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1 Foreword

1.1 From the Incoming ICFA Chair

Pier OddongeFermilab
Mail to: pjoddone@fnal.gov

First of all | would like to thank Atsuto Suzuki for his leadership ofAGRiringthe
last three yeard/e have made considerable progress as a global community during that
time, with the sponsorship of ILC R&D on a global basis, the completion of the
astoundingly successful Tevatron program, and the famtfast data run of the LHC
As the chakelect | look forward to my tenure during these very exciting times for
particle physics and for accelerators in general.

The LHC discoveries will give us the guidance we need to choose the best direction
for the exploation of the energyréntier. It may lead us to electrgpositron colliders
like the ILC or CLIC,or perhaps to muon collider§he ILC R&D has been very
successful and we have high confidence that we could build esucachine in short
order.CLIC needs further developmentdcademonstration ahthe muon collider even
more.Both CLIC and the muon collider present great challenges and rich opportunities
for accelerator research. But before we get to the next machine, we need to upgrade the
LHC, first by bringing it to the desiged energy, then to high luminosity and later
perhaps to a doubling of its energy depending on the physics needs.

At the intensity frontier the next few years will bring us the next generation B
factories to explore rare-duark and ajuark processes, amgtoton supebeams for
exploring the nature of neutrinos, rare processes in kaons and g electron dipole
momentsAlong with these new facilities, the talnarm factory in Beijing will continue
to increase its luminositgnd bring us many new ressilurther in the future is the
development of neutrino factories, which will advance the studies of neutrinos well
beyond superbeams and will be necessary if neutrinos keep serving us unexpected
results. As | write this short note | am at theensity Fontier Workshopn Washington
DC, where over 500 scientists are discussing the rich opportunities at this frontier.

Beyond the accelerators that we envision in the next two decades, our field has an
exciting program to explore new concepts in acceleratisimg novel dielectric
strucures, lasers and plasma wakEsere are great challenges in achieving accelerating
gradients several orders of magnitudeagge than in present machin€ne thing is to
achieve these gradients in the laboratory and a mucé diificult task is to scale these
experiments to realistic machines at the energy frontier.

The development of technologies needed for ILC, CLIC, muon colliders, -quark
factories, superconducting proton linacs and the advances in novel accelerator
techniques place our field in a position to make important contributions to society
beyond the creation of knowledgedatine understanding of naturdlready accelerators
are widely used in medicine, national secuatyd many industrial processésarning
to m&ke these accelerators more intense, more precise and more economic can further
increase our impact on the economy and on society.
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We do have exciting times ahead with many new opportunities for advances in the
scienceand technology of acceleratorBecaise we share a global vision and we
collaborate broadly we can advance everthe most complex endeavot§&FA has
articulated this global vision in the booklet distributed at the ICFA Symposium at
CERN last October:Beacons of Discovenfhttp://www.interations.org/beacons/).
ICFA will continue to play a critical role in bringing us together across borders to
address the development of future accelerators.

1.2 From the ICUIL Chair

Toshiki Tajimg Ludwig-Maximilians University Germany
Mail to: toshiki.tajima@physik.uimuenchen.de

In November 2008, | spoke with then ICFA Chair, Prof. A. Wagner, and the present
Chair, Prof. A. Suzuki, on the initiation of a ICHEUIL collaboration. Since then we
have been on a path of working together ever closer to exfplore accelerators using
lasers. This ICFACUIL Joint Task Force (JTF) has been approved by both ICFA and
ICUIL and was launched in September 2009 with Dr. Wim Leemans as Chair. In April
2010 we held the first and inaugurating JTF Workshop at Darms$tdidtyed with a
second one in Berkeley in September of this yeadelpth discussions were held at
these workshops on the status of the science of laser acceleration, its applications,
technologies to drive it and the future course of action. At thenbej we needed to
find a common language for the discussions. Through our joint work we have achieved
mutual and constructive understanding. More importantly, we became more able to
identify the scientific significance of this joint endeavor as well aghallenges. New
vistas have developed. The collaboration between the two communities has culminated
in the creation of a substantial White Paper as part of this ICFA Beam Dynamics
Newsletter (Section 2). This White Paper has both ghode milestonessawell as a
long-range vision. It describes both immediate applications and a difficult road(s)
toward the high energy frontier. As we all know, attainment of the highest energy is a
noble but extremely challenging task. | am very grateful to all who iboiid with
their wisdom and labor

From the activities of ICUIL, let me report to you that our community is still rapidly
growing and increasing its sophistication and power (literally). See the world map of
ICUIL as of 2010 (see alssww.icuil.org). Since we began our collaboration in 2008,
the 1 CUIL community has achieved a major
Infrastructure (ELI) approved hftp://www.extremelight-infrastructure.ey/ This
establishes intensity frontier exploration bases in Czech Republic, Hungary, and
Romania. We are also embarking even a step beyond this with the Exawatt and
Zettawatt science perspective called IZEST (seev.int-zest.comy. We are pleased
that ICFA often expresses that it values our joint work as it has evolved and increased
over the years
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2010 ICUIL World Map of Ultrahigh Intensity Laser Capabilities
IZEST constituency resides in UHIL community

- the total peak power of all the CPA systems operating today is ~11.5 PW
- by the end of 2015 planned CPA projects will bring the total to ~127 PWs
- these CPA projects represent ~$4.3B of effort by ~1600 people (no NIF or LMJ)
- these estimates do not include Exawatt scale projects currently being planned

R Dty oyl Ss1 gy

1.3 From the Editors

Wim Leemans (LBNL)Weiren Chou Fermilab) and Mitsuru Uesaka (Tokyo U.)
Mail to: wpleemans@Ibl.ggwchou@fnal.goyuesaka@mbk.nifty.com

This newsletter is a specigint edition by two ICFA panels the Beam Dynamics
Panel (chaired by Weiren Chou) and the Advanced and Novel Accelerators Panel
(chaired by Mitsuru Uesaka). The newsletter theme is a White Paper from the ICFA
ICUIL Joint Task Force (chaired by Wim Leema ) e nHigh tpdwerdlasefi
technology for acceleratorso The use of |l asers is a prom
particle acceleration as an alternative to the traditional RF technology. Its main
advantage is very high accelerating gradient (tens of GeVhpeer, compared to tens
of MeV per meter for RF). Lasdrased acceleration can be applied to colliders, light
sources and medical accelerators. Although there is still a long way to go to bring this
technology from the laboratory to real acceleratorss White Paper produced by a
formal collaboration between two scientific commigstis an important mileston#.
summarizes the discussions at two joint workshagarozed by the ICFACUIL Joint
Task Forceone at GSI, Germany in 2010, and anotherBtlL, USA in 2011.

Pier Oddone, Director of Fermilab and the incoming Chair of ICFA in this
newsletter gives his view of the future of particle physics. Toshiki Tajima, Chair of
ICUIL wrote an article on ICUIL and the newly formed ICHBUIL collaboration.
Thereare also one activity report (th&' énternational Accelerator School for Linear
Colliders), four workshop reports (ERL2011, DLA2011, FFAG2011 and COOL2011),
two recent doctoral theseabstracts(Sam Tygier of Univ. of Manchester, Richard
Fenning of Brunel Univ.) and four workshop announcements (FLS2012, HB2012,
RUuPAC2012 and BIW2012). We hope you will find this issue informative and useful
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2 White Paper of the ICFA-ICUIL Joint Task Force T High
Power Laser Technology for Accelerators

Wim Leemans, LBM
Chair of the ICFAICUIL Joint Task Force and Editor of the White Paper
Mail to: wpleemans@Ibl.gov

Executive Summary

Particle acceleratorsnd lasers havmade fundamental contributions to science and
society,and are poised to continue making great striolethe 21st centuryLasers are
essential to modern high performance accelerator facilities that support fundamental
science and applications, and to the development of advanced accelerators. In
accelerator andadiation science, which aims at developing advanced acceleration and
radiation source concepts, lasers provide the power for laser plasma accelerators or
dielectricstructurebased direetaser accelerators. For presealy light sources they
are usedd drive photocathodes in hidirightness electron guns; to control and measure
beam properties; and to seed the amplification process in the latest generation of light
sources that rely on electrdi@ambased freeelectron lasers. (At the user beamlinés o
light sources, they are also widely used in ptprgbe experiments.) Lasers are also
used in radiation sources, such as those producing high harmonics in gases, or those
producing intense gamnrray beams viainverse Compton or Thomson scattering
againstrelativistic electron beam#ledical applications are emerging that rely on laser
produced particle and radiation beams that offer the potential to be compact and cost
effective.

The demand for high average laser power even in-foe&e accelerator
apdications is already outpacing the state of the art in lasers. A class ofutwistic
accelerators for particle physics, driven entirely by lasers, would require average laser
power f ar exceedi ngThetpertbrangndesof lasera hgwwnaonf t he ¢
dramatic ways, thanks to inventions such as cHifpgdse amplification. Todayjasers
can achieve petawd#vel peak power operating at 1 Hz; lovwarergy systems (10 mJ)
can operate at tens of kHz. These performance improvements have engmédange
of scientific opportunities, including proaoff-principle experiments on the most
advanced accelerator concepts. As these-lzs®rd techniques mature, the need for
higher average power has come to the fore. Higher average power enadratis
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 kilowdtigh, 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.

To ensure that the | aser and accelerator
and to assist them ienablingvigorous progress, a standing Joint Task Foveas
established by ICFA and ICUIL. The JTF Hasld two international workshap thus
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far.! Four generalareasin future accelerator science and technology were considered
thatw | | either be driven by |l asers or have a
state of the art colliders for highenergy physic®ased on lasersaser stripping for H
sources; light sources (such asra§ free electron lasers), and medical ion dpgr
accelerators.
The goals of the workshepvere to:

1 Establish a comprehensive survey of requirements for colliders, light sources
and medical applications, with emphasis on sources that require lasers beyond
the state of the art or at least the statewsfent use. Emphasis was placed on
the fact that the workshops were not intended to carry out a-deleation of
specific designs or technology choices, but instead, were meant to take an
inclusive approach that represents a community consensus.

1 Identify future laser system requirements and key technological bottlenecks.

1 From projected system requirements, provide visions for technology paths
forward to reach the survey goals and outline the f@&stmology R&D steps
that must be undertaken

Requiremats for laser performance ieach of the four areas were established and
laser technologies that could meet these requiremesTes assesseds detailed in this
whitepaperThe followinggeneral conclusions fdaser development wegesstablished

1 Power. Improvements in average and peak power are needed for all of the
application areas under consideration, especially colliders for-drighgy
physics. Advances in these parameters made on behalf of the accelerator
community will have spinoff benefits fotleer uses. In turn, accelerators should
benefit from laser advancements made for other purpdbesigh unique
requirements indicate that the accelerator community would benefit from a
dedicated and tailored R&D effort.

1 Efficiency To deploy and continuéo advance accelerators and radiation
sources, the accelerator field will need not only high average power and high
peak power | aserpsl,ugute fafliscoi enncgyh. Awal |

1 High Power Optics Laser components and optics that can withstand- high
averagepower operation will be crucial to these advances.

1 Multi-way, interactive R&D cooperationEngagement 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 fegl remncepts in
acceleration and radiation generation.

1 Graduate and postdoctoral educatioimnovation in accelerator and laser
science and technology can be strengthened by expanding opportunities for
students and postdocs. In some areas, better fundihigeaneeded 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.

1 The First and Second Worksheogf the Joint ICFAICUIL Taskforce on High Average Power Lasers
for Future Accelerators were held at G8armstadt, Germany)rom April 8-10, 2010 and at
LBNL (Berkeley, USA), from September 22, 2011, respectively



12

The JTF has identified several promising candid@ténologies 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 wilatrequire these new
developments. Theollaboration 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 efficiengquirements of HEP applicahs may be met by
some of the identifiedechnologies 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@ap and t he ti ming of t
would be a longange R&D program, perhaps five to ten years. To assess its potential,
we recommend that exploratotgvel research on a modest scale be started
immediately.

Other applications are less demangdian colliders, but still need high average
power and efficiency from their lasers.  Their goals might be reasmeduteto the
ultimate goal of lasers suitable for colliders, and at a much earlier date. A large scale
realtworld use of these inten results could provide leverage, scalability, and new
technologies that are helpful in achieving the final goal.

This whitepaper is organized by application. Discussed first are [Ewensgh-
energy and higintensity acceleratoysthen a discussion folaser stripping for H
generation in ion sources. The neséction covers lasers for light sources:
photocathodes, FELs, etdncluding Compton and Thomson scattering against an
electron beamandhigh-harmonic generation in gases. Laser applicationsedical
accelerators for proton and heawy 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 accelecatamunity with
the expertise of laser laboratories. This roadmap will be further developed in upcoming
workshoys.
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2.1 Laser Applications for Future High-Energy and High-Intensity
Accelerators

2.1.1 Introduction

The consensus in the world highergy physics community is that the next large
collider after the LHGwill be a TeVscale lepton collider. Optionsirently under study
include the ILC (0.5L TeV), CLIC (up to 3 TeV) and the muon collider (up to 4 TeV),
all using RF technology. On the other hand, the very high gradients (~10 GeV/m)
possible with laser acceleration open up new avenues to reach eliendngrgy and
more compact machines. At this workshop participants discussed and set forth a set of
beam andlaser parameters for a-1D TeV e'€ collider based on two different
technologiesi laser plasma acceleration (LPA) and direct laser acceleréiibA).
Because the effectiveness of a collider is judged by its luminosity, and the cross section
for a process creating a large mass M varies a$, HMigh energy machine must also
have high luminosity. The luminosity goal for a 10 TeV collidet0¥ cm'2s'?, 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) ahdh repetition rate (kHz to MHz).

Moreover, the lasebased collider must have high walug 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, either in operation or in a
design phase. The results are listed in Table 1. Our goal is 10% for an LPA.

Table 1. Comparison of waiplug efficiency of various accelerators

Beam ener Beam power| Efficienc

Accelerator | Beam (GeV) 9y (MVS) AC to bea}llm Note on AC power
PSI Cyclotron H+ 0.59 1.3 0.18 RF + magnets
SNSLinac H' 0.92 1.0 0.07 RF + cryo + cooling
TESLA e | 250x2 23 024 | RF +cryo + coolin
(23.4 MV/m) ' Y 9
'('§C135 MV/m) e'le 250% 2 21 0.16 RF + cryo + cooling
CLIC e'le 1500x 2 29.4 0.09 RF + cooling
LPA e'le 500x 2 8.4 0.10 Laser + plasma

It is difficult to set a reasonable goal for cost.dlie the cost of a collider based on
laser technology should be significantly lower than colliders based on conventional RF
technology in order to make this new technology attractive. Take the 0.5 TeV ILC as an
example. The total estimated cost is ab@B,%f which about 1/3 is the RF cost. This
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gives roughly $5M per GeV for RF. The laser cost of a LPA or DLA collider should be
significantly lower in order to be competitive.

