5 λ aperture typical for these near-field structures. While 0.1 pm is a very small normalized 
emittance, it corresponds to a phase space density of N/ε = 4×1014 e/m, well below the 6×1015 e/m densities 
routinely achieved today from photo-injector sources [14]. 

Early DLA experiments were performed on the Stanford University campus (Figure 1-5), and in 2007 the 
collaboration moved to SLAC and its E163 test facility in the National Linear Collider Test Accelerator 
(NLCTA). Recent successes include demonstration of attosecond bunch train formation [15] and the first 
demonstration of the staging of two laser accelerator sections driven at optical wavelengths. [16] The future 
program will explore the technical limits to laser acceleration, including gradient, acceptance, and emittance 
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preservation, and apply semiconductor and fiber-optic manufacturing techniques to demonstrate an entirely 
new class of structures.  

Tables 1-4 and 1-5 list parameters for a 10 TeV CoM DLA collider.  The intrinsically small bunch charge 
leads to cleaner beam collisions than any other approach considered thus far and may make the DLA 
technique the only reasonable choice at such very high energy. 

 

Table 1-4: Beam parameters of a 10 TeV e+e– collider based on DLA technology. 

Energy per beam (TeV) 5 
Luminosity (1034 cm−2s−1) 105 
Electrons per bunch (×109) 0.002 

Bunch repetition rate (kHz) 25000 
Horizontal emittance γεx  (nm-rad) 0.1 
Vertical emittance γεy (nm-rad) 0.1 
Horizontal beam size at IP σ*

x (nm) 0.064 
Vertical beam size at IP σ*

y (nm) 0.064 
Bunch length σz (µm) 335 
Beamstrahlung parameter ϒ 0.377 
Beamstrahlung photons per electron nγ 0.52 
Beamstrahlung energy loss δE (%) 4.37 
Accelerating gradient (GV/m) 0.5 
Average beam power (MW) 39 
Wall plug to beam efficiency (%) 10 
One linac length (km) 10 

Table 1-5: Laser parameters of a 10 TeV e+e– collider based on DLA technology. 

Wavelength (µm) 8.0 
Pulse energy/stage (nJ) 240 
Pulse length (µm) 1740 
Repetition rate (kHz) 25,000 
Peak power (kW) 17 
Average laser power/stage (kW) 10 
Energy gain/stage (GeV) 1.3 
Stage length [LPA + in-coupling] (m) 2.6 
Number of stages (one linac) 3900 
Total laser power (MW) 156 
Total wall power (MW) 390 
Wall plug to laser efficiency (%) 40 
Laser spot rms radius (µm) 16 
Laser intensity (W/cm2) 6.4 × 109 

Laser strength parameter a0 1.2 × 10-3 
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Figure 1-4: Cartoon showing an integrated silicon woodpile accelerator structure composed of 40 woodpile 
accelerating structures powered from two fiber lasers. At known damage fluences for 2 mm light, 32 MeV energy 
gain in 8 cm is expected. Cutaway of coupler region (inset, upper left, courtesy B. Cowan, Tech-X), and SEM 
image of fabricated silicon woodpile lattice (inset, lower right, courtesy C. McGuinness, Stanford). 

 

 
Figure 1-5: Experimental observation of optical acceleration of optically bunched electrons. The sinusoidal 
variation of energy of all ~350 optical bunches with the phase of the accelerator is plainly visible. Bunches are 
prepared by the IFEL process, and accelerated by the inverse transition radiation process. Maximum observed 
gradient 6 MeV/m is due to low coupling efficiency of ITR process; near-field structures are expected to yield a 
factor of ~100 better gradient. 
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1.3. Two-Hundred-GeV γγ Colliders 

An electron-electron linear collider (whether RF or laser based) can be converted to a photon-photon 
collider by converting the electron beams into photon beams by irradiating laser beams just before the 
collision point as shown in Figure 1-6.  

 
 

Figure 1-6: The principle of a γγ collider. 

This scheme opens the possibility for investigating different physics from the collider than when it is 
operating with charged particle beams. The laser wavelength λL should be as short as possible for creating 
high energy photons from a given electron energy. However, it must satisfy 

λL [µm] > ~4 Ee[TeV], 
 

where Ee is the electron energy, because otherwise the created high-energy photons would be lost by electron-
positron pair creation in the same laser beam. To obtain a narrow photon energy spectrum, the laser beam 
should be circularly polarized, and the electrons longitudinally polarized. Linear polarization may sometimes 
be needed, depending on the physics processes being studied. 

Since the transverse electron beam size at the conversion point is much smaller than the laser spot size, the 
probability of conversion is almost entirely determined by the laser parameters and is independent of the 
electron parameters as long as the electrons go through the entire length of the laser pulse. For almost all the 
electrons to be converted into photons, the required flash energy of the laser pulse is approximately given by 

A = ωL * σC/SL , 
 

where ωL is the laser photon energy, σC the cross section of Compton scattering, and SL the effective cross 
section of the laser beam. SL cannot be too small due to the Rayleigh length requirement. Thus, in any case A 
is about a few joules. On the other hand, the required pulse structure of the laser beam, which must match that 
of the electron beam, strongly depends on the collider design. In particular, a superconducting collider (e.g., 
ILC) and a normal-conducting collider (e.g., CLIC) demand very different pulse structures. The pulse 
structure can be characterized by a few parameters: nb is the number of bunches in a train, tb the interval 
between bunches, nb*tb the train length, and frep the repetition frequency of the trains. The train length is 
milliseconds for superconducting colliders but microseconds or less for a normal-conducting collider. 
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Table 1-6 shows examples of the required laser parameters for low-energy (low-mass Higgs region) γγ 
colliders based on the ILC and CLIC parameters. The parameters for the ILC are based on those given by V. 
Telnov [17], slightly modified according to the present ILC parameters [18]. The parameters for CLIC are 
based on the proposal CLICHÉ [19] with the updated parameters of CLIC [20]. V. Telnov made important 
correction to some of the CLIC parameters as well as providing the laser parameters. [21] (For the ILC a 
possible use of an FEL is proposed [22] but this is irrelevant in the present context.) 

All of these parameters are subject to change depending on the project evolution as well as on the 
optimization of the interaction region. Owing to the long bunch train (980 µs) and large bunch spacing (370 
ns) for the ILC, it is possible to use an optical cavity for accumulating the laser power (the multiplication 
factor Q in the table) so that the requirements for the laser are greatly relaxed, at the cost of a very high 
precision optical system.. [23] This type of optical cavity is similar to that currently under construction for a 
Compton x-ray source at KEK. [24] 

For the CLIC it would be difficult to employ an optical cavity because the bunch train is short (177 ns) and 
the bunch spacing small (0.5 ns). However, the required laser system is similar to a single laser beam line of 
the Laser Inertial Fusion Energy (LIFE) project at LLNL in the US. This laser beam line has an output energy 
of >10 kJ per pulse at a repetition rate >10 Hz, or an average laser power >100 kW. (The LIFE project would 
need a total of 192 lines.) The amplifier can deliver a pulse of 177 ns. A modified front end can readily split a 
continuous pulse to 354 short pulses of 5 J each. Given appropriate funding, LLNL could put together a 10 kJ  
diode pumped module within 3 years. [25] 

The main difference between LIFE and CLIC is the repetition rate (10 Hz vs. 50 Hz). This problem could 
be solved by replacing Nd:glass with ceramic Nd:YAG, which would allow the repetition rate to be increased 
to >50 Hz. Technology similar to this has also been proposed for the Extreme Light Infrastructure (ELI) 
project in Europe. [26] 
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Table 1-6: Beam and laser parameters of γγ colliders. 

Electron Beam Parameters ILC CLIC 
Energy per electron beam (GeV) 100 100 
Max energy of photons (GeV) 60 (75) 60 
γγ luminosity at the high energy peak (1034 cm−2s−1) 0.13 0.19 
Electrons per bunch (× 1010) 2 0.68 
Number of bunches in a train (nb) 2640 354 
Distance between bunches (tb, ns) 370 0.5 
Length of the train (nb*tb , µs) 980 0.177 
Repetition frequency (frep, Hz) 5 50 
Electron bunch length σz (µm) 300 44 
Normalized emittance εx/y (mm-mrad) 10/0.035 1.4/0.050 
Beta-function at IP βx/y (mm) 4/0.3 2/0.02 
Beam size σx/y (nm) 450/7.3 120/2.3 
Distance between conversion point and IP (mm) ~1.5 ~0.5 
Crossing angle (mrad) 25 25 
Laser Parameters   
Wavelength (µm) 1 (0.5) 1 
Rayleigh range (mm), f# ~0.5, 20 ~0.4,18 
Laser pulse energy (J) ~10/Q 5 
Pulse length (r.m.s., ps) ~1.5 ~1 
Peak power (TW) ~2.5/Q 2 
Average power (kW) 150/Q 90 
Laser power in a train (MW) 25/Q 10000 
Cavity enhancement factor Q~300 1 

 
Notes on Table 1-6 (by V. Telnov): 

1) Distance between the Compton conversion point (CP) and the interaction point (IP) is b = γσy. 

2) Thickness of the laser target is equal to 1.2 collision lengths. 
3) Luminosity in the high energy peak means Lγγ(W > 0.8Wmax) 
4) For the ILC, the numbers are given for λ = 1 µm.  Those in ( ) are for λ = 0.5 µm. 
5) For the ILC, λ = 1 µm is OK and λ = 0.5 µm may be possible. But for CLIC only λ = 1 µm is allowed 

because the disruption angle is 1.5 times larger. [The disruption angle is proportional to (N/σz)1/2 .] 
6) “Undulator” parameter ξ2 = 0.15 (0.2) was used for λ = 1 (0.5) µm, corresponding to reduction of 

Wmax by 5%. 
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2.  LASER STRIPPING OF H– PARTICLES IN HIGH-INTENSITY 
PROTON ACCELERATORS 

Lasers have great potential usefulness for stripping H– particles into without the need for foils 
(e.g., in “beam stacking” for a Spallation Neutron Source power upgrade); for production of 
ions through photoionization; and for achieving higher ionization states.  
 

2.1.  Laser Stripping of H– Particles for SNS 

The Spallation Neutron Source (SNS) utilizes charge-exchange injection to “stack” a high-intensity proton 
beam in the accumulator ring for short-pulse neutron production.  In this process, a 1 ms long H– beam pulse 
is transported to a carbon stripping foil located at the injection point of the ring. The electrons are stripped and 
the resulting proton beam is merged with previously accumulated beam. This injection scheme is central to 
the operation of many facilities, including the SNS, J-PARC, ISIS and PSR. 

As the beam power of the SNS is increased from the 1.44 MW design to more than 3 MW as envisioned in 
the SNS Power Upgrade project, the stripping foils become radioactive and produce uncontrolled beam loss, 
which is one of the main factors limiting beam power in high intensity proton rings. 

A “foil-less” charge exchange injection method was first proposed in the 1980s by using a field 
dissociation process. This scheme requires an impractically large laser power, which is indeed the central 
difficulty involved in ionizing neutral hydrogen. Recently, ORNL scientists came up with a three-step scheme 
for laser stripping.  

An H– ion has two electrons. The first electron is loosely bound with a binding energy of 0.7 eV, whereas 
the second one is tightly bound with a binding energy of 13.6 eV. The ORNL 3-step scheme works as 
follows. First, H– ions are converted to H0 by stripping off the first electron in a magnetic field; then H0 atoms 
are excited from the ground state (n = 1) to the upper levels (n ≥ 3) by a laser, and the excited states H0* are 
converted to H+ by stripping the second electron in a second magnetic field. 

In a proof-of-principle experiment, a third harmonic beam from a Q-switched laser was used for stripping. 
The laser generates a 30 Hz, 6 ns pulses with a peak power of ~10 MW at 355 nm. The stripping efficiency 
reached 90%. The positive result has encouraged us to proceed in developing a real scheme for SNS stripping. 
Such a system will need to reach an efficiency of 98%, similar to that of conventional foils. 
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A simple multiplication of 10 MW laser peak power, used in the first experiments, and the duty factor of 
the SNS beam (6%), yields an average laser power of 0.6 MW at 355 nm to strip the entire ion beam. 
Obviously, this power is impractical. Therefore, a number of approaches have been investigated to mitigate 
the requirement of peak/average laser power. 

 
1) Optimization of H– beam parameters  

An appropriate dispersion derivative of the H– beam will be designed to eliminate the Doppler 
broadening of the absorption line width and therefore to reduce the required frequency sweep for the 
laser beam. The vertical size as well as the horizontal angular spread of the H– beam will be 
minimized. The optimization of the H– beam parameters will reduce required peak power of the laser 
to the 1 MW level. Reduction of the bunch length of the ion beam can further reduce the average laser 
power requirement. 
 

2) Macropulse laser system  

At SNS, the H– beam consists of approximately 50-ps long micropulses separated by ~2.5 ns and 
gated into mini-pulses 650 ns long. The period of minipulses, or a turn, is determined by the SNS 
accumulation ring beam path length (~1 µs) and the beam energy. The minipulses are bunched into 
macropulses with a length of 1 ms and a repetition rate of 60 Hz. In order to achieve high efficiency 
laser stripping, the laser pulses need to overlap with each ion beam micropulse at the interaction 
point. The ideal (minimum laser power requirement) condition would be that the laser pulses have an 
identical temporal structure as the H– beam. A prototype of such a macropulse laser system has been 
developed in collaboration with Continuum Inc. It includes a mode-locked seed laser, a pulse picker, 
multi-stage solid-state amplifiers, and harmonic generation crystals to convert infrared beam to UV 
light. The challenges of the macropulse laser system are the high repetition rate and macropulse 
duration. 
 

