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Wake by a duck on a lake:
Nature (or mother duck) shows us
(since my undergrad times, 1969 at the Shinobazu- Pond, Tokyo).
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LWFA: Self-organized, Robust, Stable Structure
with Huge Fields < v >y,

Mother Nature shows us:

NRAO/AUI

Ultra High Energy Cosmic Rays (UHECR) pinpointed from blasar (AGN) observed:
evidence for LWFA from the Universe (Ebisuzaki, Tajima, and Barish, 2023)



Ranges of wakefields
lab - 10¥cm

A=10Pcm
(AGN jets and
UHECR, 2023)

A: 103 cm €

10

M A=1cm (beam-driven
< -1fusion plasma, Nicks,

2021)

A =10"%cm (LWFA, 2004) s bl
(gas tube) =
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A=107 cm
Nanotube use for LWFA

. A =107 cm (nuclear QCD plasma)



Laser Wakefield (LWFA):

Wake phase velocity v,, >> water movement speed Tsunami phase velocity v, becomes ~0,
maintains coherent and smooth structure causes easier trapping and acceleration of more #

VS

Strong beam (of laser / particles) drives plasma waves to saturation amplitude: E = mav,, /e

With low phase velocity
More particle trapping

No wave breaks and wake peaks_at v,,=c Multiple of waves at v,, <c
n, « relativity
regularizes
',ff.i; (relativistic coherence)
A
l/ L/x J/ VEX V x-vpht

p

ap~ 10 >> 1 (relativistic wave)

Tajima-Dawson field E = maw,c /e (~ GeV/em)



Theory of wakefield: photons to electrons
extreme high energies € nanoscopic accelerator

n
AE = 2m062a§y2h= 2mocza§ ¢’ |, (when 1D theory applies
g n Tajima / Dawson, 1979)

e

In order to avoid wavebreak,

1/2
dp < yph ’

where

Electron energy (MeV

" . yph - [ncr(w) /ne ]1/2
. 8 «—experimental

S n., =10%1/cc (1eV photon) <
| n, = 10619 (gas) — 102! /cc(porous solid)
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Plasma density (cm™)
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Demonstration (1994), realization, and applications
nature of laser wakefield accelerators (1979)
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First expt: Nakajima, et al (1994,
1995)

(Michigan)

4 GeV laser accelerator LBL



Relativistic Lasers and High Energy Astrophysics

GRB including high energy particles
Secondary y-rays

(Hree Space)
E,>> | GeV
Bre < Eaax
yrays o /

[Very High Energies from Wakefield]
[Thetmal 7 rays] e el_[x;ga s from Unruh & Schwinger]
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Cosmic Acceleration by LWFA
Prophetic picture (2000)

NS-NS collision
triggers—>

QGP (Quark-Gluon plasma)
Shocks /gravitational waves
Accretion disk

Jets

Alfven waves and EM waves

bl <=7+ SHOCKS &

nv

X 1 i MWAVES
DENSITY EFFECT ‘L n 7 mode converting
Ng < 107 %% cm? G g from Alfven Waves

e
e'e -

Baryopi€

R - 30 km, KT 2200 MeV
Shocks repeating inthe merging Neutronstars

Figure 8. A schematic illustration of the propesed concept.

Wakefield acceleration
GRB (gamma bursts)

Takahashi et al. (2000)

Fireball mw\ ......
QY Firebal Gravitational wave

- see next page



Wakefield acceleration by Neutron collision now
observed

Fermi :
Ruporied 16 moonds
I Wteon

LIGO-Virgo

Raported 27 mirutas sfte detacion

Cosmic
ray

LIGO (2017)

(Laser Interferometric Gravitational wave Observatory

INTEGRAL

Haooy o) 48 et
M detactior

Fig. 5. Gamma-ray emission detected by Fermi and Integral satellites from the neutron star merging event

(GW178017) delayed by 1.7 seconds compared with gravitational wave burst [79). This time ditference may be

explained by the time to build-up the sysiem for the acceleration of charged particles, described in the present
Prediction (2000, Takahashi™ and Tajima)

proved to be observed (2017, Barish’s LIGO):

and jets emanated from NS-NS collision 2>
GW emission and gamma emission (Nobel)

from accretion disk

T. Tajima B. Barish  T. Ebisuzaki
at LIGO

Also UHECR (Ultra High Energy Cosmic Rays) emanated by AGN (Active Galactic Nuclei) (2014, 2023)
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LWFA drives FEL X-rays (More recent firsts)

(beside the future laser-driven high energy accelerators)

