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Summary of the “Workshop on Beam Acceleration in Crystals and
Nanostructures” (Fermilab, June 24-25, 2019)"

V. Shiltsev'

Fermi National Accelerator Laboratory, MS312
Batavia, IL, 60510, USA
TE-mail: shiltsev@fnal.gov

T. Tajima
University of California Irvine, Department of Physics and Astronomy
Irvine, CA 92697-4575, US4
E-mail: ttajima@uci.edu

Here we present a short summary of the “Workshop on Beam Acceleration in Crystals and
Nanostructures” which has taken place at Fermilab on June 24-25, 2019.

Keywords: Accelerators; crystals; carbon nanotubes; nanostructures.

1. General information about the Workshop

The concept of beam acceleration in solid-state plasma of crystals or nanostructures
like CNTs (or alumna honeycomb holes) has the promise of ultra-high accelerating
gradients O(1-10) TeV/m, continuous focusing and small emittances of, e.g., muon
beams and, thus, may be of interest for future high energy physics colliders. The goal of
the "Workshop on Beam Acceleration in Crystals and Nanostructures" which took place
at Fermilab on June 24 and 25, 2019, was to assess the progress of the concept over the
past two decades and to discuss key issues toward proof-of-principle demonstrations and
next steps in theory, modeling and experiment. The Workshop was endorsed by the
American Physical Society (APS) Division of Physics of Beams (DPB) and the APS
Topical Group in Plasma Astrophysics (GPAP), the International Committee on Ultra-
High Intensity Lasers (ICUIL) and the International Committee on Future Accelerators’s
Panel on Advanced and Novel Accelerators (ICFA ANA).

The Workshop had 40 participants from 6 countries, representing all relevant areas
of research such as accelerators and beam physics, plasma physics, laser physics, and
astrophysics. More than 20 presentations covered a broad range of topics relevant to
acceleration in crystals and carbon nanotubes (CNTs), including:

1. overview of the past and present theoretical developments toward crystal
acceleration, ultimate possibilities of the concept;
2. concepts and prospects of PeV colliders for HEP;

" Fermi National Accelerator Laboratory is operated by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the United States Department of Energy.



. effective crystal wake drivers: beams, lasers, other;
. beam dynamics in crystal acceleration;
. instabilities in crystal acceleration (filamentation, etc.);
. acceleration in nanostructures (CNTs, etc);
. muon sources for crystal acceleration;
. application of crystal accelerators (X-ray sources, etc.);

9. astrophysical evidence of wakefield acceleration processes;

10. steps toward "proof-of-principle": 1 GeV gain over 1 mm, open theory
questions, modeling and simulations;

11. possible experiments at FACET-II, FAST, AWAKE, AWA, RHIC, LHC,
CEBAF, or elsewhere

There were many vivid discussions on these subjects. All the talks and summaries of

the discussions are available at https://indico.fnal.gov/event/19478/ .
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2. Major Outcomes

Several interesting proposals for further explorations or experimental tests were made by
Sahel Hakimi, et al. (University of California, Irvine, on how to drive wakes in CNTs by
ultimate or existing X-ray pulses from, e.g., the LCLS SASE FEL); by Aakash Sahai, et
al. (University of Colorado, on production of detectable number of muons and their
subsequent acceleration either at BELLA or FACET-II facilities); by Vladimir Shiltsev,
et al. (Fermilab, on demonstration of effective micromodulation of electron beams at
FAST and FACET-II and subsequent experiments with micromodulated beams sent
through CNTs at FAST with kA peak current type beams and then at the FACET-II
facility with upto 300 kA bunches, e.g., to demonstrate the CNT channeling or to study
the electron beam filamentation phenomena in structured materials); by Gennady
Stupakov (SLAC, on possibility to use 1-nm-SASE-modulated electron bunches at the
end of LCLS-I undulators to excite crystals and demonstrate acceleration); by Johnathan
Wheeler, et al., (Ecole Polytechnique, to use the APOLLO laser facility to demonstrate
Peta-Watt optical pulses/single cycle pulses via thin-film-compression technique); by
Valery Lebedev (FNAL, to explore effectiveness of the wake excitation in crystals or
CNTs by high-Z high energy ions, e.g. by 450 GeV ion beams from the CERN SPS
available at the AWAKE facility, and observation of possible acceleration of externally
injected electrons).

Formation of the research teams has began and follow-up presentations are being planned
for the FACET-II Annual Science Workshop (SLAC, October 29 — November 1, 2019).

These Proceedings of the Workshop are co-edited by Profs. Gerard Mourou (Ecole
Polytech, 2018 Nobel Prize in Physics), Toshiki Tajima (UCI), Swapan Chattapdhyay
(NIU) and Vladimir Shiltsev (Fermilab).


https://indico.fnal.gov/event/19478/
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Fig. 1. Group photo of the Workshop.
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Ultimate Colliders for Particle Physics : Limits and Possibilities

V. D. Shiltsev*

Fermi National Accelerator Laboratory, MS 312,
Batavia, IL 60510, USA
* E-mail: shiltsev@fnal.gov

The future of the world-wide HEP community critically depends on the feasibility of the
concepts for the post-LHC Higgs factories and energy frontier future colliders. Here we
overview the accelerator options based on traditional technologies and consider the need
for plasma colliders, particularly, muon crystal circular colliders. We briefly address the
ultimate energy reach of such accelerators, their advantages, disadvantages and limits in
the view of perspectives for the far future of the accelerator-based particle physics and
outline possible directions of R&D to address the most critical issues.

Keywords: Colliders; accelerators; plasma accelerators; muons, crystals.

1. Current landscape of accelerator-based particle physics

Colliding beam facilities which produce high-energy collisions (interactions) between
particles of approximately oppositely directed beams have been on the forefront of
particle physics for more than half a century and. In total, 31 colliders ever reached
operational stage and six of them are operational now!,2,3 4. These facilities es-
sentially shaped the modern particle physics as their energy has been on average
increasing by an order of magnitude every decade until about the mid-1990s. Since
then, following the demands of high energy physics (HEP), the paths of the col-
liders diverged: to reach record high energies in the particle reaction the Large
Hadron Collider was built at CERN, while record high luminosity ete™ colliders
called particle factories were focused on detailed exploration of phenomena at much
lower energies. Currently, the HEP landscape is dominated by the LHC. The next
generation of colliders is expected to lead the exploration of the smallest dimensions
beyond the current Standard Model.

Given the cost, complexity and long construction time of the collider facilities,
the international HEP community regularly goes through extensive planning exer-
cises. For example, in the recent past and at present we have the European Strategy
planning (2012-2013), the US US Snowmass and P5 plan (2013-2014), the Euro-
pean Strategy Update (2018-2020), under consideration now is the ILC250 project
in Japan (decision by Spring 2020) and potential CepC project in China, the next
US Snowmass and P5 process is set for 2019-2022. Discussions at the most recent
2019 European Particle Physics Strategy Update symposium (EPPSU, May 2019,
Granada, Spain)® were focused on two types of the longer term (20-50 yrs) HEP
facilities: Higgs Factories(HF) and the Energy Frontier (50-100 TeV pp or 6-15 TeV
lepton). There are four possible concepts fof these machines: linear eTe™ colliders,
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Table 1. Main parameters of proposed colliders for high energy particle physics
research 6.
Project Type Energy Int.Lumi./ Power Cost
TeV, c.m.e. Oper.Time. years B(unit)
ILC ete~ 0.25 2 ab—1 / 1lyrs. 129 5.3ILCU
0.5 4ab~! /10 yrs.  163(204) 7.8ILCU
1 300 ?
CLIC ete™ 0.38 1 ab~! / 8yrs. 168 5.9CHF
1.5 2.5 ab™1 / 7 yrs. 370 +5.1CHF
3 5ab~1 / 8 yrs. 590 +7.3CHF
CEPC ete~ 0.091 16 ab™! / 4 yrs. 149 5%
0.24 5.6 ab—1 / Tyrs. 266 +7
FCC-ee ete~ 0.091 150 ab~1/ 4 yrs. 259 10.5CHF
0.24 5ab~1 /3 yrs. 282
0.365 1.5 ab™1 / 4 yrs. 340 +1.1 CHF
LHeC ep 0.06/7 1ab~1 /12 yrs. (4100) 1.75 CHF
HE-LHC PP 27 20 ab—! / 20 yrs. 220 7.2 CHF
FCC-hh pp 100 30 ab—1 / 25 yrs. 580 24 CHF
uuColl. i 14 50 ab—! / 15 yrs. 230 10.7* CHF
circular ete™ colliders, pp/ep colliders, and muon colliders. (Table 1 summarizes

main parameters of the future facilities, paramters of the muon collider are given
according to”.) They all have limitations in the energy, luminosity, AC power con-
suption, and cost which in turn mostly depend on five basic underlying accelerator
technologies: normal-conducting (NC) magnets, superconducting (SC) magnets,
NC RF, SC RF and plasma. The technologies are at different level of performance
and readiness, cost efficiency and required R&DS.

Feasibility of the future colliders depends on their energy reach, luminosity,
cost, length and power efficiency. So far, the most advanced of the proposals for the
energy frontier collidsers call for acceleration by wakefields in plasma which can be
excited by: lasers (demonstrated electron energy gain of about 8 GeV over 20 cm
of plasma with density 3-10'7 cm~2 at the BELLA facility in LBNL); very short
electron bunches (9 GeV gain over 1.3m of ~10'7 cm =2 plasma at FACET facility in
SLAC) and by proton bunches (some 2 GeV gain over 10 m of 10'® cm ™3 plasma at
the AWAKE experiment at CERN). In principle, the plasma wake field acceleration
(PWFA) is thought to make possible multi-TeV ete™ colliders. There is a number
of critical issues to resolve along that path, though, such as the power efficiency
of the laser/beam PWFA schemes; acceleration of positrons (which are defocused
when accelerated in plasma); efficiency of staging (beam transfer and matching from
one short plasma accelerator cell to another); beam emittance control in scattering
media; the beamstrahlung effect that leads to the rms energy spread at IP of about
30% for 10 TeV machines and 80% for 30 TeV collider.

An attempt to assess options for ultimate future energy frontier collider facil-
ity with c.o.m. energies of 300-1000 TeV (20-100 times the LHC) was made in®.
There it was argued that for the same reason the circular eTe™ collider energies do
not extend beyond the Higgs factory range (~ 0.25 TeV), there will be no circular
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proton-proton colliders beyond 100 TeV because of unacceptable synchrotron radi-
ation power therefore, the colliders will have to be linear. Moreover, electrons and
positrons even in linear accelerators become impractical above about 3 TeV due to
beam-strahlung (radiation due to interaction) at the IPs and beyond about 10 TeV
due to the radiation in the focusing channel. That leaves only u™u~ or pp options
for the far future colliders. If one goes further and requests such a flagship machine
not to exceed ~10 km in length then an accelerator technology is needed to provide
average accelerating gradient of over 30 GeV/m (to be compared with ~0.5 GeV
per meter in the LHC). There is only one such option known now: super-dense
plasma as in, e.g., crystals”, but that excludes protons because of nuclear interac-
tions and leaves us with muons as the particles of choice. Acceleration of muons
(instead of electrons or hadrons) in crystals or carbon nanotubes with charge car-
rier density ~102? cm ™3 has the promise of the maximum theoretical accelerating
gradients of 1-10 TeV/m allowing to envision a compact 1 PeV linear crystal muon
collider®. High luminosity can not be expected for such a facility if the beam power
P is limited (e.g., to keep the total facility site power to some affordable level of
P ~100MW). In that case, the beam current will have to go down with the particle
energy as I = P/E,, and, consequently, the luminosity will need to go down with
energy E,. Therefore, there is a need in the paradigm shift for the particle colliders
which in the past expected the luminosity to scale as L o Eg.

2. Acceleration in Crystals and Nanostructures

The very first proposal to accelerate muons in crystals® assumed excitation of solid
plasmas by short intense X-ray pulses. The density of charge carriers (conduction

022-24cm 3 is significantly higher than that in gaseous

electrons) in solids ng ~ 1
plasma, and correspondingly, the longitudinal accelerating fields of upto 100-1000

GeV/cm (10-100 TV /m) are possible according to
E[GV/m] ~ 1004/n0[108cm—3]. (1)

The are several critical phenomena in the solid plasma due to intense energy radi-
ation in high fields and increased scattering rates which result in fast pitch-angle
diffusion over distances of l4[m]~E,[TeV]. The latter leads to particles escaping from
the driving field; thus, it was suggested that particles(muons) have to be acceler-
ated in solids along major crystallographic directions, which provide a channeling
effect in combination with low emittance determined by an Angstrom-scale aperture

10,11 © Channeling in the nanotubes was later brought up as a

of the atomic tubes
promising option'? 4. Positively charged particles are channeled more robustly, as
they are repelled from ions and thus experience weaker scattering. Radiation emis-
sion due to the betatron oscillations between the atomic planes is thought to be the
major source of energy dissipation, and the maximum beam energies are limited to
about 0.3 TeV for positrons, 10* TeV for muons and 10% TeV for protons'®. For

energies of 1 to 10 PeV, muons offer much more attraction because they are point-
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like particles and, contrary to protons, do not carry an intrinsic energy spread of
elementary constituents; and they can much easier propagate in solid plasma than
protons which will extinct due to nuclear interactions. The muon decay becomes
practically irrelevant in the proposed very fast acceleration scheme as the muon life-
time quickly grows with energy as 2.2us x+y. Very high gradient crystal accelerators
have to be disposable if the externally excited fields exceed the ionization thresholds
and destroy the periodic atomic structure of the crystal (so acceleration will take
place only in a short time before full dissociation of the lattice). For the fields of
about 1 GV/cm=0.1 TV/m or less, reusable crystal accelerators can probably be
built which can survive multiple pulses. Possible conceptual scheme of a crystal lin-

Crystal accelerator
~—

Crystal

funnel

0.1-1 PeV
7

Fig. 1. Concept of a linear X-ray crystal muon collider (adapted from ).

ear muon collider - see - includes two high brightness muon sources, two continuous
crystal linacs of a total length of 1 to 10 km driven by numerous X-ray sources (or
other type of drivers) to reach 1-10 PeV c.m.e. at the interaction point with a crys-
tal funnel!. Initial luminosity analysis of such machine assumes the minimal overlap
area of the colliding beams to the crystal lattice cell size A ~ 1 A2=10"%cm2 and
that the crystals in each collider arm are aligned channel to channel. The num-
ber of muons per bunch N also can not be made arbitrary high due to the beam
loading effect and should be N~103. Excitation many parallel atomic channels n.y,
can increase the luminosity L=fn.;, N°/A=f101%-10°n.Jcm2s!] which can reach
10%cm2s! at, e.g., f=10% Hz and n.,~100. Exceeding the value of the product
fnen beyond 10% Hz can be very costly as the total beam power P= fn.,NE, will
get beyond a practical limit of ~10 MW. Instead, using some kind of crystal funnel
to bring microbeams from many channels into one can increase the luminosity by a
factor of n., to some 1032cm—2st.



July 17, 2019 17:1 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in output page 5

3. Challenges and Open Questions

Until now, crystals were of interest for particle accelerators because of their strong
inter-planar electric fields ~10V/A=1GV /em'®. Given their unique radiation hard-
ness and stability, crystals were used even in the highest energy hadron colliders like
the 2 TeV Tevatron and the 14 TeV LHC for particle focusing and/or for deflection
(with efficiency notably growing with the energy, e.g. better than ~95% in the
Tevatron and over 99% in the LHC for some 4 mm bent crystals6:17).

Several methods can be envisioned for the wakefield excitation in the crystals'®
- see Fig.2. Historically first was the suggestion to use ultrashort and powerful
40 keV X-ray pulses injected in the crystal at a proper angle to achieve Bormann
anamalous transmission over longer distances®. Extreme X-ray pulse power density
O(10272*W /cm?) can now be achieved at the SASE FELs like LCLS at SLAC,
and the gradients of about 0.2[TV/m]-a3 are predicated in CNTs which can lead to
100s of MeV of acceleration in few micron long structures!®1* (here ag ~ O(1) is
the normalized field intensity of a O(1nm) wavelength laser). Further opportunities
to increase the laser intensities can be offered by recently proposed ICAN and thin
film compression schemes.

Bunches of charged particles can excite plasma effectively if their transverse and
longitudinal sizes are comparable or shorter than the plasma wavelength of A\, ~ 0.3
um for ng = 10?2 cm~2 and the total number of particles in that volume approaches
the number of free electrons in the solid plasma no)\f). Arguably the closest to such
conditions are the electron bunches prepared for the FACET-II experiments at
SLAC - at the initial stage of 3D compression they will by 8 x7x2 um that for the
total charge of 2 nC results in n, = 6-10'® cm ™3, while at the ultimate compression
2x2x0.4 pm the density will be about n, = 2-10%° cm~3 (and corresponding peak
current of about 300 kA).

Relativistic fully stripped heavy ions can offer yet another possibility for wake-
fields excitation in crystals or carbon nanotubes!® as the fields they leave behind
in the media are about the ionization loss gradient of

E; ~ 2[MeV/(g/cm?)] x Z2, (2)

that gives E; ~2 TV/m for Z=70-80 in silicon. Naturally, one can envision these
ions either channeling in crystals ahead of the accelerating particles (e.g., muons) or
being well aligned with them so the latter are always kept in sync with accelerating
wake. At present, the highest energy heavy ions are available at RHIC (100 GeV/u
gold, Z=79) and LHC (2.5 TeV /u lead, Z=82) and the dephasing length 272X, can
be as long as few cm - few meters.

Figs. 2d) and 2e) conceptually depict two other possibilities to excite structured
solid plasmas by either pre-modulated high density bunches of charged particles or
by initially unmodulated long bunches which get microbunched while propagating
in the media due to self modulation instability (SMI). In both cases it is important
that the drive beam density modulation is resonant to the plasma waves, i.e. occurs
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Fig. 2. Possible ways to excite plasma wakefields in crystals or/and nanostructures: a) by short
X-ray laser pulses; b) by short high density bunches of charged particles; c) by heavy high-Z ions;
d) by modulated high current beams; d) by longer bunches experiencing self modulation instability
in the media.

at A\, so the waves excited by individual microbunches add up coherently. The
first of these methods can employ, e.g. either the nanomodulated bunches at the
end of SASE (self amplified spontaneous emission) process in modern X-ray FELs
or micromodulated beams obtained via slit-masking in chicanes as, e.g., it was
proposed in'?. The SMI in longer proton bunches traversing low density gaseous
plasma has been demonstrated in the AWAKE experiment at CERN. Of course, in
the solid plasma of crystals or CNTs the SMI will compete with other phenomena,
such as the Weibel or filamentation instabilities and that issue requires detail study.

In general, there are many important topics for future research on acceleration in
crystals and nanostructures, including: a) critical overview of the past and present
theoretical developments toward crystal acceleration, exploration of the ultimate
possibilities of the concept; b) further development of the concepts and most optimal
schemes of PeV crystal colliders for HEP; ¢) theory, modeling and experiments on
effective crystal wave drivers such as beams (including self-modulation instability),
lasers , other schemes; d) particle and beam dynamics in crystal acceleration chan-
nels; e) instabilities in crystal acceleration channels, such as filamentation/Weibel
instability, etc; ) acceleration in nanostructures (CNTs, alumna honeycomb holes,
zeolites, others); g) high brightness muon sources for crystal acceleration; h) possible
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practical applications of crystal accelerators (X-ray sources, etc); i) comprehensive
study of possible steps toward ”proof-of-principle” experiment to demonstrate 1
GeV energy gain over 1 mm; j) preparation of possible crystal acceleration exper-
iments at FACET-II, FAST, BELLA, AWAKE, AWA, RHIC, LHC or elsewhere
(including addressing open theory questions, modeling and simulation, hardware
and diagnostics development, etc).

4. Conclusions

The concept of beam acceleration in solid-state plasma of crystals or nanostructures
like CNTs (or alumna honeycomb holes) has the promise of ultra-high accelerating
gradients O(1-10) TeV/m, continuous focusing and small emittances of, e.g., muon
beams and, thus, may be of interest for future high energy physics colliders. Recent
advances in the acceleration in gaseous beam- or laser-driven plasma and muon
production and cooling, progress in the intense X-ray pulse generation, production
of short very high peak current bunches of charged particles, development of so-
phisticated high-performance PIC codes to model high density plasmas - all that
paves the way for comprehensive studies of the theory, corresponding modeling,
and eventually experiments on the wakefield excitation in solid plasmas, accelera-
tion of particles in crystals or CNTs, muon production and detection, etc. Some
schemes of the crystal/CNT excitation can be tested at the beam test facilities such
FACET-II at SLAC, FAST at Fermilab, BELLA at LBNL and AWAKE at CERN.
One can also explore opportunities for proof-of-principle experimental studies with
either high energy high-Z ions available at RHIC or LHC or to exploit unique prop-
erties of the self-modulated electron beams in the SASE FEL facilities, like, e.g.
the LCLS-I and -IT at SLAC. Past experience with crystals in high energy particle
accelerators as well as available hardware might very helpful for the initial studies.
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TeV center-of-mass energy electron-positron lireedliders comprising seamlessly staged capillary
laser-plasma accelerators are presented. A modietatesity laser pulse coupled with the single
electromagnetic hybrid mode in a gas-filled capjllean generate plasma waves in the linear regime,
where laser wakefields can accelerate equally fatetectron and positron beams. In multiple stage
capillary accelerators, a particle beam with respethe laser wakefield can undergo consecutive
acceleration up to TeV energies, associated withirneous transverse focusing in a beam size down
to a nanometer level, being capable of a promisiegtron-positron linear collider with very high
luminosities of the order of #cm?s®. The transverse and longitudinal beam dynamicseaim
particles in plasma wakefields with the effectsaafiation reaction and multiple Coulomb scattering
are investigated numerically to estimate the lursithes in beam-beam collisions with the effects of
beamstrahlung radiation and bunch disruption.
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1. Introduction

Laser-driven plasma accelerators (LPAs) [1-3] cappsrt a wide range of potential
applications requiring high-energy and high-quadityctron/positron beams. In particular,
field gradients, energy conversion efficiency aegatition rates are essential factors for
practical applications such as compact x-ray fleeten lasers [4, 5] and high energy
frontier colliders [6-9]. For such applications, A® have some drawbacks in laser
guiding and dephasing that limit energy gains dedpieir high accelerating gradients. In
the LPA concept [1], one of the critical issuesjiical guiding of relativistic laser pulses
in underdense plasma to the extent of a dephasimggH, which scales as n_**, where

n, is the operating plasma density of LPAs [2]. Thepagation of laser pulses in
plasmas is described by refractive guiding, in \Whire refractive index can be modified
from the linear free space value mainly by relatici self-focusing, ponderomotive
channeling and a preformguasma channel [10]. The self-guided LPA [11-13]ese
only on intrinsic effects of relativistic laser-plaa interactions such as relativistic self-
focusing and ponderomotive channeling. On the offaerd, the channel-guidedPA
exploits a plasma waveguide with a preformed degrditannel [14-16] or a gas-filled



capillary waveguide made of metallic or dielectmaterials [17]. The plasma waveguide

with preformed density channel is likely to propiga single mode laser pulse through a
radially parabolic distribution of the refractivediex and generate plasma waves inside
the density channel, the properties of which argely affected by a plasma density

profile and laser power. In a capillary waveguidied with gas, a laser pulse is guided

via Fresnel reflection at the inner capillary wahd plasma waves are generated in
initially homogeneous plasma, relying on neitheelapower nor plasma density as long
as the laser intensity on the capillary wall istdeglow the material breakdown [18, 19].

One challenging application of LPAs is the futurghhenergy electron-positron
linear colliders (LC) being capable of providingVleenter-of-mass (c.m.) energies at
the luminosities of more than ¥0cnt? st [20]. It is very reasonable in conventional
fashion that two-linac complex comprising successitPA stages accelerate
electron/positron beams to the high-energies reduaind then deliver the colliding
beams focused to the minuscule dimensions at tieeaiction point to produce a high-
enough event rate required for particle physicsegrgents. In each of these linacs, an
independent laser is synchronously operated atnasiderably high-repetition rate to
drive the plasma waves of the LPA. Recent progoéssulti-GeV LPA experiments [12-
16] and high-average power lasers at kHz-level tiépe rate [21] may make a laser-
plasma-based collider concept feasible, achieviompiderable reduction in a structural
size and simplicity, compared to the proposed assigf the future electron-positron
colliders based on both conventional technology @ so-called advanced accelerator
concepts [22]. Despite rapid progress and growmegrést in laser-plasma accelerators,
there are few studies on a full-scale model to @egpbeam dynamics and beam-beam
interactions in multistage laser-plasma-based m@eqiositron colliders in the multi-TeV
energy range, apart from visionary parameter sgdiased on single-stage, small-scale
model studies [6-9]. Previously only one study [28) the particle dynamics in
multistage LPAs for a conceptual collider has beamied out by using a linear particle
transport model based on a simple harmonic osmillapproximation for the betatron
motion in plasma wakefields, while missing consdiens on effects of synchrotron
(betatron) radiation and multiple Coulomb scatigras well as the beam loadirigg.,
beam self-field. This study points out that inciegdrift length turns out to encounter a
“blow out” of the betatron amplitude because ttabiity condition for the trace of the
particle transfer matrix will be violated [23].

For the electron-positron collider design, a mosseatial requirement is the
capability of generating a substantial event rdt¢he fundamental particle reaction of
interest, characterized by = Lo where £ is the luminosity ands is the collision
cross section for the reacti@ie — € e at a c.m. energyy, . Since this cross section
scales asoc «W,?, a reasonable guideline for the luminosity may itmposed as
£ [10*cm *s* ]~ W,?[TeV] [6] such that the event rate in particle physikpegiments
becomes constant regardless of c.m. energies.ré@isrement often yields high-density
bunches of colliding highly relativistic electrondapositron beams that lead to two major
effects, namely, beamstrahlung [24, 25] and disoupf26, 27], arising from the beam-



beam interaction with strong electromagnetic fiettsated in the oppositely oncoming
bunch. While strong disruption contributes to erdesment of the luminosity, the
associated beamstrahlung effects induce radiaties bf the particle energies and
degradation of the resolution in c.m. energies.

In this paper, we present a novel scheme of lalsesm-based electron-positron
linear collider comprising multiple gas-filled clary waveguides without coupling drift
spaces for avoiding a “blow out” of betatron ostithns. Each of which is driven by a
laser pulse formed from the lowest order capilleigenmode, so-called electromagnetic
hybrid mode EHh [18]. The numerical model on the bunched beam dycgin laser
wakefields, based on the exact solution of singletigle betatron motion, taking into
account radiation reaction and multiple Coulombttscing, shows that the normalized
transverse emittance and beam radius can be cdivedgueduced during continuous
acceleration in the presence of optimally phasedrrence of longitudinal and transverse
wakefields in the multistage LPAs, leading to thozders of magnitude smaller values.
The final properties of the particle beams readhedenergy objective, thus meeting the
luminosity requirements without resorting to an ifiddal focusing system. The
remaining part of this paper is organized as faflolm Sec. 2, the complete descriptions
on laser wakefields generated by the single elp@gmetic hybrid mode with moderate
intensity and the beam dynamics of a single parti@lectron or positron) in laser
wakefields, beam loading and self-focusing fieldse grovided. The numerical
calculation on particle transport based on thetsmiuof betatron motion is described,
taking into account radiation reaction and multigfleulomb scattering. In Sec. 3, the
numerical results of the particle transport caltofa for the multistage capillary
accelerators are shown and the analytical estimatethe evolution of bunch radius,
transverse normalized emittance and radiative enieigs are presented. In Sec. 4, the
effects of beam-beam interactions of the collidahgctron and positron beams extracted
from the capillary accelerating structure on tha.cenergy and luminosity are evaluated
in terms of beamstrahlung and disruption for vasiwacuum drift distances between the
plasma accelerator and the interaction point. I Sean embodiment of the LPA stage
is envisioned by exploiting a tens kW-level higreege power laser such as a coherent
amplification network (CAN) consisting of fiber ks systems. In Sec. 6, design
examples of the multi-TeV laser-plasma-capillarilider are discussed.

2. Beam Dynamicsin a Capillary Accelerator

1.1. Laser wakefield and acceleration driven by a single capillary mode

Considering the electromagnetic hybrid modes;-HH8] to which the most efficient
coupling of a linearly polarized laser pulse in wam occurs, the normalized vector
potential for the eigenmode of theth order is written by [28]

u,r (z- v, 9?
a,(r.zt)~a, JO(E) ex;{— K Z_W} cosf, t kK z, 1)



where a,, is the amplitude of the normalized vector potdritiathe EH, mode, J, the
zero-order Bessel function of the first kind, the n-th zero of J,, r the radial
coordinate of the capillary in cylindrical symmetriR. the capillary radius,z the
longitudinal coordinate,r the pulse duration andy, the laser frequency. The
longitudinal wave numbek,, the damping coefficienk! and the group velocity of the
n-th modev, are given by [18]

(e w2 YT ui@es) _(ur Y
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wherek, = o,/ ¢ is the laser wavenumber amdis the relative dielectric constant. The
coupling efficiencyC, defined by an input laser energy with a spot radjuand
amplitude g, coupled to the F mode in the capillary is calculated for a linearly
polarized Gaussian beam,

C, =8( R j D‘:xexpeg)\]o u, x)d% , 3)

r‘O‘] l(un) 0

and for an Airy beam,

2

4 1 vR
C,= le(un)hoal( - RN d% , (4)
where v, =3.8317is the first root of the equation af(X) =0 [18]. When a linearly
polarized Gaussian beam is focused at the capibtatyance g=0), the maximum
coupling coefficient is given by, =0.981at R / 1, =1.55 (or r,/ R, =0.65). For an
Airy beam, the maximum coupling efficiency i€, =0.837 at R,/ r,=0.95 (or
r,/ R, =1.05).

In the linear limit|ae|A |/(m ¢ )< 1, the ponderomotive force exerted on
plasma electrons by the capillary laser fieldis given byF = —mecz,b’gVaﬁlz, where
mc is the electron rest energyj, =v,/c and a’ is defined by averaging the

nonlinear force over the laser peri@a / w,, i.e., usinga?, = C, &,

5 1 o[ ur ~ (z—\/gt)2
a, (r,z,t)—EqufJJ (EJexp{ 2K g } (5)

The electrostatic potentiab(r,t) of the wake excited in plasma with electron densit
by a laser pulse propagating the capillary is olgtdifrom the equation [2]

a_z 2 _a)imeczﬂg 2
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where o, = (4z€’n, / m)"? is the plasma frequency. The solution of Eq. (&)iien by
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wherek, = o, /v, is the plasma wavenumber in the capillary and
z-yt a z-vt a
C(2) = —Rerfc 4 ilﬁ'; . S(2=3erf| —2+ IL , (8)
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with the real 8 ) and imaginary ) part of the error functiorrf z= (2 /\/;)j;e‘sz ds
and erfcz=1- erf z. For k| < k,, the longitudinal electric field can be obtainednf
E,=-0®/0z as

E,(r,z t)=%(memp) gGka é[p?] J(Unr) éadaS/VS)kpz'

e R )
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The transverse focusing force is obtained frem- &(E — B)) =-0®/0dr as
_\/; rnscwp cr _[kaa]z unr l"lnr —(@q85 175 ky2
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where J,(2) =- J)( 9 is the Bessel function of the first order. Herdjle propagating
through plasma and generating wakefields, the Igsalse loses its energy as
0 loz~-& I'Ly, [29], wherelL, is the characteristic scale length of laser energy
deposition into plasma wave excitation, referrecasothe pump depletion length. In the
quasi-linear wakefield regimei.e, a’ =C & <1, the pump depletion length is
k,Lg =72/ (a48)) [7, 29], wherey, =,/ 0, anda, =C_ /17.4 for a Gaussian laser
pulse. Assuming that the pulse duration is fixed, the daseergy evolution in the
capillary can be written & (2) o &, exp[- (o, & € Iy%)k z k }as indicated in Egs.
(9) and (10).

In the linear wakefields excited by the single hgbnode, the longitudinal motion of
electron ) and positron £ ) moving along the capillary axis at a hormalizedoeity
p,=V,/c=1is described as [2, 10]

dy E dy B k
L4k 2 —— =k |1-“L |~k (1- ~—L 11

where m,¢y is the electron energyE,, = E,(0, z t) the accelerating field at=0,
E,=ma /e the nonrelativistic wave-breaking field¥ =k, (z-v,J; dZ y) the
particle phase with respect to the plasma waie= v,/ c~ v,/ c= B, = (1- 02 | 0f)"?
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the phase velocity of the plasma wave and y, = (1- ,6’; )7“>1. In Eq. (9), taking into
account C(2) > -2 and S(2 — 0 for z—- v, t< - , and setting the pulse duration of a
drive laser pulse with a Gaussian temporal profile to be the optimum length k cr = J2,
the accelerating field is given by

EZO
E,

Integrating the equations of motion, the energy gain and phase of the particle can be
obtained as

=%\/%aozcné‘““dangcos‘{1. (12)

V() =V, +k 2 (25), (13)
T agcn 1+ 4oy 82 ) 2 i W_ 2y oy
2—4a§a5‘+1[e (sin . & co )’ (14)
e M (s~ agd  cBy )]

where ¥ is the initial phase of the particle with respect to the wakefield and meczyo is
the initial particle energy.
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Fig. 1. The evolution of the beam energy (a) for 1.2 TeV LC comprising 180 stages per beam and (b) for 11 TeV
LC comprising 1800 stages per beam as a function of the number of capillary LPA stages, where the beam
energy reaches 589.3 GeV and 5720 GeV, respectively, from the injection energy of 2.5 GeV. The inset in (a)
shows the energy evolution in the initial 5 stages and the inset in (b) that in the final 5 stages, respectively. The
parameters of the LPA stage is shown in Table 1.

As an example, for the multistage capillary accelerator with n,=1x10" cm?®
( 72=1.115¢10 ) driven by a Gaussian laser pulse with a; =1 and 7~79fs
(kycr = J2 ), coupled to the EHi; mode with the efficiency C, = 0.981, Figure 1 shows
the evolution of the particle beam energy m,c®y up to 589.3 GeV with the injection
energy of 2.5 GeV over 180 stages (954 m) in (a), corresponding the average
accelerating gradient of 6.15 GeV/m and up to 5720.4 GeV over 1800 stages (953.7 m) in
(b), corresponding the average accelerating gradient of 6.0 GeV/m. This reduction of the
accelerating gradient is attributed to the effects of beam loading of N, =1x10 particles
in a bunch and radiation reaction force, both of which are induced by transverse beam
dynamics of beam particles.



1.2. Beam-driven wakefields and beam loading

In the linear regime, where a plasma density peation isén=n-n <« rn,, the
wakefield E, (£,r) excited by an electron beam with a profilg £, r) is described as

& én n E o dn
—+k k2 V2 -K)) 2= -k, ——, 15
[852+ ”Jne R 4o

where £ = z— ct is the coordinate in the co-moving frame of atreistic electron beam
with v, =c and r is the radial, transverse coordinate of an electvteam having a
cylindrical symmetry [30]. The Green’s function ftire beam-driven wakefield excited
by a charge bunch with density distributiom, =p (r)p (§) is read as
E,&N=ZE@RMN  with  Z(&)=-4z[ d&p()cosk, €-¢')  and

R(r) = (K 1 27)g" dafy rdrp, (r)K,(k,|T=T]) , where K, is the modified Bessel
function of the second kind [31]. For a Gaussiamgltudinal density profile
p”(f)=qr1)e‘§2’2"z2 with the root-mean-square (rms) bunch lengthand the particle
chargeq (+e for a positron bunch ande for an electron bunch), the longitudinal
plasma response is given by

kg(,z? . .
Z(&)=-(2z)*qno,e 2 [cos ken erfc/:/az% + sinkES erff’/%zlk‘gzj . (16)

The transverse plasma response for a Gaussian defaity profile pi(r)ze*rz’z"'z
with the rms bunch radius, is calculated inside the bunch{r") as

k2 T 0 2 2
R(r) =—pj2 do'[ " rdre > Ky(k P+ F2—2rr' cosf-6")
27 90 0 17)

2 Kio? 22
r

e? (0,2 r)vl(lﬁr)

2
pr'

=k2J,(k, r)j rdre” 27 Ky (k r) = =

whereT'(a,x) = [ et *dtis the incomplete Gamma function of the secondl kitere
we use the formula K (JZ2+¢?-2% codd )= z K @d¢)¥ <]k and
I(a,X) = (2X"2e* IT (- o)) €' 12 K [2/ x{ df for Rea < 1. Comblnlng the longitudinal and
transverse solutions, the wakefield excited by-&a&iissian shaped bunch is

E,o(1.&)/E, =—(a/ 9 kLN, &7°T(0, ko2 12) J( k ¥

i 18
x[ cdg,¢R erplazjgk“aﬂ ke S e#—élaj_'k’gj 19

whereN, = (27)*?c?o,n, is the total particle number contained in the turend
r.=e /nch is the electron classical radius. The net longitaldelectric field on the
propagation axig =0, i.e., the beam loading field, experienced by the partieam
located at ¥ =¥, in the laser co-moving framei.e, k&~W¥-¥, , vyields
E,o (W)= E (W) + E,{O,¥ -V ). At the bunch centef =0, the beam particle undergoes
the decelerating field,



E o 2 2 k20'r2
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associated with the energy loss in the phase advayt=Y -'¥,
2 kzo'z
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and the rms energy spread due to the beam loaslegtimated as
k’o?
Ko /2 r
O =(A78) = 2%y 2 TN €57 ( "TJ S(kg AW, (1)

where S( Kgaz)=‘(2/ﬂ)1’2- lg)o-zé"g”f/zerf(lgpzlx/_Z* has the minimumS=0.35 at
k,0,=1.26.