3) Beam recycling optical resonator 

The photon-hydrogen interaction results in a negligible loss to the laser beam power; it is expected 
that the average power of the laser can be significantly reduced by recycling the laser beam with an 
optical resonator. Different cavity configurations including Fabry-Perot, ring cavity, or cavity with 
built-in harmonic generation crystals need to be investigated. Optical resonator technology is well 
developed for low-power, infrared, and often continuous laser beams. However, for the SNS the 
resonator needs to work on a high intensity UV laser beam. In addition, since the photon-hydrogen 
interaction has to occur inside the resonator, the optics need to operate within a high vacuum, and its 
control electronics need to survive a high radiation dose. These constraints pose severe technical 
challenges in the development of the optical resonator. 
 

Table 2-1 lists the parameters of the SNS H– beam and Table 2-2 summarizes the required laser parameters 
with and without the beam recycling optical resonator. 
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Table 2-1: SNS H– beam parameters. 

Beam energy (GeV) 1.0 (upgrade: 1.3) 

Beam power (MW) 1.4 (upgrade: 3.0) 

Beam macropulse length (ms) 1.0 

Beam micropulse length (ps) 50 

Peak macropulse H- current (mA) 38 

Ring accumulation time (turn) 1060 

Ring bunch intensity 1.6×1014 
Vertical size (mm) 0.6 
Vertical emittance (mm-mrad) 0.225π 
Horizontal size (mm) 3 
Vertical emittance (mm-mrad) 0.225π 

Table 2-2: Required laser parameters for SNS laser stripping. 

Method Macropulse laser Macropulse laser w/ 20× 
resonator 

Laser wavelength (nm) 355 355 

Micropulse length (ps) 50 50 

Micropulse energy (µJ) 50 2.5 

Micropulse repetition rate (MHz) 402.5 402.5 

Macropulse length (ms) 1 1 

Macropulse energy (J) 20 1 

Macropulse repetition rate (Hz) 60 60 

Average power (W) 1200 60 

Temporal profile Flat Flat 

Contrast N/A N/A 

Efficiency Normal solid-state lasers Normal solid-state lasers 

Polarization 100/1 100/1 

Cost Multi $M Multi $M 

Laser beam quality M2 < 1.2 M2 < 1.2 

Pulse stability 1% 1% 

Laser pointing stability (µrad) 1 1 

Laser availability 24/7 24/7 
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2.2.  Laser Stripping of H– Particles for Project X 

Project X at Femilab would convert H– particles to protons at 8 GeV.  Laser stripping would be easier here 
than in SNS because a laser of longer wavelength could be used—the photon energy would be increased by 
the relativistic γ factor (γ = 9.526) due to the Doppler shift. The beam parameters are listed in Table 2-3 and 
the beam pulse structure is shown in Figure 2-1.  

 

Table 2-3: Project X H– beam parameters. 

Kinetic energy (GeV) 8 

Relativistic γ 9.526 

Micropulse length (ps) 15 ps 

Micropulse frequency (MHz) 325 

Micropulse period (ns) 3.1 

Macropulse length (ms) 1.25 

Macropulse current (mA) 20 

Macropulse frequency (Hz) 5 

No. H¯ per micropulse 4 × 108 

No. micropulses per macropulse 4 × 105 

No. H¯ per macropulse 1.6 × 1014 

No. H¯ per second 8 × 1014 
Vertical beam size (mm) 1.5 
Horizontal beam size (mm) 1.5 
Beam power (MW) 1 

 
 

 

 

Figure 2-1: H– pulse structure of Project X. 
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2.3.  Direct Laser Ionization 

Besides their usefulness for stripping particles emitted by an ion source, lasers can also be used to cause 
ionization.   

The photoionization of the ground state of the hydrogen atom H(1s) has been studied extensively in the 
past half century. For low-intensity radiation, there are exact expressions of this process in terms of the cross 
section obtained from the perturbation theory. [27] In this approximation, the incident photon flux density is 
much smaller than 1 atomic unit (a.u.) and the pulse duration is much longer than an optical cycle. However, 
this approximation is no longer valid when intense laser pulses are employed, since the peak electric fields 
can be comparable with or larger than 1 a.u. and the pulse may last only a few optical cycles or even a 
fraction of a cycle. Therefore, perturbative methods are not applicable, and numerical methods for solving the 
time-dependent Schrödinger equation (TDSE) are required. 

Ionization of hydrogen atoms by intense laser pulses is a complex subject that is still not fully understood. 
[28-30] Although many theoretical approaches have been proposed, they typically break down at high laser 
intensities or neglect important aspects of the laser-atom interaction, such as long-range Coulomb interaction 
or realistic pulse shapes. Numerical solutions of the TDSE provide accurate predictions, but are extremely 
computationally intensive and converge slowly at high intensities. Current results show that no simple 
relationship links ionization rate to pulse duration, frequency and intensity, due to competing ionization 
mechanisms, evolving energy levels, resonances and stabilization. 

Calculations performed for 24.8 nm (50 eV), 2.5 fs (30 periods) pulses suggest that intensities beyond 1017 
W/cm2 are required for efficient (>90%) ionization of hydrogen atoms. [31] From an experimental standpoint, 
few absolute measurements of the ionization yield are available. An experiment performed with 600-fs, 248-
nm laser pulses measured ~0.001% ionization for intensities of the order of 1014 W/cm2 .  [32] 

 

2.4.  Three-Step Stripping 

Electrons in hydrogen atoms exposed to intense laser radiation can be excited to higher states. For the 
Project X parameters, the n = 2 transition can be triggered when the hydrogen beam interacts with a 1024 nm 
laser beam at an angle of ~96˚. A laser peak power of ~3.5 MW is required for 90% stripping. 

It may be possible to reduce the required laser energy by decreasing the incidence angle (Figure 2-8). 
However, this approach can only be investigated by performing detailed simulations of the response of 
hydrogen atoms to the laser field. 

Counter-propagating geometry would require a laser at around 1.8 µm, which could be achieved using an 
OPA. However, detailed calculations would be required to establish the powers required and the role of Stark 
shifting, etc. 
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Figure 2-8: Wavelength vs. angle and power vs. wavelength required for ionization of hydrogen atoms. 
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3.  LIGHT SOURCES 

This section discusses the requirements on performance for lasers that are used in conjunction with RF 
accelerators; drivers for laser plasma accelerators that in turn power a free electron laser or other advanced 
radiation source; and for Thomson scattering based gamma-ray sources.  

Lasers already play a significant role in existing light source facilities, but face new challenges with future 
light sources that aim at much higher repetition rates. Ultrafast (femtosecond) lasers reaching 1-10 kW levels 
will be required for seeding and user driven experiments.  Lasers producing a few joules in 30-50 fs pulses at 
high repetition rate (100-1000 Hz) could be used to drive laser plasma accelerator.  Thanks to their ability to 
produce GeV-class, ultra-short, high peak current electron bunches, these laser plasma accelerators could in 
turn drive compact free electron lasers operating in the soft x-ray regime. Higher energy per pulse lasers (~40 
J) would be needed to drive multi-GeV electron bunches for hard-x-ray FELs. 

3.1. Lasers for RF Accelerator Based Light Sources 

Lasers are widely used in today’s RF accelerator based light sources.  Uses range from photocathode gun 
based linacs;  to phase space manipulation (heating) or diagnosis of electron beams;  seeding FELs with high 
harmonics from gases, liquids or solids; and user experiments on high-repetition-rate facilities. 

3.1.1. Guns and heaters 

The requirements for photocathode laser systems are different for various current and future light sources, 
mainly depending on the time structure of the electron beam and the photocathode material. The time 
structure parameters range from low-duty-cycle, single-shot schemes via microbunch trains (burst mode laser 
systems) to CW operation. The photocathode materials can be various metals or different types of 
semiconductors, and thus wavelength requirements can range from the UV (e.g., copper and Cs2Te) to green  
(e.g., alkali antimonite). The laser system has to be synchronized to the RF system with a precision of a small 
fraction of a degree of the specific RF phase, and almost all projects require temporal and spatial laser pulse 
shaping.  

Besides the requirements for high power laser systems for burst mode and CW operation, two additional 
fields of research have been identified: 3D ellipsoidal shaping of the laser pulses, and alternative cathode 
material developments. 

A key parameter to extend the performance of short wavelength light sources is transverse emittance, 
which must be reduced. This quantity has a cathode dependent lower limit (thermal emitttance).  Space charge 
and RF curvature can cause further emittance growth. To minimize these other sources of emittance growth, 
3D ellipsoidal shaping is promising: simulations for a 1 nC bunch showed a > 25% reduction of the projected 
emittance and >10% reduction of the central slice emittance, in comparison to an optimized “beer can” laser 
pulse shape.  

Smaller transverse emittance will extend the scientific reach of short wavelength FELs by, e.g., lasing at 
even shorter wavelengths; allowing saturation at lower beam energy or with shorter undulators; two-color 
lasing; and higher levels of transverse coherence at lower beam energies. In addition, the longitudinal phase 
space is very linear, enabling smoother bunch compression. At low bunch charges, very short electron 
bunches can be produced, allowing longitudinally coherent FEL laser pulses (single spike lasing). This 
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shaping will also reduce the beam halo, reducing the radiation damage to undulator segments and diagnostics 
components. 

Table 3-1 summarizes the laser requirements of photocathode systems. 
 

Table 3-1.  FEL photocathode laser systems requirements.  Powers listed assume a factor of 10× for overhead 
associated with spatial and temporal shaping as well as transport losses.  Yellow indicates that some further 
development is needed; red indicates a need for significant R&D.  

 
Type Wavelength Pulse 

energy 
Pulse 

duration 
Rep rate Peak power Average 

Power 
Comment 

Yb fiber  

Tunable, 
frequency 
doubled to 

475–558 nm 
on cathode 

0.5–90 
nJ green 
5–700 nJ 

IR 

1–50 ps 
(FWHM) 

Up to 1 MHz 
1.8 kW green 

14 kW IR 
0.1 W green 

0.8 W IR 

Photocathode laser 
for alkali antimonide 
cathodes. Temporal 
and spatial pulse 
shaping, and 
synchronization are 
required.  

IR quadrupled 
200 nm on 

cathode 

 
100 nJ 

UV 

 

1–50 
ps(FWHM) Up to 1 MHz 2 kW UV 

0.1 W UV 
 

10s W IR 

Photocathode laser 
for cesium telluride 
cathodes. Temporal 
and spatial pulse 
shaping, and 
synchronization are 
required. 

IR  quadrupled 260 nm 
20nJ – 

1uJ 20 ps 
180 kHz – 9 

MHz  2 W UV 
Photocathode drive 
for CW Euro-XFEL 

IR quadrupled 
260 nm on 

cathode 

 
10 uJ 
UV 

 

20 ps 
(FWHM) 

Up to 5 MHz 
burst 500 kW UV 

50 W UV 
burst               

3 W avg             
500 W IR 

burst 

5 MHz burst mode for 
0.6 ms 

IR Doubled 
510-532 nm 
on cathode 

 
100 nJ 
Green 

 

10 
ps(FWHM) 

Up to 1.3 
GHz 10 kW Green 

130 W Green 
500-1000 W 

IR 

For future ERL 
upgrades to 1.3 GHz  
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Another important field of research is the study of different cathode materials. Besides the usual aim of 
high quantum efficiency at manageable vacuum requirements, cathode development has goals that include:  
• Lowering the power requirements and simplifying the photocathode laser system if high quantum 

efficiency photoemission at longer wavelength (green spectral range) can be used. 
• Improving the usability of different cathode materials in superconducting RF cavities. Besides heat 

deposition by the photocathode laser beam, the RF joint with the cavity and the compatibility with high 
gradient SC cavities are issues. 

• Reducing the thermal emittance. Since the solid state properties of the photocathode also determine the 
thermal emittance for given laser spot size, a proper choice of cathode material will have increasing 
proportional importance when the other sources of emittance are reduced further and further. 

Laser heater systems are needed in many facilities for increasing the uncorrelated momentum spread of the 
electron beam from photocathode RF guns (Table 3-2).  Usually, though, they can rely on the residual IR 
radiation from the photocathode drive laser system.   

 
 

Table 3-2. Laser systems requirements for the heater laser of an FEL laser.    
 

Type Wavelength 
 

Pulse  
energy 

Pulse  
duration 

Rep rate 
 

Peak  
power 

Average 
power 

Comment 

IR 800 nm ~10  µJ  50 ps 
(FWHM) 1 MHz 200 kW 10 W 

Residual IR from 
drive laser is 
typically suitable 

.  
 

3.1.2.  FEL seeding 

Today’s EUV, soft X-ray and hard X-ray free electron lasers are based on the self-amplified spontaneous 
emission (SASE) principle. While this is a very robust mode of operation, it makes it difficult to generate 
photon pulse properties tailored to scientific user needs in terms of defined pulse shape and length, 
longitudinal coherence, and timing stability. The drawbacks in FEL beam quality mainly stem from the SASE 
process starting up from shot noise, which results in considerable spectral and energy fluctuations. 

Seeding the amplification process with external radiation rather than shot noise is a promising method to 
increase the spectral brilliance and to achieve pulses that are stable in frequency spectrum and in energy. The 
output power of the seeded FEL is concentrated in a single line, which is many times narrower than the 
spectrum of the conventional SASE FEL (Fig. 3-1).  

External seeding also makes it possible to synchronize the seeded FEL pulse with an additional pump-
probe laser system to better than the pulse length, which is typically 10 fs or less. Synchronization to the fs 
level opens a wide field for revolutionary ultra-fast physics experiments. Such novel synchronization schemes 
are being developed at FLASH, Fermi@Elettra [33, 34] and other places. These systems are based on 
compact ultra-stable fiber laser systems providing a timing reference. Synchronization systems are not yet 
mature and need considerable R&D. 
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Figure 3-1: Typical wavelength spectral distribution of a single SASE FEL pulse. Red: calculated for a typical 
SASE process starting from shot noise. Blue: with external seeding. 