The workshop also studied the laser requirements foroa col | i der . Thi
originated at BINP, is based on the consideration that the cross section for Higgs
production in a 929 col | i defercollider of the sameé f i c an
energy. In 2008, it wagroposedo the ICFAto builda102 00 GeV oastecol | i d

first stage of a full scale IL@ order to lower the construction cost and realize a more

rapid start for the projectThis proposal went unapproved for a number of reasons:

physics potential, cost saving potential, and need for additional laser R&B. Th
workshop concluded that, as a matter of fdet, required laser systemsfm | LC 20
collider mayalreadyb e wi t hi n r eac h ,whereas foraa &lyi@r $PAt e c hn o |
b a s e cblliderdhe required laser technology could piggyback on the inertial fusion

project LIFE at LLNL or the high power laser project ELI in Europe (sae231.4).

In addition to higkenergy colliders, lasers also find application at another frointier
high-intensity accelerators. Lasers have been used in beam diagnostics for some time
now, including beam profil e nmmmeasucement Al as e
These require only low power lasers. A challenge, however, is to use a laser for
stripping H particles during injection into a hightensity proton machine, such as the
SNS, JPARC or Project X. In these M\fcale machines, the thin foitsade 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 regdtitein
real machine operation, the laser must have high average power (kW) and high
repetition rate (hundreds of MHZz). This workshop investigated the required laser
parameters for the SNS and Project X.

2.1.2 One-to Ten-TeV e'€ Colliders Based on Laser Plasm 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 highnergy physics experiments pregmnderway, it
is anticipated that1 TeV centeinf-massenergy will be required. The lasplasma
accelerator (LPA) is one promising technique for reducing the size and cost of future
colliders if the needed laser technology is developeBAs are of geat interest
because of their ability to sustain extremely large acceleration gradients, resulting in
compact accelerating structures3L

2.1.2.1 Principles of the LPA

Laserplasma acceleration is realized by using a spolde, highintensity laser to
ponderanotively drive a large electron plasma wave (or wakefield) in an underdense
plasma (sedrigure 1). The electron plasma wave has relativistic phasdecity i
approximatelythe group velocity of the lasérand can support large electric fields in
the direction of propagation of the laser.
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Figure 1: Laserplasma 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 injected ith 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 poteystial a
eA/mc? ~ 1), the magnitude of the accelerating field is on the orderof/E] =
96(n[cm' )%, and the wavelength of the accelerating field is on the order of the
plasma wavelength,[mm] = 3.3 10"%ng[cm' %)) where g is the ambient electron
number dengsy. For example, £° 30 GeV/m (approximately three orders of
magnitude beyond conventional RF technology) @AdLDO mm for g= 10" cm'>.

Rapid progress in las@lasma accelerator research, and in particular the
demonstration of higlquality GeV ekctron beams over estale plasmas in 2006 at
Lawrence Berkeley National Laboratory [4], has increased interest inpasena
acceleration as a path toward a compact -€kés linear collider [5]. A conceptual
diagram of an LPAased collidef1] is show in Figure2.

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)
propagding in a neutral, underdenske,(>> | where | is the lasewavelength) 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 regimdg3] and the bubblgg] (or blow-out [7]) regime

The quasiinear regime is accessible for parameters suchpthgt/l ,> >> &%/2g.,
where @ can be written as a function of the laser intensityad® = 7.3 10 *°(I [mm])?
lo[W/cm? (linear polarization),gq = (1+a%2)"? and r is the laser spotize. The
amplitude of the accelerating field of the plasma wave in the -tjunasr regime is E°
0.76(a’/29 )E,. This regime is characterized by regular plasma wave buckets and
nearlysymmetric regions of acceleratioleacceleration and focusHugfocusng (see
Fig. 3). In the quasiinear regime, the accelerating and focusing phase regions for
electrons and positrons are symmetric, since the wakefield is approximately sinusoidal
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Figure 2: Concept for an LPAvased electrepositron collider. Both thelectron and positron

arms start with a plasmaased injectioracceleration 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 laptasma modulessach consisting of arh long preformed
plasma channel (10cm®) 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 creatiand then trapped and accelerated in a LPA module to ~10
GeV. Subsequent LPA modules would accelerate positrons to 1 TeV. A luminosity ofl.0

g1 requires 4x1dparticles/bunch at a 13 kHz repetition rate [1].

Bubble/blow-out Quasi-linear

Figure 3.  Wakes
generated in the bubbléeft
0 columnp and quaslinear

(right column regimes by a
laser pulse with @4 (eft)
and a1 (ight). Top
figures are axial electric
field, central figures ar
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
(Courtesyof C. Benedettiet
al., LBNL).
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The bubble regime of LPA occursrftaserplasma parameters such thpét, * /I ,2
<< &’/2q . This regime is characterized by complete removal of plasma electrons and
creation of an ion cavity (seléig. 3, left). The bubble regime has several attractive
features for acceleration of electrbeams. 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 accesginthe highlynonlinear bubble regime is that
acceleration of positrons is problematic because the entire ion cavity is defocusing for
positrons, and a positron beam will be scattered transversely. There does exist a small
phase region immediately behirfietbubble where positrons could be accelerated and
focused; however, here 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 plasweaisvdetermined by the
plasma density and the size of the accelerating field. The maximum charge that can be
loaded is given by the number of charged particles required to cancel the laser excited
wake (beam loading limit). A collider will operate withyasmetric shaped particle
bunches such that bunches can be loaded with charge near the beam loading limit
without a large wakénduced energy spread. The maximum number of loaded charged
particles into a small (<k,= 2p/k,) segment is approximately Nk, ® (EL/Eo).

In general, the energy gain in a single lgdasma 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 vsipcand laser energy
depletion into the plasma wave. Laser diffraction effects can be mitigated by use of a
plasma channel (transverse plasma density tailoring), guiding the laser over many
Rayleigh ranges. Dephasing can be mitigated by plasma denstyntaflongitudinal
plasma density tailoring), which can maintain the position of the electron beam at a
given phase of the plasma wave. Ultimately, the sistdge energy gain is determined
by laser energy depletion. The energy depletion length scales-ds,’/l *>* no'*? and
the energy gain in a single stage scales with plasma densityg® \&, Ly~ no !

After a single laseplasma accelerating stage, the laser energy is depleted and a new
laser pulse must be coupled into the plasma for furloeeleration. 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
operae. One major advantage of laggasma accelet@mn over beamdriven 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 lilaagth 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 mirgltew 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 (egtallic tape or liquid jet) to reflect the laser
beam
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2.1.2.2 Experimental Progress on LasdPlasma Accelerators

Rapid progress in las@lasma accelerator researchs been made over the past
decade (see [3] for a reviewh particular the productionof high-quality GeV electron
beams over crscale plasmawas demonstrateid 2006 at Lawrence Berkeley National
Laboratory [4] Since that time,LPA research at many facilities worldwide has
demonstrated Gelével energies. This has been enabled by guidingeofaser pulse
over cm distancesténsof times the natural diffraction range of the laser) using tailored
plasma density channelshich actlike optical fibersand which perfornselffocusing.
The beams have percent level energy spread and estimaiesrnalized emittace are
at the mmmrad level. To further improve performance, particle injection into the
micron-scale accelerator structure is being controlled via several mechanisms including
wake phase velocity control using plasma density tailotimg,beat between colliding
laser pulses, and ionization of highspecies to produce electrons near the peak of the
laser intensity. This has recently produced beams which are both stable and can be
tuned in energy. Continued injector and acceleratactste (guiding, laser mode, etc.)
control work is in progress to further reduce energy spread and emittance. A critical
technology for a LPA based collider will be staging of several modules in series.
Experiments are expected to begin addressingidbige in the coming year, including
the use of plasma mirrors or other techniques to minimize distance between stages and
maintain geometric gradient. Also in progress are experiments to extend LPAs to 10
GeV using PW laser drivers in metsrale plasmas.

2.1.2.3 Design Considerations for LasdPlasma Colliders

The bearbeam 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 insosf measurement precision. The bdamam
interaction is characterized by the Loremxariant beamstrahlung parameter(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< 1. Next generation linear coleds ¢ 1 TeV)

will most likely operate in the quantum beamstrahlung regime with 1.

In the quantum beamstrahlung regime, the average number of emitted photons per
electron scales ag;h . ?®and the relative energy spread induced scalag as *~.
Assuming that the center of mass energy, luminosity, beam power, and beam sizes are
fixed, ,” e~ N*3%,"% wheres, is the particle bunch length [5]In this regime,
beamstrahlung is reduced by using shorter bunches and smaller charge per bunch.
Lasea-plasma accelerators are intrinsically sources of short (fs) electron bunches, due to
shortness of the plasma wavelenigth

Of patrticular interest is how the various laser and electron beam parameters
characterizing a LP/ased collider scale with respeo plasma density and laser
wavelength. These scaling laws, originally derived in Rgf.dre summarized in Table
2.



Table 2: Basic plasma density and laser wavelength scalings [5].
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Parameter Scaling
accelerating gradient n*?
LPA stage length n¥q 2
LPA stage energy gain | nl 2
Number of stages nl 2
Total length n?2
Number of e/bunch nt?
Laser pulse duration n'?2
Laser spot size n*?
Laser peak power n 2
Laser pulse energy n34 2
Laser rep. rate n
Beam power n*?
Laser averag power nt3 2
Wall plug power n*?

Using the scaling laws presentedTiable 2, the baseline example of a LPA collider
presented in Ref. [5] can be scaled to different plasma densities and laser wavelengths.
Tables 13 and 14 show estimates of paraters for electroipositron colliders for four
cases: a 1 TeV centef-mass (CoM) collider with a plasma density L0 cm', a
1 TeV CoM collider using a singlePA stage with a plasma density af n 2 x 10°
cm'®, a 10 TeV CoM collider with a psma density of o= 10" cm'®, and a 10 TeV
CoM collider with a plasma density of = 2 x 10° cm'>. In all these cases a laser
wavelength of = 1 nm and a laser intensity of 30" W/cn? (g = 1.5) are assumed.

The lasemplasma accelerator parametars based on scaling laws for the gtlamar
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 Colk 0" cm'3case, and of

order 1 km for the 10 TeV CoMor 10" cm'® case. Using a lower plasma density
with a lower accelerating gradient requires a-tmec length of 0.5 km for a 1 TeV

CoM collider and 5 km for a 10 TeV CoM collider
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Table 3: Beam parameters of 1 TeV and 10 T€¥ eolliders based ohPA technology.

Case: CoM Energy 1TeV 1TeV 10 TeV 10 TeV
(Plasma density) (107 cm?® | (2x10°cm?®) | (107 cm®) | (2x10"°cm®)

Energy per beam (TeV) 0.5 0.5 5 5
Luminosity (10** cn %' %) 2 2 200 200
Electrons per buncfx10™) 0.4 2.8 0.4 2.8
Bunch repetion rate(kHz) 15 0.3 15 0.3
Horizontal emittancel] (nm-rad) 100 100 50 50
Vertical emittancel} (nm-rad) 100 100 50 50
b* (mm) 1 1 0.2 0.2
Horizontal beam size at i, (nm) 10 10 1 1
Vertical beam size at I/, (nm) 10 10 1 1
Disruption pareneter 0.12 5.6 1.2 56
Bunch lengthl, ( € m) 1 7 1 7
Beamstrahlung parameter 180 180 18,000 18,000
Beamstrahlung photons pemg, 14 10 3.2 22
Beamstrahlung energy logis (%) 42 100 95 100
Accelerating gradient (GV/m) 10 14 10 1.4
Average beam peer (MW) 5 0.7 50 7
Wall plug to beam efficienc{?s) 6 6 10 10
One linac length (km) 0.1 0.5 1.0 5

The conversion efficiencies assumed are 50% for laser to plasma wave and 40% for
plasma wave to beam (laser to beam efficiency is 20%). A high laserpiuall
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 n
= 10" cm'®) and the required rep rates are of the order of tens offaHne=10"" cm
%), clearly indicating the need for the development of laser systems with high average
power (hundreds of kW) and high peak power (hundreds of TAvipther set of LPA
collider parameters, using a different baseline example, can be foRed ii8].

As the plasma density scalings shown in Table 2 indicate, operating at lower density
reduces the required wall plug power for fixed luminosity. This is achieved by using
more charge/bunch at a lower repetition rate. As discussed in Rebpggting at
higher charge/bunch implies more severe béaam effects at the IP. TalBeshows
that atny = 2 x 10" cm' 3 the beamstrahlung induced energy loss is prohibitively high.
Here the beamstrahlung induced fractional energy loss is estimated fr
Ue° 1.24@%s Ird U1+ (U272, a n d %0160 Oi n tHait thisaforreuta predicts energy
loss greater than the incoming particle energy, that, the energy loss is severe that
the particle orbit is strongly perturbed during the passage through the
counterpropagating bunch.

A process that extracts the energy of the remaining wakefields in the plasma as well
as in the bunches has been sugge@pdnserting circuitry in the plasma as a passive
feedback system extracts the wakefield energy, etetl@is 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 twakefield
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energy by at least a factor of 2 (or even mof@her energy extraction methods may be
envisioned, such as using a trailing aeonant laser pulse (or a low energyeam) to

gain energy from the remaining plasma wave and to transport that energy out of the

plasma [5]

Table 4: Laser and plasma gameters of 410 TeV é€' colliders based ohPA technology.

Case: CoM Energy 1TeV 1TeV 10 TeVv 10 TeV
(Plasma density) (10" cm®) | (2x10%cm®) | (107 cm®) | (2x10"° cm?®)

Wavel ength (&gm) 1 1 1 1
Pulse energy/stage (kJ) 0.032 11 0.032 11
Pulse length (ps) 0.056 0.4 0.056 0.4
Repetition rate (kHz) 15 0.3 15 0.3
Peak power (PW) 0.24 12 0.24 12
Average laser power/stage (MW) 0.48 3.4 0.48 3.4
Energy gain/stage (GeV) 10 500 10 500
Stage length [LPA + izoupling] (m) 2 500 2 500
Number of stages (one linac) 50 1 500 10
Total laser power (MW) 48 3.4 480 34
Total wall power (MW) 160 23 960 138
Laser to beam efficiency (%
[laser to wake 50% + ng(e t)o beam 409 20 20 20 20
Wall plug to laser efficienc{b) 30 30 50 50
Laser spot rms radifs € m) 69 490 69 490
Laser intensity (W/cf) 3 x 10° 3 x 10° 3 x 10° 3 x 10°
Laser strength parametay 15 15 15 15
Plasma density (ch), with tapering 10" 2x10° 10" 2 x 10°
Plasma wavelength (mm) 0.1 0.75 0.1 0.75

Table 5 shows the psent readiness of the laser systems, plasma and beam
generation and other required accelerator components for glasera linear collider

2.1.2.4 PostBELLA Laser-Plasma Accelerator Applications

In 2006, a crvscale laseplasma accelerator (LPA) was first denstrated at LBNL
that produced 1 GeV electron beams with a time integrated energy spread of about
2.5%, containing 30 pC of charge, using a 40 TW laser pulse (2 J/pulse) [4]. Presently
PW peak power, shopulse (<100 fs) laser systems are under cocisbru at several
laboratories, and it is anticipated that such systems will enable 10 GeV LPA electron
beams produced in 1 m of plasma, operating at plasma densities’afni A
compact source of 10 GeV LPA beams would potentially have many appisatior
example, such beams could be used to power aefestron lase (FEL), producing
femtosecond Xays for basic science applications (a later section of this whitepaper
discusses laser requirements for -Bven FELsS). A compact source oflD Ge&/
LPA beams also could be used as a beam test facility for beam dynamics studies and
high-energy physics detector testing
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Table 5: Laserplasma accelerator technology readin@sseangresently achievab]é
meanswithin one ordef magnitudeof therequiredvalue(or expectation obeing theren the
near to medium termX meanaot presently achievable (requires significant long term R&D)

Laser Properties

Peak intensity: ~I8 W/cn?

