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abstract
1. Wakefield: robustly elevated energy state, relativistic 

coherence, Higgs’ state of plasma ßàField Reversed 
Configuration: robustly elevated energy state  

à Landau-Ginzburg-like potential
2.  Wakefield driven by large clump accreting from the disk 
toward BH / jets --à gamma emissions that reflect the 
accretion episode (Ebisuzaki; Mizuta; Abazajian)
3.   Accreting clump to induce gradvitational wave emission 
(GWE)
4.   More intense case: jet formation by colliding 2 NS  
(Takahashi-Tajima, 2000) or BH’s à jet formation
5.    Fermi acceleration à Wakefield acceleration��
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! relativity
regularizes

(relativistic coherence)
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Relativistic coherence enhances beyond the Tajima-Dawson field E = m!pc /e  (~ GeV/cm) 
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a) a) Classical EMClassical EM : : vvososos<<c,               b) b) RelativisticRelativistic EM:  EM:  vvosvosos~c

linearlinear !!!!x~ax~ao

nonlinearnonlinear !!!z~az~aoz~ao
2

aa0a0<<1:   <<1:   <<1:   !!!!x x x only aa0a0>>1:  >>1:  >>1:  !!!!!z >> z >> !!!x
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eE0!
mc 2
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310-µm-diameter 
channel capillary 

P = 40 TW 

density 4.3�1018 cm!3. 

GeV electrons from a centimeter LWFA
( a slide given to me by S. Karsch)

Leemans et al., Nature Physics, september 2006 !"#$%&'()$(#')*&&+,+-&./012
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ΔE ≈ 2m0c
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2γ ph
2 = 2m0c

2a0
2 ncr
ne

#

$
%%

&

'
((,

2
0

2 ,cr
d p

e

nL a
n

l
p

æ ö
= ç ÷

è ø 0
1 ,
3

cr
p p

e

nL a
n

l
p

æ ö
= ç ÷

è ø

(when 1D theory applies)

Theory of wakefield toward extreme energies 

In order to avoid wavebreak,
a0 <  γph

1/2 ,
where

γph = (ncr / ne )1/2
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←experimental 

←theoretical

ncr =1021

ne  = 1016
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Q: Why do geese fly in the V-shape?
A: Geese fly in the “wake”of the lead goose to ride on the wave   

(= wakefield acceleration). 
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Eruption of magnetic field 
in an accretion disk 

Tajima and Gilden 1987, ApJ
Haswell, Tajima, and Sakai, 1992, ApJ

A Burst of Torsional Alfven Waves
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Alfven Waves

Wake at bow of Alfven Pulse

Bow Wake Acceleration 
15

EM Waves

EM Waves



Accretion Disk around a BH

Accretion disk emits intense Alfven bursts



Intense laser pulse =>  strong Alfven wave (vA~c, Transverse wave)
Alfven waves excited in accretion disk propagates as outflows.

AGN  : UHECR accelarator ? 
Wakefield acceleration model  (excited by Alfven wave)  (Ebisuzaki & Tajima 2014)

Ebisuzaki & Tajima 2014

>>1

nonlinear & relativistic Alfven mode  Standard-disk

ωA<ωp

ωA>ωp



70th Birthday

Gamma emission luminosity by wakefield

Lγ ~ 1033 (κ / 0.1) η m’ m (erg /s)

κ (efficiency), η (episode dependent ~1)               

(Ebisuzaki, Tajima, Astropart. Phy., 2014)   

Wakefield excited on the jets from BH: genesis of EHECR 
and gamma bursts



Energy Flow and Spectra

wakefield

protons electrons

cosmic rays gamma rays1:1

UHECRs 0.1:1

F(W)∝ W -2
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Cosmic-ray up to ~1020eV

Cygnus A jet 
(radio image)

Extra galactic origin?

Cygnus A jet 
(radio image)

GZK cutoff

Hillas plot : Emax~ ZeBR
System size > gyro radius

LHC(14TeV Center-of-mass system)

1020eV
1021eV



Cosmic-ray up to ~1020eV

Cygnus A jet 
(radio image)

Cygnus A jet 
(radio image)

Hillas plot : Emax~ZeBR

Cygnus A jet 
(radio image)

Active galactic nuclei (AGN) jets are 
one of strong candidate objects for 
UHECR accelerator.

System size > gyro radius

1020eV
1021eV

~1023cm



comic ray acceleration and 
gamma-ray emission

The 14-th International JEM-EUSO meeting 
Dec. 2-6

M82 X-1

!"#" = 1.3×10*+,,̇ erg s23
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Blazars in the Model of AGN

Blazars
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Launching magnetized relativistic jets and
cosmic ray acceleration by wakefield acceleration 
triggered by strong Alfvenic wave.

