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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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Relativistic coherence enhances beyond the Tajima-Dawson field E = m!pc /e  (~ GeV/cm) 
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The late Prof. Abdus Salam

!"#$%&'#()**+,#(-.//0#1234256#
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9>/)" 09:+,#?9@+7=+0< 9--+0+,9"=/;8

(909*: ‘Scientists like me began feeling 
that we had less means to test our theory. 
However, with your laser acceleration, 
I am  encouraged’. 123425
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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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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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Density scalings of LW
FA

for collider

_______________________ _____
(Nakajima, PR STAB, 2011) 1018 /cc (conventional)    →   1016 /cc 

_________________________________________                                                                          _________
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Case 1 TeV 10 TeV
(Scenario I)

10 TeV
(Scenario II)

Energy per beam (TeV) 0.5 5 5

Luminosity (1034 cm−2s−1) 1.2 71.4 71.4

Electrons per bunch (×109) 4 4 1.3

Bunch repetition rate (kHz) 13 17 170

Horizontal emittance gεx (nm-rad) 700 200 200

Vertical emittance gεy (nm-rad) 700 200 200

b* (mm) 0.2 0.2 0.2

Horizontal beam size at IP σ*x (nm) 12 2 2

Vertical beam size at IP σ*y (nm) 12 2 2

Luminosity enhancement factor 1.04 1.35 1.2

Bunch length σz (µm) 1 1 1

Beamstrahlung parameter ϒ 148 8980 2800

Beamstrahlung photons per electron nγ 1.68 3.67 2.4

Beamstrahlung energy loss δE (%) 30.4 48 32

Accelerating gradient (GV/m) 10 10 10

Average beam power (MW) 4.2 54 170

Wall plug to beam efficiency (%) 10 10 10

One linac length (km) 0.1 1.0 0.3

ICFA-ICUIL Joint Task Force
on laser acceleration (Darmstadt, 2010)

Collider subgroup
List of parameters
(W. Chou)

Table 1
Collider parameters

W. Leemans, 
Chair
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Case 1 TeV 10 TeV
(Scenario I)

10 TeV
(Scenario II)

Wavelength (µm) 1 1 1

Pulse energy/stage (J) 32 32 1

Pulse length (fs) 56 56 18

Repetition rate (kHz) 13 17 170

Peak power (TW) 240 240 24

Average laser power/stage (MW) 0.42 0.54 0.17

Energy gain/stage (GeV) 10 10 1

Stage length [LPA + in-coupling] (m) 2 2 0.06

Number of stages (one linac) 50 500 5000

Total laser power (MW) 42 540 1700

Total wall power (MW) 84 1080 3400

Laser to beam efficiency (%)
[laser to wake 50% + wake to beam 40%] 20 20 20

Wall plug to laser efficiency (%) 50 50 50

Laser spot rms radius (µm) 69 69 22

Laser intensity (W/cm2) 3 × 1018 3 × 1018 3 × 1018

Laser strength parameter a0 1.5 1.5 1.5

Plasma density (cm−3), with tapering 1017 1017 1018

Plasma wavelength (µm) 105 105 33

JTF Report #2

Collider subgroup
List of parameters
(W. Chou)

Table 2
Laser parameters
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Accelerator Beam Beam energy
(GeV)

Beam power
(MW)

Efficiency
AC to beam Note on AC power

PSI Cyclotron
H+

0.59 1.3 0.18 RF + magnets

SNS Linac H– 0.92 1.0 0.07 RF + cryo + cooling

TESLA
(23.4 MV/m) e+/e– 250 × 2 23 0.24 RF + cryo + cooling

ILC
(31.5 MV/m) e+/e– 250 × 2 21 0.16 RF + cryo + cooling

CLIC e+/e– 1500 × 2 29.4 0.09 RF + cooling

LPA e+/e– 500 × 2 8.4 0.10 Laser + plasma

JTF Report #3: Comparison of Choices
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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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Laser-driven ion acceleration:
TNSA, RPA and our regime

35
M.Zhou, X.Yan, T. Tajima, and G.Mourou, (2015)
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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



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)
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Conclusions

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

• Thin-Film Compression (TFC)  
• Single-cycled laser à single-cycled X-ray laser 
• Wakefield in nanostructure (TeV/cm): accessible
• Wakefield acceleration: Nature’s accelerators 

favored for EHECR, gamma ray bursts from Blazars
• Applications: LWFA endoscopic radiation therapy 

(ESRT) ß accelerator ß fiber laser!"
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