Peak Power: ~0.1 PW @ n3i6m?
~10PW @ n~1& cm®

Pulse duration: >50 fs

Pluse energy: ~10 J @ n~iom°
~10 kJ @ n~18cm?

Pulse shaping

Average Power: ~ MW
Rep. rate: ~ 1 10 kHz
Efficiency (wallto-laser): >10%

XX | X | & [X an| an |O an| an

Plasma and Beam Propeies

Plasma channel length: ~1 m @ n¥ton®
~300m @ n~18cm?
Plasma channel tapering: ~1 m @ n~tén®
~300 m @ n~1¥cm®

Stability (pointing for IP)
Shaped bunches
Transverse emittnace (< 0.1 mm mrad)

Longitudinal emittance (<%)
Charge (~19)

Accelerator Components

Qx| Qx| Ox| 5¢ | X [X O O

LPA staging

Laserplasma coupling (plasma mirrors)

LPA-compatible injector

Compact beam cooling

X | X | ox| Ox| ox

Compact final focugplasma lens)

Current PW, shofpulse laser systems under construction (e.g., the BELLA Facility
at LBNL, or the ELiBeamlines in Prague) would operate at low repetition rate(1
Hz) and would be low averagmwer laser systems. Although, for exaem@ compact,
low-repetition rate LPAdriven FEL could provide higpeak brightness light for user
experiments, the applicability of this technology for lasgale user facilities requiring
high-average brightness would require repetition rates thdbaey ond t oday 6 s
the art in highpeakpower lasers. Table 6 shows an example of a 10 GeV accelerator in
a single LPA stage operating at"16m?®. Development of kHz, high peak power laser
systems would enable a compact source of rMitj ultrashort (<10 fs), 10 GeV
electron beams for user applications. The sistidge LPA example shown in Table 6
could be staged, using multiple laser systems, to higher electron beam energy

S
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Table 6: 10 GeV laseplasma accelerator with laser driver at 1 HZ tdHz.

Parameter

Plasma density 10" cm?®
Electrons/bunch 4 x10
Repetition rate 1 Hzi 1kHz
Laser wavelength 1lum

Laser pulse duration 0.1 ps

Beam energy gain/stage 10 GeV

Stage length 1m

Average laser power/stage | 32 Wi 32 kW

Beam power (sigle stage) 6.4 Wi 6.4 kW

2.1.3 Linear Colliders Based on Dielectric Laser Acceleration

2.1.3.1 Dielectric Laser Acceleration: Linear Collider Parameters

Dielectric laser acceleration (DLA) refers to the use of miswale dielectric
structures driven by lasers optmg in the optical to near infrared regime {18]. The
use of a laser as the drive source for the accelerating field offers several benefits,
including the high repetition rates (LO MHz) and strong electric fields (0.5 GV/m)
that modern lasers cangwide, combined with improved commercial availability and
cost when compared with microwave sources. The use of dielectric structures
circumvents the problem of power loss in metallic cavities at optical frequencies; it also
allows for an order of magnitedhigher accelerating gradients due to the higher
breakdown thresholds{8 GV/m) of dielectric materials.

Charged particles are accelerated inside a central channel inside aidipheatbnic
crystal material. The channel acts as both the vacuum pipetlie beam and as a
confining mechanism for an electromagnetic mode. Assuming that the guiding
channel 06s transverse dimensions are of t
microns) the power coupling efficiency to the particle bunches canniple be as
high as 40%, with optimal efficiency at bunch charges at the fC level [13]. In order for
successive bunches to sit in the accelerating phase of the wave, the requisite bunch
durations are on the attosecond scale with dbtnach spacing equéb the laser
wavelength (or an integer multiple thereof). As a result of the various technical
requirements just mentioned, the beam parameters for an accelerator based on this
technology would be quite different from both traditional machines and otlieneet
schemes

DLA offers several compelling potential advantages over traditional microwave
cavity accelerators. Accelerating gradient is limited by the breakdown threshold for
damage of the confining structure in the presence of intense electromdighesicin
the DLA scheme operating at typical laser pulse lengths of 0.1 to 1 ps, the laser damage
fluences for dielectric materials such as silicon and glass correspond to peak surface

he
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electric fields of 400 to 2000 MV/m (compared to the breakdown liofit$0 to 100

MV/m for metal cavities). The corresponding gradient enhancement represents a
reduction in active length of the accelerator between 1 and 2 orders of magnitude.
Power sources for DLAvased accelerators (lasers) are cheaper than microwaeesour
(klystrons) for equivalent average power levels due to the wider availability of, and

private sector investment in, commercial laser sources. The hightdgsanticle

coupling efficiency makes required pulse energies are consistent with tabletop

microjoule class lasers. Fabrication techniques for constructing -dmresnsional
dielectric structures with nanomeiewel precision are well established in the

semiconductor industry and the capillary fiber industry. Once a suitable fabrication
recipe is @veloped, orchip DLA devices with multiple stages of acceleration and
waveguides for coupling power to and from the structure could be manufactured at low

perunit cost on silicon wafers

(a)

(b)
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Figure 4: Three dielectric laser accelerator topologies: (a)[a s8icon plotonic crystal
structure, (b) a holloveore photonic bandgap fiber, and (c) a dgadting structureshowing
conceptual illustration (top) and recently fabricated structures (bottom).

Several DLA topologies are under investigation as parthef SLAC E163

program, as seen ifig. 4 :

glass photonic bandgap (PBG) hollaare optical fiber, and (c) a structure where the

(a) a sil

con

Awoodpil eo

beam is accelerated by a transversely incident laser beam in theetye@en two

gratings Significant progress has been made in the fabrication of partial or full

p hot

prototypes of these structures with geometries optimized for accelerator use, as seen in
the bottom images. Steps required to make these into working protatypede
alignment and bonding of two of thel&er half woodpile structures seen in (a),

reducing the fiber dimensions in (b) from an operating wavelength of 7 to 2 microns

(where lasers and detectors are more readily available), replacing borosilitatben

more radiatiorhard silica, and aligning and bonding two of the gratings shown in (c),

which are designed for 8atim laser operatian
To reach 10 TeV cent@f-mass energies,reext generatin lepton collider based on
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traditional RF microwave témology would need to be over 100 km in length and
would likely cost tens of billions of dollars to build. Due to the inverse scaling of the
interaction cross section with energy, the required luminosity for such a machine would
be as much as 100x highenah proposed -B TeV machines (ILC and CLIC),
producing a luminosity goal of order *0cm'? s*. In attempting to meet these
requirements in a smaller cost/size footprint using advanced acceleration schemes, the
increased beam energy spread from radiatogs during beadbeam interaction
(beamstrahlung) at the interaction point becomes a pressing concern. Since the
beamstrahlung parameter is proportional to bunch charge, a straightforward approach to
reducing it is to use small bunch charges, with theltiag quadratic decrease in
luminosity compensated by higher repetition rates. This is the natural operating regime
of the DLA scheme, with the requisite average laser power (>100 MW) and high (>10
MHz) repetition rates to be provided by modern fiberrase

Table 7: Strawman Parameters for 3 DLA Topologies

Parameter Units "ILC" Woodpile Fiber Grating

E cms GeV 10000 10000 10000 10000
Bunch Charge e 3.0E+10 1.8E+04 3.8E+04 1.0E+04
# bunches/train # 2820 136 159 375
train repetition rate MHz 5.0E-06 25 5 10
macro bunch length psec 1.00 1.00 0.50 0.33
design wavelength micron 230609.58 1.55 1.89 0.80
Invariant Emittances micron 10/0.04 le-04/1e-04 | 1e-04/1e-04 | 1le-04/1le-04
I. P. Spot Size nm 158/1 0.06/0.06 0.06/0.06 0.06/0.06
Beamstrahlung E-loss % 16.3 2.4 5.4 3.8

Enhanced Luminosity lcm”™2/s 1.23E+36 2.04E+36 4.09E+36 2.82E+36

Beam Power MW 338.8 49.0 24.2 30.0
Wall-Plug Power MW 1040.0 490.2 242.0 300.4
Gradient MeV/m 30 197 400 830
Total Linac Length km 333.3 50.8 25.0 12.0

Table 8: Laser Parameter Requirements from DLA 2011 Workshop

Requirement Woodpile Fiber Grating Resonant
Structure
Pulse Energy 200 nJ 1w 10 pJ 1-10 pJ
Average Power 200W 1 kw 10kw 1kw
Wavelength >2um >1um >1lum >1um
Pulse Widths 1 ps 1ps 0.1-0.2 ps 1.8-10ps
CEP Locking < 1e < 1e < 1e < 1e
Repetition Rate (MHz) 100-1000 100-1000 100-1000 100-1000
Wallplug Efficiency 30-40% 30-40% 30-40% 30-40%

Numbers for a 10 TeV collider scenario are showiiable 7 For comparison, we
have extapolated a corresponding case for traditional RF technology by scaling the
parameters for the proposed International Linear Collider (ILC) to 10 TeV. In these
examples, DLA meets the desired luminosity, and with a significantly smaller
beamstrahlung energhpss. Other advanced collider schemes such as -desen
plasma and terahertz also rely upon a traditional pulse format for the electron/positron
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beam and would therefore compare similarlyetger plasma acceleratiamthis regard.
Although the numbers Table 7are merely projections used for illustrative purposes,
they highlight the unique operating reginthat has DLA poised as a promising
technology for future collider applicatians

Corresponding laser requirements are summarized in Table 8) istderived from
results of the DLA 2011 ICFA MirWorkshop at SLAC [14]. The parameters reflect
the unusual pulse format of the electron beam: namely very high rep rates with4ow per
pulse energy but high average power. In addition, because eachusgecan drive an
entire bunch train in the DLA scenario, spisosecond pulse lengths are not required.
Fiber lasers at 1 micron wavelengths and hundreds of watts of average power have
already been demonstrated to be capable of meeting most of thesmeetma
requirements and higher power (>1 kW) mdoleked systems at longer wavelengths
(e.g., 2 micron thuliundoped lasers) are expected to be commercially available in the
near future

2.1.3.2 Challenges and Opportunities

Although DLA is a promising concept féduture accelerators, it is a relatively new
field of study, and the demanding requirements of a linear collider pose a variety of
challenges. We discuss some of these challenges below to help set the direction and
priorities for future research

Demonstation of Gradient

Achievable gradient in DLA structures is limited by the damage threshold of the
dielectric material at infrared wavelengths and picosecond pulse durations. Recent
progress has been made to characterize a variety of common and exeti@lsnat
(quartz, silicon, and oxides of aluminum, hafnium, and zirconium) in both bulk and
pod-fabrication topologies [15]Experiments for bearan demonstrations of the
prototypes inFig. 4 are currently in progress at Stanford and SLAC National
Accelerabr Laboratory, the initial goals of which are to demonstrate acceleration and
measure achievable gradient [16]. The first prototype to be tested will be the dual
grating structure ofFig. 4(c).

Detector Resetting at High RepetitioatBs

The repetitionrates proposed in Table 7 for a future DLA collider are of the same
order of magnitude as those currently in use at the ATLAS detector at LHC, which has a
maximum crossing rate of 40 MHz. Since the DLA luminosities in Table 7 have been
scaled to match thdor traditional RF technology at the same cefwtfemass energy,
but with lower charge per bunch, the total number of events per second has merely been
redistributed over a larger number of crossings. At ATLAS, only 200 crossings are
recorded per secondising a sophisticated trigger system that selectively filters them
[17]. Techniques for filtering and processing large numbers of crossings will continue
to improve, and constitute a challenge for HEP generally that is not limited to the DLA
concept
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Transverse \Akesand Beam Breakup

Preliminary estimates of emittance growth due to transverse wakefields and beam
breakup (BBU) instability were performed by Eric Colby for the Report of the 2011
ICFA Mini-Workshop on Dielectric Laser Acceleration [14[he train of bunches was
represented by macroparticles propagating through a simplified BBU model [18] using
estimates of the transverse wakes corresponding to a vacuum channel in bulk dielectric.
The results indicated approximately 2 nm of emittance tirowith 500 GeV of
acceleration over 1 km, with tolerances of 30 nm on the transvesadenment of the
guadrupole and accelerator elements. However, simulation of the transverse wakes for
particular structures and more sophisticated modeling of the ®llbe needed to
better understand the tolerances required to mitigate these .effects

Efficient Coupling and Dissipation of Power

Proper handling of kilowatts of average laser power in misaale structures
requires the development of integrated derg with high (near 100%) efficiency.
Significant progress has been made recently in simulating such couplers for the
woodpile structure using siliceon-insulator (SOI) waveguides [19]. The power
distribution scheme is then envisioned as a fitbe8OI coupler that brings a pulse from
an external fiber laser onto the integrated chip, distributes it between multiple structures
via SOI power splitters, and then recombines the spent laser pulse and extracts it from
the chip via a mirreimage SOfto-fiber output coupler [20], after which the power is
either dumped or, for optimal efficiency, recycled [21]

CompatibleElectron and Positron@&irces

As seen in Table 7, the bunch charges for optimal-taskeam coupling efficiency
are in the range of-20 fC. In order for successive bunches to sit in the accelerating
phase of the wave, the requisite bunch durations are on the attosecond scale, with
intrabunch spacing equal to the laser wavelength. A technique for generating the
requisite optically microbnched attosecond scale beams was recently demonstrated at
SLAC [22], and recent work in field emission neetife emitters demonstrates that
electron beams with the requisite charge and emittance requirements are within reach
[23]. Development of compdéiie positron sources remains an important unsolved
problem

2.1.4 9 ZLolliders

An electronelectron linear collider can be converted to a phgtiooton collider by
converting the electron beams into photon beams by irradiating laser beams just before
the collison pointas shown in Figure.5
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Figure 5: lllustration ofthe principle ofaa zollider.

