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Introduction
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The first day of the workstop featured presentation ofthree initial individual roadmaps with

ampletime for discussion.The individual roadmaps covered dime period extending until

roughly 2040, with the end date assumed to beoughly appropriate for initial operation of a

multi -TeVe*ez collider. The second day of the workshop comprised talks on synergies between

the roadmaps and with global efforts, potential early applications, diagnostics needs, simulation

needs, andbeam issues and challenges related to a collidéburing the last half of the day the

roadmapswere revisited but with emphasis on the next five to ten yeargasspecifically

requested in the chargg¢ and oncommonchallenges The workshop concluded with citical and

unanimous endorsementof the individual roadmaps and an extended discussion on the

characteristics of the common challengegFor the agenda and list of participants see Appendix

B.)

Overall Timescale artdommonChallenges

The primary long-term goal of a multiTeV collider provides an @erarching timescale for the
AACroadmap as embodied by completion of a technical design repdfflDR) sometime in the
203572040 interval. Completion of a TDR for a potential early application in the 2028030
interval serves as an intermediate goalLikely early applications might be anX-ray Free Electron
Laser XFEL) and a gamna-ray source.These two goals and their associatedme scales provide
the broadestcontext for the AACroadmap.

The next ten years oAACresearch shouldfocus on addressingcommon challenges identified
during the workshop:

1. Higherenergystaging of electron acceleration with independent drive beams, equal
energy, and 90%beamcapture;

2. Understanding mechanisms foremittance growth and developing methods for achieving

emittances compatible with colliders

Completion of asingle electron acceleration stageat higher energy;

Demonstration and understandingof positron acceleration, and

5. Continuous, joint development of a comprehensivand realistic operationalparameter
setfor a multi-TeV collider, to guide operating specifications foAAC

oW

i
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The phrasebigher energydin the first and third common challengesencompasses the different
capabilities of the concepts and facilities ani taken to be in the multitGeVrange for LWFA and
PWFA and in themultiple -100 MeV range for DWFA

The following concept roadmapsfor LWFA, PWFA, and DWHaave been developed in the
framework of the overarchingtime scaleand in response to thecommon challenges.An
additional roadmap is included for laser development in support of LWF/Astewardship of laser
technology should not be overlookedOf course significant differences exist for the concepts
due to differences in their technical nature andeadiness.In particular, certain aspects of the
DWFAeffort could be incorporated in current collider designsThe report concludes with
comments on possible synergies between the concepand support needed for simulation
development.

LWFAandLaserTechnologyRoadmaps)ncludingTen Year
Detailed R&[CRoadmap

Theresearch program towardcompletion of a technical design report (TDR) for a muliTeVe*ez
linear collider based onLWFAtechnology, anticipated in the 20352040 time framein order to
meet needs for mahines following the Large Hadron Collideris presented in Figl.
Construction would begin thereafter.

In preparation for development of a conceptual design, R&D ovére next tenyears would
continue the ongoinginvention and discovery phase, where the ain goals would be
understanding of the key physicEonceptsand innovation of LWFAcollider concepts.The

primary challenges were enumerated in the introductory section of this documenthis phase
would include experimentsdemonstrating significant progress towad the collider goal (see Fig.
2). To identify and solve outstanding physics and technology issues several key experiments are
required.

Presently LWFAcanacceleratetens of pC of charge to several GeV in a single st@8je The ten
year R&D goal is to accelerate 100 pC dfiarge to 10 GeV in a single LWFAage.Accomplishing
this requires development of techniques for matched guiding of the laser pulse in the plasma.
Other R&D would be focused on improvements in stality, reproducibility, and tunablity, which
will enable nearterm applications.

With the completion of a 10 Ge¥lectron LWFAstage, the 10 GeV beam may be employed for
electron-positron pair creation and subsequent positron beam gqature and LWFA. Developrant
of an LWFAbased positron source would enable compact experiments diWWFAand focusing of
positron beams.

Critical to the collider application is demonstration of multtGeVLWFAstaging with

independent, equal energy, drive beams:ollowing the succestul demonstration of LWFA

staging at the 100MeV-energy level[4], a mult-GeV (e.g., 5 GeV and 5 GeV) staging experiment
is required. The goal of this experiment is to demonstrate high beam capture efficiency (>90%),
while maintaining a large average/geometric accelerating gradient (>5 GV/m) and preserving
the beam emittance betwee WFAstages.This experiment will allow study and understanding

of emittance growth mechanisms, as well as testing of growth mitigation techniques.
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2015|2020 2025|2030 |2035 2040 |

Continuing Invention & Discovery Phase

Modeling and simulations with hi-fidelity, high speed codes

5 GeV+5 GeV staging

Phase space shaping, efficiency,
diagnostics, tolerances

Final focus, cooling, ...