1. Compact LWFA acceleration for various local needs for or with beam sources (e.g. fusion reactors)

2. Compact X-ray FEL using LWFA accelerators

e.g. X-ray FEL amplified driven by LWFA, W.T. Wang et al., Nature (2020) [also Labat, et al., Nat. Phot.(2023)]

Free-electronlasing at27 nanometres based
onalaser wakefield accelerator T T

Praofile 1

Undulator 1, 2, 3
-

/
Gas

large, high-cost, state-of-the-art radio-frequency accelerators has led to great interest
inthe development of compact and economical accelerators. Laser wakefield
accelerators can sustain accelerating gradients more than three orders of magnitude

https://doi.org/10.1038/s41586-021-03678-x  Wentao Wang'*¥, Ke Feng*, Lintong Ke'2, Changhai Yu', Yi Xu', Rong Qi', Yu Chen', target
¢ Ly i ™ 1y it lanal2 1 \
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Accepted: 28 May 2021 Zhizhan Xu' spectrometer 1
Published online: 21 July 2021
® Check for updates X-ray free-electron lasers can generate intense and coherent radiation at wavelengths i
down to the sub-angstrém region', and have become indispensable tools for N Dipole
. . . . . YRS TS o
applications in structural biology and chemistry, among other disciplines®. Several g corTector
X-ray free-electron laser facilities are in operation®*; however, their requirement for 2
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Now turn to the next application:
3. Compact Flash electron radiotherapy source by LWFA (see next pages)
4. LWFA at the tip of endoscope: even tinier electron source (see later pages)
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Wakefield acceleration in fusion plasmas (recent firsts)

lon beam-driven wakefield drives fusion neutrons observation from D + D fusion (ref.1)
also fusion alphas from p + B! fusion (ref.2)

B.S. Nicks et a/
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LWFA electron radiotherapy Flash (VHEE) : Realized
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Focused very high-energy electron
beams as a novel radiotherapy
modality for producing high-dose
volumetric elements

K. Kokurewicz?, E. Brunetti’, G. H. Welsh(»?, S. M. Wiggins(?, M. Boyd?, A. Sorensen?,
A.J.Chalmers(®3*, G. Schettino»°7, A. Subiel

%, C. DesRosiers()® & D. A. Jaroszynski*

scientific reports

(2021)

A focused very high energy
electron beam for fractionated
stereotactic radiotherapy

Kristoffer Svendsen™, Diego Guénot?, Jonas Bjérklund Svensson®?, Kristoffer P:
Anders Persson' & Olle Lundh?

An electron beam of very high energy (50-250 MeV) can potentially produce a more favo
radiotherapy dose distribution compared to a state-of-the-art photon based radiotherap
To produce an electron beam of sufficiently high energy to allow for a long penetration d
(several cm), very large accelerating structures are needed when using conventional radi
technology, which may not be possible due to economical or spatial constraints. In this p
show transoort and focusina of laser wakefield accelerated electron beams with a maxim

[based on the usual LWFA]

Radiothérapie Flash : la recherche préclinique avance

MARDI 25 MAI 2021 & Soyez le premier & réagir

La radiothérapie Flash, qui génére des rayonnements de trés haute intensité en in temps trés court, pourrait bi
phase clinique. C’est ce qu’epérent les chercheurs de I'Institut Curie qui travaillent sur ElectronFlash, une
recherche expérimentale fournie par la société SIT.

L'Institut Curie et la société SIT ont récemment signé un premier projet conjoint de recherche dans le domaine de
« Flash ».
lls disposent aujourd’hui d’une plateforme de recherche expérimentale (ElectronFlash) performante, fiable et opérationr
voie vers de potentielles applications cliniques de la radiothérapie Flash. Bien que I'imagerie, la balistique et la dosimétrie
significativement ces derniéres décennies, les technologies de délivrance des doses n'ont pas beaucoup évolué. N
découvert il y a quelques années dans les laboratoires de I'Institut Curie par la délivrance de rayons a haute intensité dan
courts ouvre un nouveau paradigme en radiothérapie.
L'Institut Curie effectue un gros travail de recherche sur cette technologie depuis 2019, en étroite collaboration avec la ¢
congu la plateforme de recherche expérimentale (ElectronFlash) installée sur le site de I'Institut Curie a Orsay. De not
vitro et précliniques sont en cours avant de passer en phase clinique. Il s'agira de déterminer les paramétres physiq
dispositif, de démontrer I'effet anti-tumoral de la radiothérapie Flash sur des modéles in vitro et précliniques et de prépar¢
applications cliniques.
Le but de ces travaux est de faire émerger la prochaine génération d’accélérateurs de particules, notamment en re
opératoire, pour proposer des traitements moins lourds aux patients.