This scheme opens the possibilityr investigating different physics from the
collider than when it is operating with charged particle beahime wave lengtt | of
the laser should be as short as possible for creating high energy photorssdinanm
electron energy. However, it must satisfy

| 'L[mm] > ~4 E[TeV]

where E is the electron energypecauseotherwise, the created higimergy photons
would be lost byelectronpositron pair creation in the same laser beamobtaina
narrow photon energy spectrum the laser beam should be circularly polarized (and
electrons longitudinallypolarized. Linear polarization may sometimes be needed
depending nthe physicgrocesses 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 alrenstely determined by the
laser parameters and is independent of the electron paramelong 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=w_*sc/S

wherew, is the laser photon ergy,sc the crossection of Compton scattering, and S
the effective crossection of the laser beam. &nnot be too small due to the Rayleigh
length requirement. Thus, in any case A is a few 3o@a the other hand, the required
pulse structure ofhe laser beam, which must match the electron beam, strongly
depends on the collider design. In particursuperconductingollider (e.g. ILC) a
normatconducting collider (e.g., CLIC)r a laser plasma accelerator (LP@¢mand
very different pulse staiures. The pulse structure can be characterized by a few
parameters: yithe number of bunches in a traigthe interval between bunchesi
the train length, andef, the repetition frequency of the trains. The train length is O(ms)
for superconduatig colliders but is Q) or less foma normatconducting collider

Table9 shows examples of the required laser parameters feet@rgy (Lowmass
Higgs regionp wolliders based on the ILCLIC and LPAparameters. The parameters
for the ILC is basedmothose given by. Telnov[24] slightly modified according to the
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present ILC parametef25]. The parameters for CLIC are based on the proposal
CLICHE [26] with the updated parameters of CLJZ7]. V. Telnov made important
correction to some of the CLIBarameters as well as provided the laser parameters.
[28] (For the ILC a possible use of FEL is propof2@]| but this is irrelevantn the
present contexXt.The parameters for LPAs are scaled versions of those in S@cti@n

and [5].

All of theseparaméersare subject to change depending on the project evolution as
well as on the optimization of the interaction region. Owing to the boamghtrain (980
ms) and large bunch spacing (370 m@) the ILC it is possible to use an optical cavity
for accumuléing the laser power (the multiplication factor Q in the table) so that the
requiremerd for the laserare greatly relaxed at the cost of very high precision optical
system[30]. This type of optical cavities is similar to that currently@nconstruction
for a Compton Xray source at KEK [31]

For the CLIC it would be difficult to employ an optical cavity because the bunch
train is short (177 nsand the bunch spacing small (0.5 ns). However, the required laser
system is similar to a single laser beane lof the Laser Inertial Fusion Energy (LIFE)
project at LLNL in the US and can be readily adapted from the existing proposal for the
LIFE laser beam

Figure 6 shows the beam structure of a GbhE3ed zollider. The laser pulse train
for the collider corists of a burst of 354 fiv@ule, onepicosecond pulses separated by
0.5 ns for a total of 1770 J/burst. These bursts occur at 50 Hz, yielding an average
power of 88.5 kW of 4micron light. The LIFE laser on the other hand is designed to
produce over 13RW of average power with pulse energies of 8.1 kJ at 16 Hz. To make
the change to the new pulse format, several changes to the architecture would be
required. First, the front end of the laser system would need to be modified to generate
the pulse burstsyhich is well within current technology capabilities. Due to the low
energy of each pulse, only a minimal stretch is needed for the pulses: ~ 10x, to 10 ps.
This can be accomplished with a very simple stretcher / compressor pair. The diode
arrays will ned to be triggered at the higher 50 Hz repetition rate. Likewise the Pockels
cell in the beam line cavity will have to be modified to enable 50 Hz operation. Since
the extracted energy in a burst will only be 1770 J, there is ample margin in the LIFE
energéics and extraction design for the laser to perform at this level. Finally, at the
output of the laser, the stretched pulses will need to be compressed. Since the energy is
low, the beam can be readily expanded to lower the fluence onto moderate aperture
gratings and minimize average power effects. After compression, the pulses can be
focused by an ofixis parabola onto the intended collider target.

Technology similar to this has also been proposed for the Extreme Light
Infrastructure (ELI) project in Eope [32]



30

f>
0.5 ns

177|fs (354 pulsesin a tlrain)

I |
| 20 ms (50 Hz) |
[ |

Figure 6: CLIC-based zmollider beam structure.

For an LPAbasedo acollider or lowenergy & collider, the same accelerator
systems tradeoffs apply fefficiency andgradient as in the 0.5 TeV and higher energy
LPA cases considered ieaion2.1.2. Since luminosity requirements are a modestly
less than those for a 1 TeVeecollider, similar accelerator parameters are appropriate
to the 1 TeV column in Tabl& with reduced repetition rate of 4 kH&/hile thesystem
tradeoffsremainthe same, due to the lower beam eneagg repetition rate required
wall plug power requirements are sevedmtl lower. The linac length will also be
shorter which makes geometric gradient less critldahce while parameters similar to
those of sectio2.1.2 are suitable for a lower energy machine (by using fewer stages),
operationcan also be considered higherplasmadensity where pepulse laser energy
and electron bunch charge is lower and repetition rate is highies. may be
advantageous for laséevelopment purposes as an intermediate step between present
facilities and a TeWscale machineFor example, operating at density of%éc instead
of 10'"/cc would increase repetition rate from 4 kHz to 40 kHz, and reduce laser energy
per stage fron32 to 1 J. The price for this: the pulse length also falls from 56 fs to 18
fs, which may require special techniques for some laser systems. As for the higher
energy options, 2 um lasers can be used in place of 1 um, requiriffgwitiethe laser
energy per stage and four times as many stages, with other parameters remaining
constant

A key difference from CLIC and ILC based options is that LPAs are expected to
produce single bunches rather than bunch trains. Hence the scattering laser should have
a regoetition rate matched to the accelerator driver, and duration in the range of a few
picoseconds. To minimize the required accelerator energy, the laser wavelength should
be set byl L [Mm] ~4 E[TeV], which yields a 0.3 um laser with a 75 GeV beam to
produe the required 120 GeV center of mass. Again, laser alternatives exist, and a 1
pm laser can be used with a 100 GeV electron beam. Badl®ws the 1 pum laser
paired with the LPA operating at fcc and the 0.3 um laser with the LPA at1€x,
but theg options are interchangeable
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Electron BeamParameters ILC CLIC ne:Lle)f;/ cc neleFE)fé/ e
Energy per electron beam (GeV) 100 100 75 100
Max energyof photors (GeV) 60 (75) 60 60 60
?%EJEQP%% at the high energy peak 0.13 019 0.3 03
Electronsper bunch (40 2 0.68 0.4 0.13
Number of bunches in a trainy) 2640 354 1 1
Distance between bunchég (Ss) 370 0.5 n/a n/a
Length of the trainrg*t, , ns) 980 0.177 n/a n/a
Repetition frequencyf &, Hz) 5 50 4 40
Electron lunch lengthl, (mm) 300 44 1 0.3
Normalized emittancgl,, (mm-mrad) 10/0.035| 1.4/0.050 0.1 0.1
Betafunction at IPb,, (mm) 4/0.3 2/0.02 0.15 0.2
Beam sizdl,, (hm) 450/7.3 | 120123 10 10
Distance between conversion pointand IP (mi  ~1.5 ~0.5 <75 <350
Crossing anig (mrad) 25 25 <50 <50
Laser Parameters

Wavelength ifm) 1(0.5) 1 0.3 1
Rayleigh range (mm), f# ~0.5,20| ~0.4,18 0.3 1
Laser pulse energy (J) ~10/Q 5 2 6
Pulse length (r.m.s., ps) ~1.5 ~1 2 7
Peak power (TW) ~2.5/Q 2 1 1
Average power (kW) 1500 90 8 240
Laser power in a train (MW) 25/Q 10000 n/a n/a
Cavity enhancement factor Q~300 1 1 1

Notes on the ILC and CLIC columns of Tabte

1) Distance between the Compton conversion point (CP) and the interaction point

o

iys b = ou

(1P)

2) Thickness of théaser target is equal to 1.2 collision lengths.
3) Luminosity in the high energy peak meangV > 0.8Way)

4) For the 1 LC, t he
e m.
5 For the I LC, & = 1
> = 1 em is allowed
di sruption angl e)']s
6) iUndul at or 6> =pa®d amet 0. 2)

corresponding to reduction of \¥ by 5%.

Notes onhe LPA columns of Tabl8:
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1) Parameters for LPA example at"4#6c and 16/cc are drawn from Sectidhl.2

and Ref. [5].

2) Laser parameters for LPA example refer to scattering laser. For drive laser

parameters, seeable3

to
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2.1.5 Plasma Accelerators as Injectorsvith the Example of LHeC

2.1.5.1 Introduction

Plasmabased linear accelerators carry the promise to allow feasibility of compact
and therefore less expensive linear colliders for high energy physics (HEP). The path to
a laser plasma accelerator (LPA) is describlséwhere and parameter tables for linear
colliders based on this technology have been worked out. It will still require a
significant time until a TeMlass LPA can be constructed. In the meantime it would be
important to use laser plasma acceleratioh afiplications for lower beam energies.

One possible use case is a lgz@sma linac as injector for other accelerators. Such
an application would allow gaining experience with this technology and developing it
into full maturity. As an example we dedmi an idea for the application of a laser
plasma accelerator to LHeC.

2.1.5.2 Example: The Large Hadron Electron Collider (LHeC)

The LHeC is a concept for extending the LHC [33] physics program with collisions
of 7 TeV protons and 60 GeV electrons in the intepaoti r egi on @Al R20 of
conceptual design is described in [34]. The options of arnmy(RR) or linaering
(LR) layout are presently being considered. In the RR scheme, a second ring accelerator
is installed into the LHC tunnel and used for theagerand acceleration of the 60 GeV
electron beam. In the LR scheme an energy recovery linac is used to accelerate electrons
to 60 GeV and to bring them into collision with the stored LHC beam. The LR requires
a new tunnel for the linac, aiming at IR2 oéthHC. The design parameters for LHeC
are listed in Table 10

2.1.5.2.1 Electron Beam Requirement for LHeC (RR)

The ringring option of the LHeC requires that electron bunches are generated,
sufficiently preaccelerated and injected into the LHeC electron ring. tAhget beam
parameters for injection are as follaws

1) Beam energy: 10 GeV
2) Bunch population: 20x 10 ¢
(14 x 10 € for nom. performance)
3) Normalized transverse emittance:  0.29 mmrad
4) Pulses for injection: ~5 Hz

This beam would allow fillinghe required 2808 bunches of the LHC within about
10 minutes. The bunch length is not critical, as long as the transwers®= coupling
instability can be kept under control. Single bunch injection is preferred but
accumulation (as was done in LEP) canebeisaged if required. Accumulation is the
repeated injection into the same RF bucket of the ring. Several methods exist for this
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Table 10: The main parameters for the LHeC, for electron (left) and proton (right) beams. Both
the ringring (RR) and linaging (LR) options are listed. This tabMascopied from the LHeC
conceptual design repo24].

electron beam RR LR LR" proton beam RR LR
e- energy at IP[GeV] 60 60 140 bunch pop. [101] 1.7 1.7
luminosity [10%2 cm2s] 13 10 0.4 tremit.ye, , [um] 3.75 | 3.75
polarization [%] 40 90 90 spot size Oyy [um] |30,16 7
bunch population [109] 20 1.0 1.5 [3*,“! [m] 18,05 0.1
e- bunch length [mm] 10 0.3 0.3 bunch spacing [ns] 25 25
bunch interval [ns] 25 25 50
transv. emit. ye,, [mm] 0.58,0.29| 0.05 0.1
rms IP beam size o, , [um] 30, 16 7 7 LH.O
e- IP beta funct. f* , [m] |0.18,0.10| 0.12 0.14
full crossing angle [mrad] 1 0 0

; N RR=Ring —Ring LR =Linac —Ring
geometric reduction H,,, 0.75 0.91 0.94
repetition rate [Hz] - - 10
beam pulse length [ms] - - 2 Ring: with 1° as baseline : L/2
ER efficiency - 94% - Linac: clearing gap: L*2/3
average current [mA] 131 6.4 0.27
tot. wall plug power[MW] 100 100 100 *) pulsed, but high energy ERL not impossible

2.1.5.2.1 Electron Beam Requirement for LHeC (LR)

The linaering option of the LHeC requires generating and delivering to the LHC
ring a different kind of electrondam

1) Beam energy: 60 GeV

2) Normalized transverse emittance: 50 nm-rad
3) Bunch charge: 2 x 10

4) Electron current: 6.4 mA

5) Electron flux: 3.3 x 16°Hz
6) Bunch spacing: 50 ns

7) Mode: CWwW

The electron beam power at the IP is 384 MW. The concgphe LR LHeC
foresees that most of this power is recouped in energy recovery linacs. Total required
power for the electron beam should remain at or below 100 MW. The LR option
foresees also a pulsed mode of the linacs for very high beam energiesl{@bdveV)

2.1.5.3 Possibilities for a LasePlasma Linac and Issues

Laser plasma accelerators have seen tremendous advances over the recent years. The
progress cannot be reviewed here in any detail, so we point to the published literature
and the references thameiThe EuroNNAc workshop in May 2011 provided an
interesting overview and slides of the presentations can be accessed in [35]. The
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electron beams achieved to date with laser plasma accelerators have the following
typical properties

1) Beam energy: 0.17 1.0 GeV

2) Normalized transverse emittance:  ~10mm-rad

3) Bunch charge: ~1x 10

4) Repetition rate: 0.17 10 Hz

5) RMS energy spread: ~1%

6) RMS bunch length: ~0.5mm (1.5fs)

The presently achieved electron beam parameters with laser plasma accelerators do
not fit directly into the LHeC requirement particular, CW operation as foreseen for
the LR option, is not feasible. A laser plasma accelerator for the LR option is also
disfavored due to the absence of the energy recovery option, which is required for
keeping the power needs of the electrorcitze below 100 MW.

The use of a laser plasma accelerator for the RR option of LHeC seems to have
fewer feasibility challenges compared to the LR option, with the exception of the
following issues for injection into the electron ring of the LHeC

1. Thebeamenergy of the electron beam must be increased by a factor of 10,
to about 10 GeV. The ongoing BELLA project [36] at LBNL is targeted to
demonstrate the generation of 10 GeV electron beams from a laser plasma
accelerator. Its goal should be achieved withenext 2 years

2. The bunch population should be increased by a factor of-2@ beyond
present achievements. Alternatively, accumulation of 10 injections per RF
bucket would be required, resulting in a 10x increase in the required
repetition rate. Lasersan be operated at high repetition rates

3. Thebunch length of the generated bunches is much shorter than required.
This is, a priori, no problem, as the electron beam will approach its
equilibrium distribution once stored. However, fast instabilities tnigs
controlled. In particular, the transverse mode coupled instability could be a
problem, as it is worsened by short bunch length

The first two items are expected to impose no fundamental feasibility issue for a
possible use in the RR option of the &€l The third item is an interesting problem for
further accelerator physics studies that explore the injection and control e$hdita
bunches in storage rings. There is no experimental experience with such bunches and
theoretical studies would be rempd before assessing feasibility limits in this new
regime

2.1.5.4 Conclusion

The electron beamsegerated today from laspfasma accelerators are approaching
parameters that make their usage interesting for new applications. The use of advanced
electron accelators for linear colliders has been discussatiatiterature. In this short
report we have discussed the sibte use of an advanced LRA injector for the LHeC
proposal. The application for the rinpg option of the LHeC is indeed not fully
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excludel and could be used to demonstrate gains in size and cost with the new
technologies, while developing them to full maturity for linear collider applications.
Required R&D studies would involve the study of injection with uifnart bunches

into a storageing. This is an interesting topic and theoretical studies are required.