 

Seeding of the amplification process by an external laser pulse has been considered for a long time and 
was demonstrated in a proof-of-principle experiment at SCSS/Japan. [35] Seeding improves the FEL beam 
properties considerably and thus extends the range of possible applications. A method of producing the seed 
radiation is the generation of higher harmonics (HHG) from near-infrared femtosecond laser pulses in rare gas 
media. [36, 37] Odd harmonics of the laser fundamental are created and used as seeding radiation pulses.  

Beyond fundamental issues in the realization of seeding at VUV and X-ray wavelengths, it is particularly 
challenging to realize a femtosecond laser system for very short pulse lengths. The minimum pulse duration is 
determined by the bandwidth of the FEL gain process, resulting in a natural coherence time of approximately 
4 fs at VUV wavelengths (at FLASH, for example) and below 1 fs at X-ray wavelengths. The seed pulse 
should be shorter than the electron bunch, thus increasing the impact of longitudinal slippage effects. As an 
example, simulations show that a seed energy of a few nJ (or 50 kW peak power) with >1 eV bandwidth is 
required at FLASH to seed a wavelength of 7 nm.  

Due to the low conversion efficiency of the HHG process (~10-6 to 10-8) and transport losses, the energy of 
the external laser pulse has to be at least 5 mJ, which means close to 1 TW peak power. These power levels 
are particularly problematic at high rep rates, where the resultant average power is hundreds to thousands of 
watts. Methods for enhancement of higher order harmonic generation process (i.e., quasi-phase-matching) 
should also be considered as a possibility to reduce the energy requirements for the driver laser.  

Table 3-3 shows the parameters for future fourth generation light sources and Table 3-4 shows the 
respective seed-laser parameters for cw FELs and burst mode FELs. To name an example, a prototype 
beyond-state-of-the-art seed laser is being developed for FLASH. At present, several tens of µJs at 7 fs are 
achieved with a repetition rate of 100 kHz. In the near future, an upgrade to 1 to 3 mJ per pulse as required for 
the HHG seeding process is planned. [38].  

Other methods of seeding are multiplication techniques like high gain harmonic generation HGHG [39], 
echo-enhanced harmonic generation EEHG [40] and various other combinations. [41] It has also proposed to 
use FEL based lasers for self-seeding approaches. [42] Since it is not at all obvious which of the seeding 
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options will be the most efficient and cost effective path forward, and the answer may even vary from 
machine to machine, experiments are scheduled.  

For high average brilliance FELs like burst-mode FELs (FLASH [43] and the European XFEL [44]); cw 
FEL proposals (NGLS [45] and NLS [46]); or Energy Recovery Linacs (Cornell ERL [47], BerlinPro [48]), 
average laser power would have to be in the kW range. As an example, a repetition rate of 1 MHz asks for a 
seed laser with an average power of 5 kW.  Repetition rates beyond 1 MHz, e.g., 4.5 MHz for the European 
XFEL, or 1 GHz for the ERL upgrade proposals) need considerable R&D, as they are beyond the reach of 
present technology. The main problems to be solved are similar in all high power lasers: the removal of heat 
together with the need for efficient pumping schemes (e.g., for optical parametric chirped amplification). 

 
 

Table 3-3: Parameters of a Future FEL Source.  
 

Type High rep-rate seeded FEL facility 
(CW SCRF Linac) 

E (GeV) 2.5 
I (mA) 1 
εx (εy) (mm-mrad) ≤ 0.8 (norm.) 
Spectral peak (keV) 1 
Peak brightness (ph/s/mm2/mrad2 /0.1%BW 
@spectral peak) 

1029–1033 (depends on FEL 
configuration) 

Average brightness (ph/s/mm2 /mrad2 /0.1%BW 
@spectral peak) 

1018–1026(depends on FEL 
configuration) 

Average flux (ph/s) 1013–1017 

Average coherent flux (ph/s) ~ full coherence 
Photons/ pulse 108–1012 

Charge/bunch (pC) 10–1000 
Beam pulses per second 106 
Beam pulse length ~100 fs 
Machine size C or L (m) 700 
Cost & Schedule $ 1B; 10-year construction 
Comment LBNL design concept 

 
 
 
 
 
 
 
 
 
 
 
 

 



 

 28	  

Table 3-4: FEL Seed Laser and User Systems Requirements.   Yellow indicates that some further development is 
needed; red indicates a need for significant R&D. 

 
Type Wave-

length 

 

Pulse 
energy 

Pulse 
duration 

Rep rate 

 

Peak power Average 
power 

Comment 

IR	  drive	  w/	  
multiplication	  

800	  nm	  
quadrupled	  
to	  200	  nm	  

~10s	  	  µJ	  
UV	  and	  IR	  
both	  

required	  	  

few	  cycle	  
IR	  to	  –
100s	  

fs(FWHM)	  

10–100	  kHz	   Up	  to	  GW	  	  
~1	  W	  UV	  
~10s	  W	  IR	  

EEHG	  	  
UV	  and	  IR	  both	  
required	  at	  
electron	  bunch	  	  
CEP	  stabilization	  
required	  for	  
ultrafast	  pulses	  

IR	  drive	  	  w/	  
multiplication	  

200	  nm	  
Tunable	  at	  
the	  electron	  
bunch	  

~10s	  	  µJ	  
UV	  	  

10	  –100s	  
fs	  

(FWHM)	  
10–100	  kHz	   ~100	  MW	  	  

~1	  W	  UV	  
~10s	  W	  IR	  

HGHG	  

IR	  drive	  Direct	  
IR	  drive	  

laser	  30	  nm	  
to	  e	  bunch	  

~5	  	  nJ	  @	  
30	  nm	  	  

~10–50	  
fs(FWHM)	  

10–100	  kHz	  
100	  kW	  (@	  
30	  nm)	  

500	  µW	  (@	  
30	  nm)	  

~500	  W	  IR	  

HHG	  -‐	  CEP	  
stabilization	  
required	  for	  
ultrafast	  pulses	  

IR	  drive	  
Direct	  
Burst	  

IR	  drive	  
laser	  

4-‐40	  nm	  to	  
electron	  
bunch	  

~5-‐50	  	  nJ	  
@	  4-‐40	  
nm	  	  

~5–50	  fs	  
(FWHM)	  

5	  MHz	  
Burst	  

100-‐1000	  
kW	  	  

	  50	  kW	  IR	  
200W	  avg	  

HHG	  -‐	  CEP	  
stabilization	  
required	  for	  
ultrafast	  pulses	  

IR	  drive	  
Direct	  

IR	  drive	  
laser	  

30	  nm	  to	  
electron	  
bunch	  

~5	  	  nJ	  @	  
30	  nm	  	  

~10–50	  fs	  
(FWHM)	  

1	  MHz	  
100	  kW	  (@	  
30	  nm)	  

5000	  µW	  (@	  
30	  nm)	  
~5	  kW	  IR	  

HHG	  -‐	  CEP	  
stabilization	  
required	  for	  
ultrafast	  pulses	  

IR drive  
Direct Solids 

IR drive 
laser  

1 nm to 
electron 
bunch 

~5-500  nJ 
@ 1 nm  

~10–50 fs 
(FWHM) 

10–100 Hz 
1 PW IR 

 
.1 - 1 kW IR 

Relativistic 
harmonics from 
solids 

 

3.1.3. Lasers for Users 

Users of light sources will typically require optical lasers in conjunction with the light source beam to 
either pump or probe matter. Because many of these experiments will be investigating matter on time scales 
of the light source x-ray pulses, conventional lasers will need to provide short pulses at the rep-rate of the 
light source. These conventional pulses will need to be energetic enough to excite states in matter to be 
probed by the x-rays and will need to have flexibility in wavelength that allows pumping and probing of as 
many states as possible. In general, this implies tens of mJ of laser energy with pulse widths that range from 
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<10 fs to picoseconds.  Such a laser should also be compatible with harmonic conversion, as well as with 
pumping of optical parametric amplifiers (OPAs).  

Pumping and probing of matter with the x-ray source and a conventional laser implicitly requires a high 
degree of synchronicity between the light source and the optical laser. Pushing this synchronicity to levels 
better than 1 ps will require non-conventional (most likely optical) timing distribution systems. Even with 
timing distribution systems capable of sub-picosecond drift and jitter, the inherent jitter in many of the light 
sources will require diagnostics that can measure the relative arrival times of the optical laser and the light 
source or electron bunch at the femtosecond level. In this case, the data can be post-processed with the 
temporal resolution of the measurement of the relative arrival times. 

 

3.2. Lasers for Laser Plasma Accelerator Driven FELs 

In 2006, a cm-scale laser plasma accelerator powered by a 40 TW laser pulse (2.3 J/pulse) produced a 1 
GeV electron beam with a time integrated energy spread of about 2.4%, containing 30 pC of charge.  
Currently, experiments are underway at many institutions to demonstrate that such beams are capable of 
powering an FEL.  Using a conventional undulator with cm-scale period, beams of just a few hundreds of 
MeV would be sufficient to produce extreme ultra-violet radiation in the 5-30 nm range. Production of shorter 
wavelength radiation in the soft x-ray regime (1-5 nm) would require beams with energy on the order of a few 
GeV which could be produced from an LPA by somewhat increasing the length of the accelerator structure, 
reducing the plasma density, and using laser pulses with 5 J/pulse.  Harder x-rays would require yet higher 
laser pulse energy (order 10-30 J) in 100 fs pulses, and plasma structures with length on the order of 50-80 cm 
and densities of order 1-2x1017 cm-3. 

The applicability of this technology for user facilities would require repetition rates that are beyond state-
of-the-art of today’s high peak power lasers.  Operating an FEL at 1-10 kHz would require lasers with 
average power in the 1-10 kW range for soft x-ray FELs and reaching towards 100 kW for hard x-ray FELs. 

Typical parameters are listed in Table 3-5. 
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Table 3-5.  Laser Requirements for Laser Plasma Accelerator Driven FELs. Red shading indicates areas where 
significant further R&D is needed. 

 
Type	   Wave-‐	  

length	  
	  

Pulse	  
energy	  

Pulse	  
duration	  

Rep	  
rate	  
	  

Peak	  
power	  

Average	  
power	  

Wall	  plug	  
efficiency	  

Comment	  

Mode	  
locking	  laser	  
oscillator	  

1	  µm	   50	  mJ	  
10	  ps	  

(FWHM)	  

162.5	  
MHz	  
or	  

81.25	  
MHz	  

5	  GW	  

8125	  kW	  
or	  

4062.5	  
kW	  

50%	  	  
(if	  successful	  
by	  using	  fiber	  

laser)	  

Using	  self-‐starting	  laser	  
amplification	  with	  super-‐
optical	  cavity,	  a	  technology	  
developed	  by	  Y.	  Honda,	  K.	  
Sakaue	  and	  H.	  Shimizu.	  
Demonstration	  of	  average	  
stored	  power	  >	  500	  kW	  this	  
year.	  

Fiber	  laser	   1.03	  µm	  

1.25	  µJ	  
in	  FP	  
cavity	  
~	  30	  mJ	  

1	  ps	  
160	  
MHz	  

1.25	  
MW	  

200	  W	   ~	  40%	   TDR	  phase	  

MOPA	   1	  um	   10	  J	   1-‐100	  ps	   1	  kHz	  
.1	  –	  10	  
TW	  

10	  kW	   >10%	   Also	  a	  pump	  laser	  for	  below	  

MOPA	   .8	   2-‐3	  J	   <	  50	  fs	   1	  kHz	  
40-‐60	  
TW	  

2-‐3	  kW	   ?	  
LBNL	  Laser	  driven	  source	  
Scattering	  laser	  as	  above	  

MOPA	   .8	   15	  J	   5	  fs	   10	  Hz	   3	  PW	   150	  W	   ?	  
Relativistic	  mirror	  for	  
coherent	  keV	  production	  
Needs	  extreme	  contrast	  ratio	  

	  

3.3.  Thomson Scattering Sources for Gamma-Ray Production 

Thomson scattering can provide a wide variety of novel x-ray sources with unprecedented properties. They 
are likely to allow for a new dimension of ultra-fast medical and material diagnostics, and to revolutionize 
remote material analysis, ultrahigh-resolution scattering microscopy and holography.  There are two classes 
of proposed working schemes: those using conventional electron accelerators or storage rings as a scattering 
target, and pure laser schemes, with laser backscattering from laser-accelerated electron beams.  Besides 
classical Thomson backscattering, a novel method exploiting massive "piston"-type acceleration with ultra-
high intensities (exceeding 1020 W/cm2) holds the promise of truly coherent x-ray sources.  Table 3-6 gives 
the parameters of Thomson sources. 

3.3.1. Incoherent hard x-rays 

Development of compact monoenergetic MeV gamma sources could allow special nuclear materials 
(SNM) signatures to be obtained with greatly reduced radiation doses to the target, compared to broadband 
bremsstrahlung sources, and allow increased standoff distance. Narrow energy spread also reduces 
background, which could improve nuclear resonance fluorescence (NRF) signatures.  Thomson scattering of 
laser photons from relativistic electrons produces suitable narrow bandwidth gamma-rays and has been 
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demonstrated on conventional linacs. Electron beams at  200-800 MeV energies can produce photons at  1.7 - 
15 MeV suitable for NRF or photofission interrogation and mrad divergence for remote detection at a standoff 
range of hundreds of meters.  A 300 MeV electron beam with 109 electrons and 2% energy spread (similar to 
what has been achieved in recent experiments), scattering with a 40 J, ps laser, could produce ~3x108 gammas 
at 1.7 MeV matched to the U-235 NRF, with a few-% energy spread and mrad divergence. Electrons at ~700 
MeV would access photofission. 

Several projects for accelerator-based Thomson x-ray sources have been started worldwide.  
 

Table 3-6. Parameters of Thomson sources. Red shading indicates areas where significant further R&D is needed. 
 