Transverse wakefield excited by the particle bumghobtained from Eq. (18)
according to the Panofsky-Wenzel theorem [3H, /or =0(E, - B,)/ 8¢, leading to
the beam focusing force

Folr &) /E,=(E ~B,)/ E =(a/ 8 k N & &1 (0, fo2/2) X k)

x( ik erfe Z K Te 4o Mj . @
V2 <% 2

and the beam focusing strength

Ea%zi(ﬂj k,LNLe 72 777 (0, Ro? 12 3(k - J(k 1]
oK, Or 2\ e 23)
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At the bunch cente€ =0, the on-axis focusing strength is
St (ko) (K
ﬂz_i(ﬂjkpuﬂbe 2 10, pOr F L‘Z , (24)
Ekor  Jzle 2 J2

where erf(k,o, /N2)= (2 Nz B¥"" Fo, N2) and F)=e*[*& di is the
Dawson’s integral. A beam particle within either electron bunch or a positron bunch
undergoes a focusing force toward the beam axis [33
The validity and usefulness of the linear model b@am-driven wakefields have
been investigated in Ref. [31], showing the congmaribetween the wakefield solution
derived from the linear fluid theory and that oftlparticle-in-cell simulation as a
function of the normalized beam densityn,/n =A/(Ko?) , where
=(2/z)"*rN, /o, is the normalized charge per unit bunch lengtmc&ithe
relativistic electron (positron) bunch keeps altotearge N, and bunch lengtle, fixed,



i.e.,, A=constant during the acceleration process, the beam density n /n, can be
changed as oc (pr'r)_z according to the transverse beam dynamics. For the matched
beam condition with a constant normalized transverse emittance &,, and focusing
gradient K® = 0F, / (E;k,0r) in the plasma wakefield, where kp20'r2 =y Y 2kpfnol K, the
beam density n,/n, oc y? can be varied from n,/n,<1 to n,/n,>1 by a factor of
(7, 1 7,)"? during the acceleration process from the injection energy m,Cy, to the final
energy M, Cy, . This results in the breakdown of the linear fluid theory for the electron
bunch with n,/n, 210 and positron bunch with n, /n, >1, associated with appearance
of nonlinear effects for very narrow bunches because an electron beam predominantly
expels plasma electrons radially outward, while a positron beam sack them in [31]. For
the case of interest, N, =1x10° and k,o,=3, corresponding to A ~4x10" <« 1,
however, the decelerating wakefield, i.e., the beam loading field, saturates over roughly
n,/n, =25, remaining the sinusoidal wave form for all bunch radii [31], because the
blowout radius K r,, ~ 2JA , where /A is the charge neutralizing radius, becomes
much larger than the bunch radius k o, =\/A/(n,/n) as 1, /o, ~2{n,/n,>10 so
that any further reduction in the bunch radius can only cause a small change to the beam-
driven wakefield [31]. Furthermore, for much higher beam density n,/n,>100,
although the wakefield deviates from the linear theory, showing strong nonlinear effects
such as the wavelength elongation and peak field decrease, the linear prediction of the
peak field provides us with the upper limit of the beam-driven wakefield. In such sense,
considerations on the beam-driven wakefield and beam loading based on the linear fluid
theory are valid and consistent for the broad range of the bunch radius o, ,
correspondingly the normalized beam density n, /n,.

Figure 2 shows the beam-driven longitudinal wakefield in (a) and focusing strength
in (b) with respect to the amplitude of the accelerating and focusing gradient excited by
the laser pulse, respectively. As expected from Egs. (19) and (24), the beam-driven
longitudinal and transverse wakefields are rapidly increased by the bunch radius being
converged from an initial value, leading to the equilibrium in about 10 stages.
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Fig. 2. (a) The evolution of a fraction of the beam-driven decelerating wakefield E,; to the amplitude of the
accelerating laser wakefield E,,. (b) The ratio of the beam self-focusing strength K, to the amplitude of the
laser transverse wakefield K, as a function of the stage number. Both results are obtained from the single
particle dynamics simulation for case A.
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1.3. Singleparticle dynamicsin the single stage

Consider the motion of electrons (positrons) prepiag laser wakefields generated by
the single hybrid mode ER with the optimum pulse length ok cr =2 and
Y=k z/(2yg)>> kpcr/(Z;/g) 1/(«/_21/ ). In the wakefield, a relat|V|st|c beam particle
moving along z axis is exerted by a focusmg faatehe transverse displacemerand
exhibits betatron motion that induces synchrotrbetgtron) radiation at high energies.
The synchrotron radiation induces the radiation piam of particles and affects the
energy spread and transverse emittance via thati@direaction force. On the contrary
to vacuum-based accelerators, an unavoidable dckwoa the collider application of
plasma-based accelerators would be multiple Coulscalttering between beam particles
and plasma ions, which counteracts the effectseafrbfocusing and radiation damping
on the beam emittance and energy spread duringatiele acceleration. The motion of
a beam particle traveling along thaxis is described as

R R
du,  F, L dLﬁ du, B R (25)

cdt mc nyf cdt’ cdt T PE mc'

whereu =p/m,c is the normalized particle momentuf’ the radiation reaction force
and ul ~ y9, the transverse kick in momentum projected ontoxthiane due to multiple
Coulomb scattering through small deflection anglesHere, the focusing force is

k. \f LS JO[EJJ{WJ gt 2 siny. (26)
E 2 kR R R

Taking into account, ~+(JF, /or)r near thez-axis r = 0, the focusing force is written
by F, /mc =+(0F /ar)x=-K*x, where K = (0F, /or)"? is the focusing constant.
Near-axis particles experience the acceleratind figth the beam loading at=0 , as
given by Eqs. (12) and (19),

2_2 2_2 k2 2
= Zgc et hadzeogp [N k &5 &7 o; o7 | (27)
Z E0 2 2

and the focusing strength with beam self-focusing-a0 from Eqs. (24) and (26)

2 k2 2 2 2
K? =3 =il\/730 G etz Y| gy SN G2l g KO ) o)
Ekor 2 kR Jr 2 J2

Employing the classical expression of the radiatioreaction force
FRI(myerg) = (d/ dy(y di/ dy+pul( &/ df —( d/ df] [34], where y =(1+U?®) is
the relativistic Lorentz factor of the particle and =2r /3 = 6.26< 10 ¢, and
assuming u, > u, and dx/dt=cy/y= cy/ y, the radiation reaction force is
approximately given by [35]
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FrR , Fr
X~ —cr, K2u, (1+ K¥ x%), z_~_cr, K22, 29
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Since the scale length of the radiation reactien, cz, = 2r, /3= 1.9 fmis much smaller
than that of the betatron motione., ~ 4,y , the radiation reaction force is a
perturbation for the particle acceleration and tobetamotion induced by the accelerating
and focusing wakefields.

A beam electron (positron) of the incident momentpm ym, v, passing a nucleus
of charge Ze at impact parameteb in the plasma, suffers an angular deflection
0 =Ap/ p=2€ Z/( pby due to Coulomb scattering [36]. The successivéisamhs of
the relativistic beam particle withr ~ ¢ while traversing the plasma of ion density
n =1,/ Z results in an increase of the mean square defteatigle at a rate [6, 36]

d(6%) 8z’ NEmE 2k’r.z n[ %o (30)
cdt 7/2 lQnin R\l ,

72

whereb,, = 1, = (T./ 4z n,€)"? is the plasma Debye length at the temperafyrand
R, ~1.4A” fm is the effective Coulomb radius of the nucleushwite mass numbe.
Here, the logarithm In(b,/b,,) is approximated as In(1,/R,)~
24.7[1+ 0.047logg, T.A"® ) for n [10'* cm®] and T, [eV] [37]. The multiple-scattering
distribution for the projected anglg, is approximately Gaussian for small deflection
angles, given by the probability distribution fuoct P(6,) =
1/ (7r<92>)1’2 expo; /<9 2> ). Thus, the transverse momentwh~ @, is obtained using
the normal distribution with the standard deviat'(<ét9\2>/2)“2 around the mean angle 0
at the successive time step along the particledtayy.

Since the radiation reaction force and multiple IBmb scattering are expected to be
the perturbation in the motion of the beam partidkeven by laser wakefields, the
equations of motion is written as [38]

—+—2—4+—X=0, —L=+E 31
dt?” y dt  y dt (1)

whereX =k, x andt = ot are the normalized variables xofndt, respectively. If one
can assume tha, and K are constant along the particle trajectory, iniodg a new
variable s = (4y K* / E*)"? to obtain the differential equation

d*x dx
—— +—+Sx=0, 32
ds ds (32)

general solutions of which are the Bessel functiminthe first kind J,(s) and the second
kind Y,(9 , the solutions of the coupled equations are gxef88]

(9 %(s)
=M , 33
(ﬁx(s)J “"“(/%(%)) (33)

S
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and
7 =1+ T(¥)-T(¥,), (34)
where
ZolADU- X3 b 2L H)siis (9 S
MEl) = e Er , (39)
LTSN L8] G B0 ds (¥ ()]
p e—(1+4<zda02‘{’)/2 -
F(‘P) = i\/;agcn}/Sthag(S"’]lP— Zad i COSP) y (36)

B, = B,(dx/ dt) and subscripts “0” denote the initial values. Whie electron stays in
the focusing region of the wakefield, i.@F, /or >0, the electron exhibits betatron
oscillation at the frequency given hy, = ds/ dt= a)p_K/yl’Z. Contrarily, when the
electron moves to the defocusing region wheffe/ or <0 ands becomes imaginary, the
amplitude of the electron trajectory increases nmmmoally as a result of the Bessel
functions being transformed to the modified Bedsattions, leading to ejection of the
particle from the wakefield [38]. The particle drlaind energy are obtained from the
coupled equations describing the single particlgionoin the segmented phase, where
E, andK are assumed to be constant over the phase advdHcéProvided the initial
values ofX, and g,, are specified from the energy , relative energy spreadly / y,
and normalized emittance,, of the injected beamy(s), X(s) and g (s) are first
calculated from the coupled equations ussff) , where't =¥, +A¥ is the phase at
the next step. Then, the effects of the radiateattion and multiple Coulomb scattering
are corrected as follows:

Bu(9) = B+ ABL(9)+AB(8) . y() =" (P)+Ar (¥o),  (B7)

where BZ2(s) and y*(¥) are the solutions obtained from Egs. (33) and ,(34)
respectively, A (s,) and Ay®(¥,) correction terms for the effect of the radiation
reaction force, given by

ABE = =2Cey B0 KG (Ut 7o KEXAY , Ap®(Wo) = —2Coy 7o KiXAY ,  (38)

with  C, =k orpy,=(2/3)kry ,=11.8<10° p m]iz, and KZ=K?*(¥,) , and
ABI(s,) =0, a projected angle due to multiple Coulomb scattgrithe standard
deviation of which is obtained from Eq. (30) far =1 xm and B, =1 as

92 4 1/2
o, = < >z2'66x 10 7 A¥In Ao || (39)
) 2 Yo Ry

The radiated power of the electron in the classidahit is given by
Po=(2€7°130[(di/ d)* - (1 dy’]=(2 & /3 tfy BIF., | —[Fo-u/s|’] [35],
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where F,,, is the external force andycdy/ di=F_,-u/y is used. For a relativistic
electron with u? < »* and u, ~y , taking into accountF, =Fe +Fe, with
F.=-mcK’x and F =-eE, , the radiated power can be written as
P.,=26y*F*/(3n’ )= mé,y? K X, which means the radiative damping rate
Ve =Pyl (ym ) =7,¢y K X. Thus, a total radiation energy loss along thetigar

orbit is estimated as
1 ¢t R
= 3 [[dtP. (0= [ar*(¥ ). (40)

Numerical calculations of the single particle dymesrcan be carried out throughout
the segments in phas¥ for a set of test particles under the initial ctinds, and then
the underlying beam parameters can be obtainednasnaemble average over test
particles; for instance, the mean energy is calculated as(y) =¥, 7,/ N,, wherey, is the
energy of the-th particle andN the number of test particles, and the energy spiea
defined aso, = ((7/)—(;/)2)“2. The normalized transverse emittance is obtainea f

& = [<(X—<X>)2><(Ux —(u)?)=(O={ Py~ q)))z]m , (41)
whereu, = yf, is the dimensionless momentum.

1.4. Numerical results on single particle dynamics

The particle orbit and energy can be numericalfched by using the solutions of the
single particle motion, Egs. (33) and (34), asdediavith the perturbation arising from
the effects of the radiation reaction and multileulomb scattering, as given by Eqs.
(38) and (39), respectively. The particle trackangulation has been carried out by using
an ensemble of *Otest particles, for which the initial values attmjection and the
deflection angles due to multiple Coulomb scatgrat each segment in a phase step
AY .0/ 9, Where A . is the phase advance per stage, are obtainedtfrerrandom
number generator for the normal distribution, assgnthat the particle beam with rms
bunch lengtho, =50 um(k,o, =3) containing 18 electrons or positrons (0.16 nC) is
injected into the capillary accelerator operatethatplasma density af, =1x10" cm?®
from the external injector at an energyc’y, = 2.5 GeV with the relative energy spread
oyl y,=0.1 and the initial normalized transverse emittasgein the condition initially
matched to laser  wakefields, namely, the initial ndlu  radius
% = koo =kl (7K' and momentum y,8, = (y,K*)"* [k,e,, with the
focusing strengtrK?, given by Eq. (28). The simulation results fos&aA comprising
180 stages wittz,, =10 #m, the initial phase?; =0° and final phaseV, =81°, case
B comprising 100 stages with,, =10xm, ¥, =-50° and ¥, =42.7%, and case C
comprising 100 stages witle,, =0.1zm, ¥, =-51° and ¥, =40° are shown in
Figure 3 with regard to the normalized phase spatee k, x-y3, (X-U,) coordinates
at the final energies 589 GeV (case A), 539 Ge\s€cB) and 522 GeV (case C),
respectively, the evolution of the rms bunch rading relative energy spread over the
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whole stages. In this simulation, the multiple Coulomb scattering has been considered for
a helium plasma with A=4, Z=2 and T, =100 eV.
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Fig. 3. The results of single particle dynamics simulation on normalized phase space at the final stage (a, b, c),
rms bunch radius (d, e, f) and relative energy spread (g, h, i) as a function of the stage number for case A (180
stages), B (100 stages) and C (100 stages), respectively, corresponding to the normalized emittance converging,
conserving and growing cases. The insets show the evolution of the bunch radius in the initial 20 stages for case
A and B, and in the final 11 stages for case C.

3. Beam Dynamicsin the Multistage Capillary Accelerator

1.5. Evolution of betatron amplitude

A gas-filled capillary waveguide made of metallic or dielectric materials can make it
possible to comprise a seamless staging without the coupling section, where a fresh laser
pulse and accelerated particle beam from the previous stage are injected so as to
minimize coupling loss in both laser and particle beams and the emittance growth of
particle beams due to the mismatch between the injected beam and plasma channel. For
dephasing limited laser wakefield accelerators, the total linac length will be minimized by
choosing the coupling distance to be equal to a half of the dephasing length. A side
coupling of laser pulse through a curved capillary waveguide diminishes the beam
matching section consisting of a vacuum drift space and focusing magnet beamline [7].
Furthermore, the proposed scheme comprising seamless capillary waveguides can
provide us with suppression of synchrotron radiation from high-energy electron
(positron) beams generated by betatron oscillation in plasma focusing channels and
delivery of remarkably small normalized emittance from the linac to the beam collision
region in electron-positron colliders.
For s> 1, the asymptotic form of betatron motion Eqs. (33) and (35) yields
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%(9) *[_)62 +(—28);OéZOJ ] \/%cos(s— $+6, ), (42)
po-E[n 2] | e sa

wheretand, = 2,8,, / 6,%E,,)- The variation of the betatron amplitude with @sto
the initial amplitude in th&-th stage is given by

1/2
~ (ﬁ)l/“
4

1/2

X('¥)
X(Yy)

E (%) K(¥) EW)
E (W) K(Y) E(¥ )

whereW,, <W¥ <YW, (k=1 2,-)is the particle phas¥’ with respect to the plasma
wave, ¥, the initial phase ang,; is corresponding to the initial energy of the jzdetin
the k-th stage, respectively, assuming an approximategstant focusing strength
K(¥)~K(¥,) over the stage. As expected, the betatron amplitiel simply
proportional to(y,, / y)"'* for the constant accelerating fielel (¥) during the stage. In
the capillary accelerator system comprising theiogés accelerating structurd,e.,
E,(¥,+A¥) = E,(¥,+AY¥) for a phase advanc&¥ in the k-th andl-th stages, the
ratio of the accelerating field amplitude is givan

i (ﬁ)l/él

, (44)
s

E,(¥)/ E(¥,)| = ™% ")|cos¥ / cosp,|. (45)

In the accelerator system consisting\gfstages, the final betatron amplitude atltlgeh
stage yields

|X(le )| ~|X0|L}//_OJ R’ explay % -l (46)

where ¥, , m,¢y, are the final phase and energy of the particléhatN-th stage,
respectively¥, =¥, , ¥, =¥, are the initial and final phase in the single etag
respectively, and?=|cos‘l’f /coSPi| is the ratio of the amplitude between the finad an
initial phases.
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Fig. 4. The evolution of radiative energy loss M, GAyq,, (red solid line) as a function of the stage number (a)
for case A, (b) for case B and (c) for case C up to the final beam energy of 589 GeV, 539 GeV and 522 GeV,
respectively, and (d) for case A up to the final beam energy of 5720 GeV. Blue solid lines indicate the analytical
predictions given by Eq. (50) for £=2.0, K?=0.52 in (a), Z~0, K?=0.2 in (b), £=-0.018, K*=0.46
in(c)and £=2.0, K?=0.62 in (d), respectively.

1.6. Betatron radiation loss

Radiation energy due to betatron motion of the single particle moving through N, stages
during the time t, is estimated from

£

Ny g
ABaup = [ R (D1dt=2m Erp K2 K)lszw 7ERW. (47)
-1 ki

Here we assume that the focusing strength K is constant over the accelerator system.
Substituting Eq. (34) for y(¥) and Eq. (46) for x(*P) to Eq. (47), the radiation energy is
obtained from

AE 2( G | K* %570 N ok o2kt 51 I "
AVrao = R —| =% 1= : Z R'e adaom?’lfz 1_[£J > (48)
mc¢ 5 7y J|E, (¥ f)| k-1 Yk

where AY =YV, — ¥, is a phase advance in the single stage. Considering the energy of
k-th stage m,Cy, is approximately given by

Ve~ k\/gagygcne'(l”“dag”)’z SinAY, (49)

the radiation energy over N >>1 is approximately calculated as
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W 472,12 H 5/2
Mo = (20 CoalCyy fe i s {3'“2”] [o(N[=D-e(=)].  (50)

where T=2o,@A¥Y-INR and ©(z) is a function, given by
0(2) = (3Vr 1 d)erf(/z)- €?\/ Z z 3/2) with the error functionerf (v/z) for £>0,
0(2) = €[(3/2)FW 20+ Z z 3/2)] with the Dawson’s integrafF(~/z) for =<0 and
0(2) =(2/5)2"” for £=0, i.e,, [O(N,|Z)) - O]/ |Z|5/2 =N2-1. It is noted that the
initial and final phases at the single stage mesthosen so as to R< exp(2x, FAY ).

Figure 4 shows the evolution of radiative energslover the whole stages for case
A, case B and case C, correspondinggte 2.0> 0, £ =0.049 ~Cand X =-0.018< C,
respectively, in comparison with the analyticalrates obtained from Eq. (50) with the
dimensionless focusing streng? = 0.52 (case A),K? =0.2 (case B) anK? = 0.46
(case C), respectively.

1.7.  Evolution of the normalized transver se emittance

Consider the evolution of the normalized transvezsdttance for the particle beam
acceleration in the multistage capillary accelaradocording to Appendix A, taking into
account the transverse emittance of the particeEmbeiith initial energy spread that
dominates decoherence, the normalized emittance foet,. , where
tee =7 (y)/ (w,0,) is the decoherence time [35], is given by

SR (VR

where g, =k, is the dimensionless normalized emittance. If bieam is initially
matched to the laser wakefield focusing channel, i.e,

% = 270Bro | (S4Eo) = %/(Ra\/V_o)- such that in the absence of radiation the beam
radial envelope undergoes no betatron oscillatibe, normalized emittance can be
expressed as

Z

EZO

gnx 2

== Koy[(70) (%) = EE Zoro- (52)

nx0

0 20

This indicates that in the absence of radiation endtiple Coulomb scattering, the
transverse normalized emittance of an initially chatd beam is conserved in laser
wakefield acceleration when the amplitude of acegieg field has no variation,e,,
E,|=|E,| . Note that decreasing the accelerating field at fthal phase results in a
decrease of the normalized emittance of the injebtsam matched to the laser wakefield
at the initial phase in the single stage. For thdtistage laser wakefield acceleration
without a vacuum drift space in the coupling setctiproperly choosing the initial and
final phases enables continuous reduction of thenalized emittance in the absence of
synchrotron radiation and multiple Coulomb scatigrivith plasma ions. In Eq. (52),
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since the initial values of the displacemér} and normalized momentuiu, ) at the
next stage are expressed as

(g)-2 2k mxi) (63) =25 RRATA (), 69

the initial amplitude of betatron oscillation aéthext stage is

R R Ao

Thus, the emittance at theth stage is calculated as

mi

N
Jmi

1{E(¥)
2|E,(¥)

1E( )|
2 E )

=k
nx =

K(LP ) <7k 1><Y 2>k—1

K(LP ) KO (7)o (%), - (55)

Assuming K(¥,) ~ K(¥,) = K, , the dimensionless normalized emittance at kb
stage yields

HECH)
2|E,(¥)

nx —

ROM<X§>O _ —erdaOkA‘P K)\/i - B é2ada§kA‘P§no, (56)

= Re?%* jg the ratio of the accelerating field amplitude a
the flnal phase‘P to that at the initial phas&, with R= |COS‘P / cogp, | and
AY =¥, -, . Setting K, \/70< > 2g,,, the normalized emittance increases or
decreases monotonlcally, depending Bn- g®™ o R< @ 3s the particles
moves along the stage in absence of radiation arltiphe Coulomb scattering.

For an application of laser-plasma acceleratorsléotron-positron colliders, it is of
most importance to achieve the smallest possibimalived emittance at the final stage
of the accelerator system, overwhelming the entttagrowth due to multiple Coulomb
scattering off plasma ions, which is increasedropprtion to the square root of the beam
energy. We consider the effect of multiple Coulosdattering on the emittance growth
and evaluate an achievable normalized emittandbeaiend of the accelerator system
comprisingNs stages. Using the growth rate of the mean squefteation angle Eg. (30)
due to multiple Coulomb scattering, the growthhe hormalized transverse emittance is
estimated as

dgnSCAT_lyd<02> kerI A ) KorZ, (g 57
e e e R,

wherek, = K /\/; is the wave number of betatron oscillation [6,.36]the single stage,
transverse normalized emittance of the particledetgoing the wakefield evolves the
growth in the same manner as the injected partielam without multiple Coulomb
scattering as
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L B krZin(d,/ Ry
G e el (RO

At the Ns-th stage, the normalized emittance can be obtdhoead

o JE@O[* Kz, R u | B )T \/ﬂ
= |2 — _ 1- |fa | (59
TR T REW)  &|EW)) ﬁ[ nJ (%9

Assuming that the beam energy at khth stage is approximately given by Eq. (49), Eq.
(59) can be calculated as

N 2 s Co@F a4 7101 /&)(sinA‘P)m o
Noo g Nz 04 p(£)He s = D FWYNZ)-e™ P FHx)], (60
R R L T ~ | FGND) VE). (60)
whereCg =k ry ,=17.7x 10° u m]/4, £ =20,8)A¥ -INR> 0, i.e, R< %% and
F(x) is the Dawson’s integral. FOR> &“®*  setting I1=-% , the growth of
normalized emittance is expressed by

1+4aal AV )/ 4 . 1/2
BN ez 0y (2 Cs® aocl,ZRig‘ng’ R“)(S'”F?TJ "M ferf(NIT) —erf/M)] . (61)
n i f

For R= &“®" e,
simply calculated as

E,(W,)/ EZ(‘Pi)\ =1, the normalized emittance at tNeth stage is

,4CsZél*“““33A“i)’4ln(lD/ R\‘)
a,C'?K, cos?,

EN~E04 2(% ¥ (N, sinaw)"2, (62)
Figure 5 shows the evolution of the normalized &anite over the whole stages for case
A, case B and case C, correspondingte 2.0> 0, £ =0.049 ~Cand X =-0.018< C,
respectively, in comparison with the analyticairaates obtained from Eq. (60), (62) and
(61) with the initial dimensionless focusing strémg, =8 (case A),K; = 0.1 (case B)
and K, =0.1 and the growth rate per stagé=-1.8= (case C), respectively. As
expected, the normalized emittance in the multestagcelerator operated with the
constant accelerating field is conserved to th&ainhormalized emittance, then limited
by an increasing growth due to multiple Coulombttscig. ForR> €% | the initial
emittance of the injected beam dominates an expi@hegrowth of the normalized
emittance, while forR< &=%** = an exponential decrease of the initial normalized
emittance is followed by a slow decrease of themadized emittance originated from
multiple Coulomb scattering.
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Fig. 5. The evolution of normalized emittance &,, as a function of the stage number (a) for case A, (b) for case
B and (c) for case C up to the final beam energy of 589 GeV, 539 GeV and 522 GeV, respectively, and (d) for
case A with £, =1um up to the final beam energy of 5720 GeV. Blue solid lines indicate the analytical
predictions given by Eq. (60) with X=2.0, K, =8 in (a), by Eq. (62) with K, = 0.1 in (b), and by Eq. (61)
with [1=0.032, K, = 0.1 in (c) and by Eq. (60) with Z=2.0, K, =8 in (d), respectively. The inset in (d)
shows the simulation result (red solid curve) and its analytical prediction (blue solid curve) in the initial 20
stages.

4. Consideration on Luminosity and Beam-beam Interaction

Electron and positron beams being reached to the final energies in the multistage
capillary plasma accelerator are extracted at a phase corresponding to the minimum
transverse normalized emittance, followed by propagating a drift space in vacuum and a
final focusing system to the beam-beam collisions at the interaction point. Outside
plasma in a vacuum drift space, the particle beam changes the spatial and temporal
dimensions of the bunch proportional to the propagation distance due to the finite
emittance and energy spread of the accelerated bunch. The evolution of the bunch
envelope in vacuum without the external focusing force is expressed by the equation
d’c,/dZ =¢,?/(y*’c2) , where o, is the rms bunch envelope radius and z is the
propagation  coordinate. = Taking into account the solution given by
o; =ol[Ll+(z- z)?/Z2] [38], where o, is an initial radius and Z, =c?y /¢, is the
characteristic distance of the bunch size growth, the bunch radius after propagation of the
distance L, between the plasma accelerator and interaction point is estimated to be

2 1/2

o, =| o2 +| = |, (63)

where oy, is the rms bunch radius at the interaction point and o, &, the rms bunch
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radius and normalized emittance at the exit of plesma accelerator, respectively. A
finite energy spread and divergence of beam pastith the bunch result in bunch
lengthening during the propagation distancd, , to the extent of
Ao, ~ Oy 1y) Ly ! 73)+ (02 12L,,), wheresy |y is the relative energy spread. Thus,
after propagation to the interaction point the iglrtbunch is lengthened as

2

o, =sz+(QJ LT (64)
V7 f /4 2Lcol

whereo,, ando,, are the rms bunch length at the interaction paimd at the exit of

plasma accelerator, respectively, &gt/ y), is the relative energy spread at the exit of

plasma accelerator.

In collisions between high energy electron and tpmsi bunches from the
accelerators, the beam particles emit synchroteatiation due to the interaction, so-
called beamstrahlung, with the electromagnetic dfiel generated by the
counterpropagating beam. The beamstrahlung effadis|to substantial beam energy loss
and degradation on energy resolution for the higlrgy experiments in electron-
positron linear colliders [25]. Intensive reseammh beamstrahlung radiation has been
explored [24-27], being of relevance to the desifje" € linear colliders in the TeV c.m.
energies, for which two major effects should beetakinto account: namely, the
disruption effect bending particle trajectories lhye oncoming beam generated-
electromagnetic fields and beamstrahlung effecldiyig radiation loss of the particle
energies induced by bending their trajectoriestdufie disruption. Since beamstrahlung
radiation is generated from the interaction witteise fields in a relatively short bunch
length, the photon emission has the quantum mechlanature with a small number of
photons emitted per particle and a significant tfoac of the initial particle energy,
exhibiting a spectrum quite different from classigadiation [25]. The quantum
mechanical nature of beamstrahlung can be chaizsderby the Lorentz-invariant
parameter Y =2yE/F, in units of the Schwinger critical fieldF, = mic’/ e
(=4.4x106° G= 1.% 1& V/cn) [25], expressed by using electromagnetic fietushie
laboratory frame. Here classical radiation corres{soto Y <« 1, for which the classical
synchrotron critical photon energy is given by, =3ym,cY /2, while Y >1
corresponds to extreme quantum radiation in whiiehpeak position of the synchrotron
power spectrum approaches the incident particleggndn the case of disruption
neglected, where two colliding beams are not deéarchuring the collision, the radiative
energy loss due to beamstrahlung for a Gaussiam loea be estimated in terms of the
beamstrahlung parameter [25]

B 5N, .7y B 5CZy N,
6a(1+R,)o,.0, @) (R, ko, ko,

), (65)

*

where a = €’/ c (=1/137.03€) is the fine-structure constant aR} =o,, /o, is the
beam aspect ratio at the interaction point. Aceardb the beamstrahlung simulations,
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the average number of emitted photon per electnontlae average fractional energy loss
are

n ~254B Y, (1Y), 5 ~1248 Y7 1 (&, /25°]°, (66)

where B, = a’o, I(ry)= azygkpaz /(Cy) [25]. Using these parameters, the average
c.m. energy loss and rms c.m. energy spread caalbelated as

AW

~(0.44+ 0.0Llog, Y*)§b[ }%j, (67)

0 4

1/2
“_Wz[o.21+0'701(4ﬁ log, Y. )3 log, Y. ﬂ&b( }WJ . (68)
n

0 14

whereW, = 2ym ¢ is the c.m. energy [25]. In the quantum beamstradlregime, the
collider design must consider the c.m. energy &sbspread such that their requirements
can be reached as well as that of the luminoshg geometric luminosity is given by

f.N? 10°7 f_N?

= = c b rem?st], 69
b dro,.0 ]/SRA(kpcrw)z[ ] (69)

Xy

where f_ is the collision frequency. Complying with the linosity guideline for the

future €' € linear colliders, approximately given @ ~ (W,[TeV])®x10*[cm *s '] [6,
7], the transverse particle line density is corniséa as

Ny 1002« 167,7. R (70)
K,o e 7 f,

where y,m ¢ = W, / 2 is the nominal beam energy required. Agr> 1, the c.m. energy
loss AW /W, = (y-7.)/ 7. ~0.33BY>"* and beamstrahlung parameter Eq. (67) provide
the equation on the accelerator beam energy retjuig€’y :

7*:1—0.068{“%‘ Rk j (/—73 71)

y (1+R, )

It is noted that the beam energy reduction due #antstrahlung scales as
x (k,o,.)"° R} for R, > 1, while the particle density required for a giveiminosity
scales asc R}?.

It is pointed out that an appreciable disruptiofecf turns out to the luminosity
enhancement as a result of significant increasethef transverse particle density
N, /(k,o,.) through the pinch effect arising from the attrawtiof the oppositely
charged beams [26, 27]. For Gaussian beams, thgptien parameters for the horizontal
and vertical directions are [25, 27]
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D. < Dy D - 2reo'Z*Nb B ZCspr'Z* N,
i RA ' ’ 7(1—"_ RA)O-; }/g}/(l—i_ RA)( kpo-yk )2 '

which is defined as the ratio of the bunch length to the focal length of a thin lens. For
round beams with R, =1, i.e., D=D, =D,, the luminosity enhancement factor being
defined as the ratio of the effective luminosity £ induced by the disruption to the
geometric luminosity in the absence of disruption £, has been found from the
simulations on the beam-beam interaction of electron-positron beams:

nooLq, Dw( D33J{|n(\/5+1)+2|n(%ﬂ, 73)
L, 1+D A

where A=¢,0,. /(y0%)=¢,D/(rN) is the inherent divergence of the incoming beam

[27]. Here, the maximum disruption angle 635, , which is the important information for

the linear collider design to avoid the debris from the beam-beam collision, has been
estimated at A=0 as 055 =0.87Do,, /o, for D<1 and 65 =1.84\/50'y* lo,,

disrupt disrupt

for D > 1, respectively [27].
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Fig. 6. Beam-beam interaction parameters at various distances of the interaction point L, from the exit of LPA
as a function of c.m. energy W, : (a) beamstrahlung parameter Y, , (b) number of emitted photons per electron
(positron) n_, (c) disruption parameter D and (d) luminosity enhancement factor Hy .

These parameters on electron-positron beam-beam interactions can be evaluated
from using the outputs of numerical calculations on energy m,cy, , relative energy
spread (¥ /y),, bunchradius o, , transverse normalized emittance &, at the N,-th final
stage, taking into account the evolution of bunch radius o, and o, in the vacuum
propagation distance L, as obtained from Eqs. (65) and (66). Figures 6 and 7 show
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important parameters on the beam-beam interaction and collider performance at various
distances of the interaction point L, from the exit of the plasma linac as a function of
c.m. energy W, .
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—
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Fig. 7. Collider parameters on (a) geometric luminosity £, , (b) effective luminosity £, (c) effective c.m.
energy W,— AW and (d) rms c.m. energy spread o, /W, as a function of c.m. energy W, for various
distances of the interaction point from the exit of LPA.

5. Coherent Amplification Network L aser

An application such as LPA requires a high peak and average power laser system in
order to be a feasible driver for a LC. The Chirped Pulse Amplification (CPA) of short
pulse lasers [39] allows for high peak power systems of sufficient energy and short pulse
duration to achieve ao> = 1 but the repetition rate of these systems is still quite low. The
highest energy systems of modern laser facilities are typically on the order of 1 shot/min
or at most a few Hz. This is primarily due to the thermal management required of their
amplification media. The ability to cool along the length of a fiber makes an improved
heat removal possible within a fiber-based amplification system. So high repetition rates
are made possible due to the better optimization of thermal management within the laser
amplification chain. In addition there is the benefit of fulfilling another requirement for a
practical use within a LC design when compared to crystal or glass based laser systems:
greater wall-plug efficiency. There are two contributions to this efficiency: the diode laser
lasers pumping the fiber amplifier are far more efficient than the systems employed in
traditional high power laser; and the effective transfer of energy from the pump photons
into the laser pulse within the fiber amplifier. Despite these benefits, the primary problem
for a fiber-based CPA is the low energy within the individual pulses that must be
maintained in order to prevent distortion or destruction of the laser within the long
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interaction length of the fiber. Therefore the high repetition rate desired for a LC is
possible with fiber-based lasers providing up to MHz pulse trains but these while being
high average power laser systems do not provide adequate peak power required of
individual pulses.

Just as the coherence of laser light has revolutionized so many areas with their
application, here it provides the solution to the high peak and average challenge through
coherent beam combining (CBC). The small energy of a single fiber can be overcome by
combining several such amplifiers in parallel. This laser architecture concept is known as
the coherent amplification network (CAN) and has been introduced for the application to
accelerators in Refs. [40, 41] with its design parameters further explored in Ref. [42].

{coherentBeam Combinng)

Fig. 8 Schematic of the coherent amplification network (CAN) laser architecture. A femtosecond seed laser
pulse is repeatedly split and amplified through this network composed of amplifying and transport fibers. The

resulting pulses are then recombined coherently. (Figure from Ref. 42.)

As depicted in Fig. 8, a short pulse seed laser source is chirped within an optical
pulse stretcher before being split into a parallel array of fiber-based amplifiers. A single
high average and peak power laser source results through the coherent combination of
these phased-locked channels. The CBC requires an active phase-locking of the separate
fiber channels in order to maintain control of the delay and relative phase between the
channels. A kHz interferometric sampling of the beams at the point of recombination is
adequate to maintain the required coherence between the channels. While there are
several possible design geometries for CBC, one that is being demonstrated for short
pulsed femtosecond lasers through the development of a 61-fiber prototype based on
flexible Ytterbium-doped amplifying fibers within the XCAN project [43]. From the
initial laser source the laser system remains within fiber until the CBC stage which
minimizes instabilities within the system. A precision mount for the fibers permits the
beams to exit each channel with minimal deviation in separation, pointing, and depth of
field. A microlens array recollimates the individual beams exiting the fibers before a
single lens then combines the beams at its focus where a pinhole selects the central peak.
After the beam combination step is sent to a typical grating compressor so that the
amplified combined beam can be compressed back to its transform-limited pulse
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duration. In the case of the 61-fiber prototypes thesign parameters have the goal to
achieve a pulse energy of 3 mJ, with 300 fs pulgatibn at a repetition rate of 200 kHz
and a laser wavelength of 1054 nm after the gratmgpressor. Along the way to this
goal, intermediate systems consisting of 7 andii€&x$ have already been reported [44,
45]. The CAN laser is envisioned to benefit froncremsed scaling in the number of
parallel channels, both in cost per unit channel iarthe reduction in noise due to small
errors in the combination channels. Ultimately, ttevelopment of CAN lasers of 4.0
fiber-channels is foreseeable for major applicaisnch as a LC facility.

The bandwidth limitations of a fiber-based amplfifiglaces the minimum pulse
duration near 300 fs. In order to reach the desiguirements closer to a 80 fs pulse
duration, a post-compression stage can be impledentch as a Thin Film Compressor
(TFC) proposed in Ref. [46] or an unguided gas-telked compressor [47]. Both
methods work by increasing the intrinsic bandwidththe pulse through a nonlinear
interaction within either a thin transparent filmadilute gas. The TFC for this level of
compression relies on the high intensity of thespuhnd makes a single pass of the
unfocused beam through the nonlinear medium duténgansport to the final interaction
point. Ideally the beam to be compressed should thet-top in order to use the simplest
film geometry. The resultant pulse is then broughthe optimized pulse duration by
reflecting from dispersion-controlled mirrors, alssferred to as chirped mirrors. The
second option of an unguided gas-cell relies ondog of the beam through the gas and
passes through the nonlinear medium multiple tinTédee slightly modified pulse is
recompressed following each short interaction ussirgilar dispersion-compensating
mirrors. This process is repeated until the desi@dpression factor is achieved. A post-
compression factor of 4, from a pulse of 300 f&%ofs, is achievable for this type of
CAN laser system.