It is noted that only one example application has been considered in this short note,
namely the LHeC. However, other applications for high energy physics and photon
science ring falities can be envisagédfor example top-up of electron storage rings
during operation

2.1.6 Perspectives a Laser Proton Acceleration to the TeV Range

Recently RPA acceleration has been demonstrated with laser intensities in the range
just below 16° W/cn?. Proton andcarbon bunches of about 1 MeV/u with relatively
narrow bandwidth energy can be observed [40]. In a paper by Zktealy [37-38]
perspectives are giveam extendng this to the TeV range. RPA acceleration requires an
ultrachigh intensity laser v circular polarization to interact with a very thin target.
The requirement of wellefined beam quality is very demanding, and apuise level
below 10'°is mandatory to allow for this process

RPA(PSA): nm target

Figure 7. The process of RPA acceleration. The
laser is impnging on the ultrahin foil, building

up a compressed layer of elecspmwhich in
return transfers momentum to all the particles in
the foil. [39-40]

efficiency~10%, GeV

The experimentally observed proton energy at ~ 5% Wjcn? is approximately 1
MeV. Theproton energy scales nearly linearly with the laser intensity, requiring about
107 W/cnt to produce 1 GeV proton beams. Starting from this energy level, further
acceleration in a plasma wakefield would become possible. In the paper byetlang
it is even proposed that this might be achieved by merely adding a region of gas behind
the original RPA target

protfn foil

CP lase Figure 8: Combined RPA and wakefield acceleration

as proposed bghenget al [37-38]
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The theoretical modelling of this is presently donelbycalculation, which might
not givea full description of the problem. Even if the processre notas favourable in
this direct combination, the principle of injecting RPA accelerated protons into a stage
using wakefield acceleratiowould seemapplicalle. The requirements on the laser
driver are mainly driven by the RPA process, where laser intensity closé> /A’
has to be reached. The present level reached with sufficient cimdisynot exceebio”
W/cn?. The wakefield acceleration requiremeny itself will be similar to the case of
electron acceleration

2.1.7 Laser Stripping of H' Particles in High-Intensity Proton Accelerators

2.1.7.1 Laser Strippingof H' Particlesfor SNS

The Spallation Neutron Source (SN&) the Oak Ridge National Laboratory
(ORNL)i s t he wor | dshertpulsedsatcelgratombasatuirdon scattering
facility for scientific research and industrial development. The &¢8lerator complex
utilizes charge x c hange i nj ect i-ntnsity protoii beam dnktbe a hi
accunulator ring for shorpulse neutron producto In this process, a 1 niiydrogen
ion (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 is mergedhwith
previously accumulated beam. This injection scheme is central to the operation of many
accelerator facilitiesncluding the SNSJ-PARC, ISIS and PSREhat use the H beam
Whenthe beam power is increased from thBIW to more than 3 MW as envisioned i
the SNS Power Upgrade projethe 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 fid eisls0 charge exchange i edjinetletl980sby met ho
using a field dissociation process. This scheme requires an impractically large laser
power, which is indeed the central difficulty involved in ionizing neutral hydrogen.
Danilov et al. proposed threestep scheme for laser strippinbhis scheme works as
follows: First, H' ions are converted to %by stripping off the first electron in a
magnetic field; then Hatoms are excited from the ground state (n = 1) to the upper
levels (n O 3) by a °lasesenverted toiuy sttiphirgthe x c i t e d
second electron in a second magnetic field.

In a proofof-principle experiment, a third harmonic beamoni a Qswitched laser
was used for stripping. The laser generates a 3@ Hiz pulses with a peak power of
~10 MW at 355 nm. The stripping efficiency reached 98%imple multiplicadion of
10 MW laser peak powemnd the duty factor of the SNS beam (6#&Jds an average
laser power of 0.6 MW at 355 nm to strip the ertlirdeam.Similar numbers are
obtained for other proton ring facilitie®bviously, thisaveraggowerrequirements
too large to make the device practical

1) Optimization ofH' beam panmeters

An appropriate dispersion derivativef the H' beam will be designed to
eliminate the Doppler badening of the absorption limadth and therefore to
reduce the required frequency sweep for the lasam The vertical size as well
as the horizomt angular spread of thél' beam will be minimized. The
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optimization of theH' beam parameters will reduce required peak power of the
laser tothe 1 MW level. Reduction of the bunch length of the ion beam can
further reduce the average laser power requerém

Macropulse laser system

The lasemparametersare determined by laséydrogen interaction physics and
the linac operation condition at SNS. First, the energy gap between the ground
and excited states in the hydrogen atom, beam energy and the tioterac
geometry at the accumulation ring requires a laser with UV emisEi@mpeak
power of micropulss needs tobe ~1 MW to achieve a sufficient stripping
efficiency. The temporal structure of the laser system must match the bunch
structure of the SNS aelerator which has pulse width of ~ 50 ps at a
repetition rate of 402.5 MHzThe micropulses are further bunched into a
macropulse with up to 1 ms duration at a repetition rate of 60 Hz. The ideal
(minimum laser power requirement) condition would be thatlaser beam has

an identical temporal structure with the ion beanmacropulsemode laser
system has been designed by ORNL and Contindom to meetthe above
requiremerdg. A prototype laser has been fabricated by Continuum. The laser
adopts amaste oscillator power amplifier (MOPA3chemecontainsan actively
modelocked fiber laser, threstage Nd:YAG amplifiers, a wavelength
conversion stage that converts the infrared radiation from the laser to the UV
beam, and an electronic RF and control sydteat allows full remoteontrol of

the laserThe macropulse duratiaf the present laser systasilimited to 20us

due to the pumping scheme and the wavelength conversion efficidiocy
achieve longer macspulse,diode pumping has to be used and peak power

has to be reduced

Beam recycling optical resonator

In general, the photehydrogen interaction results in a negligible loss to the
photon number due to tiny cross sections. Consider, for example, the case of the
laser assisted Hheam strippig scheme at SNS. According to the theoretical
calculation, only 10 of the photons are lost during a single phetgdrogen
interaction even for 100% stripping efficiency. It is therefore expected that the
average laser power requirement can be significaaduced by recycling the
laser beam with a power builgh optical cavity and allocating the lagearticle
beam interaction inside the cavity. Optical cavity technology has been well
developed for lowpower, infrared, and often for continuous laser nea
However, in our case, the cavity needs to work on high intensity picosecond UV
pulses operating at a macropulse mode with a very small duty factor, which
imposes a technical challenge on the cavity stabilization and operatpmower
enhancement faatoof 50 i 100 will be needed for the final laser assisted
stripping experimentSince our UV beam source is a pulsed laser witlery

low repetition rateand a very narrow macimulse width it is impossible for the
feedback control system to respond anve the piezo to the cavity resonant
positionat such dow duty factor. Adual coloroptical cavity is being developed

at SNS to resolve the challenggince the UVbeamis geerated from the
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infrared seedaser, we expect the cavitjat islocked withthe infrared beam
will also be lockedo the1l0Hz UV beam

Table 11lists the parameters of the SIMSbeam andTable 12summarizes the
required laser parameters with and without the beam recycling optical resonator

Table 11: SNSH' beam parameters

Beamenergy(GeV) 1.0 (upgradel.3)
Beampower (MW) 1.4 (upgrade3.0)
Beam nacropulsdength(ms) 1.0

Beam micropulseength(ps) 50

Peak macropulse-Hurrent(mA) 38

Ring accumulationiiine (turn) 1060

Ring hunch intensity 1.6 10"
Vertical size(mm) 0.6
Vertical emittancémm-mrad) 0.22%
Horizontal sizgmm) 3
Vertical emittancémm-mrad) 0.22%

Table 12 Required laser parametdos SNS laser stripping

Method Macropulse laser Macropulse laser
w/ 20x resonator
Laser wavelengtfnm) 355 355
Micropulselength (ps) 50 50
Micropulse energymJ) 50 2.5
Micropulse repetition rattMHz) 402.5 402.5
Macropulsdength (ms) 1 1
Macropulse energgd) 20 1
Macropulse repetition raigiz) 60 60
Averagepower (W) 1200 60
Temporalprofile Flat Flat
Contrast N/A N/A
Efficiency Normal solidstate lasers Normal solidstate lasers
Polarization 100/1 100/1
Cost Multi $M Multi $M
Laser beam quality M?<1.2 M?< 1.2
Pulse stability 1% 1%
Laser pointing stabilitynrad) 1 1
Laser availability 2417 247
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2.1.7.2 Laser Strippingof H' Particlesfor Project X

Project X would convert!' particlesto protons at 8 GeV. This has the advantage of
using a laser of longer wavelength because the photon energy would be increased by the
relativisticg factor @ = 9.526 due to the Doppler shift. The beam parameters are listed
in Table 13 and the beam pulse structure is shown in Figure 9

Table 13: Project XH' beam parameters

Kinetic energy(GeV) 8
Rel ativistic 0 9.526
Micropulse length{ps) 15 ps
Micropulse frequencyMHz) 325
Micropulseperiod(ns) 3.1
Macropulse lengtfms) 1.25
Macropulse currerimA) 20
Macropulse frequenciHz) 5
No. H™ per micropulse 43 108
No. micropulses per macroge 43 10°
No. H™ per macropulse 1.6% 10"
No. H per second 83 10"
Vertical beam sizémm) 15
Horizontal beam sizémm) 1.5
Beam powefMW) 1

|| Micropulse 15 ps
I_IJ I<
3.1ns
—— Macropulse 1.25 ms

200 ms

(no beam) m I
|

Figure 9: H' pulse structure of Project X.

2.1.7.2.1 Direct Laser lonization

The photoionization of the grodnstate 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 [41]. In this approximatig 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 fieldsn 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
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methods are not applicable, and numerical methods for solving thedéipemdent
Schrédinger equation (TIEJ are required.

lonization of hydrogen atoms by intense laser pulses is a complex subject that is still
not fully understood 42-44]. Although many theoretical approaches have been
proposed, they typically breatown at high laser intensities or negleotportant
aspects of thiaseratom interaction such dsngrange Coulomb interaction or realistic
pulse shapes. On the ethhand, numerical solutions tiie TDSE provide accurate
predictions, but are extremegpmputationally intensive and converge slpwat high
intensities. Current results show that simnple relationship links ionization rate to pulse
duration, frequencyand intensity, due to competingnization mechanisms, evolving
energy levels, resonances and stabilization

Calculations performedf 24.8nm (50 eV) 2.5fs (30 periods)pulses suggest that
intensities beyond 10W/cn¥ arerequired for efficient (:90%) ionization of hydrogen
atoms [45]. From an experimentaltandpoint, few absolute measurems of the
ionization yield areavailable An experiment performed with 600 fs, 248 nm laser
pulsesmeasured ~0.001% ionization fiatensities of the order of ¥dwW/cn? [46].

2.1.7.2.2 ThreeStep Stripping

Electrons in hydrogen atoms exposed to intense laser radiation can be excited to
higher sates. Foithe Project X parameters, the=r2 transition can be triggeredhen
the hydrogen beam interaatsth a 1024 nm laser beam at an angle of ~96 degree. A
laser pak power of ~3.5 MW is requireidr 90% stripping

It may be possible to reduce the requiresefaenergy by decreasing the incidence
angle (Figure 10) However,this approach can only be investigated by performing
detailedsimulations of the responselofdrogen atoms to the laser field

Counterpropagating geometry would require a laser at ardu&dm, which could
be achieved using an OPA. However, detailed calculations would be required to
establish the power required, the role of Stark shifting, etc
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Figure 10: Wavelengthvs.angle and powers.wavelength required for ionization of hydrogen
atoms

2.2 Laser Applications for Light Sources

This section discusses the requirements on performance for lasers that are used in
conjunction with RFaccelerators; drivers for laser plasma accelerators that in turn
power a free electron laser or other advancadiation source; and for Thomson
scattering based gammnay sources
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Lasers already play a significant role in existing light source facilities, but face new
challenges with futurdight sources that aim at much higher repetition rates. Ultrafast
(femtoseond) lasers reaching-I0 kW levelswill be required for seeding and user
driven experiments. Lasers producing a few joules #@@s pulses atigh repetition
rate (1001000 Hz) could be used to drive laser plasma accelerator. Thanks to their
ability to produce Ge\tlass, ultrashort, high peak current electron bunches, these laser
plasma accelerators couldturn drive compact free electrdasers operating in the soft
X-ray regime. Higher energy per pulse lasers (J4@ould be needed to drive multi
GeV electron bunches fowardX-ray FELs

2.2.1 Lasers for RF AcceleratorBased Light Sources

Lasers are widely used in todayds RF accel
from photocathode gupmased linacs; to phase space manipulation (heating) or diagnosis
of electron beams; seeding FELs witigh harmonics from gases, liquids or solids; and
user experiments on higlepetitionrate facilities

2.2.1.1 Guns andHeaters

The requirements for photocathode laser systems are different for various current
and future lighsources, mainly depending on the foreseen time structure of the electron
beam and the foreseen photocathode material. The time structure parameters range from
low-duty-cycle, singleshot schemes via microbunch trains (burst mode laser systems)
to CW operdbn. The photocathode materials can be various metals or different types of
semiconductors, and thus wavelength requirements can range from the UV (e.g., Cu and
CsTe) to green (e.g., alkali antimonite) or IR (e.g., GaAs). The laser system has to be
synchonized 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
operaion, two additional fields of research have been identified: 3D 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 leeluced. This quantity has a cathode dependent
lower limit (thermal emittance). Space charge and RF curvature can cause further
emittance growth. To minimize these other sources of emittance gr8@thlectron
bunchshaping is promising: simulations follanC bunch showed a > 25% reduction of
the projected emittance and >10% reductibthe central slice emittan@@ comparison
to an optimized fAbeer cano | aser pulse shap

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; twolor 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). Additionally, this shaping will reduce the beam halo, reducing the
radiaton damage to undulator segments and diagnostics components.

Table14 summarizethe laser requirements for photocathode systems
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Table 14 FEL photocathode laser systems requirements. Wavelength given is that
applied to the cathode, often harmonics of thser fundamental. If not otherwise
indicated, powers listed assume a conservative quantum efficiency of the cathode of 1%
and a factor of 10 for overhead associated with spatial and temporal shaping as well as
transport losses. Pulse duration is FWHMell¥w indicates that some further
development is needed; red indicates a need for significant R&D

Wave- Pulse Pulse Rep rate Ppeak Pave Comments
length | energy duration
Nd:YLF  262nm 10mJUV 15ps 1 MHz burst 700 kW 0.1WUV FLASH
100mJ IR of 0.8 ms with UV 1WIR (in  operation,
10 Hz 7 MW IR large overhead)
Yb fiber  515nm 2uJgreen 10 ps 1 MHz 0.2 MW 2Wgreen NGLS
5mM IR green 4 W IR 1% QE green,
0.5 MW IR 40 W IR if UV
required
IR 260nm  10mJ UV | 20 ps 4.5 MHz burst 500 kW 50 W UV European
quadru 1003 IR of 065 ms UV burst, XFEL (large
pled with 10 Hz 5 MW IR 0.3 W | overhead)
overall
500 W IR
burst, 3 W

overall

IR 40 kW | 250 W | ERL (BerlinPro
doubled green green type, sc gun)
20kW IR | 500 W IR

6.5 kW ERL (sc gun,
uv low QE
65 kW IR | cathode 0.1%)

Another important field of research is the study of different cathode materials.
Besides the usual aim bfgh quantum efficiency ahanageable vacuum requirements,
cathode development has goals that include

1 Lowering the power requirements and simplifying the photocathode laser system

if high quantum efficiency photoemission at longer wavelength (green spectral
range) can be used

1 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

1 Reducing the thermal ndttance. 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 redfigélaer and further

Laser heater systems are needed in many facilities for increasing the uncorrelated
momentum spread of the electron beam from photocathode RF gabte (15.
Usually, though, they can rely on the residual IR radiation from the phbtatadrive
laser system
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Table 15: Laser system requirements for the heater laser for an FEL.