Outlook on Wakefield
Acceleration: the Next Frontier
15 Oct. 2015 @ CERN

Akira MIZUTA(RIKEN)



Magnetized jet launch

DISK
�Stratified structure in
magnetic energy density
�Disk wind along the disk 
edge

Along the polar axis
�Mass density is low
�intermittent outflow
�High Magnetic energy density

~60Rg



History of accretion rate  r=1.4Rg (@horizon)

l transition phase (t<18000 for 3D)  accretion 
rate: high.
lAfter that new phase appears.  
lShort time  (Δt ~a few tens to a few 
hundreds.)
lAccretion rate ~ 1/10-1/100 for 2D cases.



B-field amplification, saturation, and dissipation

|accretion rate|�event horizon

Maximum of Magnetic energy

Magnetic field amplification, saturation, conversion to thermal, and kinetic energy 
repeat. intermittent feature for outflow.



Outflow luminosity ( 0 < θ < 10�)

θ
0
=0

θ
1
=10

Short time variability (Δt~a few tens GM/c3) in EM 

(green and pink) : Good agreement = Ebisuzaki & Tajima(2014) 

=> possible origin for blazar flares,

strong Alfven wave mode => Application to wakefield acc. for UHECRs 
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Merging BHs and their emission of 
gravitational waves

Matsubayashi, Shinkai, Ebisuzaki (ApJ,2004)

Dimensionless amplitude of the 
gravitational wave

h ~ 5 x 10-21 ε1/2 R -1 μ

ε (efficiency normalized to 0.01), 
R (distance in 4 Gpc))
μ (reduced mass of two stars

in 103 solar mass)



Conclusions
• Wake Acceleration:  nature’s natural gift as accelerator
• Physical mechanism: robust Higgs’ state; high phase velocity
• Accreting BH+disk+jets = Astronomical Linear accelerator
• Bursts of Intense Alfven waves ←Laser; Jet ←wave guide
• Simultaneous events: gamma ray bursts (GeV-TeV); flares; high energy 

cosmic rays (neutrino bursts); sometimes GW
• Gamma rays: Episodic eruptions; anti-correlation of luminosity and power 

index; characteristic fine structures; power-law 2 or > 2)
• Plasma:  “The stronger the bang (under vph >> vth ) is, the more resilient 

the accelerating structure is.”
• More astrophysical observations needed



Thank you!



!"#$%&'(#$)*+!"#$%&'(#$)*+

!"#$%&#'(%)*(+,-..#*$%/$0
)1234%/$0%!*#'-5%67#-$7-

,-.(-./%0#%*12%34"567



G. Mourou*,  et al. Eur. Phys. J. (2014)

Single-cycle laser (new Thin Film Compression)

Optical nonlinearity of 
thin film à pulse 
frequency width bulge, 
pulse compression

1PW

10PW

Laser power � energy /  pulse lnegth



Chirped Mirror: CM
Gold Mirror: GM
Wedge: W
TFC Target (Fused Silica): TFC

F. Dollar, D. Farinella, T. Nguyen, TT

C
M
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G
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G
M

W

W
TF
C

UCI TFC



Adiabatic (Gradual) Acceleration 
from #1 lesson of Mako-Tajima problem (1978)

Inefficient if 
suddenly

accelerated

Efficient 
when 

gradually 
accelerated

Accelerating structure
!

protons "
! Accelerating structure

!
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!

!

Adiabatic (Shinkansen) acceleration (2) 
Thick metal target

laser protons electrons

Graded, thin (nm), or clustered 
target and/or circular polarization

Most experimental 
configurations of 

proton 
acceleration(2000-2009)

Innovation (“Adiabatic 
Acceleration”)
(CAIL, 2009-)
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Relativistic Compression 
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X-ray laser with short length and small spot:
NB: electrons in outers-shell bound states, too, interact  
with X-rays 

Simulation:
Laser pulse with small spot can be well controlled and     
guided with a tube. Such structure available e.g. with carbon    
nanotube, or alumina nanotubes (typical simulation 
parameters)

0
24 3

1 , 4, 5 , 3 /

5 10 / , 2.5
L L

tube tube

nm a nm nm c
n cm nm
l s t

s

= = = =

= ´ =

X.M. Zhang, et al.PR AB (2016)

X-ray wakefield acceleration
in nanomaterials tubes

T. Tajima, EPJ (2014)



Wakefield comparison between the cases of 
a tube and a uniform density

uniform density case

tube case 

X. M. Zhang, Tajima,…Mourou*,… (2016)
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