The development of an efficient and scalable CAdétasystem gives access to an
economical and flexible tool capable to meet tlipiements to drive the multiple stages
of acceleration within a LC facility.

6. Discussions and Conclusions

In this work, we have investigated the dynamicslafctron and positron beams in a
laser-plasma-based linear collider with the TeV .camergies, comprising seamlessly
consecutive multi-stages of gas-filled capillarycelerators. Here the numerical
simulation model for particle tracking has beerstfiderived by integrating the basic
coupled equations of a single particle motion isefalongitudinal and transverse
wakefields, using the analytic solutions that aracly valid in a segmented region with
a constant wakefield and then corrected in ordeadcount for the radiation reaction
force and deflection due to multiple Coulomb scaite exerted on the single particle
motion as the perturbation. In this model, the axillve effects of the bunched beam
dynamics arising from beam-driven wakefields irspta have been taken into account at
each step of the particle orbit, leading to thenbé@ading energy loss and self-focusing.
The depletion of the laser pulse energy due ta@#reration of wakefields is considered



27

as the amplitude attenuation of the laser vectteni@l with an intact shape in the pump
depletion lengthL , for the quasi-linear laser wakefield, while thepditnde damping of
the electromagnetic hybrid mode EHduring propagation in the capillary can be
neglected for the condition of  the mode attenuatiorlength

L =1/k > Ly > L= AY [k, , wherel, is the stage length with phase advance
A¥,,. - Furthermore, the simple analytic formulae presgntan account for the
evolution of radiative energy loss and normalizedtince over numerous stages,,

N, >1. Note that an important finding is the criterizey by the amplitude ratio of the
accelerating field between the initial and final apd in the stage,i.e,
|COS‘I’i / cos¥, | > exp{ &,a2A¥ , under which the normalized emittance converges on
the equilibrium with the emittance growth due toltiple Coulomb scattering within 10
stages for the present case. After the equilibrisince the bunch radius reduces
adiabatically asy™* and the self-focusing strength arising from thearbelriven
wakefield increases concurrently when the partitleam energy increases, the
normalized emittance continues to decrease ungilghd of the plasma linac. As a
consequence, the radiative energy loss due torbeteddiation can be suppressed to an
extremely small fraction. This scenario allows s ttansport both beams into the
interaction point through no extra focusing devjoghich often induce the degradation
of beam qualities prior to their interactions. histscheme, the vacuum drift region from
the end of the plasma linac to the interaction pomay be used for control of the
transverse beam size that strongly affect the losiip and c.m. energy through the
beamstrahlung radiation and disruption.

A typical design example of the LPA stage usings-filled capillary operated in the
electromagnetic hybrid mode EHs shown in Table 1. An embodiment of the LPAysta
may be envisioned by exploiting a tens kW-levelhhayerage power laser such as a
coherent amplification network of fiber lasers [41lhis scheme restricts the laser
intensity such that the plasma response is witlénquasi-linear regime.,e., a <1 for
two reasons; the one is avoidance of the nonlinear plasma response asidéh the bubble
regime, where symmetric wakefields for the electeord positron beams cannot be
obtained for the application to electron-positrofliders [6, 7] and the degradation of the
beam quality due to the self-injection from the kzgound plasma electrons. The other is
an inherent demand that the laser intensity guidedcapillary should be lower enough
than the threshold of material damage on the eapilvall. The maximum intensity that
can be guided through a capillary tube without walization can be estimated by taking
into account the normalized maximum flux for EHmode at the capillary wall,
Fr=[(e, +1)/ 2|/, —1u232(u,) ! (k R)?, defined as the ratio of the radial component
of the Poynting vector at=R. to the longitudinal component of the on-axis Pt
vector [18]. For the single mode EH the normalized wall flux amounts to
C,F. ~8.0< 10° for a glass capillary with the relative permittivie, = 2.25. The
energy fluence traversing the capillary wall yields, ~C,F.l, 7, ~0.9 J/cm for the
peak intensityl, =1.37x 16° Wicni(a =1) and the pulse duration =79fs. The
experimental study of laser-induced breakdown seflsilica (Si@ [48] suggests that



the fluence breakdown threshold is scaled tdfpe~ 50 J/cni for 7, =79 fs.

Table 1. Parameters of the laser-plasma accelestztge

Plasma densitge [cm]
Plasma wavelength, [um]
Capillary radiusR; [um]
Capillary stage length [m]
Laser wavelengtii [um]

Laser spot radius [um]

Laser pulse duration[fs]
Normalized vector potentiab
Electromagnetic hybrid mode
Coupling efficiencyC,

Bunch initial and final phas@V;, ¥r)
Average accelerating gradient [GeV/m]

Laser peak powe?_ [TW]
Laser pulse energy, [J]
Repetition frequenci [kHz]

Laser average power per stage [kW]
Laser depletiory, 4 [%]

1x10”
106
84
0.53
1
54
79
1
EHiy;
0.98
(0, 0.451)
6
63
5
10
50
15

Table 2. Parameters for 1 — 10 TeV novel laserApéatinear colliders.

Center-of-mass energy W [TeV] 1.2 35 5.8 11
Beam energy [GeV] 589 1741 2884 5720
Particle per bunch Ny [10%] 1 1 1 1
Collision frequency fe [kHZ] 10 10 10 10
Total beam power [MwW] 1.89 5.58 9.24 18.3
Geometric luminosity £ [10% cm?s? 0.017 0.15 0.28 1.16
Effective luminosity £[10% cmi%sY 1.41 16.6 32.9 168
Effective c.m. energy Wo-AW [TeV] 1.14 291 4.55 7.68
c.m. energy spread oW [%0] 8.1 24.2 28.5 32.8
Bunch length oy [pm] 50 50 50 50
Beam radius at IP op [nm] 22 7.3 5.3 2.6
Beam aspect ratio Ra 1 1 1 1
Normalized emittance at IP & [pm] 0.27 0.12 0.068 0.022
Distance to IP Leot [M] 4 4 5 5
Beamstrahlung parameter Y. 0.48 4.2 9.5 38.5
Beamstrahlung photons n, 0.85 1.9 2.3 3.6
Disruption parameter D- 27 83 94 196
Luminosity enhancement Hp 84 110 117 145
Number of stages per beam Ns 180 540 900 1800
Linac length per beam [m] 954 286 477 954
Power requirement for lasers [MW] 18 54 90 180

Table 2 summarizes key parameters on the perfomnahelectron-positron linear
collider, assuming the round beam optiore., the beam aspect rati®, =1, for
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simplicity. A sort of engineering discussions oe thtal power requirement, referred to
as a wall plug power, and the accelerator effigesaill be reserved for the future work
till the advance of relevant technologies such AdQasers [40-47] and seamless long
staging of LPAs [49, 50] as well as the electrosifvon external injectors matched to the
LPA.

In conclusion, a new scheme of TeV electron-positlioear collider comprising
properly phased multi-stage LPAs using a gas-fitagillary can provide an alternative
approach in collider applications to the schemeppsed by Schroeder et al. [9] using
hollow plasma channels relying on a technically dthptical plasma density structure.
The novel scheme presented resorts two major mesharpertaining to laser wakefield
acceleration, that is, dephasing and strong foguBince as well as very high-gradient
accelerating field, which are largely reduced irh@low plasma channel having an
analogy to vacuum-based accelerating structurese Muriguingly in physics point of
view, it is noted that the normalized emittancethet end of LPA stages in multi-TeV
energies may reach the quantum mechanical lepjt, =i ,/2=0.2 pmdetermined
from the uncertainty principle [51], wher&_ =#/m. is the electron Compton
wavelength. In this point, the quantum mechanicaistderation on the beam dynamics
of the radiative process would be investigatedhenftiture work.
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Appendix A: Emittance expression in ter ms of the ensemble averaged quantities

The definition of transverse normalized emittanseig by Eq. (41) is expressed as
g’ =(6X)(5u) (53", (A1)

where §x= x-(x) and su, =u,—(u,) are the deviation from the mean transverse
displacement(x) and normalized momenturu,)=(y3,) , respectively. The particle
orbits undergoing the betatron motion is written §o>1 from Eq. (42)

_ 1_ — .
X = xn\/%cow u, =0, =3 meZ\/?§ sinp , (A.2)

where ¢ =@, is the betatron phase ang, =[%’+(2,8,/ $E’]Y?. Thus, the
ensemble averaged quantities can be obtained as

<5Y2> = <%>[§<Xn2>(1+<cos D) )—<7<m>2< 00$p>2 , (A.3)



30

(5u)= S {so)E (%) {cos ) - (%) (siw)" . (A4

(sxou) = =2 ()% (sinp)’
S @) s ()0 (s com)( @), (as)
BB (85 9 000" con)'{ s’

Assuming that the energy distribution about the meaergy(y) , i.e., the 5y = y —(y)
distribution, is Gaussian with width, , the energy is approximated about its mean value
to the first order insy/(y) , ie, y=(y)+6y ., @, =w,01-5712(y)) , and

P =04t (1~ 5;//2(;/)). The ensemble averaged quantities can be calduataverages
over the distribution of energy deviations [35]:

1 2,2
COSp) = * dg; = cag,, A.6
(cosp) Toro, J7,doy : o, (A6)
(sing) = \/_1 [~ dsy expeg—yz2 )sing, +5p =€ sinp,, (A7)
2ro, o,

—4v %2

(cos 2p) = ﬁj’; cosR, (A8)

(sin2p) =

1 . 5y T
Tors [~ dsy exp 267;2 + Jp e sing), (A.9)
4

v

s\_ 1 + aiyexpr (a0 KE [(ro)
<> N REO et af (v KE, N ()

(A.10)

4K K
Sy 2 Sy M= A.11
(ss)= J—”U y)(70>+ v Y2 (r)+or )= \/ , (A11)
where 8p = —p,07 1 (2(7)) andv, = w,,0, 1 (8(y)) is the frequency corresponding to
decoherence timet,, =7 (y)/(w,0,) [35], defined as the time when the phase
difference between the low energy part of the bemmd the high energy part is
Ap=w,ldto, [{y)=
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The paper presents a short overview of main physics phenomena which determine how the beam
can be accelerated in plasma, crystal or a nanotube.
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1. Traditional Linacs versus plasma-based linacs

Traditional linacs are based on the electromagnetic field excited inside cavities with well
conducting walls. In difference to a plasma, which for small amplitudes responds at the
plasma frequency only, cavities respond at a large number of modes oscillating at different
frequencies. An intense bunch coming through these cavities gets energy from the
fundamental accelerating mode and, consequently, reduces it amplitude. However, it also
excites other modes which typically have larger frequencies and therefore are called the
high order modes (HOM). An excitation of these HOMs limits the efficiency of energy
transfer for the case of single bunch operation. To mitigate these problem as well as to
obtain reasonably small momentum spread in the accelerated bunch and high efficiency of
energy transfer, the multiple bunches are used in accelerated. ILC [1] represents a typical
example of such high efficiency acceleration where the energy transfer from a cavity field
to a single bunch is about ~1%.

Although there is no HOMs in a plasma in a linear regime the high efficiency
acceleration in a plasma also problematic due to beam interaction with plasma electrons
located at the beam path [2]. Therefore, only acceleration in in the strong bubble regime,
where electrons are removed from the axis, suits such a choice. In this case a plasma
response has low quality factor. Consequently, that limits the operation to the single bunch
mode.

Theoretically, close to 100% efficiency of energy transfer is potentially achievable in the
bubble regime. It requires accurate profiling of bunch density along the bunch. However,
even if this is achieved an acceleration to the high energy is limited by the beam break-up
instability [3]. An increase of efficiency makes the bunch more unstable and limits the
achievable energy gain. In the strong bubble regime the beam transverse stability is
supported by very strong transverse focusing coming from the plasma itself, or in other
words from the ions located at the beam path. The motion of these ions is not excited by
plasma wave due to their large masses. Unfortunately, this focusing does not work for
positrons. Therefore, an acceleration of bright positron bunches is presently infeasible.

* Fermi National Accelerator Laboratory is operated by Fermi Research Alliance, LLC
under Contract No. DE-AC02-07CH11359 with the United States Department of Energy.
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2. Properties of acceleration in a plasma

In this section we shortly consider relationships connecting parameters of the beam and
plasma in the strong bubble regime of acceleration. We will use the Lu equation [4] for
description of bubble properties [3]. In the strong bubble regime, the plasma electrons are
pushed out from the beam path so that there is a cavity formed around a bunch (or laser
pulse) exciting the plasma. While electrons are absent in the cavity the motion of ions is
still weakly affected. All electrons pushed out of the cavity are located in the thin layer
surrounding it. The cavity has almost spherical shape and the electric field at its axis can
be approximated by the following equation [3]:

E(f)zEORbkp% , (D)

J1-(£7¢,)
where R, is the cavity radius, & ~ 0.847R, is its half-length, the coordinate & is directed
along the axis and is referenced to the bubble center, k, =.J4zn,e’ /mc* is the plasma
wave number, e and m are the electron charge and mass, 7. is the electron density, 7. is the
classical radius of electron, and E, =./4zne’/r, . Fig. 1 shows dependence of
dimensionless electric field, R, (E)=E(&)/ ( E, Rbkp ), on the coordinate from the bubble

center.
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Fig. 1. Dependence of the dimensionless electric field on distance from the bubble center.

The power transferred to the bubble is uniquely determined by the parameter Ryk):

mc’ 4
1):-82;:(kp5;) : ()
Assuming that 100% of this energy one obtains the maximum number of particles which
can be accelerated by this wave.

The beam focusing in the plasma is supported by the uncompensated space charge of
plasma ions located at the beam path. The focusing strength is orders of magnitude stronger
than what can be achieved with conventional magnets. The corresponding equilibrium
beta-function is:

1 M
ﬂf =—[2yr— > (3)
Tk, m
where M is the mass of accelerated particles, and yis their relativistic parameter.

We also introduce the normalized acceptance of the bubble as following:
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Scattering at the plasma ions results in an emittance growth in the accelerated beam. The
corresponding emittance increase is equal to:

ZrL, M
oo~ 7 a2 ®

Here Z, is the number of free electrons per atom, L. is the Coulomb logarithm, and y, and
i are the relativistic factors at the beginning and the end of acceleration.

All above equations were written so that to express them through dimensionless
parameters. The parameter Rk, characterizes the strength of the perturbation. In further
estimates we put Ryk, = 2. In this case choosing a coordinate of accelerated bunch not to
close to the bubble end we can estimate the accelerating field E/Ey) = 1 (see Fig. 1).
Assuming these two parameters we obtain other relevant parameters. Their values are
presented in Table 1 for the cases of typical plasma acceleration and for the acceleration in
a solid silicon.

Table 1: Plasma and beam parameters for the cases of typical plasma acceleration

and for an acceleration in solid silicon

Hydrogen plasma Solid silicon
Nuclear density 10" 5-10%
Z/A 1/1 14/28
Number of valence electrons 0 4
Electron density, n. 1017 2:10%
Basic wavelength, 2k,"! 100 um 750 A
Acceptance, mm mrad 47 W 0.034y/ym/ M
“Maximum” field, Eo 300 MeV/cm 430 GeV/em
Relative emittance growth, (de,/€ ) ~107 ~0.003
Energy stored in plasma, mJ/GeV 60 0.04
Maximum number of accelerated particles” 1.8-108 1.3-10°

* 100% energy efficiency is implied

Comparing the two columns one can see that there are the following challenges for
acceleration in a solid medium.

First, to excite a plasma wave one needs to have the rms beam sizes of the driving beam
less or about &, or <120 A. Note that the longitudinal size may be larger if the envelope
instability is used (like in AWAKE experiment [5]), but in this case an efficiency of the
excitation is strongly suppressed and the modulation depth is reduced making impossible
an acceleration of a bright bunch.

Second, if the full amplitude of electric field is excited the field is so large that it will
induce the impact ionization of inner shell of the atoms. It is not a problem in a hydrogen
plasma implied in the first column.

Third, due to much larger accelerating gradient the maximum number of accelerated
particles is quite small <107,

Fourth, an acceleration of muons is greatly complicated by small acceptances of the
plasma channel. This is correct for both the longitudinal and transverse planes. In

particular, &,~34 nm for 10 GeV muons and grows as \/; .
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First proposals for multistage acceleration in plasma base accelerators are under
investigation now. However, a multi-stage acceleration in a crystal is not presently feasible.
There are two leading reasons. The first one is the focusing chromaticity at transition
between consecutive accelerating stages; and the second one is relative transverse and
longitudinal stability of the driving beams.

The power efficiency is another important characteristic to be considered in the
technology choice for an accelerator. Initial considerations of plasma acceleration in the
bubble regime looked very promising. Computer simulations showed that in some
conditions the power efficiency can achieve ~90% if accurate profiling of particle
distribution along the bunch can be realized. However, more detailed consideration [3],
which accounts relationship between the longitudinal and transverse wakes in the plasma
bubble, showed that an increase of power efficiency reduces the transverse beam stability.
High power efficiency implies large charge in the accelerated bunch which, in its turn,
generates strong transverse head-tail effects in the course of bunch acceleration. We will
characterize the transverse wake strength by parameter 7, equal to the wake deflecting force
at the bunch end for uniformly displaced bunch to the focusing force coming from plasma.
Then the relationship between the transverse and longitudinal wakes binds 7, and the power

efficiency of energy transfer from plasma to the beam, 7,, so that [3]:
2

o r (6)
7, 4(1_77P)

An analysis of beam stability in a beam acceleration to very high energy requires 7, <0.01.
That yields 7,~18%.

3. Channeling in crystals and nonotubes

Particle channeling in a crystal greatly reduces the multiple scattering in a medium. It
focuses positive particles to the channel center with gradient ~4-10'7 V/cm? for a silicon
crystal. An excitation of the plasma wave in this crystal in the strong bubble regime expels
all “free” electron from the axis and introduces a charge density perturbation with the
transverse size about two orders of magnitude larger than the channel width. For a silicon
crystal the defocusing coming from the plasma wave is about half of the focusing coming
from channeling. Figure 2 demonstrates an electric field between two crystal planes in
silicon (left) and its change when plasma wave in a strong bubble regime is excited (right,
four planes are shown). As one can see from the right pane only the central channel may
be used for particle acceleration because the defocusing field of the plasma wave exceeds
the focusing field of the channeling in other channels. The acceptance of the channel is
about 4 orders of magnitude smaller compared to the acceptance of a plasma wave in the
plasma of the same electron density. Here the particle charge is changed from positive to
negative. Typical acceptance of single channel is about 5 pm for 10 GeV muons. We need
to stress that channeling of negative particles implies particle focusing around the crystal
plane/axis. That greatly amplifies multiple scattering. Also, an acceleration to high energy
requires focusing in both transverse planes, and, consequently, the axial channeling must
be used.

Although channeling removes scattering on the nuclei the scattering on electrons is still
present. For silicon a reduction in scattering is about 2 orders of magnitude but the channel
acceptance is 4 orders of magnitude smaller than in the plasma bubble operation in the
absence of channeling. Note that both the normalized emittance growth due to scattering
at electrons,
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Fig. 2. Dependence of electric field on distance between two crystal planes in silicon taken from Ref. [6] (left)
and its change when a plasma wave in a strong bubble regime is excited (right).

To fulfil this requirement in acceleration of p+, the required electric field has to be E.../Eo
>10; i.e. the acceleration at the maximum possible rate is desirable. It is more forgiving for
positrons which have smaller mass.

The hollow beam channel [7] was proposed to overcome scattering on the ions and to
prevent the pinching of ions by the electric field of bright electron bunch. However, this
method usage is limited to an acceleration of small intensity beams. Obtaining the
transverse stability in the presence of large transverse impedance of the plasma channel
requires considerable momentum spread in the bunch and very strong focusing which can
be supported by plasma focusing only. External focusing, supplied by conventional
magnets, will be 3-4 orders of magnitude weaker.

An acceleration in carbon nonotubes is somewhat similar to the hollow channel. It also
suits well for acceleration of relatively small intensity bunch. The average density in a
bunch of nanotubes is one-two orders of magnitude smaller than in a crystal. Although that
decreases the maximum achievable electric field, it still stays at a very high value. What is
more important, a usage of nanotubes greatly reduces multiple scattering which only
happens when a particle approaches the tube wall to be reflected from it. The same as for
channeling only positive particles are reflected. Although the reflections from walls
represent very non-linear focusing the beam transverse emittance is conserved in the
acceleration of small intensity beam: the transverse size and transverse momentum are not
changed. However, with intensity increase an absence of focusing in the center of the
channel may lead to the emittance growth due to beam breakup instability.
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Conclusions

Plasma-based acceleration is a very interesting subject. A beam acceleration in a solid
material represents a tremendous step in technology of plasma acceleration. Presently it
does not look as a promising avenue for construction of high luminosity collider. However,
an acceleration of small intensity bunch to extremely high energy looks as interesting
possibility. Although the basic principles and limitations for such accelerator are similar to
the already demonstrated plasma-based accelerators the experimental demonstration of
such a system, if possible, will require considerable time and effort.
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Aspirations of modern high energy particle physics call for compact and cost efficient lepton and
hadron colliders with energy reach and luminosity significantly beyond the modern HEP facilities.
Strong interplanar fields in crystals of the order of 10 — 100 V/A can effectively guide and collimate
high energy particles. Besides continuous focusing crystals plasma, if properly excited, can be used
for particle acceleration with exceptionally high gradients O(TeV/m). However, the angstrom-scale
size of channels in crystals might be too small to accept and accelerate significant number of particles.
Carbon-based nano-structures such as carbon-nanotubes (CNTs) and graphenes have a large degree of
dimensional flexibility and thermo-mechanical strength and thus could be more suitable for channeling
acceleration of high intensity beams. Nano-channels of the synthetic crystals can accept a few orders
of magnitude larger phase-space volume of channeled particles with much higher thermal tolerance
than natural crystals.

This paper presents conceptual foundations of the CNT acceleration, including underlying theory,
practical outline and technical challenges of the proof-of-principle experiment. Also, an analytic
description of the plasmon-assisted laser acceleration is detailed with practical acceleration
parameters, in particular with specifications of a typical tabletop femtosecond laser system. The
maximally achievable acceleration gradients and energy gains within dephasing lengths and CNT
lengths are discussed with respect to laser-incident angles and the CNT-filling ratios.

Keywords: carbon nanotubes, CNT, channeling, crystals, TeV/m, acceleration.

1. Introduction

1.1. Background

Presently, international high energy community actively discusses options for a post-
Large Hadron Collider (LHC) machine, such as the International Linear Collider (ILC),
Compact Linear Collider (CLIC), or Future Circular Collider (FCC). These machines can
sufficiently expand the center-of-mass (CM) energy reach and luminosity for the next
generation particle physics experiments'-23. The next energy frontier super-colliders are

" This work was supported in part by the DOE Contract No. DE-AC02-07CH11359 to the
Fermi Research Alliance LLC.

¥ The author is currently a private consultant for advanced accelerator research and
development.



envisioned to achieve ~ 100 TeV in CM energy and O(10* ¢cm™s™' ) luminosity. To be
feasible, such CM energy and luminosity should be achieved within a realistic facility
footprint and within reasonable AC wall plug power envelope, with the maximum possible
efficiency of the power conversion to the beams. Ideally, the future machine should be
about 10 kilometer or shorter, and operate with beam power of less than a few tens of
MWs*. How can such colliders reach the energies of interest, namely, 100 — 1000 TeV?
Currently available acceleration technologies cannot be extended to meet the challenge. To
obtain the energies of interest within the given footprint, one has to develop new methods
of ultra-fast acceleration with tight phase-space control of high-power beams for future
lepton and hadron colliders and it can only be possible with multidisciplinary and
multilateral approaches.

1.2. Crystal acceleration — TeV/m gradient

Electromagnetic wakefield waves in an ionized plasma media, excited by short
relativistic bunches of charged particles or by short high power laser pulses, have been of
great interest due to the promise to offer extremely high acceleration gradients of G' (max.
gradient) = me.cap/e = 96 x no'? [V/m], where ay, = (4mnye?/me)!'? is the electron plasma
frequency and n,, is the ambient plasma density of [cm™], m. and e are the electron mass
and charge, respectively, and c is the speed of light in vacuum. However, a practically
obtainable plasma density (n,) in ionized gas is about ~ 10'® ¢cm™, which in principle
corresponds to wakefields up to ~ 100 GV/m>%7, and it is realistically very difficult to
create a stable gas plasma with a charge density beyond that. Metallic crystals offer
naturally existing dense plasma media which is completely full with a large number of
conduction electrons available for the wakefield interactions. The density of charge carriers
(conduction electrons) in solids 7=~ 10?°— 10?* cm™ is significantly higher than what was
considered above in gaseous plasma, and correspondingly the wakefield strength of
conduction electrons in solids, if excited, can possibly reach 10 TV/m in principle.

Figure 1 shows our simulation graphs of a beam-driven wakefield acceleration in a
homogeneous plasma model with solid-level charge densities, 10*° m and 1.6 x 102 cm’
3, which might be in the lower and upper limits of electron density of solid-state media
(acceleration gradient and energy gain versus beam charge density)®. The densities are
considered for the assessment as the corresponding plasma wavelengths, 10 um and 0.264
um, are also in the spectral range of available beam-modulating sources such as IR/UV
lasers or magnetic undulators (inverse FELs)® for strong beam-plasma coupling in the
beam-driven acceleration. As shown in the figure, with the beam-driven acceleration the
acceleration gradient ranges from 0.1 TeV/m to 10 TeV/m with the solid plasma densities
at the linear beam-plasma coupling condition (n, ~ np). The gradient corresponds to 10 —
30 MeV of energy gain with a channel length of 10 plasma wavelengths. Also, it appears
that the beam is strongly focused and collimated by the large transverse fields generated
from the oscillating plasma over the distance (Figs. 1(c) and (d)). Apparently, this effective
plasma simulation model shows TeV/m range gradient with solid state level plasma
density. However, in spite of the exceptionally large amplitude of accelerating and focusing



fields, in reality if charged particles are injected into either an amorphous solid or a random
orientation of a single phase crystal, they will encounter a large stopping power from
nuclear and electron scatterings. Also, irregular head-on collisions at atomic sites
completely spread the particles all over, accompanied with phase-space volume expansion.
Particles will thus be quickly repelled from a driving field due to fast pitch-angle diffusion

of large scattering rates/angles from non-uniformly distributed atoms.
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Fig. 1. Acceleration gradient versus normalized charge density graphs (top: (a) and (c)) and beam/plasma charge
distributions (bottom: (b) and (d)) of multi-bunched beam with (a) and (b) 7, = 10'° cm™ and (c) and (d) n, = 1.6

x 10?2 cm™

The channels between atomic lattices or lattice planes aligned in a crystal orientation
of natural crystals like silicon or germanium are sparse spaces with relatively low electron
densities!®. Charged particles, injected into a crystal orientation of a mono-crystalline
(homogeneous and isotropic) target material, undergo much lower nucleus and electron
scatterings. The channeled particles can be accelerated in two different ways, depending
upon how they gain energies from driving sources (lasers or particle-beams) through
plasma wakefields of conduction electrons, or diffracted EM fields confined in the crystal
channels. Plasma wakefields in crystals, if excited by a strong driving source, either a short
particle-bunch or a high power laser, can accelerate particles along the space in the lattice
channel. For the channeling acceleration with confined x-ray diffraction, the atomic
channel can hold > 103 V/cm transverse and 10° V/cm longitudinal fields of diffracted
traveling EM-waves from an x-ray laser coupled to a crystal at the Bragg diffraction angle
(M2a = sin@s), where a is the lattice constant and 6 is the diffraction angle). However, to
accelerate channeled particles with high gradients by confined x-ray fields, the acceleration
requires coherent hard x-rays (A = 40 keV) of power density > 3 x 10 W/cm? to
overcome radiation losses of channeled muons'!, which exceed those conceivable today.
The x-ray pumping method thus fits for heavy particles, e.g. muons and protons, which
have relatively smaller radiation losses. For electrons (and positrons), the beam-driven
acceleration is more favorably applicable to channeling acceleration as the energy losses
of a drive beam can be transformed into the acceleration energy of a witness beam!2. The



maximum particle energies, Emax = (Mv/My)*(AG)"?{G/(z*x100 [GV/cm])}'?10° [TeV],
can reach 0.3 TeV for electrons/positrons, 10* TeV for muons, and 10° TeV for protons
(M, is the mass of the channeled particle, M, is the proton rest mass, /1 is the de-channeling
length per unit energy, and z is the charge of the channeled particle)'®. Here, channeling
radiation of betatron oscillations between atomic planes is the major source of energy
dissipation. The de-channeling length (A) is also a critical factor, in particular in the low
energy regime, since it scales as E'? 4. The idea of accelerating charged particles in solids
along major crystallographic directions was suggested by several scientists such as Pisen
Chen, Robert Noble, Richard Carrigan, and Toshiki Tajima in the 1980’s and
1990°s!>:16:17.18 for the possible advantage that periodically aligned electrostatic potentials
in crystal lattices are capable of providing a channeling effect!®-20:21,22.23,24.25
combination with low emittance determined by an Angstrém-scale aperture of the atomic
“tubes”. The basic concepts of atomic accelerator with short pulse driving sources like high
power lasers or ultra-short bunches have been considered theoretically. However, the idea
has never been demonstrated by experiment or simulation due to the extremely tight
interaction condition of the Angstrom-size atomic channels in natural crystals and the
complexity of electron dynamics in solid-plasma.

in

2. Channeling acceleration in carbon nanotubes

Carbon nanotubes (CNTs) are a synthetic nanostructure, which is a roll of a graphene
sheet, and its tube diameter can be easily increased up to sub-micron by optimizing
fabrication processes (chemical vapor deposition, CVD). For channeling applications of
high-power beams, carbon nanostructures have various advantages over crystals?.
Particles are normally de-channeled when the transverse forces are larger than the maximal
electric field acting on channeled particles from crystal atoms, which is described by the
critical angle (g., (normalized rms acceptance) = (1/2)ya 8., where 6. is the critical angle).
The dechanneling rate is significantly reduced and the beam acceptance is dramatically
increased by the large size of the channels, e.g., a 100 nm wide CNT channel has larger
acceptance than a silicon channel by three orders of magnitude. Some previous studies?’
on the radiative interaction in a continuous focusing channel present an efficient method to
damp the transverse emittance of the beam without diluting the longitudinal phase space
significantly. CNTs can efficiently cool channeled particles similar to natural crystals. The
strong focusing in a CNT channel results in a small beta function, so that it is quite feasible
to create a beam of small transverse emittance.

If the channel size is increased from angstroms to nanometers (Figs. 2(a) and (b)), the
maximally reachable acceleration gradient would be lowered from ~ 100 TeV/m to ~ 1
TeV/m due to the decrease of effective plasma charge density. However, the nanotube
channels still provide sufficiently large transverse and longitudinal fields in the range of
TV/m. For the crystal channels in angstrom scale, the lattice dissociation time of atomic

structures (Af = Jimi / m, i(27z/ o, ), where m; and m. are the masses of ion (carbon) and
electron respectively?®) is in the range of sub-100 fs with 1 TV/m fields, corresponding to

10" W/cm?. For beam driven acceleration, a bunch length with a sufficient charge density
would need to be in the range of the plasma wavelength to properly excite plasma



wakefields, and channeled particle acceleration with the wakefields must occur before the
ions in the lattices move beyond the restoring threshold and the atomic structure is fully
destroyed. It is extremely difficult to compress a particle bunch within a time scale of
femto-seconds since the bunch charge required for plasma wave excitation and the beam
power corresponding to the time scale will exceed the damage threshold of the crystal. The
disassociation time is, however, noticeably extended, to the order of pico-seconds, by
increasing the channel size to nanometers because the effective plasma density and
corresponding plasma frequency are decreased by a few orders of magnitude, as shown in
Fig. 2(a). The constraint on the required bunch length is thus significantly mitigated (Fig.
2(c)) and the level of power required for an external driving source could be lowered by a
few orders of magnitude, although the acceleration gradient will be lowered accordingly?.

1E+24 gy 100
[ N ‘
= q ! m,ca
g 1Eez3 Y. ¥ _ =
) E M —_
z 1 Crystals E
g ez oot
a | @
£ 1Es21 4 L. =
2 ! =y
& qEe20 s
g -
3 CNTs
g 1evs |
i(a) (b)
FI0 TR — ——— e o
01 . ) o
01 1 10 100 1000 10000 ot ! o o 10 Bkl
Channel Size [nm] Channel Size [nm]
— gy = 1017
= — = 10
5 =10
O(ps) 7 o M
1 memeemecee—————— -
— o
m c
= ]
= 2
< [-%
o1 4 o
O(fs) o
i e
_Crystals (c)
P A A ) ) e . [ -
0l 1 10 100 e’ 1x10* ol ! 10 1o !
Channel Size [nm] Channel Size [nm]

Fig. 2. (a) Effective plasma density, (b) acceleration gradient, (c) dissociation time scale, and (d) dephasing
length versus channel size (carbon-based).

Furthermore, dephasing length®° is appreciably increased with the larger channel, which
enables channeled particles to gain a sufficient amount of energy (Fig. 2(d)). The atomic
channels in natural crystals, even if they provide extremely high potential gradients, are
limited to angstroms and are unchangeable due to the fixed lattice constants. The fixed
atomic spaces make the channeling acceleration parameters impractically demanding, but
CNTs could relax the constraints to more realistic regimes. The carbon structures
comprised entirely of covalent bonds (sp2) are extremely stable and thermally and
mechanically stronger than crystals, steel, or even diamonds (sp3 bond). It is known that
thermal conductivity of CNTs is about 20 times higher than that of natural crystals (e.g.
silicon) and the melting point of a freestanding single-tip CNT is 3,000 — 4,000 Kelvin.
Carbon based channels thus have significantly improved physical tolerance against
intensive thermal and mechanical impacts from high power beams.



3. Theory

3.1. Beam-Driven Acceleration

Figure 3 shows time-tagged snapshots of a two-beam accelerating system with a ~10,
hollow plasma channel that is modeled with 7, ~ 10*m™. The simulation condition also
includes the drive-witness coupling distance of ~ 1.6\, o = ~ 0.1A,. and a linear regime
bunch charge density of n, ~ np. For this simulation, the plasma channel is designed with a
tunnel of r = 0.1A,. Just like a uniformly filled one, the drive bunch generates tailing wakes
in the hollow channel due to the repulsive space charge force. The plasma waves travel
along the hollow channel with the density modulation in the same velocity with the witness
beam. Note that the bunch shape of the drive beam in the tunnel remains relatively longer
than in the cylindrical plasma column. The energy versus distance plots in Fig. 3 (bottom)
shows that sinusoidal energy modulation apparently occurs in the plasma channel perturbed
by two bunches. Here, the relative position of the drive beam corresponds to the first
maximum energy loss, while that of the witness beam does to the first maximum energy
gain. The traveling wakes around the tunnel continuously transform acceleration energy

from the drive beam to the witness one.
t=0.15ps t=0.25ps t=035ps t=045ps
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Fig. 3. Time-tagged charge distribution of a hollow plasma acceleration (1, = ny) with a drive and witness beam
(top) 3D charge distribution (middle) 2D distribution (bottom) spatial energy distribution.

The energy gain and acceleration gradient are fairly limited by the radius and length of
the tunnel with respect to plasma wavelength and bunch charge density. Bunch parameters
of the beam-driven acceleration system have thus been analyzed with various tunnel radii,
as shown in Fig. 4. For the analysis, the bunch charge density was swept from 1 to 300,
normalized by plasma density, n,, for five different tunnel radii from 0.2 to 0.6\, and
relativistic beam energy 20MeV. While in the linear regime ny, =~ 1 — 10n,, the maximum
acceleration gradient drops off with an increase of the tunnel radius from 0.2 to 0.6, it
increases in the blowout regime, n, =~ 10 — 100n,. The maximum acceleration gradient is
increased from ~ 0.82 TeV/m of = 0.2 A, to ~ 1.02 TeV/m of » = 0.6 A, with n,= 100n,,
corresponding to ~ 20% improvement. The energy transformer ratio follows a similar
tendency with the acceleration gradient curve in the linear and blowout regimes. In the
linear regime (ny/np~ 1 — 10), scattering is negligibly small, which does not perturb particle



distribution of the bunch within the hollow channel. The repulsive space charge force
between the bunch and the plasma is increased in the inversely proportional to their
spacing. The channeled bunch thus undergoes the higher acceleration gradient as the
channel gets smaller, as shown in Fig. 4. However, in the blowout regime (ny/n, ~ 10 —
100), the repulsive space charge force from an excessive amount of the bunch charge
density against the plasma channel is strong as to heavily perturb the bunch and to scatter
electrons out of the bunch. The strength of space charge force is decreased with the channel
radius, so the electrons in the bunch is less scattered with an increase of the channel radius.
The gradient is thus lowered with an increase of the channel radius accordingly. The similar
tendency also appears on the transformer ratio, as shown in Fig. 4(b). The energy is more
efficiently converted from the drive beam to the witness one with the larger channel in the
blowout regime, although the transformer ratio does not similarly follow the tendency of
accelerating gradient with the channel size in the linear regime. The un-similarity between
the acceleration gradient and transformer ratio with respect to the channel size in the linear
regime might be attributed to the insufficient channel length, 10A,,. The plasma oscillation
from the small bunch charge density is not strong enough to properly convert the beam
energies from deceleration to acceleration. The result implies that a hollow channel thus
has a higher gradient than a homogeneously filled plasma column in the blowout regime,
and the plasma wakefield acceleration gradient is effectively increased by enlarging the
channel size. This result opens the possibility of controlling beam parameters of plasma

accelerators for higher gradient and large energy conversion efficiency.
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Fig. 4. (a) maximum acceleration gradient and (b) transformer ratio versus bunch charge distribution normalized
by bunch charge density with various tunnel radii (r = 0.2 — 0.61,,).