Type E (MeV) Energy 
Spread (%) 

I (mA) Spectral 
peak (keV) 

Peak brightness 
(ph/s/mm2/mrad2 

/0.1%BW 

Average 
flux 

(ph/s) 

Photons/ 
pulse 

Charge/ 
bunch 
(pC) 

Pulses /s Pulse 
length 

Cost & 
schedule 

Compact high-
brightness X-ray 
Source (Linac) 

20-50 

 

50 0.2-70 >1017 >1012 >1011 200 5 1 ms  

$ 5M; five-
year R&D to 
be completed 
by 
31/03/2013 

ThomX (Ring) 50 
 

20 47 varying 1012-13 5 × 105 1000 2 × 
107 

1-20 
ps  

€ 5.5M; 3-4 
years 

Conventional 
Compact 
gamma source 

500-
1000   

 
10-3  1000 - 

15000 1.5 x 1021 >1012 
     TBD 

Laser 
Compact 
gamma source 

500-
1000 

 
.1uA 1000 - 

15000 >1023 
 

>1012 
 

>109 .1 – 1 
nC 1000 1-5 

fs TBD 

	  

Laser plasma accelerators (LPAs) produce electron beams with percent energy spread at the required 0.2–
1 GeV energies in 0.2–3 cm [4,5].  Hence LPAs have the potential to reduce the size of SNM gamma sources 
by orders of magnitude. In LPAs , the radiation pressure of a laser drives a space-charge wave, or wake, in a 
plasma producing the high gradient . They also produce fs bunches and may be used for other radiation 
sources including free electron lasers. A project at LBNL is given as an example. 

Although Thomson backscattering can, in principle, work with any kind of laser sources, optimal 
performance in terms of photons per pulse, brightness and average output intensity requires both a high pulse 
energy and a high repetition rate.   In the case of linear accelerator driven devices, where the bunch cycles are 
of high frequency, pulse energies in the range of 50 mJ at a repetition rate of 81.25 MHz—or, better, 162.5 
MHz—would be a good choice. This seems feasible using fiber lasers, with a typically very good efficiency. 
The specific case of a storage ring device can benefit from a large resonator cavity along the interaction 
section, thus reducing the laser power demand by 4 orders of magnitude. 

To produce electrons in the GeV range, laser plasma acceleration experiments have demonstrated the need 
for peak power of the order of 50 TW. High average power operation requires repetition rates on the order of 
one kHz or more. In order to reach average output intensities similar to the accelerator driven sources with 
their higher repetition rate, the backscattering laser has to produce a pulse energy of 10 J with 1- to 100-ps 
pulse duration.  A laser of this class has similar performance to the pump laser required for an OPA-laser 
solution for the laser-acceleration driver. 
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3.3.2.  Future coherent hard x-ray sources 

A novel and yet not well explored alternative to the above sources, at least for the photon energy range of 
10 – 100 keV, is proposed in the “relativistic mirror” concept. Assuming an acceleration of a thin foil by laser 
pressure, an electron “piston” with critical density can be generated, moving at relativistic speed. 
Backscattering from this electron layer, in contrast to Thomson scattering, is expected to affect every single 
photon of the backscattering laser. The specific problem of this approach is the ultra-high intensity level of > 
1021 W/cm2 needed to reach the piston regime, and the ultra-high contrast requirement needed to establish a 
clean interaction process. The development of such ultra-high contrast petawatt sources is, however, an 
important demand of many other applications of lasers accelerators. Parameters for these lasers are also given 
in the above table. 
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4.  MEDICAL APPLICATIONS: PROTON/CARBON THERAPY 

Laser acceleration of protons/ions has the potential to replace current technology used in 
tumor therapy. Such lasers are typically very high peak power (PW class) and require special 
pulse shapes with very high temporal contrast. Compact lasers with multi-kW average power 
will be needed. 

 
The medical application of laser ion acceleration is discussed here in the context of ion beam therapy with 

protons or carbon beams. Worldwide the most common approach to radiation therapy is with photon beams 
(x-rays generated by electron accelerators), which benefit from the affordable cost and compact size of the 
device. The advantage of ion beams lies in the Bragg peak that is characteristic of how protons and heavy ions 
are stopped by matter—they deposit most of their energy across a short distance near the end of their range—
which allows predominant and peaked irradiation in depth at the position of the tumor while sparing healthy 
tissue. This unique radiobiological advantage of protons (and, even more, of carbon beams) is evidenced by 
the success of ion beam therapy in former and existing facilities (Berkeley, Chiba, GSI, and the recently 
completed Heidelberg Ion Therapy facility).  

These facilities, with combined use of proton and carbon beams, rely on conventional accelerator 
technology, where a linear accelerator is used as the injector for a synchrotron. This technology has been 
developed to extremely high efficiency due to 3D scanning techniques in irradiation and proven high 
reliability (up to 98%). Facilities using protons alone are realized cost-effectively by compact cyclotrons. 

Among the drawbacks of synchrotrons are their large size and cost, which limit this approach to larger 
hospitals with three to five treatment rooms. The potential for using laser acceleration instead of a linac and 
synchrotron may be seen in significantly reduced system size and cost, and might offer further advantages 
(facilitating gantry design, for example). 

The most recently built HIT facility is used here as a reference for state-of-the-art performance and cost. 
We assume that maximum flexibility is desired to enable treatment of small as well as large in-depth tumor 
volumes requiring the maximum energy of 250 MeV for protons and 400 MeV/u for carbon. We adopt their 
reference numbers for the required total number of protons / carbon ions per fraction (5 min) as well as peak 
numbers (per second) in a spot-scanning delivery mode. Other parameters (like energy spread and total 
number of voxels) are adjusted to the particularities of laser acceleration, which include a much higher 
production energy spread than in the synchrotron case and a laser pulse rate suggested by current technology.  

Table 4-1 lists the laser parameters for various medical accelerator applications. 
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4.1. Ion Beam Parameters for Medical Applications  

4.1.1. Ion beam production: laser and target parameters 

The laser acceleration of ions provides many orders of magnitude more acceleration gradient than 
conventional acceleration, on the order of 1 TeV/m. Energetic proton and ion beams with high beam quality 
have been produced in the last few years from thick metallic foils (e.g., few-µm-thick aluminum) irradiated 
by ultra-intense short laser pulses.  

The results from most previous experiments have been based on the Target Normal Sheath Acceleration 
(TNSA) model. As these targets are relatively thick, the laser pulse is mostly reflected and the conversion 
efficiency of laser energy to ion energy is normally less than 1%.  The dependence of maximum ion energy 
upon laser intensity is less than a linear function. The maximum proton energy based on the TNSA 
mechanism has improved little since the year 2000 (~68 MeV, the cutoff energy for the exponential 
spectrum). 

Because of the advantage in accelerating limited mass, experiments producing high-energy ions from sub-
micrometer to nanometer targets much thinner than the ones in early experiments, and driven by ultrahigh 
contrast (UHC) short-pulse lasers, have attracted strong interest recently. There are two key issues:  

1) Generation of quasi-monoenergetic ion beams by reduction of intrinsic energy spread. 
2) Accelerating protons to 250 MeV, or C6+ ions to 400 MeV per nucleon via laser foil interaction. 
The possibility of accelerating quasi-monoenergetic ion bunches has already been demonstrated within the 

TNSA regime by restricting the ion source to a small volume, where the sheath field is homogenous. 
However, a very high laser intensity of >1022 W/cm2 is required in order to accelerate protons to above 200 
MeV. A new mechanism for laser-driven ion acceleration was proposed, where particles gain energy directly 
from the Radiation Pressure Acceleration or Phase Stable Acceleration (RPA / PSA). By choosing the laser 
intensity, target thickness, and density such that the radiation pressure equals the restoring force established 
by the charge separation field, the ions can be bunched in a phase-stable way and efficiently accelerated to a 
higher energy.  

In proof-of-principle experiments, quasi-monoenergetic peaks for C6+ at ~30 MeV were observed at 
MPQ/MBI and C6+ at >500 MeV (exponential) and 100 MeV (quasi-monoenergetic) was observed at LANL. 
Furthermore at LANL, quasi-monoenergetic protons at ~40 MeV were generated from thin (nm) diamond-
like carbon foils. Theoretical study shows that the required medical proton beams can be generated from 
hydrogen with a laser intensity of ~1021 W/cm2, and medical carbon beams can be generated from carbon foils 
of submicron thickness with a laser intensity of 1022W/cm2. 

4.1.2. Ion beam quality to treatment area 

The distance from the skin to the deepest tumors in the body determines the required particle energy. From 
the stopping range in water, the necessary acceleration energy for reaching deep tumors is 400 MeV/u for 
carbon and 250 MeV for protons. The number of ions is defined by the dose requirements for killing cancer 
cells. Referring to HIT data, the necessary total number per fraction is estimated to be ~2.5×109 for carbon, 
and ~1×1011 for protons. With reference to the ongoing hadron therapy schedule, the exposure time in HIT is 
usually below  5 minutes, which we have adopted for the laser case.  For spot-scanning delivery, each fraction 
is irradiated in units of “voxels”  (volume elements) with a pulse reproducibility of better than 5%. Using a 10 
Hz laser system, a maximum of 3000 voxels can be irradiated in 5 minutes.  
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The number of ions needed per voxel varies strongly from shot to shot, and is highest in the distal layer.  
This defines the maximum number of ions needed per shot at the top energy.  For a standard 2 Gy dose, and 
an assumed 1 cm2 voxel area, is estimated to be ~2×107 for carbon, and ~7×108 for protons. Then the 
maximum ion irradiation rate at the top energy is ~2×108 ions/s for carbon and 7×109 particles/s for protons, 
which means that the maximum beam power at the tumor is ~0.2 W for carbon and 0.4 W for protons.   These 
numbers must be compatible with the maximum beam power at the laser target (ion source). In the proton 
case, 1010 protons per shot (1011 per second) should be possible, which corresponds to 4 W (and hence a 
significant overproduction to be eliminated by absorbers for a quasi-monoenergetic beam at 250 MeV). 

Ion beam treatment also requires a sufficiently high beam quality (small emittance and controlled energy 
spread) to realize a scanning technique. In principle, the 6D phase space density of the laser accelerated beam 
is extremely high due to the very small production spot radius (~5-10 µm) and the very short production time 
interval (~100 fs). The actual beam quality in the subsequent transport and focusing structure is, however, not 
primarily a function of the production phase space density, but of what can be maintained in the particle 
collection and transport. It can be shown that the predominant factor determining transverse emittance is 
chromatic aberration of a collector lens. The achievable beam quality for an assumed energy spread of ± 5-
10% for SOBP (spread-out Bragg peak) is, however, still consistent with chromatic aberrations of a high-field 
solenoid collector lens. 

Based on this, a typical number of energy steps of scanning in the longitudinal direction is 5 to 10. At the 
top energies (for reaching the distal edge of the tumor) the energy spread probably needs to be smaller to 
minimize irradiation of healthy tissue beyond the tumor.  

   In this report, for the purpose of estimating specifications for future laser systems, we assume a large 
tumor. However, for treatment of much smaller, very early stage tumors, the required number of ions can be 
significantly reduced, as well as the required range of energies. We can use current or future imaging 
resolution limits to estimate the minimum tumor size that can be located and treated. In this case some laser 
specifications might also be lower, and even present technology might allows developing a therapy system for 
animal tests.   Also, for such small tumors, spot-scanning is less likely to be an appropriate delivery mode.     

4.1.3 Reproducibility and reliability 

For irradiating tumor cells, very high reproducibility and reliability are required. In the event of an 
overexposure, the ion beam would deposit the excess energy into healthy cells surrounding the tumor. The 
total dose should be controlled with a high accuracy—to within plus or minus a few percent.  In this sense, by 
increasing the shot rate, we can reduce the total dose error resulting from shot-to-shot dose fluctuation. The 
beam reproducibility for each voxel should be better than 5%, as is already described. The accuracy of 
delivered dose per voxel becomes critical in cases where each voxel is irradiated by only one proton bunch 
from one laser shot (or a few in the case of rescanning or “repainting”). Of course, the total dose accuracy 
depends on the cancer type. It is also essential to address the tumor motion problem (attributed to breathing, 
patient positioning and other organ motion, for example). In this case, the total dose error is thought to be 
within ± 20% at present.   For regular predictable motion such as that caused by respiration, this is typically 
done with gated irradiation.  However, spot-scanning beam delivery combined with tumor tracking can be 
more efficient and is under development.   
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Table 4-1: Parameters of Laser Acceleration for Medical Applications (assuming spot-scanning delivery) 

Parameter HIT (proton/carbon) laser proton laser carbon 

Comments: synchrotron based; 
slow extraction 

RPA, SOBP 
 

Energy of ions (MeV) 250/400 250 400 

Ions per 5-minute fraction   ~ 1×1011 /  2.5×109  (5 
min)  

~ 1×1011 

 (5 min) 
~ 2.5×109 

Voxels per fraction Typically 20k 3k (300 sec x 10 Hz) 
Laser rep rate (Hz)  10 10 
Max. ions per 1 cm2 voxel  
(×108) needed for 2 Gy dose 
in distal layer 

Usually lower due to 
smaller voxels 7 0.2 

Max. ions per second  (×108) 
for spot scanning over distal 
layer 

 70 2 

Energy steps ~ 50  5-10 

Energy spread  <0.005 
±0.05  

(less at distal layer) 
Bunch/laser repetition rate 
(Hz)  10 

Emittances (mm-mrad) 
(before window) 2-3 

~ 20-50 
(depending on transport distance) 

Max ion beam power on 
tumor (W) 0.16   ~ 0.16 

 
~ 0.8  

 

Max  production power (W) ~ 0.16   ~ 4 (1010 p/shot) 
(target dependent) (no numbers) 

	    



 

 37	  

4.2 Requirements for Lasers 

The laser requirements (Table 4-2) are driven first and foremost by the particle energy requirement of 
hadron therapy, i.e., 250 MeV for protons and ~ 400 MeV/nucleon for carbon.  Achieving these energies will 
probably require laser acceleration of ions in the Radiation Pressure Acceleration (RPA),  Phase Stability 
Acceleration (PSA), or Break-out Acceleration (BOA) regimes.  Ion energies achievable in the TNSA regime 
do not scale favorably with laser intensity, and the spectral yields from the targets are typically quasi-
exponential (as opposed to quasi-monoenergetic).    

