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Plasma / nanomaterial accelerator 
driven by laser pulse

Collective force ~N2 (nonlinear ç linear force ~N)
Coherent and smooth structure (not stochastic)

Plasma (nanomatter) accelerator driven by laser (coherent photons) 

compactification by 103 – 104 (now  even by 106 ) >> conventional accelerators
enabled by laser technology (laser compression (Mourou et al.1985))
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Enabling technology: laser revolution

G. Mourou invented Chirped Pulse Amplification (1985)
Laser intensity exponentiated since, 

to match the required intensity for Tajima-Dawson’s LWFA (1979)
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Nature’s LWFA : Blazar jets
extreme high energy cosmic rays (~1021 eV)
episodic γ-ray bursts observed

consistent with LWFA theory

Ebisuzaki-Tajima (2014)

Fermi’s ‘Stochastic Acceleration’
(large synchrotron radiation loss)

ê

Coherent wakefield acceleration
(no limitation of the energy)
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ICRR Jan. 12, 20182021/5/3

Alfven Waves

Wake at bow of Alfven Pulse

Bow Wake Acceleration 
14

EM Waves

EM Waves



NS-NS merger→BH + Disk
1 second after

15

𝑀"#$%~0.1𝑀⊙

Black hole diskdisk

neutrinosneutrinos

neutrinos neutrinos

𝑀34 = 3 − 4𝑀⊙

Alfven wave

Alfven wave

𝐿@~10AB erg/s~𝐿C
Central Engine of GRB/Hypernova

gamma/CRs
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Fermi mechanism

Synchrotron radiation

Synchrotron radiation

Synchrotron radiation
Synchrotron radiation

By Department of 
Energy. Office of Public 
AffairsE. Fermi, ApJ 119 (1954) 1.

incoherent
requires bending→synchrotron loss

2021/5/3 18
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M82: Nearest Starburst Galaxy

2021/5/3

M82 X-1

M82 X-1: 1000-10000 Ms BH

NASA / CXC / JHU / D. Strickland; optical: NASA / 
ESA / STScI / AURA/ Hubble Heritage Team; IR: 
NASA / JPL-Caltech /Univ. of AZ / C. Engelbracht; 
inset – NASA / CXC / Tsinghua University / H. Feng 
et al.

Composite of X-ray, IR, and optical emissionsJust after the collision with M81

20



Auger

TA

Arrival Direction Map 
(cosmic rays>5×10KL eV)

JISCRISS 20192021/5/3

M82

21First sign of anisotropy in charged particles

M82 M82 M82

photon

high energy

low energy

Magnetic bending of charged particles

First Identification of CR sources?

Northern
hot spot



Cen A
• Distance：3.4Mpc
• Radio Galaxy

– Nearest
– Brightest radio source

• Elliptical Galaxy
• Black hole at the center w/ 

relativistic jets

Optical
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Next Generation X-ray Lasers 
(on Thin Film Compression (TFC))

Wheeler J, Mourou G, Tajima T. 2016



Motivation:

ETD  = m𝜔pe c / e;       Δε = 2mc2 a0
2 (ncr / n)

1. Invention of Thin Film Compression (TFC, 2013) opened up 
Laser Wakefield Acceleration (LWFA, 1979)
in X-ray regime, 

compactifying further by 103 over the gas plasma LWFA

2. X-ray frequency exceeds the nanomaterial’s plasma frequency ωpe

à carbon-nanotubes
higher than 10TV/m wakefield (2014)

à Explore X-ray wakefield accelerator in nanotube = “TeV on a Chip”



Why Nanotubes

27

• High density          Higher acceleration gradient (~ TeV / cm) 

• Provides external structure to guide laser and electron beam 
• No slowdown of electrons by collisions

• Intact for time of ionization (fs)

• More coherent electrons and betatron radiation
（b）Lazarowich RJ, Taborek P, Yoo BY, Myung NV. 2007



X-ray LWFA in a tube vs. uniform solid

X. Zhang (2016)

in nanotube

in uniform solid

A few-cycled 1keV X-ray pulse (a0 ~ O(1)), causing 10TeV/m wakefield in the tube
more strongly confined in the tube
cf:  uniform solid
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Petawatt Particle Accelerators

Fermi’s PeV Accelerator

TeV on a chipà PeV over 10màcheck superstring theory? 
Now



[(05&8$#056.7[(05&8$#056.7

M.1-0</>&G.1G>#&05>#."7



789.($&#":.
)&&1"'*"A;$/&

BC"DE<FDEG8,&-H"BI<JK"A;$/&1 L8,&-/M"

~70cm

Electron/positron beam

Transport fibers

Length of a fiber ~2m      Total fiber length~ 5 104km 
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Conclusions
• 1994-LWFA Demonstrated (Nakajima et al):  ultrafast pulses, 

coherent collective (robust)  intense (GeV/cm) accelerators.  
• But B years ago, Mother Nature sent message she did 
• Wakefields: Nature’s favored acceleration 

for gamma ray bursts, UHECR from Blazars; NS collisions

• TFC àSingle-cycled laser à single-cycled X-ray
• Wakefield in nanostructure (TeV/cm): 

TeV on a chip accessible*
• Toward PeV (~10-100m)
• Applications: tiny (μm size) LWFA radiotherapy of cancer

* Fermilab conf book:  “Beam Acceleration in Crystals and Nanostructures” (WSP, 2020)
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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.
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