3.2. Laser-Driven Acceleration

Figure 5 depicts the concept of the plasmon-driven acceleration in a laser-pumped
nanotube. In the substrate target, particles channeled in the nanotube are repeatedly
accelerated and focused by the confined fields of the laser-excited plasmon along the
nanotubes embedded in the nano-holes under the phase-velocity matching condition. The
energy gain of accelerated particles, if any, is limited by the dephasing length. Continuous
phase velocity matching between particles and quantized waves can be extended by
tapering the longitudinal plasma density in a target. In a CNT-target, the longitudinal
plasma density profile can be controlled by selectively adjusting the tube dimensions.
When an intense short pulse laser illuminates the near-critical density plasma, the inductive
acceleration field moves with a speed vg, which is less than v, depending on the plasma
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density: Ve =eyl-a, / @ , where c is the speed of light, @, is the electron plasma
frequency, and wis the laser frequency. The accelerating ions have a progressively higher
speed along the targets, so the inductively accelerated ions are kept accelerating for a long
time inside the near-critical density plasma target. The distance between the two adjacent
targets are also adjusted accordingly. The acceleration mechanism of the laser-excited sub-
A plasmon is conceptually depicted in Fig. 5, illustrating accelerating particles in a laser-
pumped CNT channel. The laser irradiating a target modulates the electron gas along a tube
wall and quickly induces a plasma oscillation a one-dimensional Fermi-liquid, Luttinger-
liquid. The photo-excited density fluctuation induces electromagnetic fields in the CNT
and the oscillating evanescent fields penetrate in the tube within the attenuation length3!32,
The charged particles channeling through a tube are accelerated by the induced plasmons
at their phase-matching condition. The energy gain remains until the particles begin to
outrun the plasma wave and are dephased from the wave. A proper target thickness would
therefore be mostly determined by the dephasing length if there is no additional phase-
matching mechanism implemented in the single target acceleration.

Photo-Excited Charge Density |
modulation (CNT-Wall, n.)

P Plasmon
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Fig. 5. Conceptual drawings of (a) optically pumped nanotube (b) x-ray radiation of photo-excited CNT.

The effective density of an electron plasma over CNTs is mostly controlled by tube
diameter, number of walls, and spacing between the tubes in a unit area (~A.2). The lattice
constant of carbon-bonding in a honey-comb unit cell on a CNT wall is ao ~ 1.4 Angstrom
and wall-to-wall spacing is normally 3.4 Angstrom. A local tube wall density is about 8 x
1022 cm and the typical diameter of a CNT ranges up to a few hundred nanometers, which
is usually related to the tube length. Given that a single CNT is sized from a few tens of
nanometers up to 1 um in diameter, which would be effectively the same as a few hundred
square nanometers to a few square microns of unit area on a target, the effective electron
plasma density averaged over a volume of CNT ranges from 1 x 10*! — 6 x 10?* ¢”/cm?. The
density corresponds to 102 — 10%2 ¢/cm® over a CNT-embedded unit area (~ A2), as
depicted in Fig. 5.

In the given condition, a CNT channel can be described by a homogenized model with
effective dielectric parameters. Let us consider an array of parallel nanotubes of areal
density N., with axes parallel to z (Fig. 5). The separation between the nanotubes is d = N’
12 the free electron density inside a nanotube is 7., and the tube radius is 7.. A nanotube
can be treated as a superposition of overlapping cylinders of free electrons and immobile
ions. The dispersion/absorption relation of the periodic array is given by

K=k, +ik; (1)
, Where
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Here, w, = 2" ne=Zno, and p = swﬁ (no is the ion density of a single CNT and s =
gom

7r?2 /d? is the aerial CNT-filling ratio). For & = 5.5 (for graphite), ne = 10?! cm™, 7. = 50
nm, d = 150 nm, nr.2N; ~ 0.35, and v/, ~ 0.001, the dispersion/absorption relations of a
CNT-confined plasmon with respect to a p-polarized laser is plotted in Fig. 2.
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Fig. 6. Normalized (a) dispersion (k) and (b) absorption (k;) graphs of the laser-excited SPP in a CNT array with
respect to laser-incident angles (&, = 0° (red), 30° (blue), and 90° (green)).

It is apparent that confined modes are excited at the harmonic excitation conditions with
the light line (laser photon). At the resonance condition, the laser-light is thus coupled into
the sub-wavelength CNT and the electronic density on the wall is modulated with the laser
wavelength (AL = Ap > Fen, Where ey is the radius of CNT). The laser-excited plasmonic
wave moves along the tube within the absorption length and subsequently forms a standing
plasma wave (plasma oscillation) when the photon-plasmon energy transfer reaches
equilibrium. With a sufficiently narrow energy spread, the particles channeled in the tube,
if simultaneously injected into the CNTs during the excitation, can be accelerated by the
quantized fields confined in the sub-A CNT at the phase-velocity matching condition.

In general, with AL = 1.056 um and 5 mJ of pulse energy, PL = 125 GW of laser power
(pulse duration: T = 40 fs) would be a maximally affordable laser power from a tabletop-
scale femtosecond laser system. The minimum laser spot size on a target is determined by
the damage threshold of the target material. An anodized aluminum oxide (AAO)
membrane can be a good target material as it is a naturally formed capillary substrate with
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periodic nano-holes. Straight CNTs can be vertically grown along the holes with a high
dimensional aspect ratio up to 1: 1000, e.g. 100 nm in diameter and 100 pm in length. The
CNT-embedded AAO substrate (AAO-CNT) would efficiently transport the charged
particles through a nano-channel in the range of a micrometer in length. Channeling
through AAO-CNTs was already demonstrated with an H+ ion beam by Zhu33. The
substrate material, aluminum oxide (Al,O3), is known to have the highest ablation
threshold, ranging from 2.5 — 3 x 10" W/cm?. A laser beam illuminated on an AAO-CNT
target can be focused down to a spot size of 7L =350 um while still avoiding target damage.
The laser spot size varies in distance with respect to the Rayleigh length which is a function
of the laser wavelength, so that

n(2) =n|1+ (;)2 4)

2

where Zp = %is the Rayleigh length and « = i—n is the wave number of the driving laser.
L

As shown in Fig. 7(a), the laser beam size remains within 450 um over 0.7 m, so that the

laser intensity will remain relatively constant over the distance. Let us consider the

interaction of a laser with nanotubes. The laser beam has a Gaussian field distribution along

the propagating direction such as

EL — Aoe—rz/4rsze—i(wt—kz) (5)

, where 4, = /ﬂ = 15[GV /m] with I = 2.75 x 103 W/cm?, as plotted in Fig. 7(b).
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Fig. 7. (a) Laser beam size versus propagating distance and (b) electric field plot of laser with a Gaussian

distribution.

As illustrated in Fig. 5, if the laser beam is coupled into the CNT array with an incident
angle, 6, then the electric field of a p-polarized laser beam is

E, = RE, + ZE, (6)
where E, = Aye(x,z) and E, = Aje(x,z) (A, = Aysin 0 and A, = A, cos 6). At a laser-
coupling condition, the electron plasma density of a nanotube modulated by the laser-
excited LLP is defined as

Tz —2

ne = Zn, (1 + aoe_ﬁ> el(KZ=Wiasert) (7
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Also, the transmitted wave has the electric field components
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where & is the distance from the tube axis and @cwr is the refraction angle of the transmitted
wave in the substrate, defined as

, _1(siné
Ocyr = sin™?! (n )
CNT

(10)

Here, neyr = , where k: = k(@ = muser). The electric fields averaged over the tube

Wigser/c

radius, 7., therefore, are

r2

(B = L[ B§)ds = T2 agre elts v cos oy (1)
and
T2
(Ep) = — [ E,()d§ = T % agre Rl vuaser sin by, (12)
c 0

Note that the averaged fields have no dependence upon the tube radius. The transverse
field, <E,>, and longitudinal one, <E.>, act to focus and accelerate the ions channeling
through a nanotube at the phase-velocity matching condition respectively. The energy gain
of accelerated ions along the CNT is given by integrating <FE,> over the acceleration length

as follows,
2
.

z -7\ (1-e7k#\ .
W, = ( 27:;6) (aorce "3) ( eki )sm Ocnr (13)

Figure 8 shows axial distributions of the normalized plasma density and electric fields with
0=50°1n=32x10cm3(Z=6,n.(r=0,z=0,and r=0) =2 x 10*! cm™) and CNT
aerial filling ratio of 4.9 %. Figure 5 shows angle-dependent optical response parameters
(k= kr + ik, nr, and Gcnt) of @ CNT-implanted substrate illuminated by a laser of Ajaser =
1.054 pm and Piaser = 125 GW.
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Fig. 8. (a) Normalized electron plasma density and (b) electric field amplitudes (£,: red, E.: blue) versus distance
(z) graphs.
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Fig. 9. (a) Dispersion (k: red) and absorption (4;: blue) and (b) index of refraction (1) (c) refraction angle (€enr)

versus incident angle (&,) graphs.
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= 100 um) with respect to laser power (Piaser)-

Figure 10 shows the maximum electric field (<E>max) over a tube distance under two
various laser-plasmon coupling conditions with parametric scans of incident angles (with
s =4.9 %) and aerial CNT-filling ratios (with &, = 50°). The peak field reaches 60 GeV/m
with the large filling ratio, while steeply attenuating with distance. However, the field
modestly attenuates with a smaller filling ratio, although the peak field drops to 5 — 6
GeV/m (over &,=50-60 degree). Figure 11 shows energy gain versus laser incident angle
for channeling particles through a nanotube in a unit area on a substrate with respect to the
aerial CNT-filling ratio (s). The ions phase-matched with the confined field are accelerated
by the longitudinal field until they overrun the plasma wave.
The Bremsstrahlung radiation loss length is
Mg =422 23l o Ky (25 In (m) (14)

b mp



13

where r, = €*/myc? is the classical radius of a particle with mass m, (r. for electron), ¢=
b/ag (b: transverse lattice constant), a is the fine-structure constant, b is the lattice constant,
agp is the Bohr radius, and Ky is the modified Bessel function of the second kind. For
electrons, the energy loss via a CNT wall (b ~ 2 — 3 A) is about 7 — 15 GeV/m, which is
larger than the acceleration gradients. Therefore, the electrons moving along the carbon-
layers of the CNT walls would not gain the energy for overwhelmingly large radiation
losses. However, CNTs are a hollow channel, which is a fairly empty space inside of the
tube. The electrons moving along the inner space of the tube undergo a significantly lower
Bremsstrahlung radiation loss since the tube radius (rent) is usually a few orders of
magnitude larger than a crystal lattice space (b). Therefore, the acceleration in a CNT
would not be much affected by the Bremsstrahlung radiation and it is rather limited by a
dephasing length.

According to laser-plasma acceleration theory, the dephasing length along the unit
volume across the substrate is given by

iy - (15)
where 4, = Zwl: and Ajgger = 2™ The energy gain is fairly limited by the dephasing

Wigser

length: the particles are too rapidly kicked up and pushed away from the plasma wave by
the large electric field before being fully synchronized with the plasmon. The particles
could be continuously accelerated if they remain synchronized with the plasmonic wave.
The continuous phase-matching condition is normally established by tapering the plasma
density. In such a designed acceleration, the only limiting factor of energy gain would be
the target thickness. A typical range of maximum AAO-CNT target thickness is 50 — 100
pm. Figures 11 and 12 show energy gains over the dephasing length and target thickness
(or tube length) varying with incident laser angles (&,) with respect to aerial CNT-filling
ratio (s) and laser power, respectively. In Fig. 11, the maximum energy gain over the 100
pm thick target reaches 0.5 MeV with s = 3.1 % and &, = 60 — 70°. Obviously, the energy
gain increases proportionally to the square root of the laser power (Fig. 12) in the linear
regime. However, within a realistic scale of a femtosecond laser system, the highest laser
power is limited within 100 — 125 GW and the most obtainable energy gain over a 100 pm
thick target implanted with a CNT array (r. = 50 nm and s = 3.1 %) will be 0.5 — 0.6 MeV
with that laser system (125 GW, Aaser = 1.054 um, riaser = 380 pm), corresponding to a 5 —
6 GeV/m gradient. In addition, another limiting factor of the energy gain could be the
coherent Betatron radiations occurring when a longitudinal motion of channeling electrons
is perturbed by the plasmon-transverse field component (E;). A fractional ratio of the
transverse field component depends on a laser-incident angle - the radiation loss will be
lowered as the laser-injecting angle is increased. In this condition, the electrons would be
rather accelerated by the longitudinal field component (£,) than undulated by the transverse
field component (Ex). The electron-acceleration or -undulation regime can thus be
selectively chosen by adjusting the laser-incident angle.

X-ray channeling acceleration was well described in Ref. [11], including a theoretical
model of beam-wave synchronization conditions. Looking back to the acceleration system,
Figure 1 shows that an x-ray incident to a crystal with a Bragg angle undergoes anomalous
optical transmission (Bormann effect)3* 3> inducing x-ray diffraction among inter-planar
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lattice spaces, obtained from Ev = hc/2a/sins (4 is the Planck constant) in terms of a lattice
constant, a, and Bragg angles, 5. Channeling particles coupled in the same orientation can
be accelerated by the guided traveling waves at the m™ diffraction order where they are
synchronized with a periodicity of a superlattice with a Brillouin wave number ks = 27/s
where s is the periodic length, i.e. a/(k; + ks) = ¢, where @ and k, are the light frequency
and longitudinal wave number. As channeled particles are confined to the rows of atoms
by electric fields of the order 1 — 10 V/A, crystals can be used in a collider not only for
acceleration sections but also for bending sections. In the channeling acceleration process,
the Bormann effect must occur to hold strong inter-planar fields in the crystallographic
planes and the transmission becomes stronger with a thicker crystal. In our simulation, the
crystal plate is modeled with a lattice constant of 3.1 A and a Bragg angle of 2.866°,
designed from a coupling condition of the 10 diffraction order. The incident plane wave
slant to the crystal face forms tilt wave-fronts with respect to crystal orientation. It creates
the longitudinal and transverse electric field components in the lattice spaces. The field
plot depicts that transverse fields of the diffracted waves are a few orders of magnitude
larger than longitudinal fields. Figure 13 is the normalized transmission of two crystal plate
structures depicting 4 and 10 lattice layers. In the transmission spectrum, resonant
diffraction peaks appear at the wavelengths corresponding to the Bragg angles. The
simulation shows the Bormann effect occurring in the crystal for the 10-layered plate has
a much stronger transmission than the 4-layered one. It clearly shows that the required
photon energy for the transmission can be significantly lowered with a larger lattice
constant and a larger angle. Increasing the size of the unit cell from 3 to 15 A drops the x-
ray energy down to an order of 0.1 ~ 10 keV, depending upon the Bragg angle. Enlarging
a unit cell to the nano-scale can take the energy level of the driving photon source down to
the ultraviolet or even the visible light spectrum. With the analytic calculation on radiation
losses and x-ray powers, we extensively examined the channeling acceleration condition
mainly with respect to their unit cell sizes and lattice constants.
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Fig. 13. (a) 2D-contour plot of diffracted electric field distribution in the Bormann effect at 65 ~2.866° , obtained
from EM-wave simulation (b) simulated transmission spectra of crystals with 4- and 10-lattice layers.
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Fig. 14. (a) Conceptual drawings of a crystal (silicon) and a CNT with dimensional parameters. Maximum
gradients versus photon energy graphs of (b) crystals and CNTs of (c) a=1.5 A and (d) a = 2.5 A.

Figure 14 (b) is the maximum acceleration gradient (eE,) versus photon energy
(wavelength) with respect to the lattice constant (a) that can be provided by a crystal (below
the damage threshold). The lower cutoffs of the highest gradient curves are restricted by
the radiation loss. The lower cutoffs are calculated with the condition that the atomic
number, Z, is 30, the effective charge, Zs, is 10, the superlattice constant ratio (s/a) is 20,
the transverse mode number (&) is 2, and number of atoms in a unit cell is 1.5. Also, we
assume that 1 TeV of particle energy is lost over the radiation loss length (total energy loss
(E) =1 TeV) and channeling muons (p-) of # = 0.995 and y = 10 is distributed in the
transverse atomic space of 0 ~ a/2. With this condition, the acceleration gradients of
crystals with a = 1.5 ~ 4.0 A are calculated with a photon energy of 0.2 ~ 41.34 keV (0.3
~62.2 A). Figure 3 shows the result that a smaller unit cell leads to a higher field gradient.
Note that the smaller lattice structure increases the cutoff of the acceleration gradient as
particles lose more energy by radiation at wavelengths comparable to the structure
dimensions. Figures 14(c) and (d) show the maximum acceleration gradient (upper limit)
versus the photon energy for two CNT models where @ = 1.5 A and 2.5 A (Z = 6). The unit
cell volume of a single-wall tube is defined as Ven = nR?I, where R and / is the radius and
length of the tube unit cell respectively. These are determined by the number of cs-cells

. . . nente(3a)
(honeycombs) in the circumference. In general, expressions Rgrmchair = %and
. . . nene(V3a
lyrmehair = v3a describe the armchair and eXpressionsRk,ig,q0 = —an(n: ) and lzigzag =

3a describe the zigzag, where nc,; is the number of the ce¢-cells along the tube
circumference. The expressions correspond to unit-cell volumes Vipmchair =
93
41
zigzags with the same number of ce-cells. The plasma density of a single-wall nanotube
(SWNT) is given by nent = Nent/ Vent, Where Nene 1S the number of the ions and their inner-
shell electrons in a tube unit-cell. The graphs are plotted with the 3 to 15 cs-cells along the
circumference (R =2.15 ~10.75 A witha=1.5 A and R=3.58 ~17.9 A witha = 2.5 A).
The upper thresholds of accelerating gradients with @ = 1.5 A and a = 2.5 A are reduced to
~ 15 % for the crystal (silicon, Fig. 14(b)). This corresponds to an acceleration gradient of
Eace =~ 150 MeV/em (a = 1.5 A) and = ~ 70 MeV/em (a = 2.5 A). The reduction of the
acceleration gradient is mainly owing to the smaller atomic number, Z, and larger unit-cell
size of CNTs. It should be noted that the cutoff acceleration gradient significantly drops

9 .
nZpea®and Vyyg,ag = Enﬁntaz. Therefore, the armchairs are about 73% larger than the
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with smaller radiation losses for muons owing to the larger beam tunnel and lower plasma
density.
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Fig. 15. (a) Minimum acceleration gradient (cutoff) and (b) upper limit (damage threshold) of acceleration
gradient versus unit-cell size graphs of a crystal (Z = 30) and CNTs (Z=6),a=1.5A anda=2.5 A.

Figure 15 depicts the summarized graphs of the (a) cutoff gradients and (b) the upper
gradient threshold of the crystal and the CNTs with respect to the tube unit-cell sizes. As
shown in Fig. 15(a), CNTs and crystals have similar levels of energy loss within the same
range of the unit cell dimension, but the cutoff appears significantly smaller with the larger
tube unit-cell size. Note that the upper acceleration limit from the structural damage
threshold is also lowered with the larger unit-cells due to the lower density. It should be
stressed that replacing a crystal with a nanotube lowers the cutoff of required power by
three orders of magnitude, which reduces the maximum acceleration gradient from 0.36 (4
A)—1.52 (1.5 A) GeV/cm of crystal (Z=30) to 0.15 GeV/ecm (a = 1.5 A) and 0.07 GeV/cm
(a=2.5 A) of CNTs with a few nanometers of tube unit cell dimension. The analysis result
shows that CNTs can significantly lower the power level required for x-ray channeling
acceleration.

4. Experiment

4.1. Sample Preparation

One of the well-known nanofabrication techniques of 2D CNT arrays is the anodic
aluminum oxide (AAO) template process to implement periodically aligned nano-holes in
a few tens of micrometer thick substrate. Straight, vertical carbon nanotubes (CNTs) can
also be implanted in the porous substrate by the chemical vapor deposition (CVD) growth
process (Fig. 16(a)). CNTs are grown in an AAO template by pyrolysis of C;H, with argon
gas at 750°C in a reactor furnace for 3 - 4 hours3® 37 3% 3% Sub-100 um long straight multi-
wall CNTs grow along the aligned nano-pores in an AAO template, which is followed by
thermal cleaning. The length of AAO-CNTs is determined by the length of the nano-pores
in the substrate, i.e. the thickness of AAO membranes, which can be controlled by
anodizing time. (AAO templates with thicknesses up to 100 um and pores with diameters
up to 100 nm are commercially available) By selecting the anodizing voltage at different
electrolytes during the anodizing process, AAO films with different pore sizes from a few
nanometers to a few hundred nanometers can be readily obtained. The outer and inner
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diameters of AAO-CNTs can be tuned by pore sizes and the CVD growth conditions,
respectively. Channeling of the AAO and AAO-CNT with “He+ beam was demonstrated
in a low energy regime (2 MeV) by a Chinese group®’: ~ 3° and ~ 1.6° of FWHM
transmission angle distributions were directly measured with CNT and AAO respectively
by angle scans, accompanied with 10 — 20 % of ion channeling. CNT samples fabricated
with various tube sizes will be tested with the electron source and the laser system in the
plan to find empirical relations between the beam transmission and photon-coupling
efficiency and their geometrical parameters.

Annealed Carbon Layer

- =

" Fabricated AAO-CNT Target
Thickness = 100 um

Diameter = 13 mm Y \

Pore Diameter =100 nm > 0

)
Fig. 16. (a) Flowchart of AAO-CNT fabrication process (b) fabricated AAO-CNT target (inset: SEM images of
AAO-template and AAO-CNT array after chemical cleaning, Courtesy of Liu Chang [37]).

4.2. Outline of Feasible Proof-Of-Concept Tests

The initial assessment of the prospective energy gains of CNT-channeled electrons was
fulfilled with a PIC-based beam-driven plasma simulator combined with the beamline
simulations. For the simulations, an electron linac beamline (e.g. Fermilab accelerator
science and technology (FAST) facility - 50 MeV beamline from the chicane (BC1) to the
imaging station (X124)) was modeled with CST and Elegant (Fig. 17(a)). The two beam
profiles of the bunches with and without the modulation (modulation wavelength = Amp),
which is generated by the slit-mask in the bunch compressor (BC1), are monitored at the
goniometer position. The beam profiles are then manually imported to the effective CNT
model*!. A typical simulation result (Fig. 17(b)) showed that a 1 nC bunch (uncorrelated
energy spread =~ 0.01 —0.015 %, Amp = 100 um) is self-accelerated with a net energy gain
(~ 0.2 %) on the tail (witness) and an energy loss (~ 0.6 %) on the head (drive) along the
100 um long channel with the nominal beam parameters. Our preliminary assessment with
the full beamline model predicts that the FAST 50 MeV beam can produce ~ 1 —2 % of
maximum net gain with 3.2 nC bunch charge and 100 pwm transverse beam size (circular
beam, Fig. 17 (c)), corresponding to 5 — 10 GV/m gradient. For the simulations, the bunch
charge density is about a thousand times smaller than the channel charge density (off-
resonance beam-plasma coupling). However, detecting the amount of energy gain by the
proposed experiment can support feasibility of TeV/m acceleration in CNT channels.

Generally, density modulations enhance energy efficiencies or power gains of coherent
light sources or beam-driven accelerators. A beam, if longitudinally modulated, is more
strongly coupled with accelerating or undulating structures at a resonance condition with
the fundamental or higher order modes. Pre-bunched or modulated beams would improve
the longitudinal beam control in energy-phase space and furthermore strongly enhance
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wakefield strengths or transformer ratio of beam-driven channeling accelerations. The
modulated beam either maximizes the wakefield strength (when it is bunched with a plasma
wavelength of an accelerating medium) or significantly increases the transformer ratio
proportionally to the number of micro-bunches (R = M-Ro, where M is the number of micro-
bunches and Ry is the transformer ratio of a single-bunch driver) with an off-resonance
condition*?.
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Fig. 17. (a) Electron linac beamline model (FAST). Inset is a modulated bunch charge distribution (Elegant and
CST) at the goniometer position and effective CNT-channeling acceleration model (VORPAL). (b) Energy
distributions of a modulated bunch (top) without and (bottom) with a channel. (c) energy gain versus bunch
charge.

In principle, a beam-density modulation (or micro-bunching) corresponding to an intrinsic
channel plasma frequency possibly offers the optimum beam-plasma coupling condition
with maximum energy transfer efficiency and acceleration gradient. However, the crystal
charge density with p, > 10" cm™ requires a very short modulation wavelength, Amp < 10
pm, which could be only produced by a short-period micro-buncher (e.g. Inverse FEL
undulator). Our plan for the experiment is thus to generate a bunched beam of relatively
long modulation periodicity by slit-masking the beam in the center of a magnetic chicane
and then to couple a higher order mode of the modulated beam with an accelerating
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medium*. The slit-mask modulation technique is relatively easy to generate a beam
modulation. At the FAST 50 MeV beamline, while a ~ 3 —4 mm long photo-electron bunch
passes through the bunch compressor (BC1), the slit-mask placed in the BC1 slices bunches
into micro-bunch trains by imprinting the shadow of a periodic mask onto the bunch with
a correlated energy spread (Fig. 18(a)). In principle, modulation strength and periodicity
of the modulation can be controlled by adjusting the grid period or by the dipole magnetic
field*. The bunch-to-bunch distance (modulation periodicity) is given as,

2 2 2p2 2
Az =W \/(1 + th56) O, ; +7 R5605i - 0. + Rsso-ﬁ
nx,maskh'l 'Gz,i nx,maxk 0-5
(0, initial bunch length, #: first order chirp = - 1/Rse, 0s;: initial uncorrelated energy

spread, Rse: longitudinal dispersion of BC1, and t: energy ratio = Eio/Ef, Eio and Ex, are the
central energies before and after acceleration, respectively, and 7xmask: dispersion at the
mask). With nominal 50 MeV beam parameters (ozi = 3 ps, Rss =~ - 0.192 m, Ej, = 50
MeV), the analytic model showed that a slit-mask with slit period 900 um and aperture
width 300 um generates ~ 100 um spaced micro-bunches with 2.4% correlated energy
spread. As shown in Fig. 18(c), the preliminary simulation data from Elegant and CST also
indicated that the designed mask produces a ~ 100 pm spaced beam modulation with
maximum RF chirp.

we sEE

Charge Distribution FFTed Charge Signal
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Fig. 18. (a) Conceptual drawing and (b) simulation model of a slit-mask micro-buncher (c) longitudinal charge
distributions and beam signal spectra obtained by Elegant and CST simulations.

It is planned to test the CNT-channeling acceleration at the FAST 50 MeV beamline
(Fig. 19(a)). A ~ 3 ps long electron bunch generated from the photo-injector is transported
to the magnetic chicane (BC1). The bunch is compressed to ~ 1 ps by BCI1, and the
compressed beam is focused by the quadrupole triplet magnets (Q118, 119, 120). After the
beam spot size is focused to ~ 100 — 200 um, it is injected to a CNT target in the
goniometer. The channeled electrons are transported to an electron spectrometer consisting
of a dipole (D122) and a screen in the energy dispersive region following D122 at imaging
station X124. Their energy distribution can be measured by the spectrometer before the
beam is dumped to a shielded concrete-enclosure (beam dump).
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The pre-bunched beam generated by the slit-mask installed at X115 between two
bending-dipoles (D115 and D116) can also be tested and the measured beam parameters
can be compared with the ones of the bunched beam to check the impact of beam-
modulation on channeling acceleration. Before testing the AAO-CNT target, the beam
parameters can be characterized first without a target, which could be a reference for the
beam-energy measurement. An experiment can be set up to check if the measured variation
of the projected image on the screen due to presence of the target exceeds the nominal
deviation of the image produced by the intrinsic energy spread. The initial experiment can
then be followed by subsequent measurements to accurately identify net energy
gains/losses and beam emittances: the channeled beam deflected by the magnetic
spectrometer (D122) can be projected on the screen of the imaging station (X124). The
beam-injection angle with respect to the target axis can then be scanned. A relative change
of projected images from one angle to another is translated into an energy gain/loss of
channeled beam (Fig. 19(b)).
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Fig. 19. (a) FAST 50 MeV beamline configuration (b) schematics for energy and emittance measurements of

CNT-channeling experiment (dotted green box in (a)).
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5. Summary

Above we presented theoretical analysis and numerical simulations of a high gradient
acceleration method for beam- and laser-driven acceleration in carbon nano-tubes (CNTs).
We also analyzed parameters of CNT’s for x-ray channeling acceleration with a GeV/cm
level of acceleration gradient. It turns out that nanotubes can significantly lower the cutoff
of the x-ray power required for the acceleration energy gain by a few orders of magnitude.
Our results show that the large reduction of the required x-ray power level by employing
nano-structures turns the channeling photon interactions with heavy particles, i.e. muons
and protons, into a more viable approach for extremely high gradient acceleration with
power levels from currently existing coherent x-ray sources.

Density modulation of high brightness beams can lead to significantly improved
performance of accelerator-based coherent light sources and high energy linacs, and here
we also considered a simple way for micro-bunch train generation with a masked chicane.
This approach can be tested with the bunch compressor in the electron linac beamline at
Fermilab’s FAST facility. The linear model is derived to estimate performance of the
designed masked chicane, indicating that the designed slit-mask produces ois = 33um long
micro-bunches spaced at ~ 100 um in a o; = 3 — 4 ps long bunch with about 1 — 2 %
correlated energy spread.

Numerical analysis with two simulation codes, CST-PS and Elegant, indicates that the
beam modulation effectively appears with the slit period of 900 um and 300 pm slit width.
CST-PS simulations included nonlinear beam-energy distribution and space charge effects,
and resulted in bunch-to-bunch distance of ~ 100 pm. Our simulations also indicate that
the bunch charge density modulation would disappear when the beam is chirped with very
small correlated energy spread (on-crest). The simulation results reasonably agree with
theoretical analysis of the linear chicane model, which verifies a feasibility of slit-masked
chicane to produce a bunch modulation on the order of 100 fs with the beam properly
chirped.

Carbon nanotubes can enable efficient collimation/bending of intense beams and
continuously focused acceleration in the nanochannels with exceptionally high gradients
of the order of TeV/m. The CNT acceleration concept might have a great potential to
advance technology for future high energy particle colliders.
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The SLAC T513 — E212 — T523 Collaboration

Since 2014, a SLAC-Aarhus-Ferrara-CalPoly collaboration augmented by members of
ANL and MIT has performed electron and positron channeling experiments using bent
silicon crystals at the SLAC End Station A Test Beam as well as the FACET accelera-
tor test facility. These experiments have revealed a remarkable channeling efficiency of
about 24% under our conditions. Volume reflection is even more efficient with almost
the whole beam taking part in the reflection process. A positron experiment demon-
strated quasichanneling oscillations for the first time at high beam energy. In our most
recent experiment we measured the spectrum of gamma radiation for crystal orientations
covering channeling and volume reflection. This series of experiments supports the de-
velopment of more advanced crystalline devices capable e.g. of producing narrow-band
gamma rays with electron beams or studying the interaction of the electrons with the
wakefields generated in the crystal at high beam intensity.

1. Introduction

Channeling of protons in bent crystals has been thoroughly studied with the pur-
pose of, e.g., proton extraction at accelerator facilities!® and for particle-beam
collimation® 6. Until recently, much less was known about channeling of electrons
and positrons at high particle energy. Our group has been studying planar electron
and positron channeling at the SLAC End Station A Test Beam (ESTB) and the Fa-
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cility for Advanced aCcelerator Experiments and Tests (FACET) at beam energies
up to 20 GeV. The experiments were performed using a bent, quasi-mosaic (111) Si
crystal of 60 pm thickness. The (111) plane has two different lattice spacings—0.76
and 3.2 A effectively—which is considered of advantage for electron channeling as
the highest density of channeling electrons is in the middle of the narrow channel,
thus does not coincide with the “nuclear corridor” that would increase the dechan-
neling probability. A plot of the potential for our crystal is shown in Figure 1 of
Ref.®. These experiments—which have produced a body of data important for any
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Fig. 1. Layout of the channeling and radiation experiments in the SLAC ESTB. “Counter” refers
to the SciFi gamma detector.

practical application of crystals in collimation or other manipulations of electron
beams at high energy—have enabled us to probe further and shift our experimental
program towards the radiative aspects of channeling and volume reflection. In this
overview we will first summarize the channeling data and then describe our more
recent experiments investigating the radiation generated. The experimental setup
is shown in Figure 1 which shows the recent additions of a sweeper magnet and a
gamma-ray detector (scintillating fibers, or SciFi for short) to allow the isolation
and detection of gamma rays. Not shown is a thin scintillator paddle upstream of
the SciFi counter we used as veto counter to verify the absence of charged particles
when the sweeper dipole was energized. The 20-GeV positron experiment referred
to below was done at FACET with a setup that was in substance the same even if
the detailed detectors were different.

2. Electron Channeling

Channeling efficiency and dechanneling-length measurements were carried out with
our quasi-mosaic bent crystal of 60 ym thickness and 0.15 m bending radius’. A
summary of the data is shown in Figure 2 together with simple model calculations.
The dechanneling length turns out to be roughly independent of beam energy be-
tween 40 and 60 um, consistent with DYNECHARM++? simulations but requiring
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Fig. 2. Dechanneling length of electrons vs beam energy in our bent Si crystal with a bending
radius of p = 0.15 m.

a modification of the usual theoretical model for the dechanneling length. This
initially unexpected result is important in energy scaling. The fitting function is

2R,
LD:15.3[g:z[}-E(l—ch) (1)

with k. = 1.76 determined by the fit. More details are given in®. It is clear that the
energy dependence of the dechanneling length for electrons is qualitatively different
from that for protons.

Channeling efficiency (the fraction of the incident electrons ending up in the
channeling peak, as found by a fitting procedure) is up to 24%, which makes ap-
plication of the channeling effect in beam-collimation systems for electrons a bit
questionable. However, we found volume reflection (VR) to be effectively about
95% efficient and therefore a good candidate for collimation application.

The experiments also allowed us to assess the amount of multiple scattering,
which shows itself in the “free” direction, i.e. vertically in our setup. We found
that the rms width of the scattering angle goes up by about a factor of 2 compared
to the width of multiple scattering in amorphous orientation of the crystal—see
Figure 3. The measured angular width in amorphous orientation agrees with the
multiple-scattering formula!® to within 10%. The naive explanation for this effect
is that the probability of a large-angle scatter from the nuclei goes up due to the
attraction of the electrons by the nuclei. This result is of interest when compared
to the measurement of the nuclear dechanneling length!!.

3. Positron Channeling

An experiment with positrons at 20.35 GeV was conducted at the FACET facility.
The experimental setup was similar to Figure 1. Qualitatively different than the
electron data, the dechanneling tail with positrons is breaking up into small beam-
lets at slightly different deflection angle, see Figure 4. This was identified as the



August 18, 2019 10:5

ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in FNAL'2019 paper

4
200 T T T T ]:I) t T
= ata ——
80 Fit 1 1
160 . E
= 140 + 4
3 1
5 120 - ] 1
wn 100 4
e 80 % -
60 \mult.scatt. ) T
40 - _— -
20 1 1 P 1
4 6 8 10 12 14
E [GeV]
Fig. 3. Multiple scattering angle in the free, non-bending direction for channeled electrons wvs

beam energy in our bent Si crystal with a bending radius of p = 0.15 m. The multiple scattering

angle was calculated using the formula in 0.

quasi-channeling oscillations suggested by Sytov'2 to be detectable with positrons
even at higher beam energy. It is a projection of the crystal structure on the screen
as the dechanneling probability is always higher for electrons being close to the
lower potential barrier in the periodic but also sloped potential of a bent crystal.
In that publication a relation for the deflection angle was given:

2dog (n — 1 2d
edefl(9b+9t)\/%+f

Figure 5 shows the deflection angles together with the relation above using the

(2)

20

5 10 15
X (mm)

Fig. 4. Channeling of positrons at 20.35 GeV. The blob on the right is the channeled beam, on
the left is a fraction of the unchanneled beam. The beamlets in between make up the dechanneling
tail, broken up by quasi-channeling oscillations.

page 4
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parameters 0, = 402 + 9urad (the crystal bending angle), R = 0.15 m (the crystal

bending radius), d; = 3.14 A (the plane separation) and dy = 4ds (a parameter),

see Ref. 13,
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Fig. 5. Location of the quasi-channeling oscillation peaks for 20.35 GeV positrons together with
a model calculation. See text for details.

4. ~ radiation

Electrons (and positrons) will radiate violently if deflected with sufficiently tight
bending radii. In order to detect and possibly record a spectrum of the radiation
emanating from crystals, our experimental setup in the ESTB was augmented by a
sweeper magnet to deflect the electrons away from the v beam and by a scintillating-
fiber calorimeter (SciFi) mounted about 45 m downstream of the crystal, both
shown in Figure 1. The full opening of the SciFi of 9 by 9 cm? was exposed to the
incoming particles. The SciFi can be moved transversely in the horizontal plane,
thus allowing to center it on the beam axis. Data was taken both with a secondary
beam of an average of 10 electrons per pulse, giving less than one photon every
second pulse and therefore allowing spectroscopy of the photons with little pile-up
contributions. The SciFi counter is about 25 cm long, sufficient to measure spectra
up to about 5 GeV photons without significant escape of the shower created in
the counter. The counter was calibrated by detecting single and low-multiples of
electrons using the secondary beam. The data were background-subtracted using
spectra from an empty run without the crystal in the beam. Figure 7 shows a
background-subtracted spectrum with the crystal rotated far out of the aligned
angle to avoid coherent bremsstrahlung (CBR), it shows the expected Bethe-Heitler
bremsstrahlung distribution. This spectrum also served for intensity normalization
of the aligned spectra.
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Intensity (a.u.)

Fig. 6. Raw energy spectra of photons for all crystal angles. The scale labelled “Ruler” is the
uncalibrated crystal angle scale, the vertical scale is photon intensity per bin times the bin energy.
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Fig. 7. Background-corrected bremsstrahlung (Bethe-Heitler) spectrum from the crystal oriented
far from channeling or CBR. The vertical scale indicates intensity/bin times energy, i.e. it is
corrected for the 1/FE behavior of bremsstrahlung.