Prototype Phase
GeV linac — kHz rep rate @50-100 GeV linac(s)— O(1-10kHz)
irst applications (radiation sources)

i . Collider conceptual
ign of concepts for colliders Be<ign report (CDR)
Collider tech. '
3 kKW class deség%ré) Ee)pon Collider
30 kW class

Accelerators

Lasers

300 kW class

Figure 1: Roadmap for the development of a LWFA based collider, which lays out phases for invention
and discovery (during the next decade), the emergence of first applications, and prototype
demonstrators. A conceptual design study could occur in the 2025 -2035 time frame, followed by a five
year technical design study, culminating with start of construction around 2040.

Plasma target development is required to enable the key experimentShaping and precise
control of plasma &rget profiles is required for the collider application.In particular,
development of longitudinally-tapered and nearhollow plasma channels, extending tens of
centimeters, requiresR&D.

Of crucial importance will be a deep understanding of how to optimize the efficiency from laser
beam to particle beam, and what the limitations are towards the ultimate performance that
would make this technology operate at levels superior to present dagthnology for

accelerators. Novel methods for extracting energy from plasma wakes via particle bunch shape
(or current pulse) tailoring must be developed, techniques to reduce the remaining wake energy

(and hence also reducing the power loading onthe ssiO O OAOQq AU OOI AEET ¢ OPbo

using additional laser pulses, and direct conversion of power in intense lasers exiting the plasma
structures using photo-voltaic optical to electric conversion systems which is unique to using
lasers as drivers. Metods for bunch shape tailoring and wake energy extraction would also
benefit the beam driven plasma systems.

Contemporaneously to the demonstration of key exp@&ments, novel diagnostics for LWR

beams and plasma targets must be invented and higldelity and high-speed simulation tools
must be developedModeling of plasma targets will require 3D magnetdydrodynamic (MHD)
codes to be developed, with the proper lowemperature physics and chemistry includedThe
development of the MHD codewvill benefit fro m collaborations with LLNL and SNL, leveraging
NNSA investmentsCapabilities forrapid modeling of multi-GeMLWFAstages (laser and beam
plasma interaction) are required for parameter explorationand start-to-end modeling of LWFA
based colliders.This requires a sustained community effort ondevelopment of open source code

OE.
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10 GeV e-beams from a single stage

Staging 2.0: demonstration of 5GeV+5GeV

30pC 100 pC 0.1 GeV boost 5 GeV Goal: novel concept for a
compact plasma accelerator
Unmatched Matched guiding based mitrnn source
uidin
i Few pC, 4%  1000C, *90%  pair production from LPA
Fluctuates Stable, captured captured generated e-beam
reproducible, 7 7
tunable >5GVim >5GV/m Positron beam captured in PWFA
stage
Emittance Emittance : A
Positron acceleration in laser
Second beamline on BELLA growth preserved driven stage

Laser tech R&D k-BELLA = kW class, kHz, 100 TWV laser

5 Hz, 0.5-1 GeV beam

kHz, 0.5-1 GeV beam

Goals

€ < 0.3 micron & <0.1 micron Limited control feedback Full feedback stabilization
AE/E ~ 1-5% AE/E < 1% Low average power (<4 W) High average power (>1 kW)
Q~10pC Q~10pC Pointing < 0.5 mrad Pointing < 0.05 mrad

y-ray source (>107 ph/s y-ray source (>10'° ph/s)

LWFA powered FEL (XUV) LWFA powered FEL (1-10 nm)

Plasma target and energy recovery technology

Gone

Longitudinally uniform Tapered Heat mitigation and >108 shots
lifetime at kHz
Parabolic Near hollow
Photon acceleration to reach high
10 cm =30 cm efficiency

1 kHz rep rate 10 kHz rep rate Spent laser energy recovery

Diagnostics

Goals

Non-invasive phase space diagnostics for 0.01-0.1-mm-mrad
Femtosecond resolution for slice properties

3-D plasma profile vs time

e

1D MHD 3D MHD

2 weeks for 1 high res 3D BELLA simulation run <1 Hr for 1 high res 3D BELLA simulation run

Figure 2: Ten-year LWFA roadmap and milestones. The orange boxes are activities, with present status
and goals listed below. The red boxes denote facility in vestments that must occur to enable staging at
multi -GeV energies (BELLA 2d line) and a high average power demonstration facility (k  -BELLA). The
green boxes denote early applications that are enabled by the development of the LWFAs. Applications
onthele/EO AT A OECEO EAT A OEAA xEI1 AA bPI OOEAI A xEOE
respectively.

suites that integrate all the recent algorithmic advances (e.g. boosted frame, Maxwell solvers
with azimuthal Fourier decomposition, spectral slvers, control of numerical Cherenkov
instability, laser envelope solvers, adaptive mesh refinement) for the plasmasased accelerator
modules with advanced beam dynamics modules for transport through conventionsdansport
sections. Integration of all theabovementioned algorithmic advances, together with porting of
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the codes to massively parallel mangore and GPU architecires, will enable speedups by
orders of magnitude, from daysto-weeks at present for 3D simulations of onemulti-GeV stage,
to minutes-to-hours on exascalecapable supercomputers.

These simulation tools must be validated with experimental measurement®iagnostics are
required to resolve femtosecond slice properties of the LWFAeam, and techniques for non
invasive beam phase space measurements (e.g., with resolution on the order of tens of nm
normalized transverse emittance) are neededMethods to measure the evolution of the 3D
plasma profile are also required.