Wavelength = Pulse Pulse Rep Ppeak Pae Comments
energy duration rate
IR 800nm ~10mJ 50 ps 1MHz 200 10 Residual IR from drive lase
(FWHM) kw w is typically suitable

2.2.1.2 FEL Seeding

Today0s E-thyand raml iKay freé 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 gntgs 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 frothe spontaneous undulator radiatishd noisg, which results
in considerable spectral and energy fluctuati@eeding 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 stablesguiency spectrum and in enefdy].

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 FHBLXJ).

External seeding also makes it possible to synchronize theds€&&d. pulse with an
additional pumgprobe 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 revolutionaryfagtra
physics experiments. Such novginchronization schees are being developed at
FLASH, Fermi@Elettra and othgraces[48]. These systems are based on compact
ultrarstable fiber laser systems providing a timing reference. Synchronization systems
are not yet mature and need considerable R&D.

There are two mainlasses of seeding: saéeding49, 50, where SASE radiation
is filtered and used as a seed in a subsequent undulator, and external seeding. In external
seeding, a laser guropagates with the electron beam in a short undulator used as an
energy modulmr at some point before the final, radiating undulator. The energy
modulation can be turned into a density modulation using a wide variety of beam optics
and FEL interactions. At this point, there are three classes of externally seeding: direct
seedingwhere the modulation wavelength is the same as the radvateslength{51],
compressed harmonic generation (CHG), where the modulation wavelength is directly
compressed only with linear beam optics as the bunch length is compressed (like an
accordion) [52 and harmonic generation (HG), where higher harmonics of the
resulting density modulation are used to drive either an intermediate or the final
undulator. This technique often includesultiplication techniques like high gain
harmonic generatiofHGHG) [53] or echeenhanced harmonic generatigBEHG)

[54].
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Figure 11 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

The laser power regrement arises from needing significantly more power at the
final undulator due tothe pmai cr obunched el ectron beam t he
noise which drives the SASE amplification (a factor of 100 is typically required). For a
wavelengtH , the power in the shot noise is given®y.. ~ 1/(1 3/){55]. Also, phase
and amplitude noise on the external laser seed (as well as nonlinearities in the beamline
optics that generate the harmonic seed if any) lead to a broadening of the réeiayed
spectrum. Analysis of this process is an active research arég][36ut it is already
clear that these harmonic generation processes lead to tighter requirements and
additional power at the fundamental. Spectral bandwidth broadening may scailly line
with harmonic number for CHG processes and as the square root of harmonic number
for HG processes [6§0In the following, requirements are established for direct seeding,
to provide an overall basis.

Seeding of the amplification process by an extelas®@r pulse has been considered
for a long time and was demonstrated in a padfegbrinciple experiment at SCSS/Japan
[51]. Seeding improves the FEL beam properties considerably and thus extends the
range of possible applications. A method of producing $sieed radiation is the
generation of higher harmonics (HHG) from nedrared femtosecond laser pulses in
rare gas medigs2, 63. Odd harmonics of the laser fundamental are created and used as
seeding radiation pulses.

Beyond fundamental issues in thealization of seeding at VUV and -pay
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 natucaherence time of approximately 4 fs at VUV
wavelengths (at FLASH, for example) and below 1 fs atyXwavelengths. The seed
pulse should be shorter than the electron bunch, thus increasing the impact of
longitudinal slippage effects. As an example, sations show that a seed energy of
severalnJ (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 f~i® 10°) and
transport losses, the energy of theeemal 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 regetition rates, where the resultimyerage power is hundreds to thousands of
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watts. Methods for enhancementtbé higher order harmonic genéian process (i.e.,
guastphasematching) should also be considered as a possibility to reduce the energy
requirements for the driver laser.

In Table 16, illustrativeparameters foproposedfuture seededfourth generation
light sourcesn vastly different regimeare presented, to bracket currently anticipated
needs. In Table 1#he respective seddser parameters fanore modestw FELs and
burst mode FELare shownAs a specifieexample, a prototype beyosthteof-the-art
seed laser is being developed for FLASPtesently s ever al tens of
achieved with a repetition rate of 100 k2. In the near future, an upgrade to 1 to 3
mJ per pulse as required for tHeIG seeding process is planrié8].

Table 16 Paameters for future FEL light sources

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

E (GeV) 2.5 12

I (MA) 1 1072

& (g,) (mm-mrad) < 0.8 (norm) < 0.3 (norm)

Spectral peak (keV) 1 42

Peak brightness 10°°-10** (depends on FEL 10°-10*! (depends on FEL

(ph/simni/mrad/0.1% BW @ configuration) configuration)

spectral peak)

Average brightness 10'%-10% (depends on FEL 10**-10? (depends on FEL

(ph/simni/mrad/0.1% BW @ configuration) configuration)

spectral peak)

Average flux (ph/s) 10*-10" 10*°-10%

Average coherent flux (ph/s) ~ full coherence ~ full coherence

Photons/pulse 10%-10" 10*%-10"

Charge/bunch (pC) 10-1000 100250

Beam pulses per second 10° 10*

Beam pulse length (fs ~ 100 ~30

Machine size (m) 700 1000

Cost and Schedule $1B; 10Gyear construction = $1B; 7-year construction

Comments LBNL design concept LANL design concept

Since it is not at all obvious which of the seeding options will be the most efficient
and cost effective patforward, experiments are scheduled in order to investigate all
methods. However, the answer may even vary from machine to machine.

For high average brilliance FELs like bursbde FELs (FLASHand the European
XFEL), cw FEL proposals (NGL8nd NLS) or EnergRecovery Linacs (Cornell ERL,
BerlinPro), the average laser power would have to be in the kW range. As an example, a
repetition rate of 1 MHz requries a seed laser with an average power of 5 kW.
Repetition rates beyond 1 MHz (e.g. 4.5 MHz for the Eumop&FEL 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 pumpotgemes (e.g., for
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optical parametric chirped amplification). The requirements for a-buwsge amplifier
are different than for continuous operation.

FLASH and XFEL run with a 10 Hz burst with and ~1% daygle. The average
power is lower (reduced helatd for the laser amplifier) but the burst average power is
higher due to MHz repetition rates. Possible laser approaches are

1 Burstmode Laser amplifier systems

- fiber frontend with an Innoslab or/and ThiPisk booster
1 Continuous Laser amplifiers 1081k
- fiber frontendwith an Innoslab or/and ThiDisk booster
1 Low repetition rate Joulelass Laser amplifiers
- Ti:Sa, perhaps OPCPA, may be able to scale current laser amplifier
designs
In the following, we consider seeding approaches for four differemesgi

1) 30 eV to 0.25 keV

2) 0.25keV to 1.5 keV

3) 6 keV to 15 keV

4) 40 keV to 50 keV

30 eV to 0.25 keV

There are already active seeding efforts in this regime (e.g., the new FEL beamline
FLASH2). An10-40 nmHHG source is needed, witil0 nJ in single harmonidhis
leads to a 0.1 mW HHG laser, with up to 100 nJ per pulse. Current HHGEtageart
technology should be satisfactory for HGHG and EEHG harmonic generation.

However, they are not yet feasible for direct seeding as can be seen in Figure 12 and
Tablel7.
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Figure 12: HHG stateof-the art, with the blue dashed line indicating 100 times the shot
noise at that wavelength. The number by the crosses indicate the number of QPM jets
needed. The triangles refer to HHG in Ar and Xe and the circles to QPMiliaces.

The squares are achieved with ta@our mixing
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Table 17 Laser requirements for seeding 30 eV to 0.25 keV FEEeBow indicates that
some further development is needed; red indicates a need for significant R&D

Laser Seed X-ray h Rep rate Pave Comments
EEHG 0.8mm 200nm 2 nm >10%conv./ 100 kHz and 10s W ~10s uJ UV

100 GW up to 10 losses MHz burst 100s W for and IR both

>10 fsec GW burst required

(mJ) CEP (ewvt.)
HGHG 0.8mm 200 nm 20 nm >10%conv./ 100 kHz or 10sW CEP

10 GW 100 10 losses MHz burst ~ 100s W for stabilization

>10 fsec MW burst required for

(100Mm) ultrafast pulses

0.8mMm <10nm | 10°HHG/ 100 kHz or| kW R&D
1TW (and > 10 losses MHz burst | 10s kW CEP gvt.)

>10 fsec 10 nm) For burst
(10 mJ
@<10nm)

0.25 keV to 1.5 keV, 6 keV to 15 keV, and 40 keV to 50 keV

These regimes lead to very challenging laser requirem8atging FELs at 0.25
keV to 1.5 keV requires laser sources capabldGf kW at 1 nm (18 convesion
efficiency limits the repition rate). This will require significant R&D. Currently, a
single lineHHG source at ~keV has-10 fs durationwith 10° conversion efficiency.
With a net HHG efficiency 0£0° (which includes the 100x shot noise requirement and
an assumed 10x trangpdoss) and shot noise equivalent power of 1 MW for a 10 fs
pulse, a 10 J HHG drive laser is needed.

Seeding laser requirementsfor the two higher Xray regimes are even more
challenging and will likely requireeambased harwnic generation or sefeedng. 10
kW of SASE noise at 50 keV will require a 1 MW seed poweser power
enhancement facterfrom usingoptical cavitieswill help [66], but they may not be a
viable solution for >MHz repetition rated_aser requirements for seeding theseaX
regimes are summarized in Table. 18
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Table 18 Laser requirements for seeding 0.25 keV to 50 keV FE&kow indicates
that some further development is needed; red indicates a need for significant R&D

Laser Seed X-ray h Rep rate | Paye Comments
HHG+ 0.44mm | 20nm | 1 nm 10°HHG/ 100 kHz | kW Possible in
HGHG a | 100 GW | 100 kW 10 losses and MHz future - with
EEHG 10 fsec (burst) DPSS laser
(mJ) pumped
OPCPA

Direct >4 mm 10°HHG/ Scalability of
HHG 1 PW 100BW/ current  laser
10 fsec 10 losses amplifiers  to
(200 for narrower higher reprate?

bandwidth

4 nm 0.1 nn 10°HHG/ New laser
10 MW 100BW/ amplifier

10 losses technologies
(100 J) needed

4nm 4 nm 0.025m 10°HHG/ New laser
10 PW 10 MW 100BW/ amplifier

10 fs 10 losses technologies
(100 J) needed

2.2.1.3 Lasers for Users

Users of light sources will typically require optical lasers in conjunction with the
light source beam teither pump or probe matter (for example, the majaitLCLS
experiments are puramrobe).Because many of these experiments will be investigating
matter on time scales of the light soudteay pulses, conventional lasers will need to
provide short pulses at the regte of the light source. These convenél pulses will
need to be energetic enough to excite states in matter to be probed>oyatyse and
will need to have flexibility in wavelength that allows pumping and probing of as many
states as possibl@ptical lasers can be used while wavelengtbsf200 nm to 20 mm
will require harmonic generation and/or optical parametric amplifiers (OPAs). Also,
experiments will be mukcolor. In general, this implies tens of mJ of laser energy with
pulse widths that range from <10 fs to picoseconds. Suctsaa kEhould also be
compatible with harmonic conversion, as well as with pumpingRAs. For example,
current optical pump/probe lasers at LCLS supply 25 mJ of energy with pulse lengths of
35 fs at a 120 Hz rep rate. Scaling these requirements to 106egHates will require
kW-class short pulse lasers. Considerable R&D efforts will be required to handle the
thermal loads for harmonics, OPAs, and even the transport optics.

Pumpingand probing of matter with the-Ky source and a conventional laser
implicitly requires a highdegree of synchronicity between the light source and the
optical laser. Pushing this synchronicity to levels< 10 fs for future experimentasill
require norconventional (most likely optical) timing distribution systems. Even with
timing distribution systems capable of spicosecond 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 feintt@second level.

In this case, the data can be ppsgicessed with the temporal resolution of the
measurement of the relative arrival times
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2.2.2 Lasers for Lase Plasma Accelerator Driven FELs

Laserplasma accelerators (LPAS) produce ulirgh acceleratingradients (1200
GV/m) enabling compact accelerators. In 2006, ascale laseplasma accelerator
was first demonstrated at LBNL that produced 1 GeV electron beams with a time
integrated energy spread of about 2.5%, containing 30 pC of charge, u4ihgW&
laser pulse (2 J/pulse). Currently, experiments are underway at many institutions to
demonstrate that such beams are capable of powering an FEL. Using a conventional
undulator with crescale period, beams of a few hundreds of MeV would be suffitment
produce extreme ultreiolet radiation. Production of shorter waength radiation in
the soft Xray regime would require beams with energy on the order of a few GeV
which could be produced from a single LPA by reducing the plasma density and using
laser pulsesvith several J/pulse. Harder-cdys would require yet higher laser pulse
energy (order 10 30 J) in 100 fs pulses, and plasma structures with length on the order
of 1 m and plasma densities of ordet “kn>,

In the following we consider thlaser requirements for LPA generated electron
beams suitable to drive an FEL. We consider FELs delivering light in the photon
energy bands (i) 0.25 ke 1.5 keV, (i) 6 keVi 15 keV, and (iii) 40 keM 50 keV.
Assuming conventional undulator technojpgelivering these photon energies requires
electron beam energies of (i) 2 GeV, (i) 10 GeV, and (iii) 20 GeV, respectively. To
produce these beams, the accelerator may operate as a single LPA, or by staging several
LPAs. Table 19 shows three possibtnfigurations and the required laser parameters.
For each LPA option the laser intensityaisl.5, wherea®=7.3x10'° | [um]A[W/cm?] is
the normalized vector potential. The use of a parabolic plasma channel for guiding and
linear plasma density tapering is also assumed

Column (1) in Table 19 shows a high plasma density®@®) option, requiring 1 J
of laser energyn 30 fs to produce 1 GeV electron beams (wit @l@ctrons/bunch).

Such an LPA could be staged toakahe required 2 GeV for soft-May generation in
an FEL.

Column (Il) in Table 19 shows an LPA operating at a plasma denstityca®’,
using an 8 J100 fs duration, 2 micron wavelength laser (e.g., fiber laser) to generate a
2.5 GeV electron beam for soft-bdy production. Such an LPA could be staged (4
stages) to reach 10 GeV for generation of 6 kelb keV photons.

Column (I1) shows a 10 Gel/PA operating at a plasma density of- 16m™, using
a 1 micron wavelength, 32 J, 100 fs duration, laser pulse. The 10 GeV electron beam
can be used for Xay production in the energy range 6 ké\Vl5 keV. Two stages
would extend the energy range to@6V, enabling harX-ray production in the energy
range 40 keV 50 keV.

