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1. Wakefields:   in nature and laser-driven (LWFA, 1979)



Wake 

Wake by a duck on a lake:
        Nature (or mother duck) shows us
        (since my undergrad times, 1969 at the Shinobazu- Pond, Tokyo).

Yuan et al. JFM
 (2021)



LWFA:  Self-organized, Robust, Stable Structure 
with Huge Fields                  ß vph  >> vth

NRAO/AUI

NRAO/AUI

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

Mother Nature shows us:



Ranges of wakefields

𝜆 = 10-13 cm (nuclear QCD plasma)

𝜆 = 10-7 cm 
Nanotube use for LWFA

𝜆 = 10-4 cm (LWFA, 2004)

𝜆 = 1 cm (beam-driven 
fusion plasma, Nicks, 
2021 )

𝜆 = 1019 cm 
(AGN jets and
   UHECR, 2023)

𝝀 :  10-13 cm  ß       lab        à 1019 cm



Laser Wakefield (LWFA): 

Multiple of waves at vph ＜cNo wave breaks and wake peaks at vph ≈c

← relativity
       regularizes
(relativistic coherence)

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

Tajima-Dawson field E = mωpc /e  (~ GeV/cm) 

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

vs

a0 ~ 10 >> 1 (relativistic wave) 
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(when 1D theory applies
     Tajima / Dawson, 1979)

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

In order to avoid wavebreak,
              a0 <  γph

1/2 ,
where
                γph = [ncr(ω) / ne ]1/2
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←experimental 

←theoretical

ncr =1021/cc (1eV photon)                        ß
ne  = 1016-19

  (gas)         1021 /cc(porous solid)
à
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Demonstration (1994), realization, and applications         
                        of laser wakefield accelerators (1979)
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First expt: Nakajima, et al (1994,
                             1995)



NS-NS collision
triggersà

QGP (Quark-Gluon plasma)
Shocks /gravitational waves
Accretion disk
Jets
Alfven waves and EM waves
Wakefield acceleration
GRB (gamma bursts)
……  
Gravitational wave
                       à  see next page
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Prophetic picture (2000) 
Cosmic Acceleration by LWFA



Wakefield acceleration by Neutron collision now 
observed
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   Prediction (2000, Takahashi☨ and Tajima) 

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

T. Tajima   B. Barish     T. Ebisuzaki
                  at LIGO

Also UHECR (Ultra High Energy Cosmic Rays) emanated by AGN (Active Galactic Nuclei)  (2014, 2023)

GW

Cosmic 
ray
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2. High energy LWFA  à nonrelativistic LWFAà medical 
           FLASH (VHEE) therapy by LWFA



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)]

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)



Wakefield acceleration in fusion plasmas (recent firsts)
Ion beam-driven wakefield drives fusion neutrons observation from D＋D fusion (ref.1)
                                       also fusion  alphas from p + B11 fusion (ref.2)

ß  Neutron emission when beam is on (black)
            and when beam is not on (red)

Beam-excited waves à
à

Ref.1    Magee, et al. Nature Phys. (2019)
             
Ref.2    Magee, et al., Nature Comm. (2023)

first  evidence
Beam à  wakefields à acceleration of tails à fusion



LWFA electron radiotherapy Flash (VHEE) : Realized
                                                        [based on the usual LWFA] 

(2021)



70th Birthday

3. Toward Microscopic LWFA, beat wave excitation  



Exploration of Transition to a0  < 1 regime
and near-critical density ne ~ ncr

à
à

à

ne ~ ncr

vgr (group velocity of photon) = vph (phase velocity of  plasma wave)
                                                     << c

(S
. N

ic
ks

, 2
01

9)

D ~ specific entropy
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LWFA in low energy high-density regime

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



Simulation study:  low intensity laser near critical density
                                     

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



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

I~ 1016 W/cm^2

(most efficient acceleration by LWFA happens near critical density)



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



Laser Wakefield Acceleration near critical density: Beat wave
gaseous plasma   à nanotube

 e.g.   Bundle of packed nanotubes
                  with a few nm diameter
                  2𝜇m thick target
            

Excitation of electron acceleration possible with I ~ 1014 W / cm3

Coupling gets stronger near ne = 1021 /cc
         ßoverlap of plasma waves with different vph

             ß curved laser ⍵ (k), varied vgr 

(Barraza, et al. 2022)
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4. Fiber laser technology



Free-Space Laser vs. Fiber Laser

Page 24

CPA laser
(LWFA stimulated CPA)

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

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



Fiber laser technology

CAN fiber lasers

hollow core fiber laser
delivery

ß

(D
r. 
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. J
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Under the collaboration with
Dr. Donna Strickland on going



From Conventional electron accelerator (and X-ray)
to Fiber Laser for Therapy

(Varian)

Electron energies by accelerator: 6-20MeV
                                                       (à X-rays)

L e ~ 1 cm / 10MeV  à 10 micron / 10keV

Cancer cell size

à

Body penetration

<

ß      5-10m                                      (next room)  à 

LWFA provides high dose “FLASH” therapy

         Furthermore,  much tinier with fiber

(Prof. D. Roa)

à
à
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5.   Toward Endoscopic fiber electron radiotherapy 



Current radiotherapy applications (from skin, vagina, uterine, breast, 
etc.)

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



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

Fiber laser  drives in situ nanotube target 
                                                          in front of cancer cells

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

ß         10 micron    à

(Dr. Sha, this workshop, 2024)



Cost estimate comparison with Brachy therapies

LWFA – HDR Iridium-192–HDR Cobalt-60–HDR 

Purchase Estimate $100K - $300K $700K - $900K $700K - $900K

Room Shielding None $200K - $500K $200K - $500K

Source Replacement None ~$10K every 4-6 months ~130K every 60 months

Downtime due to Source 
Replacement

None 1-2 days 1-2 days

(Prof. D. Roa, preliminary estimate)
à



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

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

High-Z attached to the vector:
       stop electrons
Nanoparticle vector:
       delivered to cancer cell

I

I
I

I

I
I

I-BPO
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1. Laser wakefield: robust structure and strong compact acceleration

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

3. Near critical density (e.g. nanotube material) à  low phase velocity LWFA

4. Micron-scale low energy electrons (> 10keV, < MeV),  with fiber laser    
         
5.   Endoscopic (through fiber) delivery of electrons for radiotherapy                      
                                                                  ß replacing Brachy therapy

Summary



World Scientific
World Scientific
www.worldscientific.com
11742 hc

ISBN 978-981-121-712-8

Recent advancements in generation of intense 
X-ray laser ultrashort pulses open opportunities 
for particle acceleration in solid-state plasmas. 
Wakefield acceleration in crystals or carbon 
nanotubes shows promise of unmatched ultra-high 
accelerating gradients and possibility to shape the 
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 
technology challenges toward proof-of-principle 
demonstration experiments.

BEAM ACCELERATION 
IN CRYSTALS AND 
NANOSTRUCTURES 

Edited by

Swapan Chattopadhyay • Gérard Mourou
Vladimir D. Shiltsev • Toshiki Tajima

BEAM
 ACCELERATION IN 

CRYSTALS AND NANOSTRUCTURES 
Chattopadhyay •  M

ourou 
Shiltsev • Tajim

a

Book published (2020)

Thank you very much!