Crystal orientation was set with primary beam to ensure the crystal angle was
near alignment. Spectra were taken at a total of 9 crystal angles covering the whole
deflection triangle plus data points outside of the triangle. Figure 6 shows the raw
data collected, already indicating a strong enhancement at aligned angles. Figure 8
shows a 3-d plot of the full, calibrated data set, against crystal angle and photon
energy. The intensity enhancement in VR alignment is quite evident. The incoming
secondary electron beam had a lo divergence of about 75 prad. This exceeds the
critical angle for channeling (about 60 urad at 12.6 GeV) and therefore washes out
features in the spectrum related to channeling radiation.
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Fig. 8. Measured energy spectrum of photons wvs crystal angle.

5. Modeling

To understand the nature of the distribution, the spectrum was compared to the
results from a simulation model of the spectrum ™. This model determines the tra-
jectory of an electron by numeric integration of the equation of motion using the
Doyle-Turner potential in an appropriate form for our crystal. With this trajec-
tory, the Lienard-Wiechert radiation integral is evaluated using the Belkacem, Cue
and Kimball (BCK) radiation integral'®!6. This calculation is then done for 1000
particles at the different crystal orientations comparable to that of the experiment.
The calculation reproduces the Bethe-Heitler spectrum at angles far enough away
from the aligned orientation; the Bethe-Heitler calculation is used as an intensity
calibration. Similar features are observed when comparing the experimental 3-d

2500
2000

1500

hw[MeV]

1000

-200 0 200 400 600
Entry angle [urad]

Fig. 9. Simulation of photon energy spectrum vs crystal angle.
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distribution (Figure 8) to the simulated distribution (Figure 9). A direct compari-
son of data and model calculation between 100 and 300 urad crystal angle is shown
in Figure 10. By“tagging” the photons in the simulation model it is found that

0.5

Simulation 200 jirad
Simulation 300 prad
Simulation 500 prad
B Data 500 prad
A Data 300 prad
@® Data 200 prad

0.4

- background

0.3

0.2 |

0.1+

Filtered SciFi times energy on x scale

L L L L L )
0 500 1000 1500 2000 2500 3000 3500

-0.1

hw [MeV]

Fig. 10. Energy spectra of photons for three crystal angles. The data are shown as points with
error bars, the lines show the result of the modeling calculations.

the photons associated with the high intensity peak around 100 to 300 urad are
predominantly generated by volume reflection. However, both the model as well
as the data exhibit a CBR component evident by their energy-angle correlation in
both the model as well as the data. The enhancement of the VR radiation over
the Bether-Heitler intensity is a remarkable factor of 8 at the maximum energy and
angle.

6. Future Work

With ongoing refinement of our experimental technique we will focus on radiation
detection. Our results for channeling efficiency and the efficiency of the VR, process
as well as the v rays from volume reflection suggest a number of follow-on exper-
iments to further improve our understanding of the origin of the radiation as well
as considering application of crystals in radiation generation. At FACET-II, exper-
iments with much higher intensity are possible, but if spectral analysis is desired,
a device like a Compton spectrometer would be needed, e.g. like the Los Alamos
spectrometer 7.
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Experience with Crystals at Fermilab Accelerators
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Crystals were used at Fermilab accelerators for slow extraction and halo collimation in
the Tevatron collider, and for channeling radiation generation experiments at the FAST
electron linac facility. Here we overview past experience and major outcomes of these
studies and discuss opportunities for new crystal acceleration R&D program.

Keywords: Colliders; accelerators; crystals; collimation; halo.

1. Slow extraction of the Tevatron beams

Strong interplanar fields in crystals O(10 V/A) can be effectively used for various
manipulations over charged particles with even the highest energies!, such as 1 TeV
protons in the Tevatron? or 6.5 TeV ones in the LHC?3.

Following the 1980’s exploratory experiments with crystals in secondary particle
beams at Fermilab®, a series of slow extraction studies at the Tevatron collider, led
by R.Carrigan and organized under the umbrella of the Fermilab Experiment E853,
had taken place in the 1990s%7. Detailed technical description, scientific results
and historical background can be found in®?.

Luminosity driven channeling extraction has been observed for the first time
using a 900 GeV circulating proton beam (the highest energy at that time) at the
superconducting Fermilab Tevatron® - see Fig.1 a). The extraction efficiency was
found to be about 30%. A 150 kHz beam was obtained during luminosity driven
extraction with a tolerable background rate at the collider experiments. A 900 kHz
beam was obtained when the background limits were doubled.

In the follow-up E853 development?, the beam extraction efficiency was about
25%. Studies of time dependent effects found that the turn-to-turn structure was
governed mainly by accelerator beam dynamics. Based on the results of the E853
experiment, feasibility of a parasitic 5-10 MHz proton beam from the Tevatron
collider was established.

The extracted proton flux depended strongly on the crystal alignment with
typical rms width of +2 prad - see Figs. 1 b) and 1 ¢) - and on the source of the
particle’s diffusions: e.g., it scaled quadratically with the power of the tranvesrse
dipole noise heating and linearly with the proton-antiproton luminosity in the range
(0.1-1)-10%° cm =251,
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Fig. 1. Crystal assisted proton extraction from the Tevatron: a) schematic of the E853 experi-
ment; b) 39 mm long, 3 mm high, 9 mm wide bent Si crystal cut along (111) plane; ¢) dependence
of the extracted proton flux on angular alignment of the crystal (adapted from 7).

2. Halo collimation by bent crystals in the Tevatron

The Tevatron Run II (2001-2011)2 employed a two-stage collimation system in
which a primary collimator is used to increase the betatron oscillation amplitudes
of the halo particles, thereby increasing their impact parameters on secondary col-
limators'®. A bent crystal can coherently direct channeled halo particles deeper
into a nearby secondary absorber, thus, reducing beam losses in critical locations
around the Tevatron ring and the radiation load to the downstream superconduct-
ing magnets'!'. There are several processes which can take place during the passage
of protons through the crystals: a) amorphous scattering of the primary beam; b)
channeling; ¢) dechanneling due to scattering in the bulk of the crystal; d) volume
reflection off the bent planes; and e) volume capture of initailly unchanneled parti-
cles into the channeling regime after scattering inside the crystal. Particle can be
captured in the channeling regime, oscillating between two neighboring planes if it
enters within crystals angular acceptance (critical angle) of:

_ |2
b= |20 (1)

where p is the particle momentum and Uy is the crystals planar potential well
depth. For 980 GeV/c protons in the Tevatron, the critical angle for (110) plane
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of a silicon crystal is about 7 urad. If the particle momentum is not within the
critical angle but has a tangency point with the bent planes within the crystal
volume, almost all particles are deflected to the opposite direction with respect to
the crystal bending - the effect is called the volume reflection (VR) which has very
wide angular acceptance equal to the crystal bend angle of the order of hundreds of
microradians (vs several microradians of the channeling acceptance). The drawback
of the volume reflection regime is that the deflection angle is small, approximately
(1.5-2)x0.. However, this can be overcome by using a sequence of several precisely
aligned bent crystals, so that the total deflection angle is proportionally larger.

a El
) L280 LEO033 Scintillating
BLM counter |:| paddles HLH
2373 m
0 Channeled beam EO3
EO 1 lecm2 15m

PIN diode

Fig. 2. Bent crystal collimation in the Tevatron: a) schematic of the T980 setup; b) O-shaped 5-
mm silicon crystal with a bending angle of 0.44 mrad; c) eight strip crystal assembly for consecutive
volume reflections; d) image of a pixel detector near E03 collimator showing the channeled beam
profile (adapted from 211).

In the Tevatron beam crystal collimation experiment T980'! both single crystals
(for vertical and horizontal deflection) and multi-strip crystal assemblies (for vertical
multiple VR) have been used. The bent crystal collimation of circulating beams
is very different from that of extracted beams because of smaller initial impact
parameter (the depth of the particle penetration at the first interaction with the
crystal) and the possibility of interplay of different effects. In an accelerator such
as the Tevatron several phenomena determine the impact parameter: diffusion due
to scattering on the residual gas and noise in magnetic field ~4 nm/turn'/?; the
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RF noise results in the diffusion rate of ~12 nm/turn'/? (hor.) and ~4 nm/turn'/?
(vert.); beam diffusion due to beam-beam or other nonlinear effects can produce up
to ~(10-40) nm/turn'/2. Interactions with amorphous targets lead to the diffusion
rate ~200 ,um/turnl/2 for a 5 mm length of amorphous silicon, and about ~4
1200pm/ turn'/?2 for a 5 mm tungsten primary target. Also, of importance transverse
orbit oscillations with amplitude of about 20 pm and frequencies of 15 Hz and the
35 Hz (1300 turns) synchrotron motion of particles near the boundary of the RF
bucket with amplitudes of some 1 mm (hor) and some 70 p m (vert). The resulting
impact parameters are estimated to be of the order of 0.2-1 pm for transverse halo
particles and 10-30 pm for the particles in the abort gaps which have leaked out
of the RF buckets. All that makes the properties of the surface of the crystal, its
roughness and/or the miscut angle (rather than the bulk of the crystal) pivotal for
the halo collimation.
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0,.=22+-4 prad
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p-pbar collisions, 980 GeV/beam
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Fig. 3. The scan of the near crystal radiation counter signal (interaction probability of 980 GeV
protons with Si) vs crystal alignment angle (adapted from?2).

Figure 2 shows a schematic of the T-980 experimental layout, some critical
hardware and results. During normal Tevatron operations, a 5-mm tungsten target
scatters the proton beam halo into a 1.5-m long stainless steel secondary collimator
E03, 50 m downstream of the target. For the bent crystal experiments, a goniometer
containing single or multi-strip bent crystals is installed 23.7 m upstream of the
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Table 1. Main parameters of the FAST electron beam.

Parameter FAST ILC specs. Comments
2019
Beam energy: max. 301 MeV 300 MeV 100 MeV for IOTA
low-energy area 20-50 MeV typical 34-43 MeV
electron gun 4-5 MeV typical 4.5 MeV
Bunch charge 0.1-3.2 nC 3.2 nC typical 0.5 nC, depends
on number of bunches
Bunches per pulse 1-1000 3000 typical 100, 3 MHz rate
Pulse length upto 1 ms 1.0 ms typical 0.01-0.2ms
Pulse rep.rate 1 Hz 5 Hz
Transv. emittance (n, rms) 1-5 pm 5 pm grows with intensity
Bunch length (rms) 1.2-2.4 mm 1 mm without compression

E03 collimator. Scintillation counter telescopes detect secondary particles from
protons interacting with the target and E03 collimator. An ionization chamber
(beam loss monitor LE033) also detects secondary particles scattered from EO03.
A PIN diode telescope detects the secondaries scattered from the bent crystal.
Under the above configuration, channeled beam is signaled by a reduction of the
rate in the PIN telescope (channel LE033C) - as shown in Fig.3. Depending on
the angle between the incident particle’s orbit and the Si crystal plane, observed
are channeling dip with a width of 2244 urad (rms), volume reflection plateau and
amorphous scattering. The width of the channeling dip is a convolution of the beam
divergence, the channeling critical angle, multi-pass channeling effects and possible
crystal distortions. At the bottom of the dip, the LE033C signal is about 20% of
the signal at a random angular setting. This depth is a measure of the channeling
efficiency of 80%.

The crystal collimation had been used during many collider stores in 2010’s
with peak luminosities upto 400-10%° cm~2s~!. Since 2009, the system had push-
pull crystal goniometers in both planes and a two-plane crystal collimation has been
attempted for the first time. High-resolution pixel telescope was installed in front
the downstream collimator and allowed to measure channeled and volume reflected
beam profiles at those location - see Fig.2 d). Also, observed were multiple-volume
reflected protons (off an 8-crystal assembly in which each strip coherently adds a
8urad bend to the same proton) and a two-fold reduction of beam losses around
the ring due to crystal channeling, specifically in the CDF and DO collider detector
regions.

3. Crystal channeling radiation experiment at FAST

Channeling radiation (CR) can be generated when charged particles such as elec-
trons or positrons pass through a single crystal parallel to a crystal plane or axis.
The main advantage of the CR is to produce quasi-monochromatic high energy
X-rays using a low energy electron beam below 100 MeV (compare with the syn-
chrotron radiation, currently the main X-ray source that requires a few GeV electron
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beams to generate X-rays of tens of keV).

Recently constructed Fermilab Accelerators Science and Technology (FAST) fa-
cility '? hosted series of studies aimed to produce high brightness X-rays using a
low-emittance 50 MeV electron beam, and to demonstrate that CR can be used as
a compact high-brightness X-rays source!3!4. The FAST injector!® (see main pa-
rameters in Table 1) which consists of a CsTe photocathode located in a 1+1/2-cell
RF gun followed by two L-band (1.3 GHz) superconducting accelerating structures
can generate a low emittance electron beam. The electron energy can reach up to
50 MeV downstream of the last superconducting cavity. A 160 pum thick diamond
single crystal (with some 1 mrad critical angle for 43 MeV electrons) was installed
and oriented so that the electron beam propagates parallel to the (110) plane of the
crystal - see Fig.4.

a)

. Superconducting cavities Quadrupole Quadrupole
Elecion magnets :
Gun ,IVV\ IWM MNV\ magnets B Bending magnet crystal
A e 0
; V\ij Goniometer é X-ray detector
RF cavity &

crystal

ﬁ X-ray detector

| : steering magnet () : Beam position monitor [ : Dipole magnet ‘

Beam dump

d)

Fig. 4. Crystal channeling radiation experiment at FAST: a) schematic view of the experiment;
b) crystal goniometer assembly; c¢) crystal goniometer assembly installed in low energy electron
beamline; d) energy spectrum of emitted X-rays (adapted from 16:17).

Many channeling spectra were summed together for 30-fC/pulse electron beam
in Fig.4d) indicating three peaks over the bremstrahlung (BS) background spectrum
at 75 keV, 87 KeV and 108 keV 6. Originally, the peaks were expected at 51 keV,
67 keV with much higher signal above the BS background!” and the discrepancy
might be explained by the effects of nonlinear detector performance in the radiation
environment, crystal morphological changes due to aging, or the electron beamline
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Fig. 5. Proof-of-principle CNT acceleration experiment proposal (see text): a) focusing pre-
modulated electron beam on a CNT plate, b) simulated beam image on a screen after the vertical
bending spectrometer magnet with(left) and without(right) proper CNT alignment; c) concept
of the THz microbunching of the FAST electron bunch using vertical slit-mask in the chicane
(adapted from20:21),

4. Possibilities for CNT acceleration tests at FAST

Initial outlook for ultimate future energy frontier collider facility with beam energies
20-100 times the LHC energy indicates promising potential of a compact 1 PeV lin-
ear crystal collider based on acceleration of muons (instead of electrons or hadrons)
in super-dense plasma of crystals was'®. Nanostructures, such as carbon nanotubes
(CNTs) can also be used offering a number of advantages over crystals for a proof-of-
principle experiment (wider channels and weaker dechanneling; possibility to accept
broader beams using nanotube ropes, easier 3D control of beam bending over greater
lengths) 1%, Simulations of the proposal of such a study at FAST?° assume exci-
tation of wakefields in the CNT plasma by short intense pre-modulated electron
bunch - see Fig.5. The beam density modulation (microbunching) is needed for
resonant excitation of the wakefields at the CNT plasma wavelength A, ~ 100um
and can be arranged via, e.g., the use of a narrow vertical slit mask in the chicane
section of the low-energy FAST beamline, as depicted in Fig. 5 c¢)2!. The effect

page 7
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of ~300keV CNT acceleration will manifest itself as widening of the vertical image
size on the beam image screen after the spectrometer magnet, .

Another possibility of using 300 MeV electron beam at FAST for effective muon
production was discussed in?? where efficiency of e — p conversion was estimated
to be O(107%). FAST beams can be used for related studies of the electron beam
filamentation (Weibel instability) in solid density plasmas, muon detection, calibra-
tion of theoretical models and integration of future experiments on acceleration in
crystals at lager facilities, such as, e.g., FACET-II.

5. Conclusions

Fermilab has a long history of research and operational use of crystals in high en-
ergy accelerators starting with employment of them in extracted and secondary
beamlines in 1980’s, followed by the pioneering E853 experiment on crystal as-
sisted proton extraction by R.Carrigan, et al. during the Tevatron Collider Run
I in 1990’s and the T980 crystal collimation studies in 2005-2011 by N.Mokhov et
al.. Recently constructed FAST 50-300 MeV electron linac hosted crystal chan-
neling radiation studies and offers opportunities for various experiments towards
proof-of-principle studies of acceleration in crystals and nanostructures. Significant
past experience and available hardware can be very helpful for future exploration
toward pre-FACET II crystal acceleration experiment (integration and tests of de-
tectors); particle channeling in CNT's; muon production and capture. Together with
other possible experiments at FACET-IT at SLAC, BELLA at LBNL and AWAKE
at CERN, with high energy high-Z ions available at RHIC or LHC or with self-
modulated electron beams in the SASE FEL facilities, like, e.g. the LCLS-I and -II
at SLAC , these studies at FAST can provide new insights into the feasibility of the
concept of beam acceleration in solid-state plasma of crystals or nanostructures like
CNTs, the promise of ultra-high accelerating gradients O(1-10) TeV/m in contin-
uous focusing channels and, thus, prospects of the method for future high energy
physics colliders.
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Schemes of Laser Muon Acceleration: ultra-short, micron-scale beams
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Experimentally accessible schemes of laser muon (u¥) acceleration are introduced and
modeled using a novel technique of controlled laser-driven post-processing of cascade
showers (or pair plasmas). The proposed schemes use propagating structures in plasma,
driven as wakefields of femtosecond-scale high-intensity laser, to capture particles of di-
vergent cascade shower of: (a) hadronic type from proton-nucleon or photo-production
reactions or, (b) electromagnetic type. Apart from the direct trapping and acceleration
of particles of a raw shower in laser-driven plasma, a conditioning stage is proposed to
selectively focus only one of the charge states. Not only is the high gradient that is sus-
tained by laser-driven plasma structures well suited for rapid acceleration to extend the
lifetime of short-lived muons but their inherent spatiotemporal scales also make possible
production of unprecedented ultrashort, micron-scale muon beams. Compact laser muon
acceleration schemes hold the promise to open up new avenues for applications.

Keywords: Laser-Plasma Muon Acceleration; Muon-Antimuon Pair-plasma.

1. Laser Wakefield Particle Acceleration in Gaseous Plasmas

Laser-plasma electron accelerators® enabled by Chirped-Pulse Amplified (CPA)
2 are now capable of producing several GeV? electron (e~) beams in
centimeter-scale gas plasmas. These widely prototyped accelerators have demon-
strated propagating acceleration structures, driven as wakefields of a CPA laser
pulse, that sustain average gradients of several tens of GVm™! and acceleration of
a few percent energy spread e~ beams in centimeter-scale gas plasmas.

Apart from this, a two-stage laser e~ accelerator? and a laser positron (e')
accelerator® are also under active investigation®. These advances in acceleration
techniques coupled with the rapid ongoing development of CPA lasers open up
the possibility of an affordable high-energy physics (HEP) et-e~ collider” at the
energy-frontier. Orders of magnitude increase in acceleration gradients is expected
to enable significant reduction in the size and cost of accelerator machines that
underlie a collider. Apart from high-energy physics, these compact accelerators are

lasers
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also expected to have a wide variety of applications in medical®, light-source and
imaging technologies®.

However, laser acceleration of exotic particles remains largely unexplored. Laser
acceleration of positrons in gaseous plasmas has been introduced using an innovative
model of controlled interaction of positron-electron pair plasmas or particle showers
with laser driven plasmas®. There have been recent efforts towards experimental
prototyping of laser positron accelerator®.

In this work we introduce mechanisms of laser acceleration of muon (u
exotic fundamental particle which as a second generation lepton. The mechanism
introduced here follows the same methodology as the laser positron accelerator® and
is well within the reach of the experimental capabilities of existing laser-plasma and
RF acceleration test facilities. We propose and analyze the short-term experimental
viability of various muon production schemes and demonstrate the processing and
acceleration of the generated muons using laser-driven plasmas.

i)lo’ an

In section 2, scientific and technological applications of muons are reviewed and
the potential of a compact muon source towards novel applications is discussed. Ex-
isting and well-studied techniques of muon production using conventional methods
such as beams from traditional RF accelerators as well as techniques that utilize
novel physics of uncommon interaction processes are reviewed in section 3. The pa-
rameter regime for laser muon acceleration in gaseous plasmas is explored in section
4 and the muon-antimuon source parameters desired for matching to laser-driven
plasma acceleration structures are identified.

An evaluation of three distinct mechanisms for micron-scale muon and antimuon
production, whose source properties are matched to the laser acceleration parame-
ters as discussed section 4 and that are suitable for feeding a laser muon accelerator,
are presented in sections 5. The experimental viability of these schemes of muon
production for conversion efficiency and matching to a laser-driven post-processing
stage is also analyzed. Preliminary Particle-In-Cell simulations are presented in
section 6, to demonstrate the trapping and acceleration of muons produced as part
of cascade showers using photo-production method. In section 7, a mechanism for
segregation of oppositely charged species of muons by selective focusing is proposed
and examined using a plasma lens.

The paper concludes by summarizing various sections and a plan for future
work. An important part of the future work and application of ultrashort, micron-
scale muon beam is for their injection into crystal wakefield accelerators such as
attosecond x-ray pulse or submicron charged particle beam driven'!~!3
micron particle beam driven solid-state tube accelerators'*!®. The main advantage
of using muons in solid-state particle accelerators is that being second generation
leptons with mass around 200 times that of first generation leptons, electrons and
positrons, their synchrotron radiation losses that are o< (m./ mu)4 in high focusing
fields of a plasma wave are vastly reduced. Moreover, the radiative losses (including
bremsstrahlung and pair production) of muons also favorably scale as o< (m./m,,)?.

or sub-
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Also, muons can possibly be accelerated to very high energies in a single stage

continuous focusing system of crystal or CNT-based linacs 6.

2. Significance and Applications of Muons (u¥)

A compact muon source is attractive due to the distinct properties that are inher-
ently embodied in muons. These unique properties of muons in comparison with
particles that have been conventionally accessible for various applications like elec-
trons (e*), photons (y) or protons (p, p), have not only been key to enable a wide
range of technologies!” but have also played a pivotal role in exploration of an
alternative energy-frontier collider design. Being a heavier lepton, the point-like
characteristic of muon despite its higher mass, m, ~ 207m, provides precision of

18 Moreover being heavier than
4 :t)

collision point energy over p-p or p-p collisions

e*, muons have lower synchrotron radiation (o< m;,

T
(x m;z, over e*) even at higher energies (E,,) \A;hiCh enables deeper penetration
depth in materials and greater stability of high E,, storage-rings. The weak force
mediated p* decay (7, ~ 2.2us E,/m,)' has permitted neutrino flavor oscilla-
tion studies (/%) through high-intensity (N, o E;?) v-production®.
sources however currently demand many tens of meters of proton accelerators?!
under 100MVm~! gradient limit 2.

Due to lack of affordable technologies for controlled muon sources available thus
far, raw cosmic p* flux from extensive air showers (lem™2min~! > 1GeV with
cos? fall-off from vertical) has been used in an expanding range of applications
of muography'” in nuclear threat detection??, archaeology??, geosciences2?® that
require long stopping range (E, 2 1GeV). Slow u® with short stopping range,
from lab-based sources are also widely used in material?6, molecular?” and medical

over e*) and radiative losses

Muon

sciences?® etc. through p* spin relaxation (uSR) spectroscopy?’. Muons are also
attractive for research in areas like true-muonium?° (u*-p~) atomic physics and
" -catalyzed fusion?®! etc.

Development of compact and tunable muon sources with controllable E,, spec-
trum, ultra-short bunch lengths and micron-scale transverse properties, as studied
here, is therefore attractive not only for technological but also for HEP applica-

11-15

tions which additionally demand high average flux and ultra-low emittance.

3. Conventional u* Sources:
Hadronic shower and Direct production

Conventionally, production of muons in a laboratory environment has been realized
using several distinct processes.

Hadronic showers>?, produced through proton-nucleon reactions when hundreds
of MeV proton beams?33:3 +
and fractionally other mesons), with large energy and angular spread, that undergo

spin-polarized decay to pu® 32.

strike targets, predominantly contain 7=-mesons (pions
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Hadronic 7#-p* showers also produced through photo-meson reaction®” have

been modeled using 2 140MeV electron beam undergoing bremsstrahlung in a tar-
get to produce MeV-scale 7& that decay to pu*. At electron beam energies near
7% mass, photo-pion production process dominates whereas contributions of other
simultaneous processes towards m*-meson production such as Bethe-Heitler (BH)
p*t pair production mediated by a nuclei and 7% electro-production (trident-like)
process mediated by virtual photons during inelastic scattering of electrons off of a
nuclei, is relatively small.

Efficient p* production from hadronic showers demands methods for confine-
ment of the divergent 7&-p* flux3>3%. A high proton to u* yield requires meth-
0ds?135 to capture and rapidly accelerate u* from hadronic showers to many times
the rest-mass energy of muons over < c7, 18 as well as to simultaneously cool the p*
phase-space obtained from the divergent 7+-u* flux. Moreover, 7*-decay lifetime
demands many meters long confinement channel (c7, ~ 8E,/m, m)?3®.

Direct p% production processes have also been studied. BH muon pair produc-
tion using an electron beam of much higher-energy than 7%-u% rest mass undergoing
bremsstrahlung is well established®’. Direct u* production using e~ -photon scat-
tering?? requires head-on collision between GeV-scale e~ beam and tens of MeV

41 But, scaling up the yield and energy spectrum of MeV-scale photon

photons
itself relies on a high-degree of precision to make possible Compton scattering inter-
action. Breit-Wheeler (BW)42 pF pair production (time-reversal symmetry of u*
annihilation), as opposed to BH pair production, requires > 212MeV center-of-mass
photon-photon collision which significantly increases the complexity of simultane-
ous control over two hundreds of MeV photon sources (in contrast with BH process
which requires one photon and a heavy nuclei).

Beam mediated direct x* production from photons interacting with a relativis-
tic nuclei*® not only requires hundred MeV-scale photons possibly being obtained
using bremsstrahlung but also a highly relativistic ion beam. Nonlinear BW pro-
cess (multi-photon) is more accessible using CPA lasers but suffers from ultra-low
yield. Direct pu* production using e™ and e~ annihilation in a stationary target*®
which requires > 43GeV et beam and Relativistic heavy ion collisions“% both de-
pend on kilometer-scale machines. Resonant annihilation during ring stored e*
and e~ beams to directly produce pu* pairs also requires hundreds of meters of rf
accelerators®7.

With the advent of advanced acceleration methods® laser-driven electron accel-
erators have been proposed for hadronic shower production using laser-plasma accel-
erated (LPA) multi-GeV e~ interacting with a target has been modeled *8. Compact
and tunable ;% sources and corresponding laser muon acceleration schemes however
still remain vastly unstudied and thus yet unrealized.
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4. Laser Muon (u*) Acceleration:
Rapid Acceleration, Ultrashort Bunches & Micron Spot-size

In this paper, compact and tunable schemes of laser muon acceleration are proposed
and studied. These schemes of laser muon acceleration are based upon the interac-
tion of controlled laser-driven plasma sustaining traveling plasma density structures
with matched laser produced cascade showers which when under external confine-
ment are also labelled as pair or exotic matter plasmas. The process of matching
of cascade shower characteristics such as its energy spectra and transverse phase
parameters is explored here.

4.1. Properties of laser wakefield acceleration structures in
plasmas

The acceleration and focusing gradients (Eplasma) inherently sustained in laser-

driven plasmas:

Eplasma = n0(10200m73) Tmel (1)

where ng is the plasma electron density, are especially well suited for trapping
and acceleration of short lifetime (7, 7,) particles. Trapping short lifetime heavier
particles (ﬂ'i,,ui) that are predominantly produced from the source at a small
fraction of the speed of light required that the velocity of the laser-driven structures
is small enough to allow significant interaction time. The plasma density also plays
a critical role as the group velocity of a laser (ﬁé.aser) and thus of the co-propagating
acceleration structure in the plasma (Bgcc) is:

1 1
6éaser ~ /Bacc ~ \/1 _ m nO(IOQOCm*?’) A%(um) Te(fm) (2)

where, )\g is the laser wavelength and r, is the classical electron radius, 2.818 fm.

Rapid acceleration within the lifetime of unstable particles to many times their
rest-mass energy, using high-gradient laser-driven acceleration structures, extends
their lifetime proportional to the Lorentz factor acquired through acceleration. This
rapid extension of lifetime enabled by high-gradient laser acceleration thus increases
the efficacy of unstable particles for applications.

While the high focussing fields are quite effective for initial trapping, muons
being a heavier lepton undergo smaller transverse oscillations driven radiation losses
under off-axis displacement relative to electrons interacting with equivalent fields.

Moreover, the natural dimension of laser acceleration structures in plasma is of
the order of plasma wavelength (Aplasma),

3.3

A lasma == m = Lbeamarbeam 3
P n0(1020cm=3) : ®)

which makes possible for the spot-size of the accelerated particle beams (rpeam) to
be micron scale in plasma. Similarly, the bunch-lengths (Lpeam) when using laser
accelerators is also of the order of the plasma wavelength which has a range of a
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few to tens of microns. Thus, the muon beam when accelerated within a plasma
acceleration structure is not only micron-scale transversely but also has an ultra-
short bunch-length. This inherently micron-scale dimensionality of the acceleration
structures makes possible unprecedented energy density of exotic particle beams
when accelerated using laser accelerator schemes, as proposed here, if a sufficient
number of exotic particles are effectively produced and trapped.

For a Ti:Sapphire CPA laser with characteristic center wavelength, Ao = 0.8um,
laser group velocity (ﬂ;aser, eq.2) and plasma wavelength (Aplasma, €9.3) with plasma
density is shown in Fig.1.

laser group velocity, (8,) (left) & plasma wavelength, A, (right) vs. plasma density, ng
1

09+

0.8+

0.7

Ape (um)

laser group velocity, (53,)

0.5+

0.4 L I 1 =
1 x 10% 3 x 10" 1 x 10% 3 x 10% 1 x 102
plasma density, ng (cm™)

Fig. 1. Laser group velocity (B_}f‘ser, eq.2) and plasma wavelength (Aplasmas €d.3) with plasma
density for a Ti:Sapphire (active medium) CPA laser with central wavelength, Ag = 0.8um.

4.2. Matching of cascade showers with laser-driven plasmas

As evident from the micron-scale sizes of acceleration structure in laser-driven
plasma it is however important that the exotic particle source that couples the
particles into the acceleration structure is precisely controllable. The source should
have the ability to constrain the produced exotic particles within a small transverse
spot-size in addition to producing an energy spectrum which optimizes the capture
efficiency through longitudinal interaction dynamics.

Therefore, it is quite critical to understand various limits under which mecha-
nisms that produce cascade shower can deliver a micron-scale spot-size to match
with the transverse size of the laser acceleration structures or at least be of the
same order of size. For further enhancement of the efficiency of capture from these
exotic particle sources it is essential to understand and control its energy spectra
and transverse phase-space properties by varying the beam and target properties.
Through detailed characterization of shower properties over the drive beam and
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target property parameter-space the laser post-processing stage can be optimized
to match with the characteristics of the shower.

The exotic particles produced from a controlled source are post-processed using
a laser-driven plasma acceleration structure. The laser-driven plasma acceleration
structure may be a plasma wave or a slowly propagating charge separation structure.
By varying the laser-plasma properties of the post-processing stage the proposed
schemes seek to enable a match with the pair plasma properties.

In this paper, schemes of laser muon acceleration are proposed, as listed below,
and examined:

(1) Laser-driven post-processing of electron and/or positron beam driven
hadronic shower to trap and accelerate muon as well as pion pairs.

(2) Laser-driven post-processing of proton beam driven hadronic showers to
trap and accelerate muon as well as pion pairs.

(3) Laser-driven positron-electron storage ring for tunable muon pair produc-
tion through positron-electron annihilation.

Apart from the direct interaction between cascade showers and laser-driven
plasma wave, it is also possible to segregate a species of one charge state before
the interactions. To enable this indirect interaction with a conditioned cascade
shower, a plasma lens®? is proposed to be inserted between the production and
post-processing stage. In the conditioning state, the discharge current direction
(sign of the external voltage) decides the sign of the particle species that will get
focused by the plasma lens.

5. Matched Muon (u*) Production for Laser-Plasma Muon
Acceleration

In this section, we present the underlying mechanisms and corresponding analytical
evaluation of muon-antimuon production schemes that produce muon phase-space
that are likely to be matched with the laser muon accelerator properties outlined
in section 4.

5.1. Scheme I:
Laser-driven plasma based post-processing of photo-produced
hadronic shower (e*-beam driven)

Electron and positron beams undergo bremsstrahlung radiation loss when propa-
gating in materials as they experience change in velocity due to the electromag-
netic force of the material nuclei in their propagation path. The energy of the
radiation emitted depends inversely on square of the particle mass undergoing
bremsstrahlung. The rate of energy loss of the particle is known to be directly pro-
portional to the particle energy (dE/dx = E/Xq, where, E is the nominal energy
of an arbitrary particle undergoing bremsstrahlung radiation, x is the coordinate
along penetration in the material and X is the radiation length of the material.
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From its definition, X is the penetration depth at which the particle energy reduces
to 1/e of its initial value). The photon energy spectrum follows the Bethe-Heitler

(BH) function, doy/dey = § 5= F(ey, En) ey !, where F(ey) ~ 1 — 1% +3 (%)2.
It is to be noted that as in the discussion in Tsai (1974)3°, BH formalism does not
include several effects attributed to the nuclei in the material such as screening of
nuclear field by atomic electrons and the shape of the nuclei etc.

Bremsstrahlung radiation from an electron or positron beam with energies much
higher than the rest-mass energy of muons and pions (F.+ > 140MeV) trigger

photo-production reactions in the presence of the nuclei in materials:

(R.1) photo-meson reaction:
Y+p—=7T+n
Y+n—>7m +p
Y+ Z, = 77 4+ Z5, and

(R.2) Bethe-Heitler muon pair-production reaction:
Y+Z s ptu +2Z

These reactions result in the production of u*(-7%) flux in addition to the e* elec-
tromagnetic shower (primarily through the BH positron-electron pair-production
process). The photo-meson reaction in (R.1), that produces 7% flux through
bremsstrahlung photon interaction with the nuclei has a differential cross section
which is at least one order of magnitude higher than that of the BH muon pair-
production. But, for centimeter-scale thick targets it is expected that the 7+ flux
component gets suppressed and de-collimated due to absorption and scattering off
of the nuclei after pions are produced. On the contrary, thinner targets while in-
creasing the 7% flux result in the suppression of the p* flux.

These photo-production reactions, (R.1) and (R.2), dominate the production of
hadronic u* showers. The inelastic electron scattering reaction, e+ 2 — €/ 4+ Z +75
has a differential cross-section which is less than about 1% of the cross section of
above reactions when the electron energy is much higher than the threshold energy
of ~ 140 MeV. This considerably smaller differential cross-section for the inelastic
scattering process in the eZ process is due to the extra electromagnetic vertex
associated with a virtual photon, do.z o a*Z? as compared to doyz o a®Z2.

The cross-section of BH muon pair-production has been estimated over a wide
range of parameters. In the case where the electron or positron beam that is used is
ultra-relativistic (y,+ > 1) such that the typical bremsstrahlung photon energy, ey
is much higher than muon pair rest-mass 2 muCQ, then the integrated cross-section
of the photo-production reaction, Y+ Z — pu*u~ + Z can be simplified *®.
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9
Ey > Qm#c2
gy~ E.+ 2 3 GeV (for validity of below BH cross-section)
28, 2 2ey 109 (4)
T ey Z°arl (hlm#cQ Ty

107*m ™2 = 0.5 milli-barn (gy ~ 200MeV, Z ~ 79)

OyZy—»ptp=2y =
where,

rf the classical muon radius (rf = 1.36 x 1071"m), rf' = r§ x m./m,, where r§ =

ro = e?m_te™2(in cgs) is the classical electron radius (r§ = 2.82 x 10715m)

Z is the atomic number of the material nuclei

a is the fine structure constant = wp/c = e2h7let = /A =
e?(mec?) "L (hm e 1) (cgs), where vp is the velocity of the first orbit of
a Bohr atom, A, is the reduced Compton wavelength

gy is energy of bremsstrahlung photon

The inefficiency of the muon pair BH photo-production process using an electron
beam from a conventional rf accelerator relative to the positron-electron BH pair
production process is well known*® and is due to the smaller cross-section of the
muon pair-production process by a factor of (me/mu)2 ~1/(207)2.

The BH muon pair-production event rate Ryz, utu-z, = dN#idt_l can be
dN, +
u

estimated using Ryz, sptp-2, = —— = £ X Oyz, St -2,
Ny
L= O’Z,b:::;/c Ntarget Ttarget
1nC )
Ryzssntu—z, (in 50fs) = —— 5.9 x 1028m~3 1em 0.5 milli-barn (5)
e

Ryzy—ptp-2z, (in 50fs) ~ 10° pairs (1nC, 50fs, o, ~ 20um)
where,

Npeam; Tz—beam are the number of particles and the bunch length of the beam,
respectively
Ntarget, Ltarget are the number density and the thickness of the target

The estimated number of muon pairs per 10GeV electron is thus between 1074 —
1075 /e. For nominal FACET-II parameters® it is estimated that 10° pairs can be
produced when electron beam with Nyeam = % ~ 6.24 x 10° in 50fs bunch length
is incident on Gold target (Au) with number density niarget = 5.9 X 1028m =3 and
target thickness, Tiarget = 10=2m. The cross-section of BH muon pair production
is 0.5 milli-barn as estimated in eq.4.