Although a compact, lowepetition rate (110 Hz) LPAdriven FEL could provide
high-peak brightness light for user experiments, the applicability of this technology for
largescale user facilities requiring higlaverage brightness would require repetition
rates that are beyond the stafehear t o f t-meakgpgwerdasensi @perating
an FEL at kHz would require lasers with average power in the kW range for-sajt X
FELs and several tens of kW for hardpay FELs



50

Table 19 Laser requirements for lasplasma accelerator driven FELs. Significant
laser R&D is required for highverage power operation

Parameter I I i
Plasma densitycri®) 10' 10" 10"
Electrons/bach 10° 4 x10 4 x10
Repetitionrate kHz) 1-1000 10- 1000 1-15
Laser wavelengthnfmn) 1 2 1

Laser pulse duration (ps) 0.03 0.1 0.1
Beamenergy gain/stagesgv) 1 2.5 10
Stage length (m) 0.03 0.25 1
Laserenergy/stage (J) 1 8 32
Averagelaser power/stag&k{V) 1-1000 80- 8000 32-480

2.2.3 Thomson Scattering Sources for X-ray and Gamma-ray Production

Thomson scattering can proeidjuasimonochromatic, tunable -Kay sources in a
narrow divergence beam. Sources based on this principlékely allow for a new
dimension of ultrafast medical and material diagnostics, revolutionize remote material
analysis (including homeland security applications), and provide the necessary photons
for ultrahighresolution scattering microscopy. Thisncept has already been realized
using conventional electron accelerators. As an examplé& phbons per shot at-X
ray energies tunable between -8MkeV (~10% relative bandwidth) were achieved by
a private company originating out of the Vanderbilt FEAvailable commercial short
pulse laser systems would allow 10 Hz repetition rate. Proposed advances will augment
average photon number by several orders of magnitude. Phenomenal miniaturization
can be expected to occur as lasased electron accetdors are incorporated. Beyond
classical Thomson scattering in the incoherent regime, an envisioned scheme of
generating a flying Arelativistic-skftectron
of laser light.

Current efforts in conventional acced®or based Thomson source are focused
towards achieving a several order of magnitude increase in average photon flux by
addressing the gross mismatch between laser and accelerator repetition. As the cross
section for the scattering is extremely low, egiigible fraction of the laser light is
scattered. Thus a natural solution for generating the high repetition rate and high
intensity pulses is constructive addition of multiple pulses in a properly stabilized
optical cavity.

Table 20 presents expecteerformance and required photon requirements specified
at the 2011 workshop for both linac (< 5 year timeline) and Energy Recovery Linac
(ERL, > 5 years). The laser source is based on a Yb laser with 1 ps, 100 nJ pulses
operating at 100 MHz (10 W avemagower). This light is subsequently amplified with
a cryocooled Yo mulipass ampl i fier with 1001 gai n u
Lincoln Laboratory. The linac version requires development of the enhancement cavity,
while the ERL based design will aldemand increased laser repetition rate
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Table 20 Parameters and requirements of proposed Thomson sources éroitT
based group ahe2011 workshop. Capabilitighatare only marginally satisfied by
todayo6s t ec hn owhieghgse eqiriag sigmficapt &&DO acewn red

Parameter LINAC (<5yrs) ERL (>5yrs)
Photon energies (keV) 312 312
Average flux (ph/s in 10% BW) 10" 2x10'
Repetition rate (MHz) 100 500

Laser average power (kW) 1

Laser pulse duration (fsec) 500 500

Storagecavity enhancement 1000 1000

A compelling application of Thomson scattering is generation of compact-mono
energetic MeV gamma sources. Scattering from electron beams &0Q0MeV
energies can produce photons at-157MeV. These photon energies arétahle for
NRF or photefission interrogation, and are delivered with mrad divergence ideal for
remote detection at hundredémeters standoff with low radiation dose. The concept
is supported by proedf-principle experiments at LLNL20]. Particularlyexciting is
anticipated miniaturization of such sources by obtaining the electrons from laser
wakefield accelerators. For example, a modest 300 MeV electron beam of 0.1 nC and
2% energy spread scattering with a 40 J, ps laser would produearhénas atl.7
MeV matched to the 4235 nuclear resonance fluorescence. Electrons at ~700 MeV
would access photfission. Electron beams approaching these requirements have
already been generated using lgsi@sma acceleration (LPA) in estale plasmas. To
produce &ctrons in the GeV range, ~50 TW peak power is required. Such systems are
today operational at 10 Hz; future kHz repetition will further benefit the Thomsay X
source for such applications. The backscattering laser should produce ~10 Jl@@h 1
ps puse duration. A laser of this class has similar performance to the pump laser
required for an opticgbarametriechirpedpulseamplification OPCPA based solution
for the lasetaccelerator driver

A novel proposal for coherent Thomson scattering in theke\ photon range is
t he fArel ati vi §7).i Eor anthinrfail of nnd scaledhicknesp, & laser with
intensity of 1% 1 10" W/cn’ can remove the entire electron population. If the laser
rise is single cycle, the entire sheet of electrorlspseserve the initial thickness of the
foil. A subsequent reflector foil will separate the electrons from the optical field,
leaving them with a purely forward and narrspread momenturf68]. A counter
propagating laser will coherently backscatternfrot hi s fAsi ngl e microbu
Coulomb forces blow it apart. Cuttieglge fewcycle, intense lasers such as the
Petawatt Field Synthesizer at MPQ Garching will enable first studies of this exciting
concept

2.3 Laser Applications for Medical Particle BeamTherapy

2.3.1 Introduction

The medical application of laser acceleration is discussed grerarily in the
context of ion beam therapy with protons or carbon beantls some discussion of the
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application of electron beam&Vorldwide the most common approach radiation
therapy is with photon beams-fdys generated by electron accelerators), which benefit
from the affordable cost and compact size of the devibiee advantage of ion beams
lies in their Bragg peak property, which allows predominant and peatastiation in
depth at the position of the tumor. This unique radiobiological advantage of protons
(and even morgcarbon beamnss evidenced by the success of ion beam therafiyein
more than 30 facilities in Europe, the USA, and Asia. Numerous pretaititiés
(primarily cyclotrons) are successfully in operation worldwidg.[69

Only a few heavy ion facilities exist. The original site, BezkeleyBevalac[70] is
cl osed. Sites currently operatimrgnlyncl ude
completed Heidelberg lon Therapy facility [72]; others are recently finished or in
construction These facilitieswith combined use of proton and carbon beamly on
conventional accelerator technology, where a linear accelerator is usiegliggctor
into a synchrotron. This technology has been developed to extremely high efficiency
due to 3D scanning techniquésx irradiation andto proven high reliability (up to
98%). One of the drawbacks of synchrotrons is their large size and cost, which qualifies
this approach for larger hospitals witiree to five treatment rooms.

Laser acceleratiornas the potential to replace eitheyclotrons orlinac-and
synchrotroncombinations for medical pplications; see, for exampl&ulanov and
Khoroshkov[73] and Tajma et al. [74]. The benefits could hesignificantly reduced
system size and cogtossiblycombined with further advantaggsofentially facilitating
gantry designfor example) On the other hand, it is not obvious that the high accuracy
of spot scanmg delivery by synchrotrons is the right approach for a laser system.

We therefore take for the current parameter study the reference case of the PSI
cyclotron, which aims at a 3D scanning technique that has lower resolution (compared
with synchrotrons).In particular, we examine the option of a 3D spot and energy
scanning with passive formation by spreading the beam over the whole tumor volume
and shaping it withadjustablecollimators, as is commonly done with cyclotroms
synchrotronsSpecificparametrs (like energy spread and total number of voxsted
to beadjusted to the particularities of laser acceleration, which include a much higher
production energy spread thamncyclotrons oisynchrotros and a laser pulse rate that is
within the reach oforeseeabléechnology

2.3.2 Laser Particle Beams forMedical Applications

2.3.2.1 lon BeamProduction Mechanisms (includinglargets)

The laser acceleration of ions providas acceleration gradiemhany orders of
magnitude largethan that ofconventional acceleratn, of the order of 1 TeV/m.
Several options exist in terms of target configurations and acceleration mechanisms
[75]. Energetic proton antbn beams with higt6D phase space densibave been
produced in the last few years from thick metallic foils (ggyv nm thick aluminum)
irradiated by ultrantense short laser pulses. The results from most previous
experiments are based on tharget Normal Sheath Acceleratipr6] model (TNSA).
Because these targets are relatively thick, the laser pulse is mostbtteckfend the
conversion efficiency of laser pulse energy to ion kinetic energy is normally less than
1%.
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The dependence of maximum ion energy on laser intensityléssthanlinear
function. The maximum proton energy based on the TNSA mechanism haslsime
improved since its first discoverfrom 58 MeV in the year 208 [77]to, more recently
a 78 MeV cutoff energy for the exponential spectrumith 6x10" particles The
possibility of acceleratingmore monoenergetic ion bunchebas already been
demongrated within the TNSA regime by restricting the ion source to a small volume,
where the sheath field is homogenous. Howeaevery high laser intensity of >30
Wi/cn? is required to accelerate protons to 200 Meg\Above

Because of the advantage in aecating limited mass by lasepressure
experiments producing higénergy ions from sulmicrometer to nanometer targets
much thinner than the ones in early experiments, and driven by ultrahigh contrast
(UHC) shortpulse lasers have attracted a recemnsfrinterestA new mechanism for
laserdriven ion acceleration wahus proposed, where particles gain energy directly
from RadiationPressureAccelerationor Phase Stable AcceleratiRPA/PSA); see for
example Esirkepov et al. [78[here are two key sles

1) Generationof quastmonoenergetidon beams by reduction dhe intrinsic
energy spread This is not a "must” as the required energy window must be
filtered anyway

2) Accelerating proton®r C%+ ions in lasefoil interactions to 25(MeV or 400
MeV per nucleonrespectively

By choosing the laser intensity, target thickness, and density such that the radiation
pressure equals the restoring force established by the charge separatithefiglds
can be bunched in a phastable way and efficientlaccelerated to a higher enerdgyy
recent yearsexperimentswith quasimonoenergetic peaksf C°* at ~30 MeV were
observed at MPQ/MB[79], andbeams ofc®* at >500 MeV (exponential) and 100 MeV
(quastmonoenergetic)vere observedat LANL [80]. Furthernore, at LANL quast
monoenergetic protons at ~40 MeV were generated frosthimmdiamondlike carbon
foils. Interpretation of these experiments in terms of RPA is, however, not conclusive.
Theoretical study shows that thenergies and intensities needed foredical
proton/carbon applicatiommay be generated from hydrogen/carbon foil (of submicron
thickness) with a laser intensity of 2t@v/cn? with sufficient ion abundance and a
monoenergetic (peaked) energy distribution| [81

A step bepnd the congntionda TNSA mechanism is theoscalled BreakOut
Afterburner (BOA) mechanism. ltwas discovered theoretically in 2006. The main
difference between TNSA and BOA (or RPA) is the decoupling of the ion acceleration
from the driving laser field due to the thicknedsthe target. In contrast, for the RPA
and BOA mechanisg) the electrons that are accelerating the ions are still interacting
with the laser field. To use the maximum number of available electiem$argemust
be dense enough so that the laser beéeas not initiallypenetrag the target, butather,
coupks to the electrons. At some point the target has to becamlativistically
transpareritto the laser light When the target becomes relativistically transpathbat,
light can directly interact wh electrons, canoving with the ions at the rear surface.
Thusthe BOA mechanism starts as mad TNSA, but then, during thesmg edge of
the laser pulsehe intensity couples to the already moving electoonfront at therear
side of the target [8283]. Numerical simulations predict ion energies of hundreds of
MeV for existing laser parameters and up to the GeV range for currently planned
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systemsRecently, acceleration of protons up to energies06fNleV at the TRIDENT
laser has been reported [84]

One important difference to TNSA is that in a mixture of target atoms, all of the
accelerated ions propagate at the same particle velocity, governed by the slowest, i.e.
the heaviest species present. Thus for high energy proton acceleration a pugernydro
target is the ideal choice. For each laser pulse duration and intensity as well as for each
target composition one can determine an optimum target thickness, based on the
abovementioned physics

Recently a mechanism of laser proton acceleration froobldolayer foils, the
Directed Coulomb Explosion (DCE), which is an efficient combination of the RPA and
Coulomb Explosion, was suggested [88]this regime a higintensity laser pulse not
only expels electrons from the irradiated area of the foil &b accelerates the
remaining ion core, which begins to move in the direction of pulse propagation. Then
the ion core experiences a Coulomb Explosion due to the excess of positive charges,
transforming into a cloud expanding predominantly in the laseragadn directionA
strong onalimensional longitudinal electric fielcthovesahead of it, which accelerates
protons from the second layer. This mechanism predicts that 220 MeV protons can
possiblybe generated bg500 TW laser pulse with the energy spred about 3%.

An alternative method is laser driven proton acceleration in a hydrogen gas jet with
density just above the critical density, which is®idn® for a CQ laser [86]. This
method has the characteristic feature of creating very narrow esmepdsractically
monoenergetic beams). In an experiment atuUldA Neptune Laboratory22 MeV,
nearlymonoenergetic protons with energy spread of +iEXerecently been achieved
[87].

Table 21 summarizes the main proposed mechanisms. Relevancerapy tie
signified by + or- based on existing experiments, simulation, and achieved kinetic
energy

Table 21: Mechanisms of laser proton acceleration and relevance to therapy

Experiments | Status Theory Relevance to
Therapy

TNSA > 1999 >10" ions, Analytical +| +
~70 MeV, 2D/3D
robust, simulations
reproducible

TNSA/BOA | > 2011 100 MeV 2 DI3D ++(+)

(Breakout- simulations

afterburner)

RPA >2008 Experimental 2D/3D ++(+)
evidence no{ simulations
conclusive >GeV

Coulomb - - 2D +

explosion simulation

GasJet- RPA | 2011 20 MeV 2D ++
monoenergetic
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2.3.2.2 lon BeamParameters tol reatmentArea

Thedistance from the skin to tleepest tumors in the body deternsitiee required
particle energy. From the stopping range in water, the necessary déoergaching
deep tumorsgs calculated to b&50 MeV for protonsand 400 MeV/u for carbon.The
number of ions is defined by the dose requirements for killing cancer Géiés.
necessary total number per fracti@nsingle treatment lasting typicallylD minutes)s
estimated to be ~1x16for protors and 2.5x10 for carbon for a 1 liter tumor volume
With refeenceto the commonly usedhadron therapy schedslethe duration of a
fractionis usually belows minutes which we also adopt here as a goal

For a standard @y dose and an assumed 1°croxel area, the required number of
particles isestimated to be10’ for protonsand -2.5x10’ for carbon The total dose on
any tumor volume element must be defined vaitheast5% accuracy Due to the yet
unknown pulse inteiity definition (intensity fluctuations in present experiments are
significant) we consider that the total dose per volume element is delivered by the
cumulative effect of (on average) 60 repetitive beams of the same kinetic energy. See
the next section fodetails. In particular, we assume 4 gantry directions (fields) and 15
repetitions per field. In case of spot scanning we assume that 10x10 spots are sufficient
for laterally uniform irradiation of a 100 c¢marea. For passive formation lateral
uniformity is assumed to be reached by 10 repetitive density profiles (using different
boluses to adjust lateral density profiles).