Paolo Royan
Réagir a cet article
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Sur le méme théme : Radiothérapie

La SFRO élit un nouveau bureau pour les deux prochaines années

14/02/2024 : Le nouveau Bureau de la Société Frangaise de Radiothérapie Onologique vient d'élire sa nouvelle
en la personne du Pr Véronique Vendrely. Il s'inscrira dans la continuité des actions de I'équipe précédente et es
de trois colléges (CHU/CHG - CCLC/ESPIC - SEcteur libéral).
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Energy gain

AE/MeC?

A€lm.c?

Exploration of Transition to a, <1 regime
and near-critical density n,~ n_,
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LWFA in low energy high-density regime

S. Nicks et al. Int. J. Mod. Phys. A34, 1934019 (2019).
Self-Modulation

Fiber lasers = long pulse better + Pulse length 4;/4, scanned, n./n, = 10, a, = 1

» Self-modulation: long pulse breaks - small pulses « Long pulses > Laser/wakefield modulated

A /A, =05 A/, =3 AR =5
04 s < 20 L 3 20 /%
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Simulation study: low intensity laser near critical density

Barraza, Tajima, Strickland, Roa (Photonics, 2022)

Photonics 2022, 9, x FOR PEER REVIEW 50f11

5 10%; : =
7] Density ) 130 m
= 10714 X Nerit =15 3
e . —— 0.005 > S
5~ —— 0.01 G 150 o
= gl =
= 10-31 — 0.1 w =
IS — 0.5 i o)
§ 107%1 — 0.9 E05 10 3
1 — 0.95 - =
il — 1 é =
5 10-61 — 11 0.01] . . , , 10
a i | 0.0 0.2 04 06 08 1.0
10° 10! 102 103 104 10° 10° i
Density (X Neyit)
Energy (eV)
(@ (b)

Figure 3. Energy distributions, maximum kinetic energies, and laser to total particle energy effi-

ciency with respect to plasma density for BWA simulations after 1 ps using gaussian lasers with
intanciticocnfa A — N1 and rniilcauridth Af 1NN fo Tha cand lacar aravralanath wrac hald A+ 2 —1 11



First Experimental Realization of
LWFA in nonrelativistic regime in microcavity (2024)

AIP Advances ARTICLE pubs.aip.org/aip/adv

. . . e (a) I~ 106 W/cm”2
Experlmental realization of near-critic SEd

laser wakefield acceleration: Efficient
100-keV-class electron beam generati
by microcapillary targets

Cite as: AIP Advances 14, 035153 (2024); doi: 10.1063/5.0180773
Submitted: 17 October 2023 - Accepted: 29 December 2023 - (b)
Published Online: 28 March 2024

Michiaki Mori,"? Ernesto Barraza-Valdez,> Hideyuki Kotaki,' Yukio Hayashi,' M
Kiminori Kondo,' Tetsuya Kawachi,’ Donna Strickland,” and Toshiki Tajim:




Carbon nanotubes on a substrate:
- toward Carbon Nanoforest (instead of plasma w/vacuum)




Laser Wakefield Acceleration near critical density: Beat wave

gaseous plasma = nanotube Excitation of electron acceleration possible with 7~ 1014W / cm3

: _ 1021
e.g. Bundle of packed nanotubes COUpImg gets stronger near Ne= 10 /CC
with a few nm diameter <overlap of plasma waves with different v,
2pm thick target < curved laser w (k), varied v,,

Dispersion Relation: FFT(Log,,E)

» High Harmonic Generation

» Short Wavelength and Low Phase Velocity Electrostatic Waves allow for more efficient
particle acceleration

3.5 3.5
44 a4
3.0 3.0
42 2 =
2.5 3 2.5 :'_j
a a0 Q a0 §
3 @ 3 s
3 15 * 3 15 B’ m
» =
1.0 36 1.0 36
0.5 34 0.5 34
0.0 0.0 :
-5-4-3-2-10 1 2 3 4 5 -10-8 =6 =4 =2 0 2 | ghort Wavelength
High Harmonic Generation k/k Low Phase Velocit,
(Barraza, et al. 2022) k/Kp /Kp d
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Free-Space Laser vs. Fiber Laser

CPA laser
(LWFA stimulated CPA)

Fiber lasers

(See Dr. W. Sha’s talk on Aug. 5, 2024)

(CAN fiber laser; Page 24
Prof. Chanteloup, Aug. 5, 2024)



Fiber laser technology

Application Average Power | Pulse Width Peak Power Spatial Mode Focused Intensity