While intensities beyond 1022 W/cm2 are required to reach the desired carbon energies, simulations indicate 
that the 250 MeV proton energy might be accessible at 1021 W/cm2 with optimum targets. However, the 
optimal target thickness depends on laser intensity, and it is very hard to make a thin, cryogenic liquid or solid 
hydrogen target (which will be required for efficient proton acceleration); therefore the actual optimal 
intensity for a proton machine might be on the same order of magnitude as for carbon.  

Due to the nature of the target—very thin but of very high (solid) density—laser intensity contrast is a key 
requirement, as shown in the table below. These conditions are imperative and cannot be reduced.  

While the optimum laser pulse duration remains unclear, these newer acceleration mechanisms have been 
demonstrated at 45 fs and 500 fs.  It is clear from both experiments and simulations that pulses with fast rise 
time are necessary for highest efficiency, stable acceleration, and a quasi-monoenergetic spectrum.  We 
propose a rise time of ≤20 fs.  

A flat-topped transverse pulse profile in the focal plane is another requirement that will require R&D.  
Altogether, those requirements equate to an energy on target, within a 5 µm radius and with a flat top 

focus, of 150 J in the proton case and 1500 J in the carbon case. For therapy applications those parameters 
must be obtained at a 10 Hz rep rate and with ≤1% stability. For use in hospitals, a compact laser that is part 
of a compact “integrated laser-driven ion accelerator system” (ILDIAS) will be of great value. The overall 
accelerator system has to include space for imaging and spatial filtering devices, a transport beamline with 
appropriate instrumentation, and a sophisticated beam delivery subsystem for treatment.  

Minimizing the laser pulse energy requirement would contribute significantly to minimizing the cost of the 
overall facility.   Ultrashort pulse durations would facilitate reaching the high range of laser intensity that is of 
interest.  The required dose rate should be reached with a minimum repetition rate of 10 Hz. 

With the laser approach it might be possible to reduce cost by reducing the shielding requirements for  
radiation protection and by reducing gantry size. The cost of the building and of the gantry represents about 
50% of the total cost in conventional hadron therapy centers. This part might be reduced by an estimated 
factor of 5.  Further, more-quantitative assessment of these issues is required.  The cost of the laser 
acceleration unit itself (the ILDIAS)  should probably be between 10-15 M€ in order to remain competitive 
with the total cost of a single-treatment-room proton cyclotron facility, which is currently about 20 M€. 
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Table 4-2: Laser parameters. 
	  

Parameter     laser proton  laser carbon 

Laser repetition rate (Hz) 10 
Laser pulse energy (J)  150  1500 

Average power (kW) 1.5 15 

Pulse duration (fs) 50-150 
Peak power (PW) 1-3 10-30  

Intensity (W/cm2) 1-3x1021 1-3x1022 

Laser wavelength (nm) 800-1054 
Spot radius  mp 5 (flat) 
Contrast (at 5 ps/500 ps) 10-8 /10-12 10-9 /10-13 

Pulse rise time (fs) <20 
Efficiency 1-10% 
Polarization lp/cp 
Laser beam quality diffraction limit 
Pulse stability 0.01 
Laser pointing (maser) 
[master?  –jc] 

1-10 

Laser availability 12 h/day (50% duty factor) 
Failure rate <2% 
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5. LASER TECHNOLOGY DEVELOPMENT ROADMAPS 

The definition of specific laser technology roadmaps for future laser-based particle accelerators flows 
naturally from the beam requirements of specific applications, and from the choices of laser-based accelerator 
technologies that may be used to meet these requirements, i.e., laser wakefield acceleration, bubble regime 
acceleration, etc.  For each specific application and laser-based accelerator technology pair, it is possible to 
both define and rank a set of viable laser architectures and to outline the laser R&D challenges associated 
with them.   

In this section we will systematically present the possible laser architectures associated with the 
applications and technology-dependent requirements outlined previously.  While these do not represent all 
possible combinations, they are representative of the breath of possible laser architectures that may be 
required to meet future accelerator applications.   

For each combination of application and accelerator technology choice, representatives of the laser 
community were asked to  

a) Propose specific laser architectures that might meet the accelerator-community-defined laser 
requirements, with emphasis on those requirements deemed to be of highest importance. 

b) Numerically rank, on a scale of 1 to 7, the technical readiness of the each laser architecture to meet 
each of the specific laser requirements, i.e. pulse energy, pulse repetition rate, wall plug efficiency 
etc.  The readiness scores were: 1 – concept only; 2 – initial modeling has been done; 3 – positive 
small scale tests have been performed; 4 – numerical scaling has been completed; 5- a scaling 
demonstration has been completed; 6 – high confidence exists based on previous experiments and 
modeling; and 7 – an existing system of this architecture has demonstrated an ability to meet the 
specific requirement 

c) Subjectively evaluate (high, medium, or low) the technical difficulty of meeting each of the specific 
laser requirements with each laser architecture. 

d) Provide comments where appropriate regarding technical issues or difficulties each specific 
architecture has in meeting the requirements.  

These laser community evaluations are summarized in Table 5-1.  
It should be noted that in the joint task force, the laser requirements provided by the accelerator 

communities were taken at face value by the laser community, i.e., no feedback was provided regarding what 
requirements, if eased or adjusted, might open new and possibly more attractive laser architectures for 
consideration.  Suggestions for such changes are included in the summaries that follow.  

Even though each application looks for separate parameter requirements, many or all applications for HEP 
that we examined in this white paper need improvements of technologies on efficiency and average power in 
particular. This means that we could adopt a strategy of research and development of the following kind. Less 
technologically demanding applications can be deployed in early stages of research, while we take advantage 
of these technical breakthroughs and industrial developments along the way to the more demanding 
applications such as colliders.   
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5.1.  Example: TeV Collider based on a laser plasma accelerator 

 

The summary of requirements put forth by the accelerator community is given in Table 5-1, with  a 
subjective evaluation of the relative importance (from 1: low to 10: critical) of the given requirement relative 
to the particular application.     For example, with respect to the TeV collider application, it is suggested that 
cost and wall plug efficiency are critical requirements, while the pulse duration and pulse energy are not.   

Various combinations of pulse duration and pulse energy can be used to achieve the same net total 
acceleration per stage.  The suggested choice of 56 fs and 32 J at 13 Hz per 10 GeV stage constrains the 
possible set of laser approaches that may be considered to meet these requirements.  In particular the pulse 
duration requirement constrains the choice of laser gain media to those either directly capable of producing of 
pulses of 50 fs or requires the further pulse compression of self-phase-modulated pulses of slightly longer 
duration, e.g., 150 fs.   

The laser architecture choices considered are outlined in Table 5-2.  
The primary challenges for the laser designer are the removal of heat from the laser gain media while 

maintaining beam quality and the simultaneous operation of the laser at wall plug efficiencies approaching 
50%.   The pulse energy and repetition rate requirements imply an average laser power for each 10 GeV 
acceleration stage of 420 kW.   

High quality beams with MW-class average power have been produced by military chemical laser systems; 
however, this technology is not applicable for the TeV collider application.  Chemical lasers are continuous 
wave and not pulsed devices, and consume chemicals during their operation and are thus not suitable for 
operation over many days.   Furthermore, the pulse energy requirements for laser plasma acceleration imply 
the use of a “storage” gain medium (one with relatively low gain and high saturation fluence).  This 
consideration rules out the use of gas laser media or direct laser diode illumination.   

Solid-state (crystalline and glass) lasers can have the requisite gain and saturation fluence. However, the 
state of the art for single-aperture, efficient, diffraction-limited, solid-state lasers is currently approximately 
10 kW with efficiencies on the order of 20%.   The development of solid-state lasers with higher average 
power and efficiency is a subject of significant interest to industry, the military and the inertial fusion energy 
community.  These lasers are based on a two-step process in which electricity is first used to produce low-
beam-quality coherent radiation from arrays of laser diodes, which in turn is used to pump a solid state laser 
medium and produce high-beam-quality output.   

Relative to flashlamp excitation of solid-state laser gain media, diode pumping puts significantly more 
energy directly into excitation of the upper laser level and thus reduces the thermal loading of the gain media 
and increases the overall laser efficiency.  That said, the electrical to optical output of such systems are 
typically well below the desired 50% for the TeV collider application.  Overall efficiency is the product of the 
electrical-to-optical efficiency of the laser diodes and the optical-to-optical efficiency of the diode light 
excitation of the solid state gain medium.  In specific low-power experiments, the conversion of electricity to 
low-quality beams with laser diodes has been reported to approach 80% efficiency.  However, efficiency 
degrades as the power from the diode laser increases; more typically, high-power diode laser arrays perform 
at electrical-to-optical efficiencies of approximately 60%.  Assuming that figure for electrical-to-optical 
efficiency, a premium must be placed on the optical-to-optical efficiency of diode laser pumping if the 
desired 50% conversion efficiency for a TeV collider is to be achieved.   
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Table 5-1:  Summary of requirements for a 1 TeV collider (in 10-GeV stages) based on the LPA. 

	  

	   	  

Unit cell laser challenges Specification Importance (1 low … 
10 high) 

pulse energy (J) 32 6 

pulse duration (fs) 56 6 

effective pulse repetition rate (kHz) 13 8 

macrobunch repetition rate not specified na 

microbunch repetition rate not specified na 

laser wavelength (microns) 1 5 

average power (kW) 420 8 

contrast not specified na 

temporal profile Gaussian na 

pulse  stability % 1 8 

laser efficiency (wall plug) 50 10 

polarization 100 to 1 linear 6 

laser beam quality <M2=2 7 

laser pointing (micro-radian) 1 8 

% availability during operation not specified na 

availability specification not specified na 

ceo phase stability not specified na 

timing jitter (fs) 10 8 

number of unit cells 50 8 

optical transport losses not specified na 

cost ceiling  <$7B 10 
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Table	  5-‐2.	  	  Laser	  architecture	  choices	  for	  TeV	  collider	  based	  on	  the	  LPA	  	  
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Six possible laser architectures were considered for this application.     

a) Diode pumped Yb:CaF2 based on fusion laser architectures. 
b) Large phased arrays of single mode fibers.  
c) Diode pumped Nd:Glass with self phase modulation. 
d) Diode pumped thin disk Yb:CaF2. 
e) Diode pumped Yb:CaF2 heat capacity laser. 
f) Diode pumped laser pumping Ti:sapphire. 

It should be noted first that the pulse duration constraint of 56 fs limits the choice of gain media to either 
Yb:CaF2, which has both high intrinsic efficiency and sufficient bandwidth to support 56 fs pulses; 
Ti:sapphire, which has sufficient bandwidth for pulses shorter than 56 fs but low intrinsic efficiency; or 
Nd:Glass, which has relatively high intrinsic efficiency but does not have the bandwidth to support 56 fs 
pulses directly.  In the latter case it is assumed that one could create ~200 fs pulses and that these pulses could 
be further reduced in duration via an appropriate self-phase-modulation arrangement. 

For the TeV collider application the general consensus is that approach (f) is not viable. It is not 
conceivable that this approach could produce 50% wall plug efficiency, since the theoretical quantum 
efficiency for green (532 nm) wavelength pumping of Ti:sapphire is only 56%.   

Approaches (a) though (e) all have conceivable paths forward, but in each case, 50% wall plug efficiency 
is a daunting challenge and well beyond the current state of the art.  Of these,  (a) and (e) leverage 
considerable outside investments, from the inertial fusion energy community and laser weapons communities 
respectively. The principal advantages of these approaches are that they appear to have viable, well-defined 
costs, which fit within the cost constraints of the TeV application.  The development challenge is with respect 
to increasing the optical-to-optical conversion of the overall system.  

Approach (c) is similar but requires an additional step of pulse compression after amplification.  This pulse 
compression step may degrade the overall efficiency of the system and add to system complexity.   

Approach (d) leverages the development of high average power lasers for industrial materials processing.  
The primary issue here will be extraction of high energy pulses from the final amplifiers, specifically the 
control of amplified spontaneous emission or ASE.  

Approach (b) has the highest single-aperture efficiency;  in some cases > 30% wall plug efficiency has 
been demonstrated.  However, phasing of beams adds significant complexity and thus a greater challenge with 
respect to meeting the cost requirement of this application.  In this case, if one assumes a single aperture pulse 
energy that is at the current state of the art, one would need approximately 32,000 fiber apertures per 10 GeV 
stage.  To fit within the cost requirements, each fiber sub-unit must cost less $2000, not including hardware 
and software required to phase one unit to another.  While the telecom industry has demonstrated low unit 
fiber laser costs, these systems are generally not as complex as those required to produce energetic, short 
duration pulses, and do not require phasing of single apertures, much less thousands of apertures as is 
assumed in the TeV accelerator case.  Clearly the first R&D step in this case would be the efficient 
demonstration of tens of apertures to produce a coherent short pulse output.  (A detailed discussion of fiber 
lasers, their R&D challenges, and a roadmap for further development is presented in Section 5.3 below). 
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5.2.  Roadmap for medical laser development  

Developing laser systems that are adequate for driving medical plasma accelerators with the required 
parameters proposed here will likely take another 10-20 years. There are several ongoing and near-term 
projects addressing these needs at various places in the world. Those must have clear quantitative 
requirements to fulfill the declared and approved targets.  Success with those ongoing projects could 
correspond to achievements in the specified time windows. Their time structure and the currently 
envisaged roadmap need to be brought to mutual agreement. 

Right now the cost of conventional carbon therapy facilities (in total of the order of 100 M€) allows 
only a few to be built in any given country. With laser acceleration, a device on a reasonably compact 
scale–closer to that of photon therapy devices—should be available if future technology developments are 
achieved.     

The complete integrated accelerator system (ILDIAS) consists of not only a laser but also targets 
(particle sources), beam lines, instrumentation for diagnostics and control, and a sophisticated delivery 
subsystem. Clearly, these companion technologies must be developed in parallel with laser systems.  In 
particular, an extremely thin but robust film or pneumatic target has to be developed for a carbon system.  