In addition innovative LWFA-collider conceptsmust be explored over the next teryears.For
example, compact final focus methods with large moméumm acceptance, rapid cooling methods
for positron beams that are compatible with short (tens of microns) beams, and lasptasma
methods for generation of dtra-cold, polarized electron beams require investigation.

During the next ten yearsthe development ofnon-HEP applications of LWFAechnologyis a
critical component of the collider R&D roadmapStable, reproducible, and tunablé WFA

enables application of severathundred-MeV to multi-GeV electron beams for light source
applications. First applications considered over the next decade are a fresdectron laser (FEL)
powered by an LWFA nitially operating at XUV wavelengths, for ultrefast science appliations
and a gammaray source, via Thomson scattering, producing MeV photons for nuclear detection.
These light sources would initially operate at the few Hz repetition rate-ollowing successful
demonstrations, and the development of k\A¢lass laser syster, the FEL would be extended to
the soft xray regime (few nm) at kHz rep rates, and the gamray source would be capable of
producing 1010 photons/second or more.

In parallel to the accelerator development, laser developmensialso required to realize 4 WFA
collider. In the next few years, R&D on kW average power laser systems will enable the fielding
ofaJdoule, kHt AOAO OUM™OA 1 6jqO HELDOAL kHZ répetition rates, studies of
feedback and stabilization techniques arpossible, enabling improved LWFAeam quality, as
well as increased average beam poweA kW laser system allows testing of higlaverage power
beam issues, such as heat mitigation and lifetime at kHz rep ratd® achieve the ~10 kHz rep
rates and high aerage powersneededfor a collider requires further laser technology
development. Approaches based on coherent combining of multiple fiber lasers, or on
Ti:sapphire lasers, solid-state lasers, C@lasers, and on OPCPghould be considered (see Fig).
Ead of these approaches requirsdifferent R&D levels: some have a clear technology
development pathway towards LWFAdrivers, others still need to address fundamental
challenges. Laser technologies include development of higlower optics technology (mirrors,
diffraction gratings, beam combiners) to withstand hundreds of kW of optical power, as well as
techniguesfor achieving high pulse contrast at ~1kHz.In addition, methods for improved
efficiency should be investigated, including spent laser energy regery and photon acceleration
to remove energy remaining in the plasma wakefield.



Advanced Accelerator Concepts Research Roadmap Workshop Report February 2016

k-BELLA: kW class, kHz, |00 TWV laser

“Stepping stone”:

30 kW class
Fiber Laser Technology  ~1J&contrastdemo 4

NN | .
1-5mJ 100mJ - >1J 30 BI™ e = e AF
~500W 3kW 30kW ns -100 000
~300fs ~30fs ~100fs

Contrast: 10 - 20dB  Contrast 30 - >40dB Contrast 50 - >60dB

1-10Hz 1kHz
WPE: << 5 % WPE: >15%

< 100w >3kW

“Stepping stone”:
30 kW class

A

Ready for 30kW class laser demo |

>30kW mirrors and coatings >30kW and broadband beam Contrast enhancing technology
combiners (e.g. plasma mirrors) operating at
>30kW pulse compression >30kW adaptive optics >1kHz

gratings
Direct-CPA bulk

Goal: suitable diode-pumped solid-state material meeting pulse duration, energy,
average power, and WPE requirement simultaneously

100fs with >25% WPE

OPCPA :

Figure 3: Ten-year roadmap and milestones for laser technology development. In the next decade
technology would be developed and implemented for a high average power demonstration facility (k -
BELLA) at the few kW level, followed by scaling suitable technology to the tens of kW -level. The different
technologies that are available today have different levels of maturity, but all require R&D albeit at

different levels. R&D is also needed on common technologies such as mirror coatings, pulse compression
and clean-up techniques (in both space and time).
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PWFA Roadmap

The physics program at the Large Hadron Collider (LHC) will end around 2035. If plasma based
accelerators are to meet the needs of international High Energy Physics Community, the R&D
Roadmap must arrive at a design with a sufficient lesl of maturity to be considered as the next
candidate machine. ConsequentlPWFAR&D ganning the next 25 years igutlined in the long
range roadmappresentedin Fig.4.

Figure 4: High level R&D roadmap for particle beam driven p lasma accelerators.

The concepts for plasma accelerator based colliders should continue to be developedhelp
focus R&D. In addition, plasma accelerators are still in a period of rich discovery and a broad
program of research at both Universities and National Laboratories should continue to ensure
that the best techniques are identified. Some high levehallenges common to all advanced
accelerator concepts have been identified and summarized in the introductory portion of this
document. The two areas of bearrplasma physics considered most pressing for research in the
next decade are emittance preservatioand positron acceleration. Additional priorities include
beam loading, higher transformer ratios, beam dynamics & tolerances, plasma source
development, staging, offamp, andfirst applications. A detailed roadmap for beam driven
plasma wakefield acceleator R&D for the next decade is summarized iRig. 5










