The energy spectrum of the muon pairs photo-produced by (R.2) is exponential
and it peaks slightly above 2m,,c?. This implies that a large number of muons have
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Muons (antimuon) in Hadronic shower - velocity (left) & lifetime (right)
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Fig. 2. Photo-produced Hadronic shower with an exponential velocity distribution has the shown
muon velocity (8,,) and corresponding lifetime (v, 7,) over a range of muon kinetic energy.

a low velocity. The angle of propagation of the muons is directly proportional to
their relativistic momentum or the Lorentz factor.

In Fig.2, the properties of muons and antimuons contained a photo-produced
hadronic shower are captured. The left-hand axis shows the muon (and antimuon)
velocity while the right-hand axis their corresponding lifetime.

The energy spectrum and transverse phase-space of the particles in a hadronic
shower are therefore unconstrained. In the laser muon acceleration scheme intro-
duced here, the photo-produced hadronic shower which primarily comprises of muon
pairs is coupled into a laser-driven slowly propagating acceleration structure in the
plasma. This slowly propagating laser acceleration structure traps the charged par-
ticles and accelerates them.

From a comparison of Fig.2 on hadronic shower muon properties and Fig.1 on
laser group velocity it is apparent that to trap muons with greater than 10MeV
kinetic energy and velocities around 0.5c, it is necessary to use plasma densities as
high 102%c¢m 3.

laser 1 multi-GeV laser 2
e beam Muon

target
=\

A\

Fig. 3. Schematic of laser-plasma post-processing of photo-produced (photo-meson and BH muon
pair-production) aE-uE Hadronic shower driven by et beam in a target.

plasma 2
pF flux (+ mc¥)

plasma 1
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5.2. Scheme II:
Laser-driven plasma based post-processing of proton beam
driven hadronic shower

When proton beam is shot onto a target, direct interaction of protons with atomic
nuclei dominates the interaction. The resulting proton-nucleon reaction result in the
production of pions mediated by the strong force. These reactions occur between
the high-energy protons in the beam and the nucleons that constitute the atomic
nuclei:

(R.3) protons, p+p =7t +p+p
(R.4) neutrons, p+n —7n~ +p+p

Thus, the hadronic shower produced is primarily a pion shower. The threshold
proton beam energy required can be estimated from momentum four-vector of the
interaction:

th
EP

2
1
= l (2 + mﬁ) — 2] mpyc® =~ 0.31 myc? ~ 290 MeV (6)
nt 2 mp

The cross-section of proton-nucleon reactions which is dictated by strong inter-
actions is,

opp(Ep) =40 x 10727 em™2 = 40 mb,  (1barn = 10?*em™?)

0.7 (7)
opz(Z,A) > op, x A [opz(A > 100) ~ 1 barn]

The event-rate of pion production is calculated for a hypothetical ultra-short
(< 1 ps) 500MeV proton bunch with 1nC charge (Npeam = 6.24 x 10° protons)
incident on a lem thick Tungsten (Aw(Z = 74) ~ 184) target of number density

Ntarget = 6.3 X 10*2cm ™3 using below,

Ny,
»C Uz—b::::/ ntarget Ttarget
dN,,+
RpZ—wripZ = d'l; =L X OpZ (8)
1DC 28 3 8 &+
= —6.3x10"°m 2 1lem 1.54 barn =6.1 x 10° 7
e
laser 1 100s of MeV laser 2
proton bunch ;
h \
plasma 1 muon plasma 2
target -t flux

Fig. 4. Schematic of laser-plasma post-processing of proton-neutron reaction based w¥-p*
hadronic shower driven by proton beam in a target.
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This pion production process is thus quite efficient relative to the photo-
production process as it produces 0.1 pion per proton. It is also however well
known that 0.5GeV proton beams that can be focussed down to micron-scale spot-
size are not available in ultra-short pico-second scale bunches with 1nC scale charge.
Therefore, this scheme relies on a possible yet currently non-existent proton beam.

The energy spectrum and transverse phase-space of the shower pions is not
usable in any real applications. This demands capture and storage of pions in a
ring before they predominantly decay to muons.

In this laser muon acceleration scheme, the charged pions in the proton beam
driven hadronic shower are coupled into a slowly propagating acceleration structure
in the plasma. This slowly propagating laser-driven plasma acceleration structure
traps the charged pions (thus, does not trap n°) and accelerates them to high
energies. Relativistic pions decay in a small forward angle and thus acceleration of
pions is essential to increase the capture efficiency of muons produced from pion
decay. However, the meters long pion confinement channel needed after the laser
acceleration stage does not allow for a compact design.

5.3. Scheme III:
Laser-plasma positron electron maini-collider storage ring

Standalone laser-plasma electron accelerators have been shown to produce multi-
GeV beams which undergo bremsstrahlung in a metal target which results in BH
pair production of positrons and electrons. The resulting particle shower is post-
processed using a laser-driven plasma stage to trap and accelerate a positron and
electron dual bunch beam. The proof-of-principle of a positron laser-plasma accel-
erator has been demonstrated® and is currently under active investigation®.

These beams are stored in a mini-Collider ring where at the interaction or colli-
sion point muon pairs are produced close to their resonance from electron positron
annihilation mediated by a virtual photon of the collision point energy. Energy
asymmetry between the positron and electron beams is preferable as the produced
muon pairs then have an initial kinetic energy and can thus be injected into a
subsequent acceleration stage.

electron-positron annihilation source

Interaction
Point

Fig. 5. Schematic of a muon source using mini Collider based upon laser-plasma positron electron
storage ring .
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Positron-electron annihilation allows access to the frontiers of center-of-mass
energy and have thus been tools for discovering new physics. Advances in accelerator
physics strive to make these tools compact and affordable. However, in this scheme
a mini-Collider with a tunable energy symmetry between the colliding electron and
positron beam energy enables the production of tunable energy muon beams.

During the collision of unpolarized spin electron and positron beams, the annihi-
lation differential cross-section of muon pair production (which exhibits the typical
QED 1/s dependence of the cross-section) is,

— Am2 2 2 2

dUeiaui ~ et he? W 1 +4M + 11— % 1— 4m” cos?6
dQ 6472 s /s —4m? s § §

does 2+ et h2c?
dQ)  64n?

(14 cos®0) (under, \/s' > m, >m.)

(9)
and the integrated cross-section of electron-positron annihilation during collision to
muon-antimuon pair is,

does - A, h?c? 87 nbarns
— 0= — = 10
et op / < aQ ) d 3% s s (in GeV?) (10)

where,
Octu+ is the cross-section of the reaction electron-positron collision to muon-

antimuon pair production

Q is the solid angle in the real space

me, m,, are electron and muon mass respectively

s is the norm of the summed momentum four-vectors of electron (p) and positron
(p) beam at the point of collision (||p + p||?),
it is also the norm of the summed muon (k) and anti-muon (k) momentum
four-vectors at the point of collision (||k + k]|2)

6 is the angle between p and k

« is the fine structure constant

The event rate (Ret_,+ = dN,xdt™!) muon-antimuon pair-production in
positron-electron beam (assumed to have a Gaussian spatio-temporal profile) colli-
sion which depends on the luminosity (£, cm~2s~!) parameter is therefore, and the
integrated cross-section of electron-positron annihilation during collision to muon-
antimuon pair is,

N¢ N¢
L= 7 .=
dm o¢" ot

dAN,+

S frep (equal bunchlengths,a:+a§7)

Rex = (per collision) = T e S (11)
op Oy

1 a2 N Ne™ .
=L X0yt =~
S

3 7 NN
s (in GeV2) o¢toe

where,
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et
r o

o
<
bunches of spatio-temporal Gaussian profile, respectively.

N €+, N¢ is the number of particles in Gaussian positron and electron bunches,

o ot is the radial waist-size of radially symmetric positron and electron

respectively.

S is the Luminosity reduction factor due to several practical considerations such
as crossing angles, Non-Gaussian profiles, Hourglass effect due to tight fo-
cussing, collision offsets etc.

frep is the number of collision per second

For this scheme, we assume that laser-plasma accelerator produced positron
and electron bunches of 200 pC (Ne+ ~ N¢ =~ 1.25 x 10° particles per bunch)
each are coupled to a storage ring and are made to collide at a collision point with
tightly focused beam waist-size of a§+ ~ 0¢ ~107m = 0.1 nm (difficult, if not
impossible). Assuming that the electron beam energy is E,- = 150MeV and that
of the positron beam is E.+ = 100MeV then the number of muon pairs produced
is only about ~ 1500 with an initial kinetic energy of few 10s of MeV.

So, while the mini collider-based scheme produces beams of small spot-size,
bunch length and transverse emittance, it is quite ineffective at scaling the number
of muons at each collision event.

6. Particle In Cell Simulation of Scheme 1:
Controlled interaction of pu-pu~ pair-plasma with laser-driven
plasma

Multi-dimensional PIC simulations are used to validate the laser muon acceleration
schemes outlined above, especially with relevance to the Scheme I (section 5.1). The
PIC simulation reported below use the open-source EPOCH code®!. In this section,
2%D simulations adjusted to match 3D simulations are presented for preliminary
evaluation of trapping and acceleration of muons. In these simulations, a 2D carte-
sian grid which resolves Ao = 0.8um with 20 cells in the longitudinal and 15 cells in
the transverse direction tracks a linearly-polarized laser pulse at its group velocity.

The photo-produced hadronic particle shower driven by multi GeV electron
beam shows a peak in its energy spectrum around muon energy of 200MeV 8.
In the simulation results presented in this section, the hadronic shower (made only
of u~ particles) is initialized with transverse size of o, = 20um and the shower
longitudinally spans the entire simulations box. Each particle species is initialized
with 4 particles per cell. Absorbing boundary conditions are used for both fields
and particles. A 1J laser with a Gaussian envelope of 30fs pulse length is focussed
to a spot-size of wyg = Sum at the plasma and propagates in 50um of free-space
before it impinges on a fixed-ion plasma.

The preliminary 2%D PIC simulations carried out as described above provide
good understanding of the process of trapping and acceleration of muons contained
within the hadronic shower or muon-antimuon pair-plasma. Below we present a few
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on-axis lineout @ t = 2050 femto-secs
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Fig. 6. On-axis lineout of laser-plasma interaction parameters (in a) and muon (1~ ) momentum
phase space (in b), with muon longitudinal momentum shown along the longitudinal dimension at
around 2ps and about 0.6mm of plasma length. The initialized 200MeV muons get trapped and
accelerated in laser plasma acceleration structures driven using a 1J, 30fs laser focussed to a focal
spot-size of wg = 5um interacting with a laser-ionized ng = 2 x 10%cm™3 plasma.

2%D PIC simulation snapshots (Fig.6 to 10) to establish the viability of laser muon
acceleration for a pre-ionized ng = 2 x 10"c¢m~3 plasma.

The 2%D PIC simulation snapshots presented as evidence of laser muon accel-
eration are as follows:

(1) Fig.6(a) shows the on-axis lineout of various laser-plasma parameters (laser
transverse field is normalized to m.cwoe ™!, longitudinal plasma field is nor-
malized to mecwpee !, plasma electron density, ng(initial), plasma potential
is normalized to m.c?e™!). Fig.6(b) shows corresponding muon longitudi-
nal momentum phase-space with longitudinal muon momentum along the
y-axis and longitudinal dimension along the x-axis. From this phase-space,
it is clear that the muons gain around 200MeV over 0.6mm.

(2) Fig.7 shows the 2D real-space simulation snapshot of: plasma electron den-
sity of the acceleration structure (in a), plasma longitudinal field (in b) and
laser transverse field (in c) corresponding to the time snapshot in Fig.6.

(3) Fig.8 shows the 2D real-space simulation snapshot of trapped and acceler-
ated muon bunch density.
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Fig. 7. Laser-plasma interaction characteristics (normalized) of laser muon accelerator corre-
sponding to the on-axis lineout in Fig.6(a) at around 2ps in a np = 2 x 10°cm™3 plasma: (a)
plasma electron density of the acceleration structure, (b) longitudinal electric field associated with
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the plasma acceleration structure, (c) the transverse field of the evolving laser pulse.

(4) Fig.9 shows the muon momentum phase-space of longitudinal momentum
along the y-axis against transverse real-space along the x-axis. From this
snapshot it can be inferred that muons have small amplitude transverse
oscillations as they gain energy. Additionally, the accelerated beam trans-

verse spot-size can be inferred to be < 10um.

Fig.10 shows the muon momentum phase-space of longitudinal momen-
tum along the y-axis against transverse momentum along the x-axis. This
snapshot further reinforces the transverse dynamics of muons as they gain
energy. Moreover, it shows that < 10mrad opening angles are likely from a
laser muon accelerator.
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Fig. 8. Trapped and accelerated muon (x~) bunch in real space with micron-scale transverse
and longitudinal dimensions at around 2ps of laser-plasma interaction corresponding with the
laser muon acceleration snapshot presented in Fig. 7 in a ng = 2 x 10%cm~3 plasma.
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Fig. 9. Muon (¢~ ) momentum phase space, with muon longitudinal momentum along the y-axis
shown against the transverse real-space dimension along the x-axis at around 2ps and about 0.6mm
of laser propagation in plasma in correspondence with the snapshots presented in above figures.
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Fig. 10. Muon (¢~ ) momentum phase space, with muon longitudinal momentum along the y-axis
shown against the transverse momentum along the x-axis at around 2ps and about 0.6mm of laser
propagation in plasma in correspondence with the snapshots presented in above figures.

From analysis of the simulation snapshots it can be inferred that acceleration
of ultrashort, micron-scale muon beams is viable using laser muon accelerator even
with a few tens of TW peak power CPA laser.

7. Conditioning-Stage Using a Plasma Lens:
Charge Dependent Focusing of Oppositely Charged Particles

The proposed conditioning step involves the use of a discharge plasma lens to seg-
regate oppositely charged species of a particle-shower or an oppositely charged dual
bunch configuration by selectively focusing one charge sign of the particles.

Cascade shower (electromagnetic or hadronic) that contains both the oppositely
charged particle species such as electron-positron (e®) pair or muon-anti muon
(u*r) pair, is produced for instance using an electron and/or positron beam or a
proton beam. These beams are themselves possibly obtained using a laser-plasma
accelerator. In the plasma lens based conditioning stage, the oppositely charged
species of the cascade shower are selectively segregated due to only one of the
charge sign being focused in the device while the other is de-focused.
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Fig. 11. Schematic of the conditioning stage where a discharge plasma lens®? is used to segregate

species of opposite charge sign by phasing the discharge current direction (if RF voltage is applied).

The plasma lens is based upon a discharge plasma where a high RF terminal
voltage is applied to sustain the discharge. By appropriately phasing the entrance
phase of the cascade shower and the RF voltage phase it is possible to choose the
charge sign to be focused.

With the choice of amplitude and polarity of the externally injected current,
discharge plasma dimensions, gas pressure and gas type it is possible to control the
acceptance and focusing properties of the cascade shower processing device.

In the 1965°2 BNL work on using plasma discharges as active plasma lens it
was also found that the focusing strength of an active plasma lens was directly
proportional to the radial distance from the axis (particles away from the axis
experience higher focusing force) and inversely proportional to the momentum of
the cascade shower particle (lower energy particles experience higher focusing force).

These focusing characteristics of the discharge plasma lens can be understood if
the problem is considered in a cylindrical coordinate system (r, z, ¢) as depicted in
Fig.11. The azimuthal field in plasma (Bplasma = By) is excited due to the plasma
current (Jplasma = Jo) which is driven by externally injected current, Iy, along
the z direction. This azimuthal magnetic field due to the plasma current exerts a
force on longitudinally (along z) propagating charged particle beam. The Lorentz
force on the charged beam particle injected along z interacting with a magnetic field
oriented along is in the radial, r direction. The equation of radial motion of each
charged particle in the beam is governed by the lens equation above.

Cascade showers comprising of oppositely charged particle species generated
by the decay of high-energy gamma-ray photons in a metallic target have energy
spectra which has a concentration of particles at non-relativistic energies. However,
due to the randomized decay of high-energy gamma-rays, the divergence angle of
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the particle shower particles can be large. A plasma lens that is located right next
to a metallic converter target can also capture the divergent charged particles of
the cascade shower.

Depending upon the direction of the discharge plasma current one of the charged
particle species is focused and the other is defocused. This leads to the segregation
of the oppositely charged particle species of the cascade shower. Therefore, at the
output of the assembly of particle-shower target and plasma lens one of the charged
particle species is detectable whereas the species with the opposite sign of charge is
excessively defocussed and thus diluted.

8. Discussion and Future Work

In this paper, experimentally viable and affordable laser muon sources have been
introduced in consideration of the numerous possibilities offered for a wide-range
of applications. This paper proposes and estimates the experimental viability of
compact and tunable schemes of laser muon acceleration in gas plasmas using an
innovative technique of post-processing of muon-antimuon cascade hadronic showers
or pair plasmas through their controlled interaction with laser-driven plasmas.

The laser muon acceleration schemes introduced and investigated here are de-
signed in consideration of being well within the reach of experimental verification
using existing experimental facilities as reflected in the choice of experimental setup
and laser, plasma and beam parameters. Although the first-stage of the muon ac-
celeration schemes presented here rely on laser accelerated particles such as multi
GeV electrons, for proof-of-principle experiments may be based on more controlled
and reliable 10 GeV scale electron beams from rf accelerators, in the short-term.

In the short term, the scheme I (section 5.1) which uses direct photo-production
of muon pairs, although being limited in overall conversion efficiency, is found to
be most suitable for the development of an experimental prototype of a laser muon
accelerator that produces ultrashort and micron-scale muon beam. A few facilities,
like BELLA at Berkeley and FACET-II at Stanford, that offer collocated CPA laser
and micron-scale e~ and/or e™ beams of many 10s to 100s of pC charge at 10 GeV
scale beam energy, can be utilized for this prototyping effort.

Preliminary PIC simulations presented in section 6 demonstrate the potential
to trap and accelerate muons in gas plasmas. In these simulations, we observe
several 100MeV gain in muon energy in less than a millimeter. Further modeling
using analysis, particle-tracking and particle-in-cell simulations will be carried out
to accurately estimate the properties of the accelerated muon beams within the
reach of an experimentally viable laser muon accelerator prototype. In future work,
we thus propose to extend the preliminary Particle-In-Cell based modeling of laser
muon acceleration schemes reported here along with substantially more detailed
modeling of muon photo-production using micron-scale electron or positron beams.

We will model the possibilities of tunable and spectrally controlled acceleration
of muon and antimuon beams, dual bunch muon-antimuon beams, spatio-temporally
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overlapped electron and muon bunch beams, increasing the total trapped muon
beam charge, segregation of oppositely charged muons prior to the acceleration
stage etc. Moreover, our experimental prototyping effort will work hand-in-hand
with theoretical modeling to better understand the expected muon cascade shower
or pair-plasma properties and its interaction with laser-driven plasmas.

Compact and tunable production and acceleration of unprecedented ultra-short
(femtosecond to attosecond) micro-scale spot muon beams is essential for an ad-
vanced acceleration program using muons and suited for acceleration mechanisms
with inherently micron to nanometer spatial scale. Moreover ultrashort, micron-
scale muon beams can be injected into crystal wakefield accelerators such as at-

tosecond x-ray pulse driven 13
14,15

or sub-micron particle beam driven solid-state tube

in order to minimize the synchrotron radiation losses (o< m;4) as

well as the radiative losses (o m;z) in comparison with electrons and positrons.

The significance of a compact tunable high-energy muon source also importantly
lies in its multitude of technological, security and medical applications.

accelerators
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Solid-state or crystal acceleration has for long been regarded as an attractive frontier
in advanced particle acceleration. However, experimental investigations of solid-state
acceleration mechanisms have been hampered by several technological limitations. The
primary limitation has been the unavailability of attosecond particle or photon energy
sources with dimensions that can resonantly excite collective solid-state modes. Secondly,
there are significant difficulties with direct high-intensity irradiation of solids, such as
instabilities of the incident beam due to crystal imperfections etc.

Recent advances in ultrafast technology with the advent of submicron long electron
bunches and thin-film compressed attosecond x-ray pulses have now made accessible
ultrafast energy sources that are nearly the same order of magnitude in dimensions
as the scales of collective oscillations in crystals. Moreover, nanotechnology enabled
growth of crystal tube structures not only mitigates the direct high-intensity irradiation
of materials, with the most intense part of the energy source propagating within the tube
but also enables a high degree of control over the crystal properties.

In this work, we model an experimentally practicable solid-state acceleration mech-
anism using collective electron oscillations in crystals that sustain propagating surface
waves. These surface waves are driven in the wake of a submicron long particle beam, ide-
ally also of submicron transverse dimensions, in tube shaped nanostructured crystals with
tube wall densities, niype ~ 1022724cm—3. Particle-In-Cell (PIC) simulations carried out
under experimental constraints demonstrate the possibility of accessing average accelera-
tion gradients of several TVm~! using the solid-state tube wakefield acceleration regime.
Furthermore, our modeling demonstrates the possibility that as the surface oscillations
and resultantly the surface wave transitions into a nonlinear or “crunch-in” regime under
Nbeam/Mtube 2, 0.1, not only does the average gradient increase but strong transverse
focusing fields extend down to the tube axis. This work thus demonstrates the near-term
experimental realizability of Solid-State Tube Wakefield Accelerator (SOTWA).

The ongoing progress in nanoengineering and attosecond source technology thereby
now offers the potential to experimentally realize the promise of solid-state or crystal
acceleration, opening up unprecedented pathways in miniaturization of accelerators.

1. Introduction

Particle acceleration techniques using collective charge density oscillations in crys-
tals have been known to be an attractive possibility for the past many decades’.
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1.1. Solid-state Acceleration using Wakefields in Crystal Plasmas:
Attosecond energy sources and Crystal tubes

In solid-state or crystal acceleration mechanisms a charged particle beam gains
energy by extracting the electromagnetic field energy of collective electron oscillation
modes excited in crystals. These solid-state collective oscillations are known to
sustain propagating charge density waves of high energy densities. These collective
oscillations and the associated waves can be efficiently excited as wakes of pulsed
energy sources of particles or photons with pulse dimensions that are resonant with
the scales of collective oscillations in solid-state. However, the theoretically modeled
solid-state acceleration gradients?? which are known to be orders of magnitude
higher than the time-tested radio-frequency technology as well as the emerging
gaseous plasma acceleration®® techniques, are yet to be experimentally verified and
further studied.

Experimental verification of solid-state acceleration mechanisms has been so far
hampered by several technological challenges such as unavailability of pulsed par-
ticle and photon energy sources that are resonant with the collective oscillations in
crystals. However, technological advances in intense particle and photon pulsed en-
ergy source compression technologies have continued to drive the pulse dimensions
towards ever shorter time and spatial scales. These technological advancements
in energy source compression techniques have made scales required to resonantly
excite collective electron modes for solid-state acceleration mechanisms experimen-
tally accessible. Especially, recent breakthroughs in attosecond scale photon® and
particle” bunch energy source technologies have opened up the potential for exper-
imental realization of long-sought solid state acceleration® 3.

Although attosecond energy source technologies provide an effective means for
resonant excitation of collective modes in solid-state crystal media, there still ex-
ist other technological barriers. In addition to the barriers due to the scarcity of
attosecond sources, accessing solid-state gradients has also been impeded by difficul-
ties with direct irradiation of solids at high intensities using particle or photon beam.
Advances in nano-structured materials and nanoengineering of tube-like structures
in crystals, such as nanotubes, however now offer the possibility of overcoming these
difficulties with direct interaction of a crystal with high-intensity energy sources.
Direct interaction of a high-intensity particle beam is reported to undergo severe
filamentation due to the deformities in the crystal structure®. Not only is a fila-
mented beam detrimental to driving a coherent wake but it also leads to a severely
uncontrolled interaction and energy dissipation.

Solid-state plasmas with electron densities ng ~ 10%2724cm™3, sustain elec-

tron oscillations at superoptical time, 177(no[10?2cm™3])~1/2 attosec (~ wi!
where wye = (nge?e;'m™1)/2and m,. the electron mass®) and spatial scales,
330(n0[10?2cm™])"/2 nm  (~ Ape).  Electron modes at such scales offer

Tajima-Dawson (wavebreaking) acceleration gradients® of the order of, E,, ~
9.6(ng[1022¢m™=3))~1/2 TVm~!. By coupling with these superoptical scales, sub-
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micron particle bunches (e.g., 0, < lum or intense keV photon lasers
excitation of unprecedented TVm™' average gradients experimentally feasible.

1.2. Progress of Wakefields Acceleration in Gaseous Plasmas:
Femtosecond energy sources

Over the past few decades, access to tens of femtosecond chirped pulse amplified 2
0.8um wavelength lasers (with few femtosec single cycle) and particle bunches has
enabled experimental verification of advanced particle acceleration techniques that
use collective electron oscillations in gaseous plasmas*®. Whereas lasers have been
compressed to few cycle long pulses using the innovative chirped pulse amplifica-
tion technique!?, ultrashort particle bunches have been obtained via phase-space
gymnastics? or self-modulation in plasma 4. Both these pulsed energy source tech-
nologies have enabled successful gaseous plasma acceleration experiments with many
GVm™! gradients 516

waves in gaseous bulk plasma.

. These experiments have used micron-scale charge-density

Control over bulk plasma waves in homogeneous gases by femtosecond-scale en-
ergy sources > has lead to the successful demonstration of gaseous plasma wakefield
acceleration techniques. Numerous advantages of these techniques over conventional
radio-frequency acceleration techniques has now lead to them being enhanced and
fine-tuned for real-world applications using commercially available femtosecond en-
ergy sources. Some of these enhancements include control over: (a) wakefield profile
distortions from ion motion'?, (b) dark current injection and acceleration due to
secondary ionization'®, (c) accelerated beam emittance growth due to scattering
off of plasma ions'®, (d) positron defocusing by the bared ions, (e) repetition rate
constraints due energy coupling to long-lived ion modes?® etc.

Non-homogeneous plasmas of specific shapes have been proposed to address
many of the above enhancements of gaseous bulk plasma acceleration. The earli-
est shaped plasma proposal?! for a fiber accelerator sought to keep high-intensity
laser pulses continuously focussed 2. Utilizing this shaped plasma proposal, gaseous
plasma fibers that are excited using mechanisms such as laser-heated capillary 23 etc.
are now regularly used for plasma fiber guided laser-plasma acceleration. Mecha-
nism of beam-driven shaped gaseous hollow plasma (later labelled hollow-channel)
acceleration has also been studied?®. Experiments on beam-driven gaseous hollow
plasma using intense positron beams have observed ~ 200MVm™! peak gradients
(~ 0.01E,)%5. Access to higher gradients in shaped gaseous hollow plasmas is
currently under active research. Active areas of research include technological dif-
ficulties in shaping a desired channel in gaseous plasmas apart from challenges due
to the absence of any focusing force?® such as control of higher-order transverse
wakes excited by the drive beam due to its misalignment from channel axis?” and
beam-breakup resulting from these transverse wakes. Recent results have demon-
strated that beam breakup may be controllable via further shaping of the gaseous

hollow plasmas?8.
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In this paper, we introduce and model a regime of experimentally realizable
solid-state acceleration that uses charge density waves of submicron scale lengths
in nanotube shaped solid-state plasmas. The acceleration modes in this regime of
solid-state tube wakefield acceleration take advantage of the developments in nano-
fabrication as well as submicron particle or attosecond photon pulsed source tech-
nology. We show using analytical and computationally modeling that the crystal
tube surface electron oscillations sustain an electrostatic “crunch-in” mode!!:29:29,
This electrostatic mode supports electromagnetic surface wave modes with phase
velocity close to the driver velocity and on-axis longitudinal electric fields that ap-
proach the Tajima-Dawson gradient of the tube wall electron density. This high
phase velocity surface wave mode supported by excitation of tube wall electron
oscillations makes solid-state tube wakefield accelerator regime quite effective.

Although significantly different from traveling wave modes supported by electron
oscillations in solid-state, a similar electron oscillation mode of gaseous plasma hol-
low channels has been computationally observed in a few previous works. However,
neither its structural and electromagnetic properties nor its acceleration charac-
teristics have been extensively modeled. In gaseous plasmas the “crunch-in” like
mode has been observed in simulation works that have used experimentally feasible
parameter regime such as a laser-driven shaping of a hollow plasma proposal®’, a
proton beam driven shaped hollow plasma acceleration proposal in externally mag-
netized plasma?! and a electron or positron beam driven shaped hollow plasma?°.

An important recent work 1% has recently studied and modeled the excitation
of modes in crystal tubes using attosecond keV photon x-ray pulses. This work
on modeling of x-ray wakefield tube accelerator has demonstrated the potential of
using x-ray wakefield acceleration mechanism in tubes for sustaining many TV-cm~!
gradients. With the advent of a few cycle high-intensity x-ray laser using thin-film
compression technique, the crystal x-ray wakefield acceleration mechanism has the
potential to further advance the progress made by the Ti:Sapphire 800nm optical
laser based gaseous plasma wakefield acceleration technique.

However, the mechanism of beam-driven surface modes in bulk crystals and crys-
tal tubes, as opposed to those driven by an x-ray laser, has not yet been modeled
and characterized. This is especially important due to the recent opening up of the
availability of submicron particle bunches. The beam-driven crystal tube phenom-
ena investigated and the results reported here indicate that the x-ray driven crystal
tube wakefields characterized in '1-40:41

crystal tube case. Therefore, our work shows that crystal tube wakefields have both
11,4041 ¢

are quite similar to that in the beam-driven

longitudinal and focusing fields similar to the x-ray driven wakefields
may be noted that our work on beam-driven wakefields in a crystal tube is distinc-
tive from previously modeled gaseous hollow-plasma wakefields because in gaseous
hollow-plasma the wakefields of a relativistic particle beam are proven to have zero
focusing fields*?. The preliminary analysis and computational results presented
below demonstrate the experimental realizability of Solid-State Tube Wakefield Ac-
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celerator (SOTWA).

In the following sections on modeling of beam-driven wakefields in crystal tubes,
we introduce and characterize the beam-driven solid-state tube accelerator using
surface wave wakefields in crystals. The model and significance of solid-state col-
lective electron or plasmon oscillation modes is presented in sec.2. An analytical
model of the tube wall electron oscillations extending into the tube is presented in
sec.3. Preliminary proof-of-principle particle-in-cell method based computational
modeling of beam-driven solid-state tube wakefield accelerator is detailed in sec.4.
We also study the novel “crunch-in” behavior shown by the wakefields in a tube
which includes wakefield amplitudes close to the Tajima-Dawson acceleration gra-
dient for relatively small beam to tube density ratios as well as the existence of
transverse fields that extend down to the tube axis.

2. Collective oscillation in quantum mechanical systems:
oscillation modes of electron gas in Crystal ionic lattice

Collective electron oscillations in crystals have for long been established a critical
yet physically valid simplification of the many body interaction in solid-state mate-
rials. The many body problem of solid-state electrons can be either described using
an assembly of Fermions or using collective oscillation theory. The collective os-
cillation approach was exhaustively modeled in theory®?3® (phonon, plasmon and
polaritons) and experimentally proven to result in observable effects®% in 1950s.

Solid-state collective oscillations were first investigated with great details in the
context of the modeling of the stopping power of an incident electron beam in metals
with an inherent crystal structure®’. The predictions of energy loss of a particle
beam incident on a metal were found to be in excellent agreement with the theory
of excitation of collective electron oscillations in the crystal, driven as a wake of the
incident particles.

The terminology of excitation of collective oscillations in the “wake” of an inci-
dent particle was introduced in 1950s. Moreover, to explain quantization in beam
energy loss when interacting with a thin foil with thickness of the order of mean
free path of the bulk plasma oscillations in crystals, these oscillations where re-
ferred to as plasmons. The theoretical plasmon model of the collective oscillations
of electrons in crystals showed good agreement with experiments on energy loss of
injected beam electrons. In addition to the explanation of the quantized energy
loss of the beam, the conditions for the excitation of collective oscillations in the
wake of an incident particle were also detailed. The collective oscillations of valence
electrons were demonstrated to be quite similar to the plasma oscillations observed
in gaseous plasmas.

Bloch3? was the first to model the excitations of a Fermi gas as collective gas os-
cillations as opposed to excited states of single particles. Bloch treated the Fermi gas
collective oscillations both with and without quantum mechanics. However, when
density fluctuations were important to be considered for understanding the phe-
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nomena, then quantum aspects of the problem were critical. In Tomonaga’s work 33
on collective oscillations it was demonstrated that modeling and understanding the
many Fermion interaction in solid-state electron gas in a crystal was greatly sim-
plified by the use of collective modes of many Fermion oscillations. These collective
electron oscillations were first investigated in 1D in 1950 by Tomonaga through the
use of density fluctuation method (where density if the field variable) as opposed to
the conventional quantum mechanical method of computation of expectation values
from the wave functions of the system. This was because the equations of motion
of collective oscillations are linear in field variable (density fluctuation) as opposed
to bilinear field variable terms in the conventional method. Moreover, linearity of
the field variables in the equation of motion holds irrespective of the presence or
absence of inter-particle forces (direct interaction between single particles).

Subsequently, in 1953 Pines and Bohm 34 used a collective canonical transforma-
tion method to analyze the collective many Fermion (electron) oscillations in crystal
lattices in metals. They recognized the dominance of the long-range nature of the
Coulomb forces which controls the phenomena and produces collective oscillations
of clouds of electrons over spatial scale much greater than Debye length. Here the
characteristic dimension of an electron cloud is of the order of a Debye length (in
quantum mechanical treatment this characteristic dimension is modified).

The collective behavior is therefore critical to explain physical phenomena over
micron or nanometer scales. In their work the term “plasmon” was introduced to
describe the quantum of elementary electron excitation associated with this high-
frequency collective motion in bulk crystals with the dimensions of the order of one
plasmon oscillation wavelength. This is a quantum of energy of collective oscillations

of valence electrons. The energy of a plasmon was shown to be3435,
4 2
e =1 (20 )
Me

When the dimension of the solid-state material is below mean free path of the col-
lective electron oscillations, quantization of electron plasma frequency is observed.
Plasmon energy is greater than the energy of any individual conduction band elec-
tron. Although, these plasmonic oscillations are the quantum analog of the collec-
tive oscillations of plasma electrons in gaseous plasmas their extremely high energies
(hwpe > kpTe) and small spatial scales necessitate the consideration of the quan-
tum nature of these oscillations. Typical, valence electron density in crystals which
lies in the range of ng ~ 10?2 — 10?*cm ™3 result in plasma energies in crystals
of hwpe >~ 4 to 30eV. As a result of this, plasmonic collective oscillation are not
thermally excitable and under normal conditions metals do not sustain plasmonic
oscillations driven by a valence electron.

The dispersion relation of a plasmon using the Hamiltonian approach of a Fermi
34,35 This approach
is essential when a quantum-mechanical treatment of the electronic motion is re-
quired, as is the case for the electrons in a metal. The particle based or density

electron gas in the presence of an ionic lattice was derived in
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fluctuation approach taken in this work was argued to be a microscopic approach
to the modeling of collective oscillations. In the density fluctuation method, the
Coulomb interaction was effectively split up into a long-range and a short-range
part. The conditions under which an externally injected electron beam can excite
collective electron oscillations in a crystal.

In contrast certain other plasmon models simply used the dielectric constant of
a medium to represent its plasma behavior, which is a macroscopic approach. To
model the effect of electron-electron interaction on the stopping power of a metal
for high-energy charged particles, the electron gas is described as a classical fluid
with an artificially introduced coefficient of internal friction (Kronig and Korringa).

As the collective behavior of the electron gas is essential to model phenomena
over distances greater than the Debye length (or a critical spatial scale, quantum
mechanically), cumulative potential of all the electrons involved in the oscillation
is quite large since the long range of the Coulomb interaction permits a very large
number of electrons to contribute to the potential at a given point. The higher the
density the larger is the number of electron that contribute to the potential and
thus higher is the collective field and potential.

Surface wave modes in solid-state plasmas at the interface of crystals with vac-
uum or metals have also been well modeled®®. Using both microscopic as well
as macroscopic modeling, the “surface plasmon” oscillation frequency of a metal
vacuum interface is determined to be w, = wp, /V/1+ €, where € is the dielectric
constant of the metal. The dispersion characteristics of surface plasmon and phonon

modes have been well characterized in a linearized perturbative regime3®.

3. Solid-state Surface Waves in Crystal Tube:
surface electron oscillation model in tube nanostructure

Using the collective electron oscillation models described above and under the con-
dition that the dominant behavior of solid-state media is that of an ideal electron
gas, we analytically model surface electron oscillations in a tube structure driven
in the wake of an electron beam. These analytically modeled surface electron os-
cillations also sustain a propagating surface wave which propagates at nearly the
same velocity as the drive beam. Moreover, as collision-less behavior dominates it
is possible to treat the density fluctuations using a single particle oscillation model.

Because the crystal tube under consideration here conforms with a cylindrical
geometry, in our analysis we model the surface electron oscillations in a cylindrical
coordinate system. Moreover, as these surface oscillations and the surface wave
sustained by these collective oscillations co-propagate with the electron beam, the
longitudinal dimension of the cylindrical coordinates will be transformed to a co-
moving frame behind the drive beam. An preliminary analysis of a similar nature
has been previously attempted 3.

Classifying the onset of non-linearity and wavelength of the density oscillations
both require understanding of the electron dynamics within the plasma. The plasma
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considered is one of density 0 for r < riype and ng for r > ryupe. An electron or
positron driving beam of density n;, and volume V}, — moving with velocity vpz =
cPpz — perturbs electrons within the plasma electrostatically. Subsequently, the
plasma electrons oscillate freely in the radial direction as a result of the electric
field that has been set up due to the no longer quasineutral plasma.

This electric field is found using Gauss’ law

/ E - dS =47 Qune (2)
S

where S is a closed Gaussian surface, E is the electric field, dS is the surface area
element of S, Qenc is the total charge enclosed within S, and ¢y = 1/(4) is the
permittivity of free space (in cgs units). As the plasma is cylindrically symmetric, a
cylinder of radius r and length [ is used as the Gaussian surface S. dS can therefore
be simplified to dS = rdfdzf. Assuming the electric field to be purely radial,
E = E, 1, the left hand side of Gauss’ law is simplified (after integrating) to 2wl E,..