For this exercise we used clinical parameters from the Heidelberg HIT facility, but in the future they 
should be compared with other new clinical facilities in the USA and Asia. 

 

5.3. Fiber laser path to high energy and high power accelerator drivers 

In 1985, the University of Southampton rediscovered fiber lasers [1].  Since then developments in low 
loss rare earth doped optical fiber technology [2, 3] combined with improved reliability, brightness, 
efficiency and packaging of diode pump lasers [4-6] has quickly led to very-high-power fiber laser 
systems [7-9].  These systems leverage the waveguide properties of optical fiber in order to achieve 
exceptional wall plug efficiencies (>30%) and diffraction limited beam quality with high average output 
powers (>10 kW).  Further, these lasers can be manufactured in all-glass monolithic systems in which the 
light is always contained in fiber core that acts as both waveguide and continuous spatial filter.  The result 
is an efficient, high power laser system that is inherently robust.  Once properly packaged, a high power 
fiber laser system is simple to operate (it is essentially a turn-key system) and requires minimal to no 
maintenance. These advantages make fiber lasers the first choice for high average power laser 
applications.  

However, Laser Plasma Accelerators as well as nearly all of other laser uses envisioned in this White 
Paper (with the exception of Direct Laser Acceleration) require short or ultrashort pulses with energies in 
the range 1 J – 100 J per pulse. This pulse energy range constitutes major technical challenge for fiber 
lasers, since an individual single-mode fiber laser is limited to pulse energies of tens of mJ at most 
(ultrashort-pulse fiber CPA is limited to ~1 mJ). Consequently, the only viable general solution is to 
combine multiple fiber lasers. 

This section outlines the general path towards achieving required energies with a combined fiber-laser 
system, reviews the current state of the art in commercial and R&D fiber lasers, outlines the physics 
issues that need to be addressed to scale output power and pulse energy further, discusses needed 
component technology developments, and lays out a road map for an R&D path showing how fiber laser 
technology can meet the laser needs of the accelerator community. 
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5.3.1.  Concept of an Ultrashort-Pulse Fiber CPA Array (Coherent Amplifier Network – 
CAN) 

 
Generation of high-energy ultrashort pulses in a good quality beam (sufficiently close to the diffraction 

limit to provide small spot sizes and long focusing depths required for driving laser-plasma interactions) 
can be achieved through beam combination of a large number of fiber chirped-pulse amplification 
channels. A generic conceptual schematic of such a system is shown in Figure 5-1. Note that this 
schematic is not intended to suggest any specific details of implementing such a system, but rather to 
outline general structure and to identify key components and issues, as well as to evaluate advantages of 
this approach and its performance potential.   

Regardless of any specific technical implementation, a beam-combined ultrashort-pulse fiber laser 
array in general should consist of the following main parts and components: ultrashort-pulse oscillator, 
pulse stretcher, fiber amplifier array, beam combining mechanism and associated controls, and   pulse 
compressor.   A fiber amplifier array should be a highly integrated, compact and robust structure using a 
variety of all-fiber components (e.g. pump/signal combiners, fiber star-splitters, etc.) and integrated 
micro-optical components (e.g., fiber-pigtailed amplitude and phase modulators, optical isolators, etc.). 
Each individual amplifier channel will consist of 2 to 4 longitudinally-cascaded fiber-amplification 
stages, with optical gating and optical isolation required between all or some of the stages. 

A key advantage of the proposed approach is that it is not subject to thermal loading issues, which 
constitute the main challenge to any other high-power laser approach. For achieving the required high 
energies, the total fiber-amplifier channel count will be on the order of 104.  Therefore achieving ~1 MW 
of total average power from an array will only require up to ~100 W per individual fiber amplifier 
channel. Such thermal loading is rather moderate for a fiber amplifier; consequently, thermal management 
of the whole array is an engineering problem, solvable with already existing means. Indeed, it is reported 
that   incoherently-combined fiber laser systems that achieve 50 kW have been built using over a hundred 
of individual fiber amplifier channels in a compact and robust package [16]. Other advantages are 
associated with the anticipated compact size, robustness, reliability and high wall-plug efficiency of a 
fiber amplifier array.  
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Figure 5-1. A generic beam combined fiber laser will consist of a mode locked master oscillator, followed by 
a pulse stretcher, a splitter to seed each unit cell individually, components to control/time/adjust pulses in 
each amplification arm, an amplifier chain, a mechanism to recombine the pulses into a single beam and a 
compressor.  The output will likely include a splitter to pick off part of the beam for analysis, as well as 
electronic feedback in order to maintain good control of the laser system. 

 

The following general challenges are associated with implementing this coherently-combined fiber-
array architecture. 

5.3.1.1. First general challenge:  Combining the energy from a large number of individual 
channels into a single beam. 

There are a variety of methods for combining the output of fiber lasers.  Most of these methods have 
been focused on combining CW fiber lasers.  R&D is needed to develop the most promising of these 
methods for pulsed fiber laser systems.  These methods include but are not limited to: 

• Coherent combination via active phase control. 
• Spectral beam combination. 
• Hybrid systems combining ns class pulses and then employing them as a pump for an OPCPA 

or bulk laser system. 
• Combination via a non-linear effect such as stimulated Raman or Brillouin scattering. 
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Since a very large number of individual channels will be needed to be combined to provide with the 
required pulse energies, it is critically important to understand what physical factors that affect the array-
size scalability of these various methods; the efficiency of any proposed method; and the way any given 
method will synthesize a high-fidelity wavefront from the individual fibers’ output. The next subsection 
reviews fiber laser beam combining, including the state of the art and the major physics issues. 

 

5.3.1.2. Second general challenge:  Development of “unit cell” shorter pulse fiber lasers with 
both good pulse quality and CW-class wall-plug efficiency. 

The applications envisioned in this document in general require 30-100 fs pulses with good pulse 
quality and high efficiency.  Assuming the beam combination system does not significantly degrade the 
pulse quality and is efficient in its use of unit cells, then a key to bringing CW fiber lasers to many of 
these applications is improved unit cells.  The issues are discussed in the section below on single-aperture 
ultrashort pulse fiber laser systems, and can be summarized as follows: 

• Improving the amplification bandwidth of fiber lasers. 
• Improved dispersion control techniques. 
• Understanding and optimizing the trade-offs between efficiency and non-linearities. 

 

5.3.1.3. Third general challenge:  Cost and manufacturability involving a large number of 
individual fiber-laser/amplifier channels. 

Since reaching multi-joule pulse energies will require combining of a very large number of individual 
channels it is critically important to (i) maximize pulse energy per individual channel thus reducing total 
array size, and (ii) develop fibers and all other required components for the integrated FCPA arrays such 
that sufficiently low cost per channel could be achieved and practical assembly of such a large-count 
complex system could be implemented. Note that there is a direct trade-off between maximum pulse 
energy per individual channel and channel cost: lowering cost per channel allows accommodate lower 
energies per individual FCPA channel, which would mitigate detrimental effects of fiber nonlinearities on 
the phase-locking accuracy of a large FCPA array and on the pulse-shape fidelity of the generated 
ultrashort pulses. 

 

5.3.2. Fiber Laser Combining: state-of-the-art, physics issues and future potential 

Beam combining is a general approach of overcoming power or energy limitations of a single laser, 
and it has been demonstrated with solid-state, fiber and semiconductor lasers. Beam combining of fiber 
lasers is probably the most promising due to the suitability of fiber-optic technology for compact 
monolithic integration. Currently, commercial telecom or high-power cw fiber lasers are assembled from 
standardized fiber-optic components (e.g., pump-signal combiners, gain and passive fibers, and fiber-
pigtailed micro-optical components such as optical isolators, modulators, spectral filters, etc.).  Assembly 
is accomplished using standard fiber-splicing techniques in which fiber leads of different components are 
fusion-spliced together into a monolithic fiber path, thus eliminating any free-space misalignment and 
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providing a very robust laser system, which in many respects can be described as an optical circuit. Such 
assembly is also highly compatible with practical manufacturing techniques, with which large numbers of 
such monolithic fiber lasers can be built in an automated and cost-effective manner.  

There are two general approaches of combining laser beams: incoherent combining, when the phase 
differences between individual beams are not fixed, and coherent combining, when phase differences 
between individual beams are fixed.  

Incoherent combining can be further subdivided into spectral combining and incoherent power 
addition. In spectral combining each individual beam has a different wavelength compared to other beams 
and the combined beam is formed by spectrally-overlapping these individual beams using spectrally-
selective combining elements. These spectral combining elements can be either using spatial dispersion 
(diffraction gratings [10], volume Bragg gratings [11]) or spatial-dispersion-free approaches (sharp-edge 
spectral filters [12]). Power scaling potential is primarily determined by the power handling potential of 
the combining element, but also depends on the maximum number of channels that can be combined with 
a given element, and on power per laser beam.  

It is anticipated that combined powers in the range from 10  to >100 kW will be achievable. Current 
state of the art, however, has reached powers at the kilowatt level:  the best result so far is 750 W with 
VGB [13], 2 kW with diffraction gratings [14], and 200 W with sharp-edge filters [15]. In incoherent 
power addition, all individual fiber laser outputs are simply combined in a fused fiber bundle (or spliced 
onto la arge-core multi-mode fiber), thus providing straightforward overall power increase by sacrificing 
beam quality. Such sources are currently available commercially with >10 kW of average power [16], and 
with reported highest powers exceeding 50 kW.  

In coherent beam combining, passive and active beam phasing methods can be distinguished. Active 
beam phasing methods rely on electronic feedback and on phase modulation devices to control phase of 
an each individual beam. Passive beam phasing methods rely on optical feedback to “self-lock” all 
individual laser channels in the array [17]. However, all existing passive phasing methods have a very 
limited array-size scaling potential. For example, it has been shown that in a self-locked fiber amplifier 
array combining efficiency becomes less than 80% for array sizes exceeding ten elements [18]. 
Nevertheless, up to 710 W of average cw power has been demonstrated from a four-element passively 
combined fiber laser array [19]. 

Active coherent phasing currently appears to be best for combining large numbers of individual laser 
channels. In terms of power, the best coherent phasing result demonstrated so far is combination of five 
individual continuous-wave fiber lasers with the total power of 725 W [20]. Accuracy of coherent phasing 
in this experiment has been better than λ/60, which is sufficient for coherently phasing ~102 individual 
channels [20]. Several methods of converting coherently-phased tiled-fiber array output into a diffraction-
limited beam (focusable to a single good-quality near-filled spot) has been explored using diffractive 
optics [21], multi-mode interference effects in hollow waveguides [22], and different configurations of 
binary diffraction gratings [23]. 

 

5.3.3. Single-aperture (individual-channel) average-power scaling: state-of-the-art, physics 
issues and future potential 

High average power continuous wave (CW) fiber lasers in which the only important parameters are 
output power, beam quality and wall plug efficiency are commercial products.  Systems from IPG 
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Photonics, Rofin Sinar, Trumpf, JDS Uniphase and numerous others consistently achieve >30% wall plug 
efficiency and diffraction-limited output powers at 1 µm wavelength in the range of 1 W to 10 kW in 
reliable, cost-effective and compact packages.  Non-diffraction-limited (but still very bright) commercial 
fiber lasers can achieve even higher powers (>100 kW, limited only by cost) with similar wall-plug 
efficiencies, maintenance and packaging features. A review of these companies’ web sites will quickly 
bring an interested individual up to speed on current capabilities [24-27].  

Single frequency fiber lasers have achieved >600 W output powers in the lab [8] while lasers at 2 µm 
and 1.5 µm wavelengths have reached output powers of only 885 W [28] and 300 W [29] respectively to 
date.  Wall-plug efficiencies of these systems are also active R&D topics.  While commercial 1 µm 
ytterbium fiber lasers convert diode light to laser light with slope efficiencies of 85%, their thulium (2 
µm) and erbium (1.55 µm) cousins have only reached slope efficiencies of 64% [28] and 42% [29] at 
power levels greater than 100 W.  Single-frequency thulium and erbium fiber lasers are also available 
from commercial vendors, though at lower powers (<500 W at the time of this writing) and lower wall 
plug efficiencies than achievable in ytterbium fiber lasers.  However, the commercial marketplace is 
rapidly evolving in this area and it is recommended to check the commercial vendor web sites for the 
most up-to-date information.  

Straightforward power scaling of continuous wave fiber lasers has been studied in detail [30].  This 
study considered all major thermal, nonlinear, damage, and bend limits to power scaling of CW fiber 
lasers. A key result of this study was that diffraction limited CW Yb3+ fiber lasers scaled based upon 
current optical fiber technology are limited in output power to a maximum of 3 6kW, with practical limits 
likely in the 10-20 kW range.  This upper bound on CW laser power exists because of an interaction 
between the nonlinear limitation of stimulated Raman scattering and a thermal limitation of a refractive 
index change in the fiber core due to heating (this shrinks the fiber mode field diameter, which will lead 
to damage or nonlinear effects). While an optimum core diameter and fiber length are required to reach 
the maximum output power, no combination of these parameters enables one to exceed this maximum 
output power, which is set almost entirely by physical constants (see Equation 1): 

 

      (1) 
 

where hlaser is the laser efficiency (85%), k is the thermal conductivity (1.38W/(m-K)), l is the laser 
wavelength (1.08µm), G is the overlap of the fiber mode field diameter with the fiber core diameter 
(0.75), G is the gain (10), hheat is the fraction of the energy deposited as heat in the core (0.1), dn/dT is the 
thermo-optic coefficient (11.8X10-6/K) and gR is the Raman gain coefficient (0.5X10-11 m/W).    