Metal cutting (heat) 1to 100 kW Continous same as average MM 10’ W/em® (CW)
Semiconductor Processing 10 to 1000 W 1to 100 ns MW (106 w) MM/SM 10° W/cm2 (peak)

Glass cutting (cold ablation) >10W <0.5ps Hundreds of MW SM 10" W/cm2 (peak)

Zlc; ';il:]l:)LWFA (>10keV 1to10W <1ps > GW (10°W) SM >10"*W/cm? (peak) &
MM: multi-mode (spatial) SM: single mode Under the collaboration with

Dr. Donna Strickland on going
/ .
y S

hollow core fiber laser
delivery

(Dr. W. J. Sh; Dr. J. Chanteloup)

CAN fiber lasers
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Multimode
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pump input
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From Conventional electron accelerator (and X-ray)
to Fiber Laser for Therapy

< 5-10m (next room) -

Electron energies by accelerator: 6-20MeV

(= X-rays)
J

LWFA provides high dose “FLASH” therapy U
\Z

Furthermore, much tinier with fiber

L.,~1cm/10MeV > 10 micron / 10keV
A q\

Body penetration Cancer cell size







Current radiotherapy applications (from skin, vagina, uterine, breast,

etc.)

Vaginal Cylinder Treatment planning
Example: VagCyl.@30mm,VL=10cm TL=35cm, 2.5 mm step-size

DosePoints  Dwells
2.5mm step-size Active Dwell
ApexDP [%]  Pos tme(s]
Omm Smm 1 1420
35449 10132 2 1460
3 1492
Lateral DP [%] 4 149
Omm Smm 5 1495
143,98 9266 6 1455
161,30 101,82 7 14N
168,74 105,76 8 1481
166,88 104,04 9 1562
147,87 94,40 10 1619
1 1706
12 1768
13 1808

TRAK=0.23 coy@tm  $202,58

| Vaginal Length: ~9 cm

Inactive ® ® Active source pos.
» » Lat. dose points on applicator surface : 158% +11% Apex surface : 355%

@ @ Lat. dose points in 5 mm tissue depth : 100% +6% Apex5mm :101%

Coourmesy of Oiarel Besger , Md s Uriwarsty o
e

- Much smaller, endoscopic in ours (Prof. D. Roa)



In situ / endoscopic fiber delivery of electron
radiotherapy of cancer (Roa et al, 2022)

Lens

A

[ )

-ll U,
Fiber Compressed
Optic Laser Pulse

Channel

é

10 micron =2

Fiber laser drives in situ nanotube target

in front of cancer cells

- Compactification, accurate (no collateral damage), and cheap

(Dr. Sha, this workshop, 2024)



Cost estimate comparison with Brachy therapies

\/
_ LWFA — HDR Iridium-192—HDR Cobalt-60-HDR

$100K - $300K $700K - $900K $700K - $900K
I B
None ~$10K every 4-6 months ~130K every 60 months

Downtime due to Source None 1-2 days 1-2 days

Replacement

(Prof. D. Roa, preliminary estimate)



Vector nanomedicine with high-Z metal
to target cancer cells for electron radiotherapy

High-Z attached to the vector:
stop electrons

Nanoparticle vector:
delivered to cancer cell

Nanomolecular vector medicine used for Auger electrons (after Prof. F. Tamanoi, Tajima, et al., 2022)



Summary

Laser wakefield: robust structure and strong compact acceleration

LWFA found in Universe and applied to FEL, Fusion, FLASH Therapy, etc.

Near critical density (e.g. nanotube material) > low phase vel\ocity LWFA

Micron-scale low energy electrons (> 10keV, < MeV), with fiber laser

Endoscopic (through fiber) delivery of electrons for radiotherapy

< replacing Brachy therapy




Recent advancements in generation of intense
X-ray laser ultrashort pulses open opportunities

accelerating gradients and possibility to shape the I N c RYSTALS AN D
future of high energy physics colliders. This book
summarizes the discussions of the “Workshop on
Beam Acceleration in Crystals and Nanostructures”

(Fermilab, June 24-25,2019), presents next steps in
theory and modeling and outlines major physics and

for particle acceleration in solid-state plasmas.
Wakefield acceleration in crystals or carbon
nanotubes shows promise of unmatched ultra-high

ewile] « nasyiys

noinoyy « AeAypedoneys

technology challenges toward proof-of-principle . Edited by
i W 4 : Swapan Chattopadhyay  Gérard Mourou

Vladimir D. Shiltsev « Toshiki Tajima

Thank you very much!
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