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Petawatt Particle AcceleratorsFermi PeV Accelerator

Also, Fermi’s cosmic acceleration (1954):  stochastic acceleration



Plasma accelerator driven by beam/pulse

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

Plasma accelerator driven by laser (coherent photons) 
ß[Fermi’s challenge for PeV accelerator]

compactification by 103 – 104 ( even by 106 ) >> conventional accelerators
enabled by laser technology (intense ultrafast laser compression (Mourou et al.1985. 2013))

[particle beam-driven case: similar (if a bit lower)]
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Collective acceleration suggested:

Veksler (1956, CERN)
Driven by electron beam
(ion energy)~ (M/m)(electron energy)

Many experimental attempts
of plasma acceleration (~60’s -’70s, 
Rostoker’s lab UCI included)

led to no such amplification
(ion energy)~ (2!+1)x(electron) Mako-Tajima (UCI) analysis (1978;1984)

sudden acceleration, ions untrapped,
electrons return, while some run away
" #1 gradual acceleration necessary

" Tajima-Dawson (1979, UCLA) wakefield
#2 electron acceleration possible 

with trapping (with the Tajima-
Dawson field) with laser!"more tolerant for       
sudden process

!"#!$%&'$(

)"#*+,&-. Target Normal Sheath Acceleration 
laser-driven ion acceleration (LLNL,2000)
sudden acceleration, ions untrapped

/"#0-&1-%$(
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! relativity
regularizes

(relativistic coherence)
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3"-4."-4(%234$%$56&"45%#73364 (.27,.72$ ,"7($(%8"9$:%$"( "45%6;%:;+$52$

Relativistic coherence enhances beyond the Tajima-Dawson field E = m!pc /e  (~ GeV/cm) 

<.2+4=%8$"3%>+?%*"($2 @%&"2.-,*$(A%52-)$(%&*"(3"%1")$(%.+%(".72".-+4%"3&*-.75$B%%E = m!vph /e 
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High phase velocity paradigm
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The late Prof. Abdus Salam
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',/9:#!;<)3 (=0=*#3)**/>+<#*+#=><#<23-)33+<#
=;/)" 0=3+,#?=@+92+0< =--+0+,="2/>:

(=0=*: ‘Scientists like me began feeling 
that we had less means to test our theory. 
However, with your laser acceleration, 
I am  encouraged’. 156758
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PETAL Laser 

PETAL Laser 7

PETAL Laser 7 PW

Plasma Waveguide ~30 m
Beam diagnostics

LMJ target chamber 
10m diameter
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PETAL Laser 

LMJ target chamber LMJ target chamber 

IZEST 100 IZEST 100 GeVGeV Ascent PlanIZEST 100 IZEST 100 GeVGeVGeV Ascent PlanAscent Plan
K. NakajimaK. Nakajima

at CEA
K. Nakajima

at CEAat CEA-
K. NakajimaK. NakajimaK. Nakajima

at CEAat CEA--Bordeauxat CEAat CEAat CEA BordeauxBordeauxBordeaux
PETAL laser

PETAL Laser 

LMJ target chamber LMJ target chamber 

PETAL laser
3.5 kJ, 500fs, 7 PW 

IZEST 100 GeV Ascent 
Collaboration
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~70cm

Electron/positron beam

Transport fibers

Length of a fiber ~2m      Total fiber length~ 5 104km 
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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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Laser-driven ion acceleration mechanisms

1
E~TV/m

1)TNSA

micron thick targets

incoherent process

2)RPA
nanotargets

can be coherent
Ponderomotive acceleration

X. Q. Yan (2010)
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RPA (Radiation Pressure Acceleration)
RPA Electron--- “sail”

(bow) 

Proton---“boat”
(bucket) 

Laser ---”wind”
(Ponderomotive
force)

X. Yan (2010)

electronsß
laser

ions

Esirkepov et al. (2004)
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Cen A
• Distance�3.4Mpc
• Radio Galaxy

– Nearest
– Brightest radio source

• Elliptical Galaxy
• Black hole at the center w/ 

relativistic jets

Optical



Discovery of Blackhole and Prediction

M87 blackhole: by Event Horizon Telescope (2019) Prediction:  Tajima and Shibata
“Plasma Astrophysics” (1997)



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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Wakefield
vs.

Ponderomotive
Acceleration

wavebreak (1D or 2D)

in higher a0
à wakefield

less important

Ponderomotive-driven 

Acceleration more 

robust (a0 >>1)

a0 ~ 106-10 in AGN BH

Phys.Rev. STAB, 18, 024401 (2015).  



Comic ray acceleration and γ-ray emission:
Summary

Ebisuzaki, Tajima
EPJ 223, 1113(2014)



!"#"$%&'("&%)*+*,)*-'./0',*12&%)*3#'34'
%--$")*3#'5*,6'7'8"),

!"#$%&'()*#+"#,-%.'&)/% 012345

!"#$%6#&



!"#$#%&'()*+,-./01
2'3'/*4'2567

!"#$#% &'()&*#+,-./(%%0"#,-(+*
10,)00+ ! 12%&, 3"24*#+5*&60/,%#"*-+504

8"6
9

:7
;<

9

=:><

?:@<'=:><'A'B<<C'D"<@@'=E#7'#'67:=FG
H<%:I;'J<=B<<7'J6%@=@'3K'/*'B<<C@
5L<M=%#"':7;<9'NK'+'
D3'OJ:@6$#C:PQ#R:>#'=E<I%SF

! #""'T6#7=:=#=:U<"S'MI7@:@=<7='B:=E'V#C<8:<"; =E<I%S

WX'Y#7#MG'ZX'(J#$#R:#7 D+*/[F



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

-'.'/01'-234

5678

9"
3
:

64
;
8
:

2#78'#456<=>%%8"#56>4'#?

@A0B(+C/D*

EF8'%6?8'5678'#4;'G3%?5'H8%6>;?'

#'">5'">4I8%'JGK'#4'>%;8%'>9

7#I4653;8L

M3#4565#56N8'#I%887845'#4;'

!"##$!%&'!()*+,&O65F'!"#$#% 7#??

O65F'JG%>#;8%'?84?8'>9L'P#Q8968"; 5F8>%K

JRG6?3$#Q6SE#T67#L

H8%6>;'.'!"U'"3764>?65K'.!

-,(*+.&-+%*/!"##$)(%*"+&$0$+&*+&(&1*,,$#&1)(2(#

V,')#4#=W'X,'@G#$#T6#4 JB0/1L



Brightest cosmic rays by wakefields
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Conclusions

• Demonstrated:  ultrafast pulses, coherent collective 
(robust)  wakefield (GeV/cm) excitable.  

• Thin-Film Compression (TFC)  (since 2014)

• Single-cycled laser à single-cycled X-ray laser 

• Wakefield in nanostructure (TeV/cm): accessible

• Wakefield acceleration: Nature’s accelerators favored 
for cosmic rays, gamma ray bursts from Blazars

• Applications: wakfield radiation therapy inside body             

ß accelerator ß fiber laser!"
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