It is assumed that 10 energy steps are sufficient to reach sufficient depth dose
uniformity (similarly to the PSI cyclotron). The engrgariation is not done by
absorbers as with cyclotrons, but by magnetically filtering the desired energy window
out of the usually broader production spectrum. For relatively monoenergetic
production spectra, varying the laser intensity, which movesdhk of the spectrum,
may be required. For a broad spectrum this may not be necessary

In order to match approximately to the strongly reduced intensity needs for more
proximal depth layers we apply a factor of ¥ to the total number of pulses. Results are
summarized in Table 22. Note that the laser frequency for spot scanning had to be
increased to 30 Hz to keep the duration per fraction below the 5 minute target

Table 22 Suggested laser and ion parameters at treatment area for two proton reference case

Spot scanning| Passive formation Comments

Protons / laser shot 2x107 2x108 reach 2 Gy by
15x4 repetitions
# transverse 10x10spots | 10 reps for latera
uniformity

Energy steps 10 10 DE/E = 1£5%
Reps specified dose 60 60 15 reps,4 gantry
(~30% energy jitter) directions
Total # shots per fraction 15,000 1500 Y applied
Duration of fraction 8 min 2.5min
Laser rep rate 30 Hz 10 Hz
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The number of laser shots is reduced by a factor of 10 for passive formation, which
has the advantage thattéral beam profiles can be shaped by boluses intercepting the
beam.

In this report, for the purpose of estimating specifications for future laser systems,
we assume an extended tumor siE@wever, for treatment of very early stage tumors
that are muclsmallerin size,the required number of ions can be significantly reduced
ascanthe required energy range for treatment. We can use current or future imaging
resolution limits to estimate the minimum tumor size that can be detected (located) and
treated.In this case some laser specifications might also be lawdreven present
technologyallows developing therapy system for animal $egtlso, for such small
tumors, spescanning is less likely to be an appropriate delivery mode.

These requirements forgion intensities per shot must be compared with what laser
acceleration can actually deliver. As experimental data in the energy range of interest
are not yet available, we can only refer to theoretical projections. In arbB&A
computational study itvas shown that over 0protons can be expected in an energy
window +5% and with sufficiently good ability for focusing, provided that protons are
collected by a lens (solenoid) [81]. In comparison with humbers for spot or even passive
formation in Table22 there is still a large safety margin to account for surprises in the
acceleration mechanism, or for optimization of laser pulse and/or target towards less
proton output and possibly higher conversion efficiency (photons into protons).

It appears frompresent extrapolations of observed and simulated ion abundances
that lasers produce more ions than neeslepgarticular for spot scanning. If reduction
cannot be achieved by laser and target optimization, the overproduction needs to be
absorbed and shieftj of patients against neutrons can become an issue.

For carbon ions we assume the same ion parameters would apply, except that a
factor of 1/40 can be applied to the ion numbers per bunch due to the enhanced relative
biological effectiveness of carbon

2.3.2.3 Reproducibility and Reliability

For irradiating tumor cells, very high reproducibility and reliability are required.
In the event okexposureerror, the ion beanwould still depositthe excess energgto
healthy cells surrounding the tumor. The total desevoxel or volume elemeshould
be controlledo within £3 to B%. In this sase, by increasing the number of laser shots
(here assumed to 1B on average)we cancontrolthe total dose errpto the required
value in spite of reltively large shoto-shot dose fluctuation of <+50%. The
accumulated dose has to be controlled after each shot and the repetitions stopped after
95% of the nominal dose is reached

It is also essential to address the tumor motion problem (attributed to breathing,

patient pagitioning and organ motigrior example). In this case, the total dose error is
thought to be withint20% at present.For regular predictable motion such as that
attributed to respiration, this is typically done with gated irradiation. However; spot
scaning delivery combined with tumor tracking can be more efficient and is under
development
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2.3.2.4 Electron Beams forRadiotherapy

Laser plasma accelerators provide electron beams with parameters of interest in
many fields and in particular for radiothergj@g]. The electron beam propertigsthe
range of 150250 MeV offer advantageous dosimetric characteristics comhpaiti
those calculated with conventional radiotherapy vé@tivieV energy photons. It was
shown that electron beams produced with laser plasmaeeaices are well suited for
delivering a high dose peaked on the propagation axis, a sharp and narrow transverse
penumbra, combined with deep penetration. Comparison of dose deposition with that of
6 MeV X ray beams showed a significant improvement ofracellly approved prostate
treatment plaj89]. Laserplasma systems using commercial laser systenth tens of
femtoseconds, feyoule laser pulses, and working at 10 Hz repetition catedeliver
the required dose in a few minutaed compete in sizand costeffectiveness with
conventionaklectron acelerators

2.3.3 Requirements for Lasers for lon Acceleration

The laser requirements are driven first and foremost by the particle energy
requirement of hadron therapy, j.2850 MeV for protons and ~ 400 Mepder nucleon
for carbon. Achieving these energies will probably require laseeleréion of ions in
the RPA /PSA or BOA regimesLaser parameters for diode pumped lasers assumed
here are based on these mechani sggoaindns umm
as required fodeeptumors.lon energies achievable inelTNSA regime do not scale
favorably with laser intensity and the spectral yields from targets are typically- quasi
exponential not monoenergetic. While intensities beyond®/cny are reuired to
reach the desired carbon energies, sitrana indicate that 250 MeV gdroton energy
might be accessible at #0N/cn? with optimum targets. However the optimal target
thickness depends on laser intensity and it is very hard to make a thijertciauid
or solid hydrogen targetwhich will be required for efficient proton acceleration.
Consequently, the optimal intensity for a proton machine might realistluathe same
order of magnitude as for carbon.

Due to the nature of the targétery thin but of very high soliddensity) laser
intensity contrast is one of the key requirements as is shown by the numbers given in
Table 23. While the optimum laser pulséuration remains unclear, theewer
acceleration mechanisms have been demonsteatd8 fs and 500 fs, making it clear
from both experiments and simulations that pulses with fast rise time are necessary to
achieve highest efficiency, stable acceleration and a -guasbenergetic spectrum.
Shorter rise time can improve theceleratiorresults. We assuneerise time oit20 fs
is sufficient Similarly a flattop transverse pulse profile in the focal plane is a nhecessary
requirement that must be developed. Altogether, these requirements equate to energy on
target within a 5mim radius and flatop focus ofup to150 J in the proton case ang to
1500 J in the carbon case

If the CQ, laser on gas jets proves feasible for the required energies, it may result in
significantly lower laser intensity and power requirements. Stegdeslues of laser
intensities are possibly down by a factor of 100, with 500 fs pulse duration, 25 J pulse
energy, 50 TW peak power and frequency range e8@DHz. This requires, however,
dedicated laser development beyond what has been established.



58

For therapy applications these parameters must be obtairtbd egquiredep rate
and with¢1% stability. Forfuture use in hospitalsddevelopment of an overall system is
needed, which includesa@ampact laseand devices formaging and spatial filteringa
transport beam line with appropriate instrumentateorl a sophisticated beam delivery
subsystem for treatment

Table 23: Laser parameters for ion acceleration aiminifait energy ions

laser proton laser carbon
Rep rate (spot/passive) 30 Hz/ 10 Hz
Laser intensity (W/cA) 1-3 107 | 1-3107
Pulse duration (fs) 50-150
Rise time (fs) <20
Contrast (5 ps / 500 ps) <10°/ 10" | <10°/ 10"
Laser energy stability 1-5%
Spot radius ([Tm) 5
Peak power (PW) 1-3 10-30
Pulse energy (J) 50-150 5001500
Average power (kW) 10 H
(30 Hz) 0.51.5 (1.54.5) 5-15 (1545)
Laser cosassumption <10 MU ~15 Mu
Laser wavelength (nm) 8001054
Efficiency 1-10%
Polarization Ip/cp
Laser beam quality diffraction limit
Pulse stability 0.01
Laser pointing (" rad) 1-10
Laser availability 12 h/day (50% duty factor)
Failure rate <2%

2.3.4 Needed Roadmap for Laser Development

Developing laser systems that are adequate for driviedical phsma accelerators
with the proposed required parameters will likely take anotBe20 years There are
several ongoing and netarm projects on this subject in the world. Those must have
clear quantitative requirements to fulfill the declared and apdrtargetsSuccess with
these ongoing projectsould represenaichievements in the specified time windows.
Their time structure and the currently envisaged roadmap odeegl brought to mutual
balance

The complete integrated accelerator systamsists ot only of the laser but also
targets (sources), beam line instrumentation for diagnostics and control and a
sophisticated delivery subsystertlearly these companion technologiesust be
developed in parallel with laser systems

2.3.4.1 Required Developments dmaser and TargeSide

1) Laser + target specs as outlined able 23.
2) Robust acceleration mechanisms to required energies
3) Reliability in energyandintensity spectrum
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4) Control of center energy for narrow production spectra

5) Transverse emittance + positistability andfailsafe contral

6) 10-30 Hz target replacement and positioning control

7) An extremely thin butobustfilm or pneumatictarget has to be
developed for a carbon system

2.3.4.2 Clinical Development

8) Quality assurance of beam parameters to prevent overdos
9) Beam delivery system development providing online dosimetry,
field definition (scanningetc.) and safety

2.3.4.3 Laboratorieslnvolved,Their Status and Fans

The number of laboratories worldwide with programs in laser acceleration of
protons or ions is incesing. Some of them have accompanying biophysical or medical
programs/experiments, and a few are planning clinical programs based on laser
acceleration. In Table 24 we give an overview of such laboratories that have some
connection with biophysical or mexil applications
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Table 24: Laser acceleration experiments aneir therapy relevance (parameters contributed
by U. Schramm, P. Bolton, Ch. Ma, J. Schreiber, V. Malka, M. Borghesi, M. Babzien

Operating facilities Under or near
construction /
planning

type of ] [/ fs [I]p e biophysics therapy

laser Hz ion MeV experiments relevant J/fs/Hz (date)

MeV programs
HZDR and DRACO 45J3/30fs/ 20 Dose controlled Depth dose PENELOPE
Oncoray 150 TW| 10Hz cell irradidion | planned, DPSSL
(Germany) Ti:Sapphire | (30J upgradd and dosimetry | translational | 150J/ 150fs
1Hz development research 1 Hz (~2015)
2012/13)
KPSI JKAREN 10J/30fs /] 23 200 doublestrand Development
(Japan) 250 TW 30 min/ breaks(2 MeV) | of source &
Ti:Sapphire Estimation  of| beamline
RBE with dose| assessment ¢
controlled cell | PET
irradiation diagnostics
Fox Chase| 150 TW]| 45J3/30fs/] 6 Physics studies | Prototype Planning an on
Center Ti:Sapphire | 3min studies campus  prototypd
(USA) facility
MPQ & | ATLAS 70| 2J/25fs/5 8 600 Single shot] Development | 60J/20fs/1Hz
LMU TW Ti:Sa Hz radiation of source, & | (~2015)
Munich LWS 20TW| 0.1 J / 5fs / 50 biology on cell|] beamline 5J/5fs/10H¢~2015)
(Germany) OPCPA 10 Hz level 0.5J/5fs/1kHz
(~2015)
LOA Salle Jaune| 1 J / 30 fs /] 14 250 Dosimetric Depth  dose] SAPHIR
(France) 30 TW 10 Hz properties plamed 6J/30fs
Ti:Sapphire | (2 J upgradg Cell irradiation | SAPHIR (2012)
0.2 Hz
2012/2013)
QUB Belfast | TARANIS 15 J (2] 12 Cell irradiation lon beam lines
(UK) 60 TW, beams) /500 dose depender planned
Nd:Glass fs/ 15 min effects on singlqg
shot basis
GSlI PHELIX 1503 / 700 fq < 30 Double strand| Beam line] PHELIX upgrade
(Germany) Nd glass no® breaks collection & | planned
(at2 MeV) energy
selection
BNL CO, 5J/5000fs |5 Source R&D
(USA)

2.4 Laser Technology Development Roadmaps

24.1

Introduction

The laser technology roadmaps for future ldsesed particle accelerators are
defined by the requirements of each specific application, as summariZedbla 25
The main challenge for thaser technologys that the majority of these applications
(with only a couple of exceptions) require extraordinarily high avetager driver
power, ranging from approximately 10 kW up to ~0.5 MW. Although required pulse
energy, duration and other partance characteristics have been met by a variety of
existing laser drivers, none of these can currently provide such high average powers. In
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fact, the majority of existing LPA drivers cannot even reach such powers by further
gradual technology development is expected that substantially new technological
developments and even breakthroughd be required The challenge is further
compounded by the need for high electrimabpticd conversion efficiencies so thie
Awal | elgetlicalgower reqirement foranaccelerator facilitys acceptable.

Table 25also summarizes possible candidatgertechnologies best suited for each
particular applicationTherefollows a detailed review of the five, summarizing current
state of the art, anticipatedatlenges, and required R&D for each

2.4.2 Fiber Lasers for Laser Based Particle Acceleration

For lasetbased accelerators to be broadly accepted for use, they must be robust
tools with low maintenance requirements, turnkey operation and highphgll
efficiency. To date, fiber laser systems offer the most potential to attain the combination
of reliability and efficiency ultimately required for a user facility, on a par with RF
based accelerators. Further, because they are waveguide based, the beam fjoatity of
lasers is (if not perfect) typically superior to that of other lasers of similar power and
pulse energy. However, while fiber lasers commonly attain 30% wall plug efficiency in
the robust turnkey, low maintenance?.1, commercially available formeeded for a
demanding application, this has been true only of continuous wave lasers to date.

Laser based particle accelerators will in most cases require ultrafast pulsesj<100
with high contrast (>1%), high pulse energy (>10), high average paav (~100kW),
andhigh efficiency (>30% walplug), alongwith excellent beam quality and pointing
stability. While fiber lasers are gre&@W lasers, they simply cannot attain pulse
energies greater than a few ndliles with good beam quality. Howevence they can
make a single pulse of a given energy, the repetition rate and average vpidwer
typically scaleto quite high values with little to no additional R&[his is not true of
most other laser systems. Further, the primary (butheanly) focus of development
to date for fiber laser systems has been on making leWelasers. Thuswhile mJ
fiber laser with subpicosecond pulses have been demonstrated, critical issues such as
pulse contrast and <108 pulse widths have not been adequadelgressed. Further, to
attain joule-class energies, a fiber laser system will need to be able to combine the
outputs of multiple, higiguality individual lasers into a single beam. Thus development
of fiber laser beam combination techniques will be aaltto the future success of laser
based particle accelerators

2.4.2.1 Fiber LaserStateof-the-Art

In 1985, the University of Southampton rediscovered fiber la8€ks [Since then
developments in low loss rare earth doped optical fiber techno8igyOp combined
with improved reliability, brightness, efficiency and packaging of diode pump lasers
[93-95] has quickly led to verhigh-power fiber laser system8g98]. These systems
leverage the waveguide properties of optical fiber in order to achieve iexegprall
plug efficiencies (>30%) and diffraction limited beam quality with high average output
powers (>1&W).



62

SWIaISAS J01RIS|9I@NIN] 10} Sialaweled Jase Gz a|gel