Numbers in parentheses are   for Yb3+ fused silica fiber lasers. Pmax for Tm3+ and Er3+ has been 
calculated as 36 kW and 54 kW respectively [31].  Pmax can be calculated for non-silica materials also [31] 
but these materials are not as advanced in terms of their fabrication and they are not considered further 
here.  It should also be noted that Tm and Er are not as advanced as Yb even in fused silica, and further 
development of those systems is also needed (but this development is more likely to lead to a fruitful 
result with a reasonable investment).  
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Equation 1 was developed for CW fiber lasers; however, it can be extended to pulsed fiber lasers if one 
modifies the Raman scattering limit equation from the reference to account for the peak power in a pulsed 
fiber laser, which is related to the average power by the repetition rate W and its pulse width t by 

 

         (2) 
 
Substituting equation 2 into the power scaling analysis leads to a maximum average power for pulsed 

fiber lasers that is related to the CW value given in equation 1 by 
 

        (3) 
 
However, there is an additional limit in that pulsed lasers cannot exceed a peak power given by the 

self-focusing limit [36] (3.7 MW).  Assuming (very liberally) that fiber core size can be scaled without 
penalty, equations 2 and 3 can be plotted for various pulse widths as a function of repetition rate.  See 
Figure 5-2, where the minimum of Equations 2 and 3 has been plotted vs. repetition rate.  

 

Figure 5-2. Pulsed laser average power vs. repetition rate as a function of pulse width. 
 
In Figure 5-2 a clear kink is observed in allowable average power vs. repetition rate. The allowable 

output power rises linearly with repetition rate (described by Equation 2) until thermal effects become 
significant, and the average power then rises as the square root of the repetition rate.  The power at which 

this occurs can be found by setting equations 2 and 3 equal to each other.  Doing so, we find the  = 

Pmax/Ppeak, so the power at which the kink occurs is  or 324W using 36 kW for Pmax and 4 MW 
for Ppeak.   Given that at average powers above 324 W, thermal effects limit the results, this in turn will 
limit pulse energy below that achievable from self-focusing (Figure 5-3). 
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Figure 5-3. Pulse energy limits of a fiber laser as a function of repetition rate and pulse width.  The flat 
regions are self-focusing limited, the sloped regions are thermally limited. 
 
A key point of this section is that scaling the average power of pulsed fiber lasers beyond 324 W while 

maintaining self-focusing limited peak powers in the fibers is not possible using straightforward aperture 
scaling.  Thus R&D that addresses this issue may help push fiber lasers into new application spaces.  
Some possible areas of improvement include, but are not limited to, the design of specialty fiber 
waveguides that minimize thermal lens effects, minimize self-focusing, and suppress stimulated Raman 
scattering.  

 

5.3.4. Single-aperture pulse-energy scaling: state-of-the-art, physics issues and future 
potential 

Pulse energy limitations of a single aperture fiber laser represent the most stringent constraints. As 
discussed previously, a single-aperture fiber laser is limited to the millijoule range; consequently, one 
must resort to beam-combined fiber-array systems as a potential solution to laser-driven accelerator 
applications. In principle there are three types of pulse-energy constraints in a fiber laser: (i) amplifier 
saturation when energy extraction exceeds the stored energy, (ii) optical damage, and (iii) nonlinear 
effects. Constraints (i) and (ii) set the limits for the ultimately achievable pulse energies in a fiber laser or 
amplifier, and  constraint (iii) usually determines pulse energies that can be achieved in practice. 

Energy stored in a fiber laser or fiber amplifier is determined by the saturation energy Esat = 
hνsA/[(σes+σas)Γs], where hνs is signal photon energy, σes and σas are emission and absorption cross-
sections at the emission wavelengths, A is doped area, and Γs is signal-mode overlap with the doped area. 
Theoretically (see, for example [32]) extractable energy is limited to approximately ten times the 
saturation energy. In practice, however, energy extraction is limited by strong pulse reshaping at pulse 
energies exceeding saturation energy, as the pulse’s leading edge experiences much higher gain than the 
trailing edge. Practical rule-of-thumb is that extractable pulse energy Eextr. < 3xEsat. For example, for Yb-
doped fused silica fibers at λ = 1064nm (the most mature fiber gain medium, currently the basis for 
majority of high-power commercial systems) Esat ≈ 0.46mJ and Eextr. < 1.4 mJ, for 30-µm diameter core; 
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Esat ≈ 1.3mJ and Eextr. < 3.9 mJ, for 50-µm diameter core; and Esat ≈ 3.3mJ and Eextr. < 10 mJ, for 80-µm 
diameter core. 

Optical damage can be due to (i) surface damage to fiber ends at the core-air interface, (ii) dielectric 
breakdown in the bulk glass (inside fiber core), or (iii) self-focusing in the fiber core. In practice surface 
damage can always be avoided using fused-silica end-caps, which allow output beam exiting the core to 
expand,  thus reducing intensity at the glass-air interface to below the surface-damage threshold. Bulk-
damage threshold fluence in fused silica has been measured to be ~800J/cm2 at λ = 1064nm and 6.6-ns 
pulse duration [33].  

Dielectric bulk-damage threshold energy is scalable with the core size – it is proportional to the core 
area (or, alternatively, to the square of the core diameter). Note that the energy threshold Ediel. for bulk 
dielectric breakdown for nanosecond-duration pulses is proportional to the square-root of the pulse 

duration τ:  [34].   
The self-focusing threshold, however, is independent of the core size and is characterized by the 

critical self-focusing peak power Pcr , which is determined by the nonlinear refractive index n2 value: 
 [35]. For long pulses (>10ns) in fused silica and λ = 1064nm critical power is Pcr 

≈ 3.7 MW [36], but for shorter than few-ns pulses electrostriction contribution becomes negligible and 
critical power increases to Pcr > 5 MW [37].  

Pulse energy limitations due to stored energy and optical damage in Yb-doped fused-silica fibers at 
1064 nm wavelength are summarized in Figure 5-4. This figure shows maximum achievable pulse 
energies limited by optical damage as a function of fiber core diameter, calculated for the three pulse 
durations of 100 ps, 1 ns and 5 ns. It also shows saturation energy Es and three-time saturation energy 
3xEs as a function of fiber core diameter. It is evident that for pulses longer than ~1 ns and core diameters 
smaller than 50 µm the limiting factor is stored energy, which confines maximum pulse energies to below 
~10 mJ. Note that by increasing core size beyond 50 µm one eventually reaches the self-focusing limit, 
beyond which pulse energy can only be scaled by increasing pulse duration. Note also that for pulses 
shorter than ~1 ns, optical damage is always a dominant limiting factor and maximum achievable pulse 
energies are much less than ~1 mJ. 
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Figure 5-4. Achievable the maximum pulse energies vs. fiber core diameter, as determined by optical 
damage, self-focusing and stored energy limitations.  
 
In practice, however, limitations due to nonlinear effects are much more stringent. For amplifying long 

pulses, Stimulated Raman Scattering is usually the limiting effect (see the section on single-aperture 
power scaling), while for ultrashort pulses self-phase modulation and four-wave-mixing becomes the 
limiting factor (see the section on singe-aperture ultrashort-pulse fiber laser systems). As a rule of thumb 
one can always assume that in fiber chirped pulse amplification systems (FCPAs), self-phase modulation 
imposed limitations are roughly order of magnitude below the ultimate energy limits set by optical 
damage and gain saturation effects, i.e., single-aperture FCPA systems are limited to ~1 mJ. 

Laboratory results to date have demonstrated diffraction-limited, ns pulses of >4mJ [22], albeit with a 
“fiber-rod” geometry that sacrificed many desirable packaging features.  If diffraction limited operation is 
sacrificed, up to 80 mJ [23] of pulse energy has been extracted from a single aperture in a bendable fiber 
that retains all the desirable fiber laser packaging features. Up to 6 mJ has been achieved with ~6 ns 
pulses, with average powers exceeding those from a large  (65 µm) core Yb-doped double-clad LMA 
fiber amplifier with beam quality of M2  < 1.3 [38]. Bendable diffraction limited fibers are restricted to 
small apertures of the order of 30 µm. This smaller aperture restricts current state-of-the-art diffraction-
limited fiber lasers to output pulse energies of <500 µJ due to extractable energy considerations [24].  In 
addition to scaling of pulse energy, current pulsed fiber laser R&D is focused on improving pulse quality, 
particularly temporal contrast and spectral purity. 

 

0.0001

0.001

0.01

0.1

25 50 75 100

5-ns
1-ns
100-ps
3xEsatEsat

Bulk Damage Self-focusing

Core diameter, µm

M
ax

im
um

 p
ul

se
 e

ne
rg

y,
 J



 

 54	  

5.3.5.  Single-aperture ultrashort-pulse fiber laser systems: state-of-the-art, physics issues 
and future potential 

Mode-locked fiber lasers have achieved 3 fs pulse durations at 1 µm. Fiber chirped pulse 
amplifications systems have achieved up to 1 mJ pulse energies at 1 ps pulse widths and 100 µJ pulse 
energies at <300 fs.  However, chirped pulse amplification in fiber lasers is still in its relative infancy and 
an appropriate investment in R&D could quickly yield significant reductions in pulse width and increases 
in pulse quality and pulse energy.  The following areas are ripe for improvement: 

• Increased amplification bandwidth. 
• Improved dispersion control. 
• Increased pulse energy with good pulse quality and pedestal reduction. 

o High energy pulses in the presence of high B-integral (needed for high efficiency 
systems). 

Bandwidth 

Current optical fiber amplifiers at 1 µm (where most work to date has been done) have amplification 
bandwidths of about 15 nm around 1040 nm. Up to 30 nm bandwidths can be achieved at 1080 nm; 
however, these amplifiers are inherently longer and thus will have higher B-integrals that can compromise 
pulse quality.  This being said, to date many of the techniques for gain shaping and flattening developed 
for the telecom industry have not been applied in chirped pulse amplification. Further, a systematic study 
has not been conducted to discover which fiber amplifiers have the best potential of achieving high pulse 
energies with broad bandwidths.  Instead, attention has focused almost exclusively on Yb3+ fiber 
amplifiers, as Yb3+ fibers are most easily obtainable.  Exploration of gain flattening, other gain dopants 
(Nd3+, Pr3+, Er3+ and Tm3+) and possibly mixing of gain dopants could prove fruitful for increasing gain 
bandwidth significantly, and might also improve fiber CPA results at high energy from 300 fs to the 30 fs 
achievable in fiber mode-locked oscillators. 

Dispersion Control 

In most CPA systems the amount of material is minimized in order to minimize the impact of material 
dispersion on the overall dispersion balance of the system.  However, in fiber laser systems this approach 
is simply not possible, and any fiber CPA will need to accept and be able to deal with meters of fused 
silica in the amplifier chain.  While the group delay dispersion (GDD) is relatively easily compensated, 
higher-order terms can be quite problematic.  For example, the third-order dispersion (TOD) term in fused 
silica at 1 µm has the same sign as the GDD, whereas in a typical grating based stretcher and compressor 
these terms are opposite in sign.  Further, the TOD in an optical fiber is quite small compared to the GDD 
and thus leads to significant mismatches in the final dispersion balance.  This being said, there are a 
number of promising techniques for dealing with these issues:  “grisms” [39], stretcher/compressor 
mismatches, custom chirped fiber Bragg gratings or chirped volume Bragg gratings, pulse shaping to 
enable the B-integral to balance the dispersive terms [40], etc.  R&D in support of developing a simple to 
implement dispersion control scheme applicable to high-energy fiber laser systems and robust against 
pulse fluctuations would be extremely valuable.  To do this accurately, the resulting pulses would need to 
be well characterized. 
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Efficiency and High Energy Pulses 

In any laser system, efficient conversion of pump photons to signal photons necessitates high 
intensities.  In bulk optic laser systems, one achieves high intensities via a tight focus in the gain medium.  
However, in free space, this leads to a short Rayleigh range and thus a short interaction length. and 
correspondingly significant heat build-up in a small volume, which is very problematic. Fiber laser 
systems more easily achieve high powers with high efficiencies because the fiber waveguide breaks the 
relationship between spot size and propagation length.  In other words, high intensity (and thus high 
efficiency) can be maintained over a length much, much longer than the bulk optic Rayleigh range 
(enabling easy heat extraction). 

However, small apertures required for high intensity (and thus high efficiency) limit pulse energy.  
Physical limits that demand larger apertures in order to achieve high pulse energy include extractable 
energy and optical damage.  Other physical limits such as stimulated Raman scattering and self-phase 
modulation (a.k.a. B-integral) depend both on aperture size and on length (thus a shorter length can 
compensate for a smaller aperture area to an extent).  In the end, however, high-pulse-energy lasers and 
particularly fiber lasers typically attempt to achieve a balance between smaller aperture areas to maximize 
efficiency and larger aperture areas to maximize pulse energy.  In an optical fiber laser this trade-off is 
often between efficiency and the accumulation of B-integral.   

Thus R&D towards short pulse CPA fiber lasers, in which good pulse compression is achieved in the 
presence of the highest possible B-integrals, is needed in order to achieve the goal of high energy, high 
efficiency, short pulse fiber laser unit cells. Fiber CPA systems with pulses in the 100 µJ to 1 mJ class 
demonstrated to date fall into two categories: moderate to high quality pulses generated in fiber lasers 
systems where the accumulated B-integral for the stretched pulse was less than 2; and lower quality 
pulses with significant pedestal where the accumulated B-integral for the stretched pulses is greater than 
2.  However, in order to achieve high system efficiency, in stretched pulses consistent with reasonable 
sized compressors (2-5 ns), it may be desirable to operate at B-integrals as high as 30. In systems with 
this degree of self-phase modulation there many effects that can degrade pulse quality and lead to 
significant pulse pedestals.  To this end, R&D that investigates high-energy fiber CPA in the presence of 
high B-integral would help to open a range of parameter space that contains efficient solutions to many of 
the currently targeted applications in laser-based acceleration. The alternative is investigation of fiber 
laser systems in which the efficiency is comparable to a CW laser, but in which the B-integral is <5. 