The enclosed charge is given by the integral of the ion charge density over the
volume enclosed by S (cylinder of radius, r). The ions within the plasma are of
density ng. As the plasma density ng is constant, the enclosed charge is given by
? - T?ubc)l'
Gauss’ law thus gives the following form for the radial electric field set up by the

the net volume of plasma within S multiplied by eng, Qene = engm(r

non-quasineutral plasma
1
Ey(r) = dmeny o (2 = rhupe) 3)

As the electric field vanishes for r = ryupe, equation (3) describes the electric field
for an electron situated initially on the channel wall.

The force experienced by a given plasma electron is found by multiplying the
electric field by —e, the electronic charge. Finally, a transformation to the frame of
the driving beam £ = Spct — z is made. This is to allow for direct comparisons to be
made between the model and Particle-In-Cell simulations (section 4). The equation
of motion is

d*r  dmnge? 1, 4
me@ W Z(T — Ttube) =0 (4)
where m. is the electron mass. Defining the plasma frequency w, = \/% and
P =T /Ttube, €quation (5) is rewritten as

d? 1 /wy\21
@t (2) S -n=0 (5)
The above equation is a non-linear second order differential equation and describes
the natural oscillations of a plasma electron about the channel wall. The lack of
charge within the channel wall gives rise to an asymmetry in these oscillations.
Setting 7type = 0 returns the standard simple harmonic oscillations seen in homo-
geneous plasmas about a cylindrical axis.
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3.1. Weakly driven surface charge dynamics:
linear surface electron oscillations

Equation (4) is readily solvable when considering small displacements of the electron
from the tube wall. These small displacements are valid for very low driving beam
charges or large tube radii, when the electrostatic force of the beam acting on the
plasma electrons is small. In this limit, r & 7¢ype, and eq.5 is linearized using

,r2 - r‘gube = (T - Ttube)(r + Ttube) ~ 2r (T - rtube) (6)
where the first term on the right hand side is a second order term and has been
removed. The linearised equation of motion is thus

Pr (wp/c)?
@5

(1 — Ttube) (7)
which has the solution
7€) = rume + Asin  £2¢) ©
b

where A is a constant. For an ultrarelativistic driving beam, 8, = 1, and so an
immediate form for the oscillation wavelength in the linear/weakly excited case is

Alinear = 27T£ (9)
Wp

which is the well-known result for plasma oscillations in homogeneous plasma.

3.2. Strongly driven surface charge dynamics:
non-linear surface oscillations

Solving equation (4) in general requires calculation of the plasma electron’s initial
effective velocity p’ for a given radial position p. Three basic assumptions are made
to simplify the calculation to a good approximation.

The first is that the driving beam is assumed to be a quasi-static point charge of
total charge @p. This assumption is valid provided the drive beam density changes
over multiple electron oscillations and its charge is conserved. Gauss’ law states
that the electric field intersecting a Gaussian surface S is the same regardless of
the shape of the charge distribution within S. Quasistaticity ensures the shape
or size of the beam do not change significantly over time such that beam-plasma
intersections do not arise.

The second assumption requires that electrons excited by the driving beam are
no longer influenced by the driving beam beyond the first collapse to the axis.
In other words, the primary electron collapse occurs at £ > 0, corresponding an
electric potential of approximately zero. This assumption simplifies calculation of
the kinetic energy gained by the electron due to the driving beam, as the radial
position of the electron at collapse need no longer be determined.
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The final assumption is that the kinetic energy gained by the electron is primarily
radial kinetic energy. This simplifies determination of the electron velocity at the
crystal tube wall (section 3.2.2).

3.2.1. Transforming Surface oscillation equation to first order

As equation (4) is an autonomous ODE (i.e. an ODE with no dependence on ¢),
the following manipulation can be made:

d |1 (dp\*| dpd?p
dg[z (df”‘déd& 1)

Using the chain rule on the left hand side of (10)
d dpd d (1
el 77[)// _ = 7,0/2
ac ~dacdp” T ap \2
where p’ = dp/d§. Equation (11) can then be substituted into (4) and integrated,
resulting in

1, 1 jwpn\2/(1, B
27 +25g(c) o~ ) =G (11)

where (7 is a constant of integration to be determined.

3.2.2. Surface oscillation: Initial Condition for Velocity

To find C, one must know a value of p’ for a given p. At £ = 0, an electron at
the surface (p = 1) sees the repulsive potential (attractive potential) of the electron
(positron) beam. As the electron is pulled to the axis, its energy will be converted
from potential energy between it and the beam to potential energy from the no
longer neutral plasma. As it recoils back towards the crystal tube wall, the electron
gains kinetic energy which will become maximized at p = 1 as, beyond p = 1, the
force will be directed anti-parallel to the electron velocity. Therefore, the kinetic
energy of the electron at the crystal tube wall (after the excitation from the beam)
is effectively equal to the potential energy it has at (p,£) = (1, 0) due to the electron
or positron beam under the assumptions given at the start of this section.

By letting p'(p = 1) = p{, i.e. some initial effective velocity to be determined
later, one arrives at an equation for C; after substitution into (11)

2
Cr =i+ 57 (%) (12

Determining p{, requires consideration of the energy gained by the electron using
the simplifying assumptions made in the introduction of this section. The potential
energy of an electron due to an electron or positron beam is

62Nb 1

- 471'60 \% p2Tt2ube + 52

U(p,f) =

(13)
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where N, = @Q/e is the total number of electrons or positrons in the beam. Due to
the conservative nature of the potential, the kinetic energy E gained by a surface
electron due to the electron or positron beam, initially at £ = 0, is

E=U(p1,&) - U(1,0) (14)

where (p1,£1) defines the position of the particle when its radial velocity is zero. If
it is assumed that &; is large, then U(p1,&1) ~ 0 and equation (14) reduces to

2N 1
N Smer? (15)

EFE=——
47T6()’r‘tube 2

where 79 = rtubetppp is the initial condition velocity, v, is the beam velocity, and
the final term on the right hand side assumes that the energy gain occurs primarily
in the radial direction. Rearranging equation (15) yields

o €y W
7’0%

Me€o 4T tube
— w2, (16)

rb AT T ¢ube

where N = npVy, Vp is the effective volume of the beam, and n; is the beam
density. For a Gaussian beam distribution of width o, and length o, ns is defined
as the electron or positron density at the beam’s centre (or the peak density) with
Wy = U%Uzm . Upon substituting 7y = reupetpp( into the above equation and
rearranging, an approximate form for pj, is determined as

/ Wpb 1 Vb
Po~= —— 3/2 o (17)
¢ 6brt1{be 2
and, for a Gaussian beam profile
, w1 o2o,
P —— (18)
¢ Burilpe V V2T

3.2.3. Non-linearity parameter and radial boundary conditions

Due to the oscillatory nature of the problem, it is clear that there will exist two
solutions for p where p’ = 0. After substituting expressions for C; and pj, equation
(11) reduces to

V
p2—21np:1—l-2E ;
ng 277 he

(19)
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Defining o = 1+2 Z—Z zwl}g{’ — equation (19) describes a transcendental equation with
tube

two solutions:

e = /~W_1(—e ) (20)
p— =/ —Wo(—e @) (21)
a=112™ W (22)

3
ng 2775 pe

2
np 0.0, .
=142 ——L—"— Gaussian Proﬁle) 23
( 1o v 2m T?ube ( )

where W_; o(x) are the decreasing and increasing branches of the lambert W func-
tion respectively. Each solution respectively describes the amplitude of the crests
and troughs of the plasma density oscillations. Looking at the extreme cases for «

1 a—1

P+ = (24a)
o0 — 00
1 a—1

p— — (24b)
0 a— o0

which suggests that, for large plasma densities and tube wall radii or physically
small, low density beams, |p; — 1| &~ |p— — 1| yielding a linear wave. In the opposite
case, the wave amplitudes are different and thus the wave is non-linear. It is there-
fore deduced that o must describe the strength of non-linearity of the wave, and
that increasing ny, 0., 0., or decreasing ng or ryupe results in increased non-linearity.

Increasing the beam charge will correspond to a stronger driving potential ex-
perienced by the plasma electrons. As a consequence, electrons have more energy
to collapse closer to the axis. This is similar for the crystal tube radius; electrons
will initially be closer to the driving beam and thus experience a stronger potential.
Conversely, decreasing the plasma density for a fixed beam density will reduce the
number of plasma ions which weakens the restoring force allowing the tube wall
electrons to collapse closer to the axis.

3.2.4. Wawelength of surface density oscillation: analytical model

Equation (11) can be rearranged in terms of p’, leading to an integral solution &(p)
with no closed form expression:

C €T

Oy [ d
£p) —&o=— ‘ (25)
P 0 (,L)p /1 \/%a— (%{E2 —lnw)

where £, is a constant of integration and x is a dummy variable.
Equation (25) is restricted to a range spanning half the wavelength of the density
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oscillation, and a domain of (p_, p4). The wavelength is thus
A =2[¢(p1 (@) — £(p—(a)] (264)
p+ (o)
- 20—@’/ de =2 1(a) (26b)
Wp

p—(a) \/%a — (322 —Inx) “p

where in the last expression 26b(c), 5, = 1. The integral I(a) converges to 7 as
o — 1, which is consistent with the linear solution. However, the wavelength of
nonlinear surface oscillations is greater than that in the linear regime by the factor
2 x I(a),

Aerunch—in = 2 X I(a) 27rcwp*1 (27)

The w, dependence in (26b) is as per expectations that the density oscillation
wavelength is strongly affected by the plasma density in the tube walls.

The parameter « also affects the wavelength in the model, suggesting a depen-
dence of the wavelength on changing ny, 0,, 0, and ryype. Thus a the nonlinearity
factor provides a correction to the oscillation wavelength under linear approxima-
tion. The factor I(«) does not include the effect of relativistic enlargement of the
wavelength of radial oscillations which is a well-known additional factor.

This model therefore suggests the wavelength of oscillation may be tuneable by
adjusting the plasma density ng, keeping v constant. Conversely, the model suggests
the possibility of directly controlling the strength of non-linearity while maintaining
a constant wavelength, simply by adjusting multiple parameters at once.

The dependence on the plasma density, ng, outside of the integral agrees with
simulation data that adjusting the plasma frequency results in strong changes in
wavelength. In addition, the solution suggests that the wavelength is tunable by
adjusting ng while o remains constant. Conversely, the model suggests the possibil-
ity of directly controlling the strength of non-linearity while maintaining a constant
wavelength, simply by adjusting multiple parameters at once.

4. Proof-of-Principle simulations results:
solid-state electron oscillations with Particle-In-Cell simulations

Multi-dimensional Particle-In-Cell simulations using the EPOCH code** have been
carried out to model collective electron oscillation phenomena in solid-state or crys-
tal plasma. The use of a PIC code for analyzing collective electron oscillations at
densities, ng > 10?2cm 2 is justified under the conditions where the phenomena is
collision-less as was shown above to be the case under strong excitation of valence
electrons in crystals. Moreover, as the length of the driver particle beam is chosen
to be of the order of the wavelength of collective electron oscillations, it is possible
to sustain plasmonic oscillations of electrons without triggering phonons and other
mixed modes etc. Furthermore, crystal tube structures are known to naturally have
mean free path lengths of several hundreds of nanometers*®.
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In this work we model the interaction of a crystal tube with intense sub-micron
scale electron beam, especially its bunch length being sub-micron scale. We restrict
the choice of maximum crystal tube internal diameter to 1 micron. Currently,
crystal tubes are grown by folding multiple layers of mono-atomic sheets into a
cylinder and in the process closing a sheet upon itself. The precise nano-engineering
process of growing hundreds of nanometer tube radius is yet to be fully characterized
to determine the electron density profile spanning the cross-section from the edge
of the tube wall to the axis of the tube.

Graphene based carbon nanotubes (CNT) are in recent years shown to be rela-
tively straightforward to manufacture in the sense that sophisticated machinery is
generally not required®®. These crystal tubes have valence electron densities in the
range of 1022724¢m =3 and a mean free path of about ~ 1 micron. These tube char-
acteristics are ideally suited for supporting collective electron oscillations. However,
the extent of surface deformities and imperfections when growing tubes from atomic
monolayers is not precisely modeled or characterized here and will form a part of
the future work.

Our computational modeling effort characterizes an experimentally realizable in-
teraction scenario due to the recently reported availability of sub-micron scale bunch
lengths at Stanford Linear Accelerator Center'® and possibly at other accelerator
facilities in the near future.

This computational modeling effort currently serves as a proof-of-principle and
is an attempt to demonstrate the possibilities that can be opened up by the solid-
state tube wakefield acceleration technique. In our modeling we utilize the fact that
beams of several hundred nanometer bunch lengths are accessible. For experimental
relevance the modeling effort is carried out under the following constraints:

(i) Insec.4.1- an experimentally available beam density of ny = 1.0x 10?'cm—3

is considered. The beam waist-size is o, = 500nm which is also chosen to
be the tube radius riube = 500nm. The PIC simulations indicate that a
tube wall electron density of niupe = 2.0 x 1022cm ™3 is suitable. This tube
wall density may need customized nanoengineering.

(ii) In sec.4.2 - under an experimental constraint that the beam waist-size ex-
ceeds the tube diameter we model a beam-tube interaction scenario such
that the beam particles radially in the Gaussian wings of the tube interact
with the tube wall, o, > 7upe While the most intense part of the beam
propagates within the tube.

iii) In sec.4.3 - we assume that a beam density of n, = 1.0 — 5.0 x 10%2cm—3
(iif) y of ny,

is experimentally accessible. In this case the suitable tube wall densities
of Ngube = 1.0 — 5.0 x 1023cm™3 are known to be available commercially
off-the-shelf.
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4.1. Beam waist comparable with tube radius, riype = O

~

Using PIC simulations we model and make preliminary investigations of beam-
driven solid-state tube acceleration in a parameter regime where the waist-size of
the beam injected into a crystal tube is comparable to the crystal tube radius.

The electron density in the tube walls is chosen to be ng = 2.0 x 10??cm 3 with
a fixed ion background. In the simulation results presented below a 2D cartesian
grid is chosen such that it resolves the reduced plasmonic wavelength of A,e/(27) =
38nm with 15 cells in the longitudinal and 15 cells in the transverse direction.
Thus each grid cell in these simulations is about 2.5nm x 2.5nm (the Debye length,
conservatively assuming a few eV thermal energy is A\p ~ 1A). The cartesian box co-
propagates with the electron beam. The box dimensions span 7um in longitudinal
direction and at least 7pm in the transverse (it is wider in transverse to incorporate
wider beams). The tube electrons are modeled with 10 particle per cell of the
cartesian grid. Absorbing boundary conditions are used for both fields and particles.

The electron beam has a v, = 10,000 (roughly 5.1 GeV) with a Gaussian bunch
profile of a fixed bunch length with o, = 400nm. Typical beam density of 1.0 x
102'e¢m ™2 is considered in this experimentally relevant modeling effort. The beam is
initialized with 16 particle per cell. In order to analyze the interaction, the waist-size
of the beam, o, and the tube radius r¢ype are varied. The moving simulation box
tracks the particle beam. The particle beam is initialized in vacuum and propagates
into the crystal tube before the simulations box begins to move.

PIC simulation snapshots in Fig.1 correspond with solid-state tube accelerator
interaction parameters of crystal tube radius, ryype of 500nm and beam waist-size,
o, = 500nm and bunch length, o, = 400nm. From this snapshot we observe that a
surface wave is sustained by the oscillations of the electrons across the interface of
the tube wall with density, niupe = 2.0x 1022cm 3. In Fig.1(a) the tube wall density
snapshot in real-space shows three distinct spatial oscillations of a surface plasmon
sustained by radial electron oscillations across the surface. These snapshots are at
a simulation time of 250 fs which corresponds to a beam-tube interaction length
of around 72um (the interaction has a delayed start as the beam is initialized in
vacuum and pushed to propagate into the plasma).

Beam density profiles from PIC simulation for the drive beam with o, = 400nm
at a density of n, = 1.0 x 10>'cm™3 show that the beam electrons experience
the transverse or focusing fields of the “crunch-in” wakefields of the surface wave
and exhibit betatron oscillations. This effect of beam density modulation can be
prominently observed in the beam density snapshots presented in later sections
in Fig.5(b) and Fig.7(d). These coherent density modulations of the drive beam
were first modeled in an innovative plasma beam dump proposal®®. This coherent
drive beam density modulation has been observed and labelled as scalloping in
some recent works. In the near-term, beam-tube interaction can be experimentally
studied by observing the small spatial-scale drive beam density modulations.

In Fig.1, the longitudinal (in b) and focusing forces (in ¢) are shown along with
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Fig. 1. 2.5D PIC simulation snapshot at around 72um of beam-tube interaction showing solid-
state tube accelerator with crystal tube radius of 500nm and beam waist-size, o = 500nm and
bunch length, o, = 400nm. The beam density is np = 1.0 x 102lcm =3 whereas the channel wall
density of the tube is nggpe = 2.0 x 1022ecm 3. Solid-state tube wakefield accelerator dynamics
extracted from a 2.5D PIC simulation at around 72um of beam-tube interaction showing the tube
wall electron density (in a, normalized to niype = 2.0 X 1022cm_3)7 longitudinal electric field of
the surface wave (in b, normalized to Eg = 13.6 TVm~1!) and the focusing field (in ¢, Eg — cBo).

the density wave in real-space. The fields are normalized to the Tajima-Dawson
acceleration gradient (E,, = Fy = mecwpee*1 or the cold-plasma wavebreaking
limit). The Tajima-Dawson limit for the tube density of ngupe = 2.0 x 1022cm =3 is
Ey=13.6TVm~'.

The simulation results lead to several interesting possibilities. It is observed
that although the beam to tube density ratio ny/nyupe is only 0.05, the longitudinal
wakefields approach (FEae.) >~ 0.25F, which is an acceleration gradient of around
(Eace) ~ 2.5TVm~!. Moreover, the “crunch-in” behavior results in the excitation
of focusing fields of the order of 0.1 Ejy which is a focusing gradient of several
100GVm~1!.

Fig.2 describes the longitudinal phase-space of beam-tube interaction at around
72pm in the “crunch-in” surface wakefields regime. From the longitudinal momen-
tum against transverse momentum is shown in Fig.2(a) and transverse real space
dimension in Fig.2(b) it can be observed that only those beam particles that are
within the crystal tube and that experience both the longitudinal as well as the
transverse “crunch-in” wakefields undergo acceleration. Longitudinal phase-space
plotted against longitudinal real space dimension in Fig.2(c) and the corresponding
on-axis field, electron density lineout in Fig.2(d) demonstrate that the longitudinal
dimension of the wakefield is such that the beam particles in the tail of the beam
undergo acceleration. This opens up the possibility of using a single hundreds of
nanometer scale bunch to observe a few TVm~! acceleration gradients.

The energy spectra in Fig.2(e) shows some of the particles in the tail of the
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Fig. 2. Longitudinal momentum phase-space against transverse momentum (in a) and transverse
real space dimension (in b) from 2.5D PIC simulation snapshot after around 72um of beam-tube
interaction with parameters same as Fig.1. Longitudinal phase-space against longitudinal real
space dimension (in ¢) and corresponding on-axis field, electron density lineout (in d) from 2.5D
PIC simulation snapshot are also shown around 72um of beam-tube interaction.

beam being accelerated from the initial beam energy centered around 5110MeV to
5360MeV, a gain of about 250MeV in 72um. This gives an average acceleration
gradient over 72um of around (E,c.) ~ 3.0TVm~!. It is also quite evident from the
snapshots in (a) and (b) that only those beam electrons that are within the tube
get accelerated in the surface wave, whereas the electrons in the Gaussian wings of
the beam undergo minimal energy change.

The possibilities of accessing high average acceleration gradients of the order of
several TVm ™! are unprecedented and being based upon a modeling effort where
realistic parameters are utilized call out for an experimental verification campaign.

In Fig.3, a comparison of bulk plasma (ng = nsupe = 2 X 1022em™=3) and crystal
tube wakefields is presented by plotting side-by-side the electron density (in a,d),
longitudinal electric field (in b,e) and the focusing field (in c,f) profiles. It is quite
evident from the comparison of the snapshots in (a) and (d) that whereas the surface
wave wakefield amplitude for n,/ng = 0.05 is significantly high and in the nonlinear
regime for a tube radius, Tiype = H00nm, the wakefields driven in homogeneous
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Fig. 3. Comparison of homogeneous plasma wakefield (in a,b,c) with the crystal tube wakefield
(in d,e,f; repeated from Fig.1) from 2.5D PIC simulation snapshot after around 72um of beam-tube
interaction with parameters same as Fig.1. The comparison of (a) and (d) shows that whereas
the surface wave wakefield for ny/no = 0.05 is in the nonlinear regime, the wakefields driven in
homogeneous plasma are almost non-existent due to the low beam to plasma density ratio.

In order to characterize the effect of the ratio of drive beam density to tube
wall density, ny/nube, in Fig.4 we compare the PIC simulation snapshots of tube
electron density for different n,/niupe ratio at a beam-tube interaction length of
72um. These beam densities are: (a) np, = 0.5 x 102tem ™3 = 0.025 ngupe (b)
np = 1.0 x 102Lem™2 = 0.05 ngupe (¢) np = 2.0 x 102 em™3 = 0.1 ngupe (d) ny =
4.0 x 102'em ™3 = 0.2 nyype-

The corresponding peak longitudinal on-axis fields or acceleration gradient over
varying beam density as extracted from PIC simulations are summarized as follows:

(a) (Face) = 0.1Eq for ny, = 0.5 x 102tem ™3 = 0.025 nyype
(b) (Eace) ~ 0.25Eq for ny = 1.0 x 102Lem ™2 = 0.05 ngype
(€) (Eace) =~ 0.65Ey for np = 2.0 x 10*1em ™2 = 0.1 nyupe
(d) (Face) ~ 1.5Eq for np = 4.0 x 10*'em™3 = 0.2 nyype
It is quite evident that as the drive beam density is increased in “crunch-in”
regime of solid-state tube, the surface electron trajectories become increasing non-
linear. The nonlinear surface wave results in wakefields that are not only higher (of

the order of the Tajima-Dawson acceleration gradient limit) but also result in the
excitation of stronger focusing fields within the tube.

4.2. Beam waist size larger than the tube diameter, o, > Tiyube

An experimentally accessible parameter regime in the short-term where the beam
waist-size is a few times larger than the crystal tube radius is investigated below
using preliminary PIC simulations. In these simulations it is assumed that the peak
of the beam density coincides with the axis of the crystal tube such that the most
intense part of the externally focussed beam travels in the low density region of the
tube. The PIC simulation setup and beam density are as described in sec.4.1.
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Fig. 4. Comparison of the “crunch-in” surface wave modes in crystal nanotube for different drive
beam densities from 2.5D PIC simulation snapshot after around 72pm of beam-tube interaction
in a crystal tube with wall density, niupe = 2.0 x 1022cm—3. The drive beam densities are n; =:
(a') 0.025 ntype (b) 0.05 ntupe (C) 0.1 ngype (d) 0.2 nyype-

From the PIC simulation results that are summarized below in Fig.5 and Fig.6,
it is quite clear that surface wave wakefields in the “crunch-in” regime are sustained
within the tube even when o, > rype. From the results in this section we observe
that when the beam density is retained same, spatial profiles of the wakefields
and the acceleration gradient of the order of 2.5TVm™! sustained in the case of
0 > Trube being studied here are nearly equal to the case where o, < riype-

This excitation of near Tajima-Dawson acceleration gradient (0.1E,;) limit in
a crystal tube is quite interesting because the peak drive beam density of 1.0 x
102tem ™3 is much smaller than the tube wall density of 2.0 x 1022cm~3. The
simulations show an energy gain of about 50MeV in around 23.5um which is an
average acceleration gradient of (Eyc.) > 2.0TVm™1.

Moreover, the “crunch-in” regime wakefields observed in this work show that
strong coherent focusing fields are also excited within the tube of the order of
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several 100GVm™!. It is evident from the beam density snapshots in Fig.5 that
only those beam particles that are within the tube and which as a result experience
the (Eace) ~ TVm™!-scale fields of the surface plasmon wave undergo significant
density perturbation.

From comparison of the density and wakefield chacracteristics of crystal tube
wakefields in Fig.1 for the case of o, ~ Tiube and the same in Fig.6 for the case
of o, > Ttupe, it can be observed that the wakefield characteristics, amplitude and
spatial profile, are quite similar. As the drive electron beam density in the case
of Fig.1 and Fig.6 are equal, np, = 1.0 x 102'cm™3, it is possible to postulate that
drive beams of a given density are equally effective at the excitation of crystal tube
wakefields irrespective of their transverse properties (given that the peak of the
beam spatial distribution is aligned with the axis of the tube).

e beam density @ t = 10 fs €~ beam density @ t = 85

. b fs 5
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Fig. 5. 2.5D PIC simulation snapshots comparing the electron beam density at initialization and
after around 23.5um of beam-tube interaction.
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Fig. 6. 2.5D PIC simulation snapshot at around 23.5um of beam-tube interaction showing solid-
state tube wakefield accelerator with tube diameter of 500nm and beam waist-size, o, = 2.5um
and bunch length, o, = 400nm. Here ny = 1.0 x 102 cm ™2 and n¢ype = 2.0 x 1022cm 3.

4.3. Scaling to off-the-shelf tube wall densities: niupe ~ 10%23cm=3

Crystal nanotubes®® that are currently available off-the-shelf have mass densities
in the range of 1.3 — 2.0 g-cm~3. For purely Carbon atom based nanomaterial this
mass density translates to ionic and electron densities in highly ionized states of
between ngupe ~ 1022724cm 3. In this section we present our examination of the
scaling of the “crunch-in” modes in crystal tubes when the crystal wall densities are
around Neupe ~ 1023724cm 3. The PIC simulation setup and beam density are the
same as described in sec.4.1. These simulations show that if certain beam densities
may be experimentally within reach of existing electron beam facilities, then it may
be possible to excite beam-driven solid-state tube surface wave wakefields using
off-the-shelf nanotubes.

In the previous sections, sec.4.1 and sec.4.2, we have presented proof-of-principle
PIC simulation results under the constraint that the beam densities are limited to
around ny < 2 x 102'cm™3 whereas the beam bunch length is characterized by
0, ~ 400nm. Under this constraint on the beam density, the “crunch-in” regime
was observed to be accessible only for tube wall densities, niupe ~ 10 X np.

In this section, we assume that beam densities as high as n; ~ 5.0 x 10%?2cm™
are experimentally accessible using currently available accelerator facilities. With
these range of beam densities, using PIC simulations snapshots presented below,
we observe that coherent “crunch-in” wakefields supported by collective oscilla-
tions of crystal electrons are accessible using nanotube structures that are available
off-the-shelf. Therefore, if beam densities of the order of n; ~ 1.0 x 10%3cm™3

3
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Fig. 7. Density snapshots for off-the-shelf solid-state tube parameters from 2.5D PIC simulations
showing tube electron density (in a,b) with fixed background ions and drive beam electron density
(in b,d) after around 36um of beam-tube interaction. From (a,c) it follows that “crunch-in” mode
is excited and that the beam evolves as it experiences the transverse fields of this mode.

are experimentally accessible, then proof of concept experimental verifications of
SOTWA mechanism can be carried out in the near term.

In the simulations presented in this section the electron density in the tube
walls is chosen to be ng = 3.0 x 10*2cm ™2 with a fixed ion background. A 2D
cartesian grid is chosen such that it resolves the reduced plasmonic wavelength of
Ape/(2m) = 10nm with 20 cells in the longitudinal and 20 cells in the transverse
direction. Thus each grid cell in these simulations is about 500A x 500A (the Debye
length is A\p < 1A).

The crystal tube of radius, ryupe = 100nm is here is modeled to have a finite
thickness of 250nm, with the outer radial extent of the tube thus terminating at
350nm from the axis of the tube. The cartesian box co-propagates with the electron
beam. The box dimensions span 5um in longitudinal direction and at least 3um in
the transverse. The tube electrons are modeled with 4 particle per cell.

The electron beam has 7, = 10,000 (roughly 5.1 GeV) with a Gaussian bunch
profile of a fixed bunch length with ¢, = 400nm. In the simulation snapshots
presented below the beam density is 5.0 x 1022cm ™2 which is experimentally relevant.
The beam is initialized with 9 particle per cell. A comparison of the PIC simulation
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Fig. 8. 2.5D PIC simulation snapshot of the tube wall electron density (in a), longitudinal field
(in b) and focusing field (in c) at around 36um of beam-tube interaction with exactly the same
beam and tube parameters as in Fig.7. From (b,c) both the longitudinal as well as transverse
wakefields are of the order of the Tajima-Dawson acceleration gradient limit, 52TVm™!.

results in sec.4.1 and sec.4.2 provides enough confidence that the critical parameter
in beam tube interaction is the beam density, n; with the o, to ryupe ratio being
relatively insignificant. In consideration of this we use a beam with o, = 250nm,
with a good and previously justified approximation that a beam of higher waist-size
(for example, o, ~ 2.5um) but the same density will have the same characteristics
of beam tube interactions and excite considerably similar wakefields.

From these simulation snapshots summarized in Fig.7,8 it is possible to conclude
that if beam densities as high as n, ~ 5.0 x 10?2cm ™3 are experimentally accessible
at current accelerator facilities, then it may be possible to excite strong “crunch-
in” wakefields in off-the-shelf crystal tubes of nominal tube dimensions. In our
simulations, the tube has a radius (r¢upe) of 100nm and a wall thickness (Aryupe)
of 250nm. The beam density is initialized to n, = 5.0 x 1022cm ™2 and tube wall
density is initialized to niupe = 3.0 x 1023cm =2, with the ny/ngupe = 0.17. The
beam properties are: v, = 10,000, o, = 400nm and o, = 250nm.

From 9 we can infer that a few 10 TVm~! acceleration gradient may be ex-
perimentally realizable using current accelerator facilities. The accelerated energy
spectra shown in 9(d) shows the acceleration of a small fraction of the drive beam
from the initial beam energy centered around 5110 MeV to 7570 MeV, a gain of
about 2.46GeV in 36um gives an average gradient of around (FE,e.) ~ 70.0 TVm™1!.
It is quite evident from the transverse real-space vs longitudinal momentum snap-
shot in (a) that only those beam electrons that are within the tube (r¢ype = 100nm)
get accelerated in the wakefield. This increase in the acceleration gradient simply
follows the electron density scaling of the Tajima-Dawson acceleration gradient.

It is quite attractive to have the possibility to accelerate a part of the 5GeV par-
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Fig. 9. Longitudinal momentum phase-space against transverse real space dimension (in a), the
same against longitudinal real space dimension (in c¢) and the corresponding on-axis field, electron
density lineout (in b) from 2.5D PIC simulation snapshot after 36um of beam-tube interaction.

ticle beam by around 2.5GeV in sub millimeter-scale crystal tubes while sustaining
unprecedented many tens of TVm ™! acceleration gradients.

5. Discussion and Future Work

In this work we have presented a preliminary analytical and computational model
of beam-driven solid-state acceleration mechanism in crystal tubes. The solid-state
tube wakefield acceleration or SOTWA mechanism presented here utilizes collec-
tive electron oscillation modes on and across the surface of a crystal tube. These
plasmonic oscillations sustain propagating surface waves driven as the wakefield of
a charged particle beam of submicron bunch length (and, ideally submicron waist-
size). A tube shaped nanostructured crystal is not only found to offer the possibility
to minimize the direct high-intensity interaction of the beam with bulk crystal but
also the possibility of excitation of significantly higher wakefield amplitude com-
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pared to the direct interaction of same density particle beam with bulk crystal.

The experimentally available submicron scale bunch length (for instance, o, =
400nm %) is shown to have the potential for resonant excitation of collective electron
oscillations in crystal tube. The resonant excitation of a surface mode in a crystal
tube driven by the beam at a given density is shown to be experimentally realizable
within a range of tube wall densities. A preliminary analytical model of the crystal
tube wall surface electron oscillations has been presented based upon the seminal
works on modeling many body crystal phenomena as collective modes of collisionless
Fermi electron gas. Our model currently assumes minimal ion motion over the
relevant attosecond timescales (from our preliminary mobile ion simulations) but
crystal lattice ion motion effects will be a major part of the future work.

In the computational models presented in sec.4 using beam densities of the order

of np ~ 10%2tem—3

, as some of the electrons in the tail of the drive bunch experience
strong wakefields of the tube surface wave, they are shown to rapidly gain energy.
The average acceleration gradients experienced by the tail particles are shown to
be of the order of several TVm™! as per the expectations of the Tajima-Dawson
acceleration gradient limit for crystals. The particles in the tail of the beam gain
several hundred MeVs in a few hundred microns under the influence of surface
wakefields (sec.4.1 and sec.4.2). The possibility of accessing average acceleration
gradients that are at least two orders of magnitude higher than the gaseous plasma
wakefield acceleration techniques will pave the way forward in accelerator research.

It is further demonstrated that if experimentally accessible beam densities may
be of the order of ny, ~ 5.0 x 102?2cm ™3 with other beam properties being the same,
then off-the-shelf crystal tubes of a few hundred nanometer diameter can be utilized
(sec.4.3). With the densities of the these off-the-shelf tubes being of the order of
10%3cm~3, the accessible Tajima-Dawson acceleration gradients are of the order of
10 TVm~!. Our simulations suggest the possibility of SOTWA fields being at least
three orders of magnitude higher than gaseous plasma acceleration technology.

The possibility that an increase in the drive beam density allows access to a
nonlinear surface wave “crunch-in” regime has been demonstrated. In the “crunch-
in” regime both strong transverse fields of the order of many 100GVm~! as well as
longitudinal wakefields of the order of many TVm™! are excited. Thus, this regime
using a crystal tube is useful to control the accelerated bunch transverse properties
while the accelerated particles do not directly experience high ion density in their
propagation path resulting in the minimization of associated instabilities.

Controlled crystal tube photon source: Moreover, the strong transverse
fields of the crystal tube wake make controlled and tunable generation of gamma-ray
photons as an electron or positron beam particle trajectories undergo oscillations
during their interaction with “crunch-in” transverse fields of the order of many
100GVm~!. The use of specifically structured crystal tube such as with a super-
lattice, allows significantly higher control of the gamma-ray flux as opposed to the
uncontrolled filamentation driven interaction in a metal®.
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Nano-modulation of drive beam: In the very near-term, beam-tube interac-
tion can be experimentally investigated by the observation of coherent density mod-
ulations of the drive beam“5 which may be related to the effect of beam scalloping
observed in some gaseous plasma studies elec-Beam-Wakefield-Expt. Beam-tube
interaction can be experimentally diagnosed by observing the small spatial-scale
beam density modulations after the interaction.

In future work, we will extend the analytical and computational modeling of
the SOTWA mechanism presented here. Moreover, we will determine the optimal
conditions for the excitation of strong many TVm ™! acceleration (and in-tube focus-
ing) gradients under various tube and beam parameters by modeling the plasmonic
surface wave in crystal tube. It is also critical to understand non-ideal conditions
of the interaction, such as misalignment of the beam and tube axis, effect of lim-
ited thickness of tube wall and electron density profile of tube, secondary high-field
ionization of the channel walls, ion motion processes, modification of tube density
profile due to ablation of the crystal tube to beam irradiation etc. The extent and
time-scales of damage caused to the crystal tube structure by the drive beam, the
possibility of reuse in consideration of effects such as atomic stabilization as well as
the effect of these non-ideal structural properties on collective electron oscillations
will also be carefully modeled.

Laser Wakefield Accelerator injector for SOTWA: Our future work will
also study the external injection of the inherently micron-scale electron and positron
beams?” that are accelerated using laser-driven wakefields in gaseous plasmas and
are thus likely to be more accessible. Furthermore, it is well known that the ra-
diation from muons interacting with the high transverse or focusing field of the
tube and undergoing oscillations is significantly smaller than electrons or positrons
(x (me/my,)*), we will also model the injection and acceleration of muons. Laser
acceleration of muons“®, also put forth and investigated as part of this XTALS 2019
workshop, is modeled to be able to produce ultra-short micron-scale muon beams
that are suitable for injection into crystal tube wakefields.

Through the proposed extensive modeling effort, our work will seek the parame-
ter regime and feasible diagnostics for demonstration of an experimental prototype
of possibly many TVm™! average acceleration gradient of the SOTWA mechanism.
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Electron acceleration at ELI-Beamlines: towards high-energy and
high-repetition rate accelerators

C. M. Lazzarinit, L. V. Goncalves, G. M. Grittani, S. Lorenz, M. Nevrkla, P. Valenta, T.
Levato, S. V. Bulanov, G. Korn

Institute of Physics of the ASCR, ELI Beamlines, Na Slovance 2, 18221 Prague, Czech Republic
+ E-mail: CarloMaria. Lazzarini@eli-beams. eu

The high energy electron experimental platform* at ELI-Beamlines will give to the users
high energy tunable electron beams with low energy spread and divergence, by employing
laser-wakefield-acceleration scheme (LWFA) driven by PW-class laser system working at
10 Hz. The platform will offer great flexibility over electron beam parameter space and
is foreseen to exploit different targets, acceleration and laser-guiding advanced schemes.
In this paper we summarize about more compact accelerators that can be envisioned
by the use of really short (near single-cycle) fem-mJ-level laser pulses interacting with
nanoparticle and solid targets, as well as with specific near-critical density targets.

Keywords: LWFA; laser-driven electron acceleration; ultrashort lasers; high-density tar-
gets; nano-structures; ELI-Beamlines.

1. Introduction

Laser-plasma acceleration® is a technique capable of producing very high-energy
particles bunch (GeV-level) with short time duration (down to 1 fs) and in rela-
tively short distance compared to conventional accelerator systems®™, thanks to
high accelerating gradients well beyond 100 MV /mm?. This opened the way to
generate ultra-relativistic particle beams for different applications in smaller size
research infrastructure such as ELI-Beamlines®”. Moreover, due to its versatility,
Laser Wakefield Acceleration (LWFA) is an attractive technique for many applica-
tions because of the possibility to tune within the same configuration the electron
beam parameters (energy, charge, and emittance) throughout different orders of
magnitude.