As a final note on efficiency, we note that for repetition rates >10-20 kHz, a pulsed fiber laser and a 
CW fiber laser can at least theoretically hope to achieve the same efficiency. This is because the pulse 
repetition rate is much faster than the upper state lifetime of the rare-earth ions in the glass, so little to no 
power is lost to ASE between pulses. However, as the repetition rate drops progressively below 10 kHz, 
ASE losses begin to take their toll and the system efficiency drops.  This is true of any solid state laser 
system and will have a negative impact on system design and/or efficiency for operation below 10 kHz. 

 

5.3.6.  Components for integration of high power fiber lasers: current status and required 
future developments 

Since envisioned coherently-combined fiber laser arrays would be complex multi-component systems, 
it is imperative that they would exploit the key advantage of fiber technology: its ability to integrate 
complete system form all-fiber or fiber-pigtailed micro-optical components. This would ensure (i) 
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robustness and reliability of the system, which in principle would be turn-key and maintenance-free (in 
the sense that no optical re-alignment would ever be needed), (ii) compact size, and (iii) cost-effective 
manufacturability.  

This would be similar to the existing commercial multi-kW continuous-wave fiber laser systems, 
which all are optically-integrated optical systems. However, these existing continuous-wave fiber laser 
systems are based on relatively small-core (typically <25 µm core diameter) fibers. Ultrashort pulse and 
high-energy FCPA-array systems envisioned here would require much-larger-core fibers, in order to be 
able to extract maximally available pulse energies per individual FCPA channel, which, as it has been 
pointed out at the beginning, is necessary to minimize FCPA-array size and, consequently, the cost and 
complexity of the system.  

The critically important requirements here are that these large-core fibers would be (i) producing 
single-transverse-mode output, which is critical in order to maintain ultrashort-pulse fidelity; and (ii) 
would be compatible with conventional fiber fusion-splicing techniques, which is critical for assembling 
large number of laser channels in an integrated fashion. This means that some of the techniques currently 
popular for high-energy ultrashort-pulse CPA systems, such as photonic-crystal rods [41]\ (which are not 
suitable for fusion-splicing integration) or large-core (larger than ~30 µm core) LMA fibers [38] (which 
would not provide with sufficiently robust single-mode output) would not be suitable for the envisioned 
FCPA-array solution. At the moment there are possible fiber solutions emerging [42], [43], and some of 
them are even in the process of commercialization [44], but extensive further work is required to develop 
these fibers, as well as to develop a complete fiber-optic component technological platform (e.g., all-fiber 
pump combiners, pigtailed isolators, etc.) for these fibers. 

Furthermore, novel fiber-pigtailed components need to be developed in order to meet the requirement 
for low cost per channel. The issue here is that the envisioned FCPA array should have on the order of 104 
individual FCPA channels. If the total cost of one module (suitable, for example, for driving a  ~1GeV – 
10 GeV accelerator cell) should be on the order of ~$10M, then cost per channel should be limited to 
~$1000. Current state-of-the-art commercial FCPA systems cost approximately 100×  that.  

The issue here is not the cost of the fiber or pump diodes per each channel, which, when fiber and 
diodes are mass-produced, would very likely be reduced to much below $1000 per channel. The issue is 
the cost of other components, such as phase modulators (used for phasing the individual channels), 
amplitude modulators (used as optical gates between cascaded fiber-amplifier stages), and even fiber-
pigtailed isolators. Cost of these components is likely to remain significantly above $1000 per channel 
even if mass-produced. The required engineering solution would be to develop array-type elements, 
which could be then integrated with a complete array, rather than individual FPCA channels. In this case 
even relatively large cost per element could be acceptable, since cost per channel would remain low. 

 

5.3.7. Pulse Compression Diffraction Gratings 

The list of critical-path technologies needed for the next generation of CPA lasers includes advanced 
pulse-compression diffraction gratings. Compressor gratings must satisfy several requirements, including 
high diffraction efficiency, high wavefront quality, and high laser damage threshold. Currently available 
gratings do not possess the combination of laser damage threshold and wavefront quality needed to 
provide a tightly focused megajoule-class laser. As a result, the irradiance available for laser accelerators 
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has ample room for improvement. Continual improvement of the following innovations promises to make 
this possible over the next decade. 

A conventional multi-layer dielectric (MLD) grating is composed of a binary surface relief formed in 
the top layer of an MLD stack[45]. The typical stack (Figure 5-5) consists of a few dozen alternating high- 
and low-refractive-index layers. By varying the groove height and duty cycle (ratio of pillar width to 
groove spacing), the diffraction efficiency and electric field intensity are optimized for each application. 
A taller and thinner pillar shifts the edge of the pillar away from the region of maximum irradiance, thus 
potentially raising the laser-induced damage threshold of the grating. However, its threshold is strongly 
influenced by the MLD coating, the ion-etching process used to form the grating pillars, and the final 
multi-step cleaning process. The presence of contaminants from the patterning and etching processes, 
found along the pillars of the finished grating, can lead to significant degradation of the laser-damage 
threshold. Significant progress has taken place as these manufacturing related issues are being actively 
studied at several research facilities around the world. 

  The continuous-enfolded grating (CEG) is an alternative grating scheme which avoids the challenges 
of fabricating narrow binary pillars and takes advantage of the breakthroughs obtained in high power laser 
mirror technology. This grating configuration involves depositing an MLD coating over a continuous 
grating, resulting in a corrugated structure in each layer of the multilayer coating.  All layers, instead of 
only the top surface, then act as diffractive structures.  There are two benefits to this type of diffraction 
grating. Etching the top surface of the final component is no longer necessary, reducing a major source of 
contamination that can affect the laser damage resistance of the completed grating. Also, tall and narrow 
binary pillars, which are mechanically fragile, are replaced with a relatively flat grating surface.  

SEM imaging indicates that current evaporation processes maintain a structured surface for as many as 
12 layers, which is a sufficient number to achieve high diffraction efficiency[46]. Manipulation of the 
surface mobility of the deposited coating, incidence angles, coating materials, deposition method, and 
design types are being explored to maintain the desired structure following multiple layers of the coating. 
Both approaches allow the possibility of metal-dielectric hybrid designs for high bandwidth, short pulse 
applications. A reduction in the total number of layers reduces the total stress, and thus the wavefront 
error, accumulated in the coating, thereby increasing the focal spot irradiance.  The results from 
preliminary investigations of the CEG motivate further development aimed at scaling this technology 
towards meter-size high-power gratings.  

For applications in high-flux laser acceleration, compressor gratings must withstand the challenges 
imposed by heat generated from high average power illumination. A coating’s design and manufacturing 
process, as used to fabricate large diffraction gratings (whether all dielectric or metal-dielectric hybrid), 
plays an important role in determining the power handling capability. Energetic ion or electron 
bombardment of the growing film can modify its structure and final stress. Plasma-assisted deposition has 
been shown to significantly increase the coating performance for 1053-nm applications at both 1 ns and 
10 ps, while balancing the overall film stress to achieve high wavefront quality.  Ion-beam sputtering has 
been used to fabricate ultralow-loss coatings with demonstrated damage thresholds at 1 to 10 ps.  

The primary benefits of these coatings are their high density, their insensitivity to changes in humidity, 
and their greatly reduced defect density, all desirable for high average power applications. In addition, 
light-weighted substrates, equipped with proper cooling channels, could potentially be applied to 
diffraction gratings to achieve high wavefront quality under the stress associated with high average power 
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conditions. Furthermore, the adaptive optics technology, previously developed for mirrors, is currently 
being considered for the wavefront control of large diffraction gratings.  

The energy-limiting component is the final grating in a compressor, which is the most susceptible to 
damage because it experiences the shortest pulse and therefore the highest peak intensity. The ultimate 
limitation for damage threshold of optical materials forces the laser community to seek configurations 
which increase the total area of the grating compressor. For this reason, the size of individual gratings has 
reached one meter. Grating tiling has been pioneered at LLE to coherently combine multiple gratings to 
form a larger grating[47]. However, even in the case of meter-size gratings, the coherent combination of 
grating arrays provides a means to increase further the energy of CPA lasers. Modern electronic 
technology, such as capacitive sensors and piezoelectric actuators, supports positioning and control at the 
nanometer level.  The tiling of meter-size gratings can significantly benefit from ongoing advancements 
in mirror-array technology that are presently being demonstrated with space telescopes that exceed 30 
square meters in area  (Figure 5-6). In combination, continued advancement of these technologies 
provides a path towards higher energy, and higher brightness, CPA lasers. 

 

Figure 
5-5.  Binary MLD gratings have been developed over the last decade to realize the high energy petawatt 
laser (left graphic and SEM image). The continuous enfolded grating provides key advantages similar to 
mirrors that exhibit high laser damage threshold (right graphic and SEM image). The dispersions required 
for compressor gratings correspond to  spacing d, which is between 400 to 600 nm. 
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Figure 5-6.  Coherently combined grating arrays provide a means to scale the energy of CPA lasers (upper). 
The tiling of meter-scale gratings will build on advancements in mirror-array technology that have been 
demonstrated with space telescopes now approaching 30 square meters in area (lower).  
 
 

5.3.9.  Fiber Laser Roadmap 

1. Investigation and development of beam combining techniques suitable for combining >1000 
ultrashort pulse fiber unit cells 

a. Physics of coherent FCPA arrays 
i. Array architecture compatible with 104 element coherent phasing 

1. Channel-locking/identification schemes 
2. Accuracy of phase-locking 

ii. Array-size scalability 
iii. Effects of nonlinearities (at max pulse energies) on the coherent combining 
iv. Diffractive-optics reshaping of tiled coherently-phased beams 

b. Spectral combining of FCPA arrays 
c. Hybrid systems with fiber laser based nanosecond beam combined pump lasers 

i. Ti:Sapphire (efficiency?) 
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ii. Fiber pumped OPCPA 
d. Beam combining based upon stimulated Raman or Brillouin scattering 

2. Development of efficient, high energy, 40fs unit cells with high pulse contrast 
a. Efficient 100nm bandwidth fiber amplifiers 
b. Tools for balancing the dispersion of a fiber laser system over > 100nm bandwidth 
c. Tools for dealing with the large B-integrals and mitigating the influence of these effects 

on pulse quality OR efficient low B-integral unit cells 
d. Tools for minimizing other detrimental non-linear effects 

3. Components 
a. Large-core fibers and fiber components for monolithic large-core integration 
b. Phase-modulator arrays 
c. Amplitude-modulator (optical gate) arrays 
d. Fiber-pigtailed optical isolator arrays 

4. Engineering/development of 1MW average power pulse compressors 
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6.  SUMMARY 

6.1.  Collider work package 

The largest challenge for laser technology is a laser-plasma e-e collider up to the 10 TeV goal. The 
consensus in the world high energy physics community is that the next large collider after the LHC would 
be a TeV-scale lepton collider. Options currently under study include the ILC (0.5-1 TeV), CLIC (up to 3 
TeV) and a muon collider (up to 4 TeV), all using RF technology. The very high gradients (~10 GeV/m) 
possible with laser plasma acceleration, on the other hand, open up new avenues to reach even higher 
energy and more compact machines (see W. Leemans and E. Esarey, Physics Today 62, 44-49 (2009)).  
This workshop investigated the beam and laser parameters of a 1-10 TeV, 1036 cm-2s-1 e+e- collider based 
on two different technologies – laser plasma acceleration (LPA) and direct laser acceleration (DLA). The 
main challenges to the practical achievement of laser acceleration are: high average power (~100 MW), 
high repetition rate (kHz to MHz), high efficiency (~40-60%) and a cost that ideally would be an order of 
magnitude lower than that of RF based technology. The workshop also studied the laser requirements for 
a 200 GeV γγ collider, proposed as the first stage of a full scale ILC or CLIC. The required laser systems 
for such a collider may be within reach of today’s technology. 

 

6.2.  Light Source work package 

Lasers already play a significant role in existing light source facilities, but face new challenges with 
future light sources that aim at much higher repetition frequency. Ultrafast (femtosecond) lasers reaching 
1-10 kW levels will be required for seeding and user driven experiments.  Lasers producing a few joules 
in 30-50 fs pulses at high repetition rate (100-1000 Hz) could be used to drive laser plasma accelerator.  
Thanks to their ability to produce GeV-class, ultra-short, high peak current electron bunches, these laser 
plasma accelerators could in turn drive compact free electron lasers operating in the soft x-ray regime. 
Higher energy per pulse lasers (~40 J) would be needed to drive multi-GeV electron bunches for hard-x-
ray FELs. 
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6.3. Medical Application work package 

The third area of application has been medical applications of laser acceleration of protons/ions and its 
potential to replace current technology used in tumor therapy. Such lasers are typically very high peak 
power (PW-class) and require special pulse shapes with very high temporal contrast. Again, multi-kW 
compact lasers will be needed. 

 

6.4.  Laser work package 

Laser requirements for the applications discussed above are often many orders of magnitude beyond 
the capabilities of the lasers used in today's scientific demonstrations, i.e., megawatts versus tens of 
watts.  Laser science representatives at the meeting discussed and outlined how, with appropriate R&D, 
emerging 100-kW-class industrial lasers, 10-MW-class laser fusion energy technologies and MW-class 
defense laser systems might be adapted to meet these challenging requirements.  Approaches include the 
use of fiber based laser systems, novel materials for high efficiency pumping and extraction of laser 
energy, diode pumping and amplification media that include bulk materials shaped as rods or slabs.   

Since the required laser technology depends highly on the accelerator requirements, it is clear that not 
a single technological solution will be appropriate for all applications.  Whereas some light source and 
medical applications need ultra-short laser pulses with pulse duratiosn on the order of a few 
femtoseconds, others (e.g., colliders) need longer laser pulses.  A preliminary design for a laser-plasma-
accelerator based collider suggests that laser pulse durations of order 150 fs may be suitable, which opens 
up material choices that have smaller optical bandwidths but can be directly diode pumped and have 
excellent thermal properties.  These tradeoffs will be the subject of a subsequent workshop. 
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