Nowadays, laser-accelerated electron beams are produced with table-top laser sys-
tems from TW to PW peak power thus accessing a broad energy range up to the
multi-GeV level® 0. The use of an ultrashort laser pulse driver, made available
by the pioneering work on Chirped-Pulse Amplification (CPA) by Strickland and
Mourou!!, enables at the same time the possibility to pump and probe a sample
with secondary laser or particle beams, thus offering ultrafast temporal resolution in
the 10-fs range. These features are extremely interesting for several potential mul-
tidisciplinary applications'2. However, the not yet optimized electron beam quality
in terms of pointing stability, average energy and energy spread, compared to con-
ventional accelerators, impose severe limitations to the usability of such beams. At

*originally developed as H.E.L.L., within the Particle acceleration by Laser program (RP3).
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the same time, such challenging requirements have increased the number of test
experiments aiming to improve the beam reliability for applications.

It has been shown that different injection mechanisms can help to stabilize the aver-
age electron energy and to reduce the energy spread to less than 1% '3, the electron
beam pointing however is showing a stability 2 to 3 orders of magnitude worse than
top-class laser systems (few prad). These recent achievements for electrons parame-
ters are paving the way for further improvement to extend the acceleration with, for
1415, anyway, at the same time, they already

15 as emerged in the detailed user

example, multiple stage accelerators
appear at a useful level for specific applications
workshop.

In trend with this workshop topic, to accelerate beams in solid-state plasmas that
promise very high accelerating gradient toward the final goal to reach TeV/m to build
future particle colliders much more compact. A step in this direction can be, for
example, to use compact size laser system to drive relativistic particles, or contin-
uous focusing of single-cycle laser pulses (eventually X-ray lasers to further reduce
the wavelength and so the accelerator plasma-cavity volume) inside solid nanostruc-
tured targets as crystals, carbon nanotubes (CNT) !, or in between metasurfaces
to exploit the metasurface laser accelerator (MLA) scheme in the NIR spectrum!7.
Usually compact lasers can work at higher repetition rate compared to big PW-class
laser system but, even if more stable and reliable, bring very low energy for every
laser shot, resulting in an intensity not enough to generate good quality beam, for
example through the so-called blowout regime %19, For this reason solutions to this
problem are:

(i) drastically reduced the pulse duration to single-cycle by pulse post-compression
(for example in gas-filled fibers as shown in2?%2! or by the new thin film com-
pression approach proposed by G. Mourou et al.,??),

(ii) tight focusing by small f# off-axis parabola (OAP) together with a deformable
mirror (DM) and automatic wavefront curvature correction software,

(iii) by exploiting higher density targets like solid-plasma or near-critical plasma.

By using combinations of said points it has been shown the possibility to pro-
duce MeV-pC electron beam with mJ-class laser systems, which can operate at high
repetition rate (kHz)?*72¢. Two different regimes have been used to produce such
beams, one based on an improved laser driver, compressed near single-cycle (3.4
fs)24; the second conmsists in increasing the plasma density close to critical value
(ne = 1.7 x 10?! em™3 for 800 nm driving laser) to enable relativistic self-focusing
for longer (> 30 fs) laser pulses?S.

In this work it is considered and shown the possibilities to implement some of these
schemes in the platform at ELI-Beamlines; as well the first demonstrations, both
experimentally and theoretically, that could pave the way toward the goal of realiz-
ing a compact high-repetition rate (few Hz) ultra-relativistic (MeV to GeV) particle
accelerator with pointing, divergence and energy spread good enough to use elec-



August 28, 2019 16:21 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in " Lazzarini'proceedings cut” page 3

trons as secondary source for further experiments.

The paper is structured in the following way. In the second section is given an
overview of the ELI-Beamlines research center and the available lasers for particle
acceleration. Sections 3 and 4 give a general overview of the LWFA idea and typical
setup of a laser-plasma acelerator, together a brief discussion on laser pulse opti-
mization.

In section 5 we summarized few aspects of the high energy electron platform and
related diagnostics. Section 6 is discussing recent trends towards the realization of
kHz electron acceleration.

Finally, in the last two sections are presented recent theoretical results obtained by
considering what happens when a single-cycle laser pulse travels a) inside a single
nanoparticle (NP), by resolving the E-field dynamics in the fs-timescale, and b) in-
side an over-dense plasma, to study wake-field modulations either analytically and
numerically.

2. Electron acceleration possibilities at ELI-Beamlines

The ELI-Beamlines project! main mission is to deliver laser-produced secondary
sources to the scientific community, both for applied and fundamental research in
different fields of plasma and ultrashort laser-matter interaction physics. For this
reason, different user-oriented beamlines are being implemented with the goal of de-
livering high repetition-rate highly synchronized laser-driven sources of particle and
radiation with unique features, especially when compared to conventional facilities.
Practical applications are medical and bio-molecular research (i.e. radiotherapy,
pulse radiolysis), new material research, and the development of new technologies
including high rep-rate DPSSL pumped PW-systems. The building has been con-
structed in 2015 and, since then, four lasers and many different beamlines have been
or are under installation and commissioning.

What is unique of ELI-Beamlines, other than having unique laser as the 10 Hz PW,
it is the possibility to combine in different experimental rooms multiple lasers with
dedicated beam transport (as shown in Fig. 1), to be used synchronized in complex
experiments. This is possible thanks to the fact that the lasers have a common
timing system for referencing and there is a centralized beam distribution control
system.

Different unique lasers (parameters in Tab. 1) are available at ELI-Beamlines,
and for experimental platforms like Plasma Physics (E3), Ion Acceleration (E4) and
Electron Acceleration (E5) is foreseen the possibility use in combination different
laser beams with dedicated beam transport and diagnostics.

The first laser to be ready is the L1 Allegra laser system 27, designed and built by the
ELI-Beamlines laser team. This is based on picosend Optical Parametric Chirped-
Pulse Amplification (OPCPA) pumped Yb:YAG thin-disk lasers and provides < 20

Thttps://www.eli-beams.eu/
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beamlines

Laser Building Bypport e dj Ul

Experimental Hall 1 i I3 Experimental Hall 4

Experimental Hall 5 ™ - . . —r— Experimental Hall 6

Fig. 1. Experimental building scheme at ELI-Beamlines: 4 main lasers are located in separate
rooms at the ground floor, and are transported underground to different experimental halls. In
violet is L1 laser 100 mJ, 1 kHz; in green the PW-class laser working at 10 Hz and in red the 55
cm diameter 10 PW, 150 fs laser. The experimental hall (E5) is dedicated for high-energy electron
acceleration can allow future-proof scheme of acceleration with long focusing optics, extendable to
100 m, as originally planned into the former Particle Acceleration by Laser program (RP3).

fs compressed pulse at a wavelength 830 < A < 860 nm, with an energy up 100
mJ (upgradable to 200 mJ in the future). The unique feature of this system is the
high-repetition rate of 1 kHz. This is used for all the experiments that do not need
high energy or intensity but rather good stability and repetition rate to increase
the data statistics and the signal-to-noise ratio. This is mainly used to generate
secondary sources as High-Harmonic Generation (HHG) in the range 10-120 eV
and Plasma X-ray source (PSX) station for the generation of incoherent ultrashort,
high brightness, hard X-ray. Applications in the Atomic, Molecular and Optical
fields are coherent diffractive imaging, sub-ps VUV ellipsometer and time-resolved
scattering, diffraction and spectroscopy imaging.

The main working laser is the L3 HAPLS (High-Repetition-Rate Advanced Petawatt
Laser System) laser system based on Ti:Sa crystal with record breaking peak power
pumping diode arrays, developed by LLNL, US*. This provides PW pulses with
energy of at least 30 J and duration < 30 fs at 820 nm central wavelength, at a
repetition of 10 Hz. It also provides very high contrast and a high degree of real-

fMore info at: https://www.lInl.gov/news/lawrence-livermore-developed-petawatt-laser-system-
installed-eli-beamlines.
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time control and timing synchronization.

Last more powerful laser is the L4 Aton laser system developed by a consortium
of ELI-Beamlines, National Energetics and EKSPLA. It will provide up to 2 kJ
pulses with duration < 150 fs, therefore a peak power of 10 PW and the highest
possible intensity on focus at ELI-Beamlines, with a repetition rate of 1 shot/minute
due to the Nd:glass slabs amplification technology. This laser will be intrinsically
synchronized with a 0.5 to 5 ns (chirped) pulse laser with programmable temporal
shape, just by by-passing the final compressor in the same distribution chain.

Table 1. Lasers available at ELI-Beamlines

Laser name Pulse energy Pulse duration =~ Wavelength  Repetition Rate = Peak Power
[J] [fs] [nm] [Hz] [PW]

L1 - Allegra 0,1 (up. to 0,2) 30 830-860 1000 0.005 (0.01)

L2 - Amos 10-20 15 810 10 1

L3 - HAPLS 30 30 820 10 1

L4 - Atos 1500 150 810 < 0.02 10

3. LWFA experimental diagnostics

The idea of laser wakefield acceleration (LWFA) come out originally as a theoretical
possibility in 19791, and the first proofs showing high quality relativistic beams
accelerated by laser in short distance were given only more than 16 years later
2428 Tt consists in a short duration laser pulse from CPA
system that drives plasma waves in a medium by the ponderomotive driving force,

by different groups

proportional to the variation of the laser intensity:

FNL = *lease% (1)

These waves, referred to as the wake field, are basically plasma oscillations that
can produce very high E-field by electrons-ions displacement. The longitudinal elec-
tromagnetic plasma wave (EPW) are responsible for the acceleration of electrons,
where the final gain is proportional to the E-field and the displacement (e.g. the
acceleration length). The biggest advantage of this acceleration scheme, compared
to the conventional linear accelerators based on radio-frequency (RF) cavities, is the
extreme reduction in dimensions. Indeed, the limiting factor for RF accelerators
is the electric breakdown of the material that limits the accelerating gradients to
around 100 MeV/m, this does not happen in an ionized plasma. The E-field re-
sponsible for the particle energy gain is dependent both on the laser intensity (that
means are needed really short pulse duration lasers) and on the plasma electron
density n., and can be higher than the so-called cold non-relativistc wave-breaking
field 29:
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Eo[—] = CMeWpl 96 nelem 3] (2)
m
4mn.e?
Wpl = m (3)

where m, and e are the electron rest mass and charge, ¢ the speed of light, and
wpt the plasma frequency. This implies that working with few tens of fs laser at
a plasma density n. =~ 10'¥cm? is possible to get accelerating field > 100 GV/m.
When the plasma perturbation length is equal to the plasma wavelength

)\pl = 2l = CTlaser (4)
Wpl

with 7y4ser the pulse duration, resonant high amplitude wake-fields are produced
and the electrons, if injected in phase inside these waves, can be accelerated to very
high energy. By using PW-class laser it has been recently shown a record electron
energy gain up to 8 GeV ! by extending the acceleration length over 20 cm inside
a channel formed in a plasma discharge capillary.
Electrons can be injected in the accelerating part of the wake-fields by different
methods®, as for example by self-injection, ionization-injection or even external in-
jection when a pre-formed beam is sent with proper timing after the main laser
driving the wake. To get good quality electron beam is critical to tune the laser-
plasma interaction to assure good excitation of waves and timed injection of elec-
trons, dependent on the plasma density (e.g. type of gas, backing pressure, height
of laser focal spot compared to gas target). To do so usually the gas-target, that can
be a sub- or super-sonic nozzle, a gas-cell or a small-diameter capillary, is moved in
3D to find the best position compared to the focal spot of the laser, given by the
off-axis parabola (OAP) optimization at a previous stage.
During this process the laser-plasma interaction is monitored by different diagnos-
tics techniques, the most basic setup consist in a side-view probing beam to get
lateral shadowgraphy (or interferometry) images from which is possible to know
height and longitudinal position of the focus, a high-magnification top-view color-
CCD to view the Thomson scattered light from plasma (visible to IR by laser) to
infer the laser propagation into plasma, and eventually a laser spatial profile and
spectrum monitoring before and after the plasma propagation. The electron beam
spectrum is typically recorded by a deflecting B-field and an imaging Lanex screen,
imaged off-axis by a CCD. From this signal is also possible to estimate the beam
divergence, charge and pointing at every shot.

4. Laser pulse optimization

In order to boost the acceleration gradient inside the plasma cavity it is important
to have a high intensity of the laser concentrated inside a very small focal spot (as
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can be understood by Eq. 1). Indeed to drive highly relativistic electron motion
the normalized (Gaussian) laser vector potential amplitude, defined as:

2e2\2]

—= )%~ 8.6 x 107N um]\/T[W/em?] (5)

ag = (

must be ap > 1, that means an intensity on spot I > 108W/em? for a central
laser wavelength at 1 pm. The focal spot can be dependent experiment by experi-
ment on the different acceleration techniques, as for example if the laser pulse must
be coupled into a guiding channel with acceptance aperture (radius) similar to the
laser spot.
However, other than generating a small laser waist in focus wy (eventually close to
the optical diffraction limit wymi = 1.22A\f4), it is crucial both (i) to maximize
the energy encircle in the spot size 2wy and (ii) to reduce to the minimum the pulse
duration in time.
To accomplish the first goal (i) usually a deformable mirror (DM) is used as one
of the last optics in the path before the final focusing element. This is composed
by a very thin membrane behind which different actuators are moved to deform
the surface in a way to correct for optical aberrations and guarantee flat wavefront
curvature, measured by a wavefront sensor device (WFS) optically conjugted with
the DM surface. An additional step would be to re-optimize the wavefront at the
real focus of the OAP, to further correct aberrations introduced by non-perfect al-
ingment or coating imperfections of the OAP itself.
For the second goal (ii) it is important to fine-tuning the laser final compressor
(in particular the relative distance of the two gratings) measuring as reference the
pulse duration on target. This can be done either in-air or in-vacuum by consid-
ering the additional B-integral due to the vacuum-air optical window. To measure
really compressed laser pulse in the fs-domain it is needed a self-reference technique.
Commercial devices are available for this scope as the Wizzler, based on single-shot
Spectral Interferometry>° to reconstruct the spectral phase and intensity, and the
D-Scan?!, based on ultrafast dispersion-scan setup.

5. High-energy platform scheme

Since the capability to produce secondary beams using ultra-high-power laser sys-
tems is still in a fast development phase, the high energy electron platform available
at ELI-Beamlines (developed within the Particle Acceleration by Laser program
RP3 and reviewed in detail in T. Levato et al.,3?) is geometrically organized to be
flexible and modular to offer the possibility to arrange advanced optical setups for
future development of the source and for the preparation of complex fundamen-
tal physics experiments that require a high-power super-stable counter-propagating
laser33:34. All the optics have been designed to work with the (250 mm clear aper-
ture) PW-laser and having optimized coating for said laser.
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*Review in Appl. Sci. 2018, 8, 1565.

Fig. 2. (courtesy of T. Levato) The High-energy Electron by Laser Light (H.E.L.L.) experimental
platform: optical scheme (a) of the two chambers composing the beamline and (b) the User station
equipped with an high-precision positioning system. The beamline is designed to host the PW-
class laser (indicated here with orange arrow), offering a high-degree of experimental flexibility
thanks to the possibility to move the interaction (big) chamber with respect to the (first) laser
focusing one. To optimize the interaction the platform will provide in-air and in-vacuum shot-
to-shot diagnostics for the laser and its propagation in the plasma. Moreover, is considered the
possibility to have a PW-class counter-propagating laser beam to generate high-energy ~-ray by
laser-particle collider33. Adapted reprint from 32.

The first laser-driver vacuum chamber consists of all the optics for focusing down
the large diameter to a spot size of ~ 15 um (33 pm) in the case with an OAP of
focal length f = 4.4 m (10 m), plus all the online in-air diagnostics (pulse energy,
contrast, pointing, near-field distribution) and the in-vacuum ones (pulse duration
and wavefront curvature measurements). The two OAP allow to work in two dif-
ferent regimes of LWFA, respectively the self-injection regime!'®3%36 that requires
a high intensity, and the guided regime? by increased focal length and, therefore,
increased accelerating region inside the channel. The DM is needed to compensate
diffraction and phase-front aberrations effects (that limit the minimum focal spot
size and so the maximum intensity reachable) due to multiple reflections on optics
and long propagation.

For lower energy applications (100-MeV-range), users can benefit of a dedicated
user-station® (shown in Fig. 2a and 2b) designed to work at 10 Hz and to host up
to 5 kg target (in air), offering both a high-precision positioning system and the
possibility to monitor online the electron beam characteristics before and after the
interaction with the target.

6. Towards high-repetition rate accelerators

In the view to use nanostructures either for direct particles acceleration or for laser
pulse guiding, it is critical to have a LWFA system with very good pointing stabil-
ity (ideally tens of urad) and reliability over time, working at high-repetition rate

8developed in the Particle Acceleration by Laser group (RP3) together with FElettra-Sincrotrone
Trieste.
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(tens to hundreds of kHz). The first requirement will assure a good focusability
of the laser pulse to be guided or matched to nanostructures as carbon nano-tubes
(CNT) or plasma channels that can have a matching opening aperture from tens to
sub-pm. The second point will assure the enhancement of the particle beam current
(needed in many applications), a better signal-to-noise ratio, and the possibility to
introduce a live feedback control and beam optimization3”.

Most Laser Plasma Accelerators (LPA) rely on 100 TW-class or PW-class laser to
generate GeV-range high-charge electron bunches, however these systems usually
work at low repetition rate (< 1 Hz) or at best at 10 Hz (L3-laser project). Increas-
ing the repetition rates bring a series of advantages as: more stable acceleration
process because kHz laser reach thermal steady operation state, it is possible to
average over many shots increasing both the statistics and the signal-to-noise ratio,
it is possible to introduce very fast active or passive feedback control and optimiza-
tion, and finally can increase by few orders of magnitude the current brought within
the fs electron bunch?%:38. Nowadays few-mJ range compact lasers working higher
than kHz are commercially available.

One of the technical challenges to work with such systems to drive LWFA is the fact
that, being available only low energy per pulse, it is needed to work in tight focus-
ing regimes shooting very close to super-sonic (high-Z) gas targets (that means very
high-plasma density). In this way is possible to have shorter plasma wavelength to
be in resonance with the laser pulse in the so-called bubble regime, that leads to
the generation of high-quality relativistic electrons with narrow energy spread and
18,19 The direct consequence of this is the fact that by scaling
down the spot waist, also the Rayleigh length zgr, the accelerating cavity radius

small divergence

R and the dephasing length Lgepn o %R (limiting the acceleration process) are
reduced. This is clearly visible by scaﬁng laws with requirements for LWFA in
bubble regime highlighted in the Tab. 2. This makes the optimal condition more
difficult to find and it is usually required a very careful fine-scanning of the focal
spot compared to the gas target.

Table 2. Scaling laws for LWFA in the blowout regime?7”, considering a driving pulse of 800 nm
wavelength.

Laser class  ag Er, I, wo ZR Ne Lgepn AFE

0.5 PW 48 30J 60fs 26um 26mm 6.6 x107ecm™3  45cm 4.2 GeV
30 TW 35 1J 25fs 10um 400 um 4.2 x 1038em=3 2.8 mm 500 MeV
1TW 2 3mJ 5fs 21um 18 pm 1020¢m =3 25 um 10 MeV

Another technical experimental issue working at high-repetition rate is the syn-
chronization of the gas valve opening time with the laser and the gas release into
the chamber, a too slow evacuation could result in an increase of the vacuum level
over the working threshold of 10~3 mbar, potential harmful for the optics especially
if the target chamber is in close proximity with the laser compressor gratings.

" Lazzarini'proceedings cut”

page 9
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To mitigate these problems it is possible to perform hydrodynamics simulations, as

39

shown in®?] in order to get the gas density profile and to find the best interaction

position for of the focal spot compared to the target.

7. Theoretical considerations

In the view to use nanostructure with solid-density plasmas in which to drive
LWFA by reduced wavelength (eventually from X-ray lasers), in our group at ELI-
Beamlines we are focusing the attention on two points we consider relevant and
not fully explored from a theoretical point of view. The first consists of analysis of
the interaction and response on the fs-timescale of a single nanoparticle (NP) to a
ultra-fast broadband driving pulse. The second point to mention here is the study
of the propagation of a single-cycle laser pulse in a near-critical density plasma,
useful to analyze eventual laser self-modulations when working at high-repetition
rate at densities > 10%° e¢m 3.

7.1. NP response to broadband pulse on the fs-timescale

Optical properties of plasmonic nanoparticles, such as their large optical cross sec-
tions and the enhancement of the optical near field in subwavelength regions, are
well known in the literature*® and the first theories of light interacting with small
objects (called later on plasmonics) based on classical electrodynamics go back more
than a century*!™#3. However in the recent years the development of advanced
nano-fabrication techniques, high-sensitivity single-particle optical characterization
techniques,fast numerical modeling tools, and the availability of compact size of
fs-laser pulse have led to an increasing interest of the scientific community in the
so-called ultrafast nanoplasmonics world due to huge number of applications?445.
In the latter, the key point is the control of the strong-field enhancement localized
in space on the nanometer scale and in time on the fs and sub-fs scale, either in
the linear or nonlinear regime. For many plasmon-based applications in the visible,
because of the very narrow resonance, silver and gold are the usual choices how-
ever, plasmonic excitation can be also obtained in the far-infrared zone using doped
semiconductors and in the ultraviolet zone using aluminium or silicon.

Most of these studies on plasmonics and magnetic light are limited to the monochro-
matic, continuous-wave regime. The work by C. M. Lazzarini et al.45, developed
into the Particle acceleration by Laser research program (RP3), presents a fur-
ther step into the research field unifying the areas of nanoplasmonics and ultrafast
high-power lasers. The key point here, still not clear even in the linear case, was
the time-response of the near-field excited inside a single NP placed in the focus
of a broadband Fourier-limited Gaussian laser pulse in the long wavelength limit,
in the cases its duration is longer, comparable or smaller than the NP resonance
lifetime (as shown in Fig. 3 for a sub-wavelength Ag NP). The enhancement and
decay have been resolved on a fs-timescale both analytically and numerically for a
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40 nm-diameter Ag NP (e.g. plasmonic resonance in metal) and for a bigger 460
nm-diameter Si one (magnetic resonance in high-index dielectric). Similar delayed
near-field enhancement and decays have been observed for the metal and dielec-
tric NPs, by considering respectively a modified Drude-Sommerfeld model*7 in the
dipole-limit and the exact Mie theory*® needed for bigger particles.
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Fig. 3. (a) Scheme of the idea from C. M. Lazzarini et al.4%: a 40 nm diameter Ag nanoparticle
placed in the beam waist of an incident Fourier-limited Gaussian pulse in the long-wavelength
limit (A > d) under the paraxial approximation. In the beam waist the electric field is polarized
along the x-axis. (b) Plane wave extinction efficiency for the NP computed considering radiative
correction effect. (c), (d), (e) Normalized spectra of the laser pulse (E;n. in red) centered at
Ares = 369 nm having a bandwidth bigger, similar, or smaller compared to the plasmon resonance
one, considering a pulse duration respectively of 0.5 fs, 5.4 fs, and 50 fs.

We started by solving the Helmholtz equation in the paraxial limit (neglecting
spatio-temproal couplings):

V2E + K*E =0 (6)

E(rv T) = Espace (r)Etime (T) (7)

with k = |k| = w/c. Solutions of above equations are a Gaussian (mode T'E M)
propagating along the x-axis and a Gaussian function in time:

Espace(r) = Ege'™™ i (8)

Etime(T) — efap'r efiwof (9)
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where wy is the central pulse frequency and «,, is related to the pulse duration
by oy, = 4In(2)/77. The pulse duration range here considered (0.5 to 250 fs) covers
from the state-of-the-art laser pulses for pump-probe experiments to study collective
charge excitation and dephasing (1-10 fs), the non-thermal electron distribution
effects, up to the the e-e (or e-h in a semiconductor) scattering regime (100 fs
range).
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Fig. 4. Left: Color maps showing the normalized E-field enhancement inside the 40 nm Ag sphere
on an ultrafast time scale. The incoming pulse is a Gaussian Fourier-limited pulse centered at A\g
with a pulse duration of (a) 0.5 fs, (b) 5.4 fs, and (c) 50 fs. The dashed lines represent the plasmon
resonance wavelength A\p spr = 369 nm, while the solid white lines show the pulse bandwidths.
Right: Semi-log plots of the respective induced E-field for a laser pulse centered at Apspr (solid
black lines) compared to the incoming one (dashed red) having a pulse duration of (d) 0.5 fs, (e)
5,4 fs, and (f) 50 fs. Data and reprint from46.

To calculate the broadband response, the incoming pulse temporal part has
been Fourier-expanded and for each frequency the incident field on the small sphere
becomes

Espace (r) = Ege'™ i (10)
and the solution can be calculated solving the Laplace equation
V20 =0 (11)

E=-Vo (12)

giving a near-field for single frequency:

T (e—we)? 3eo A
E;(w) = Ey Se — . (13)

w
€0 262 = Gt
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In this we consider air as background (e2 = 1), a dielectric function at infinite
frequency €., = 5, a plasma frequency fw, = 8.9 eV and a relaxation (electron
scattering) rate v = 177! fs.

By inverse Fourier transforming this equation is possible to get the NP response in
time, results are shown in Fig. 4 for three different cases. A rich physics has been
observed for a pulse duration shorter than the NP resonance lifetime (of 5.4 fs for
Ag). That is a delayed retarded Lorentz mode decay with parameter I'/2 = 0.186
fs~! and we observed that by increasing the pulse duration the response delay
saturate at the exact value of the plasma resonance 74eiqy = Tres = 5.4 fs. A similar
scenario happen for bigger Si particle, where the resonances mode are magnetic
resonances centered in the NIR spectrum (A > 1100 nm).

Extension works on these findings will look at the non-linear NP and multi-particle
interference response, the far-field dynamics resolved in time, and could lead to
new mechanisms for time-shaping ultra-fast laser pulses or be used for laser-plasma
diagnostics and direct particle acceleration in nano-structured targets.

7.2. Single-cycle laser propagation in near-critical plasma

Since as explained above LWFA at high repetition rate is possible with mJ-class
lasers but requires very high-density plasma targets and really short pulse dura-
tions, the dispersion and the carrier envelope phase (CEP) effects of few-cycles
pulses must be taken into consideration when considerating the generated wake
waves and their effect back on the driving pulse. Indeed, usually in this scenario
the laser pulse driving the wakefield is longer in space than the plasma wavelength,
meaning that self-modulation effects can occur to eventually split the pulse into
different waves. In this last chapter is presented an analysis*® showing Particle-In-
Cell (PIC) simulations to study the propagation of the pulse in near-critical plasma
(where ng,. = 1.8 x 102! em ™3 for a 800 nm laser).

Starting from the dispersion relation for a small amplitude E.M. wave in a collision-
less plasmas:

w? = k% + ""Z (14)

with w, = y/47n.e2/m. the Langmuir frequency, ¢ the speed of light in vacuum,
e and m. the electron charge and mass and n. the electron density, the phase and
group velocity of laser pulse are:

w cw
v = 2= (15)

ol
v

Vgp = 5 = ————. (16)



August 28, 2019 16:21 ws-procs961x669 WSPC Proceedings - 9.61in x 6.69in " Lazzarini'proceedings cut” page 14

14

(€ . |

(d)

’ B ‘ ﬂ\ | |
2 o ‘ z | AN I‘r’\-\“l“ “.‘ | ‘ ‘ U A |
. : I : |
(g) (h) i ' 1 G | - : !
’ I“H‘: Vi al L |
I - oA all L

Z : T/ HIi— , &“‘ . |
. = UV VLN . ,“Yf, [ ‘

‘ ,‘,.,v_‘li:'!' W, .

Fig. 5. Data from P. Valenta et al.*®. Laser field normalized (left column), transverse E-field
on the y = 0 axis (center) and the corresponding on-axis spectrum (right) for three different time
moments after the laser entered the uniform plasma: (a),(b),(c) t1 = 106 fs, (d),(e),(f) t1 = 160
fs, and (g),(h),(i) t1 = 212 fs.

The simulated laser pulse, characterized by angular frequency wy = 2mwc/Ao,
where Ag is the vacuum center laser wavelength, is Gaussian in both spatial and
temporal profiles. The pulse contains one optical cycle only, thus its duration is
TFwHM = 27/wo (2.66 fs for 800 nm laser). The laser is focus to wg = 4, with
a corresponding normalized amplitude at focus of ag = 2, at the beginning of a
cold, collisionless, uniform hydrogen plasma with electron density n. = 0.1 % n,
through a smooth density ramp in the front vacuum interface to mitigate the wave-
breaking that could occur from a too sharp plasma edge. The resolution of the
2D Cartesian grid is 100 cells per A in both directions. The electromagnetic fields
are calculated using the standard second-order Yee solver®® by applying absorbing
boundary conditions for both fields and particles. Results are presented in Fig. 5,
where is clear that the laser entering the density plateau undergoes self-focusing
exciting high-amplitude waves and, consequently, a substantial red-shift happens in
the front part of the pulse.

Due to the dispersion, the lower frequencies propagate through plasma slower than
the higher frequencies, that by consequence remains in the front part of the pulse.
This effects can ends in a separation of the pulse in two parts (as evidenced in Fig.
5) traveling at different velocities. During this event the group velocity v, of the
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laser keeps decreasing and, therefore, the excitation of the wake waves becomes less
efficient since their phase velocity is proportional v,. The on-axis electron density
n. composing the decelerating waves is also showing periodic localized modulations
in time with a period that is reducing proportionally to the wake wave phase veloc-
ity.

Starting by considering a single-cycle driver wave-packet propagating in a collision-
less plasma, and resolving the generated wake equations below the wavebreaking
limit (v < 1), it is possible to calculate the dispersion time

wkoc

taisp = (17)
where the dispersion effects result in a space-time modulation with a modulation
period determined by the parameter

X = - —. (18)

By such calculations and simulations can be inferred that laser pulse dispersion
of a small amplitude single-cycle laser can be responsible for strong wake-field mod-
ulations, presenting a period related to the laser v,. These modulations are in turn
responsible for the observed modulations in the plasma density of the waves behind
the pulse and can limit the propagation of the driver pulse and so set an additional
limit to the acceleration length. Further studies are needed to better understand
how these modulations could be useful in the acceleration process itself or in the
particle injection in separated wave packets.

8. Conclusions

All the laser sources and experimental possibilities available at ELI-Beamlines, to-
gether with the challenges to be solved framed in the general goal to better under-
stand the laser-driven acceleration process in near-solid-state plasma targets and
potentially reach accelerating gradients as high as TeV/m, have been summarized.
Firstly, it has been presented a general overview of our User Research facility, the
available lasers for particle-acceleration and, in more detail, the high electron plat-
form scheme?? with related challenges to achieve very energetic and good quality
particle beams. Secondly, it has been discussed the importance of high-repetition
rate accelerators and relevant challenges to be solved in an experiment.

Finally two theoretical results have been discussed concerning the description of a
nano-particle time-resolved response to very short laser pulses and the propagation
of a single-cycle pulse in a near-critical density plasma. These could result poten-
tially useful for improved diagnostics to monitor and to improve the propagation of
ultra-short pulses in sub-pm nano-structures.
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Plasma-based accelerator technology enables compact particle accelerators. In Laser
Wakefield Acceleration, with an ultrafast high-intensity optical laser driver, energy gain
of electrons is greater if the electron density is reduced. This is because the energy gain
of electrons is proportional to the ratio of laser’s critical density to electron density.
However, an alternative path for higher energy electrons is increasing the critical density
via going to shorter wavelengths. With the advent of Thin Film Compression, we now
see a path to a single cycle coherent X-ray beam. Using this X-ray pulse allows us to
increase the plasma density to solid density nanotube (carbon or porous alumina) regime
and still be under-dense for a Laser Wakefield Acceleration technique. We will discuss
some implications of this below.

Keywords: LWFA in Solid, Nanotube, X-ray Laser, TFC

1. Motivation

The proposed technique of Thin Film Compression (TFC)! combined with the Rel-
ativistic Compression (RC) technique? could generate a coherent single cycle X-ray
pulse. TFC technique could be used to compress a commonly existing short (< 100
[fs]) optical pulse to near a single cycle pulse. The spectrum of the pulse is broad-
ened via Self Phase Modulation (SPM) as the pulse travels in a thin film. This
pulse can then be compressed down to a shorter duration due to its now broader
spectrum with > 50% efficiency®. If this few cycle optical pulse is focused onto an
overcritical solid target, it pushes the surface electrons inward setting up a large
electric field. As these electrons bounce back toward their parent ions, the reflected
pulse is relativistically compressed to X-ray wavelengths. Therefore, the optical
pulse from a TFC stage could be up-converted to an X-ray pulse via interacting
with an overcritical target by RC at ~ 10% efficiency?. This X-ray pulse could
potentially have Joule level energy and duration of a few attosecond or even zep-

L. This is potentially a way to

tosecond translating to 1-10 keV energy photons
reach the ExaWatt regime in the future. If we are able to focus this pulse to its
much smaller diffraction limited spot size (on the order of nm), we could achieve
unprecedented intensities® in the Schwinger regime of 1022 [W/cm?]. This evolution
is shown in Figure 1 by a dashed black line. Thus the combination of TFC and
RC techniques beautifully paves the path to a coherent single cycle X-ray pulse as
shown in Figure 2.

There is interest in using such a pulse for the purpose of accelerating electrons
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Figure 1. Evolution of Focused peak intensity is shown as a a function of time. The A% shortcut
to the Nonlinear QED regime via pulse compression is also shown by a black dashed line. Image
credit*

to ultra-high energies in micron to millimeter distances for the future TeV /cm accel-
erators. In Laser Wakefield Acceleration (LWFA), electron energy gain is approxi-
mately given by € = 2aZm.c?(n./n.), where ag is the normalized vector potential of
the laser and it relates to the intensity according to ag = 0.85v/T\, where intensity
is in units of [10'®W /cm?] and wavelength is in [u]. n. = m.w?/4me? o< 1/A} is the
critical density of the laser and is inversely proportional to the laser wavelength.
An X-ray pulse has a critical density 6-8 orders of magnitude higher compared to
currently existing optical lasers. This matches the much higher electron density
provided by solid materials and amounts to an energy gain increase by 3 orders of
magnitudes compared to LWFA with optical lasers and gaseous materials as sum-
marized in Table 1. These X-ray photons have energies on the order of 1-10 keV.
To these photons, weakly-bound electrons with smaller binding energies would be
considered effectively free although they are bound to an atom in reality. These
electrons may be regarded as plasma-like in the timescale of the X-ray pulse, while
more strongly bound electrons remain intact. Thus, solid material may be con-
sidered as a metallic plasma to this X-ray pulse. Further, material is not ionized
during the interaction as the timescale for the above threshold ionization is long
compared to the few attosecond timescale of the passage of the X-ray pulse. Elec-
trons oscillate a relatively small distance, on the order of an angstrom, about their
original location to produce a wakefield. If the amplitude of wakefield reaches the
wave-breaking limits, some electrons will get ripped from the atoms and will be
accelerated. Electrons can also be injected into this structure.

In order to minimize collisions between the accelerated electrons and electrons
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Figure 2. Demonstration of the two-stage single cycle coherent X-ray production scheme. TFC
setup is shown on the left side where a 20 [fs] short pulse travels through a thin piece of material
and is chirped and spectrally broadened as a result. Dispersion compensation mirrors are used to
undo the linear chirp and compress the beam to it’s now shorter duration due to broader spectra.
This results in a single cycle optical pulse. The scheme for Relativistic Compression is shown
on the right where this compressed optical pulse is focused onto a solid target. Surface electrons
are pushed in and bounce back toward the positive charges. This relativistically compresses the
optical pulse to an X-ray pulse. Image Credit®

Table 1. Comparison of acceleration gradient
with optical and X-ray laser

Optical (1000 [nm]) X-ray (1 [nm])

ne 102! [cm] 3 1029 [cm] 3

Ne 108 [cm]—3 1022 [cm] 3
ne/me 103 108

€ 1 GeV 1 TeV

within the solid, it is suggested to use fabricated nanotubes”. Nanoporous alumina
structures can be fabricated on quartz crystals®. The pore density and diameter of
this highly regular pore structure can be controlled during the fabrication to match
the laser parameters and produce an optimized wakefield structure. Figure 3 shows
an example of this regular honeycomb channel structure and it’s dimensions.

A point to note is that an X-ray laser pulse can couple with ionic motions
in solid material through optical phonon modes. Tajima and Ushioda have worked
out the dispersion relation for polaritons in phonon-plasmon coupled systems®. The
equations for this derivation are the continuity and momentum equations for both
species and Poissons equation:
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where vp, ve and v; are the drift velocity of electrons, thermal velocity of electrons
and ions respectively. E and P, represent the electric field and electrons pressure,
K is the effective spring constant for the lattice force of the neighboring ions and
¢o(a = e,i) are the displacements of charged particles. The dispersion relation
where e(k,w) is the relative permittivity is then given by:

w2, w?

_ pi pe
e(k’w)_l_w2—w%o_w2—k§vg' (7)

Therefore, this model is capable of including the important effects of ionic motions
such as the polaritons and collective modes at solid densities by including the trans-
verse optical phonon frequency, wro = v/K;/m;, in the dispersion relation®.
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Figure 4. Comparison between the x-ray regime and optical regime. Distributions of (a) and (b)
the longitudinal wakefield and (c) and (d) electron longitudinal momentum ~v; induced by (a)
and (c) the x-ray laser pulse and (b) and (d) optical laser pulse in a tube when ag = 10. Image
Credit®

2. Verification by simulations

X-ray LWFA in solid density nanotube has previously been investigated by Zhang
et al.2. Two-dimensional (2D) EPOCH!° Particle in Cell (PIC) code was used to
simulate this interaction and study the appropriate scaling laws. These simulations
compared LWFA driven by an X-ray pulse, A\; = 1 [nm], in a nanotube with wall
density of ne = 5 x 10?* [em~?]; with LWFA driven <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>