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1. Brief history of collective acceleration:
Collectively driven wakefields: emerging tools for HEP y g g

(both by charged bunches and laser pulses)
2. Broad applications of LWFA (and lasers)pp ( )

HEP(colliders, XFEL, ion sources, ion acceleration, 
γγ collider)γγ )

cancer therapy (IORT),
ultrafast radiolysis, THz, X-ray sources,….    y , , y ,

3.Bridge between laser and accelerator communities:  
ICUIL-ICFA collaboration, Bridgelab, EuCARD,….g

4.Collider physics challenges
5.Laser technology development for colIiders. e.g. ICANgy p g
6.Energy frontier at PeV with attosecond metrology
7.Alternative route to fundamental physics:
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p y
High Field  (instead of high momentum)

explores low energy new fields



Advent of collective acceleration (Veksler, 1956)
________

←  (4 years before laser invention)



Prehistoric activities (1973-75, 78,84)
Collective acceleration suggested:Electron beam-driven acceleration of ions Collective acceleration suggested:

Veksler (1956)
(ion energy)~ (M/m)(electron energy)

Electron beam driven acceleration of ions

Many experimental attempts (~’70s):
← (example)
no such amplification observedno such amplification observed

(ion energy)~ (several)x(electron)

Mako-Tajima analysis (1978;1984)Mako Tajima analysis (1978;1984)
sudden acceleration, ions untrapped

[O’Neil’s trapping width  ~√(EL/M) ]
→ #1 large amplitude accelerating fieldg p g

necessary to trap (‘ride on surf’)
→ #2 electron acceleration possible 

with trapping (with relativistic
Ion energy spectrum

with trapping (with relativistic   
field)

→ #3 gradual acceleration( ion    
velocity close to the phase velocity)Rostoker’ lab

Cf:  recent (> 2000) TNSA acceleration
of ions by laser



Wakefield：a Collective Phenomenon

Kelvin wake

All particles in the medium participate = collective phenomenon

Colletive dynamics

(cf. individual
particle dynamics)

Wave breaks at v＜cNo wave breaks and wake peaks at v≈c

particle dynamics)
Hokusai

(Th d it

← relativity
regularizes

Dawson

(The density cusps.
Cusp singularity)



First LWFA demonstration (SMLWFA regime)
fs TW CPA laser drivenfs TW CPA laser driven

CPA-based laser ( with sufficient intensity and shortness of pulses) in 1990’s
following pioneering beat-wave experiments

Electron acceleration from the breaking of relativistic 
plasma waves: Raman Forward Scattering

A. Modena et al. Nature 377, 606 (1995) 

First proof-of-principle LWFA
at KEK/Osaka 1994,95

The first demonstration of
30 GV/m Self-Modulated LWFA

(Nakajima) (Joshi)



GeV electrons from a centimeter accelerator
driven by a relativistic laser

310-μm-diameter 
channel capillary 

driven by a relativistic laser

p y

P = 40 TW 

d  4 3 1018 3  density 4.3×1018 cm−3. 
Leemans et al., Nature Physics, september 2006 (following monoenergetic LWFA

acceleration demo by Faure; Geddes; Mangles’ seminal papers (2004))y g p p ( ))

( a slide given by S. Karsch; emphasis by him)



Experimental Observation of 
Plasma WakefieldsPlasma Wakefields

Rosenzweig  et al. PRL(1988) 



E-167: Energy Doubling with a
Plasma Wakefield Accelerator in the FFTB

Linac running all out to deliver 
d 42G V El tcompressed 42GeV Electron 

Bunches to the plasma
Record Energy Gain
Highest Energy Electrons Ever 
Produced @ SLAC

Some electrons double their energy in 84cm!

Nature Feb.15 2007
(C. Joshi)



PWFA vs. PDPWA
Pros. of PWFA
Plasma electrons are expelled by space charge of beam, a nice bubble will 

be formed for beam acceleration and focusing.
The short electron beam is relatively easy to have (bunch compression)The short electron beam is relatively easy to have (bunch compression).
Wakefield phase slippage is not a problem.

Cons. of PWFA
One stage energy gain is limited by transformer ratio therefore maximum

blow-out

One stage energy gain is limited by transformer ratio, therefore maximum 
electron energy is about 100 GeV using SLC beam.

Easy to be subject to the head erosion due to small mass of electrons

Pros. of PDPWA
Very high energy proton beam are available today, the energy stored at 

SPS, LHC, Tevatron
SPS (450 GeV, 1.3e11 p/bunch) ~ 10 kJ
LHC (1 TeV, 1.15e11 p/bunch)   ~ 20 kJ 

(p+)LHC (7 TeV, 1.15e11 p/bunch)   ~ 140 kJ 
SLAC (50 GeV, 2e10 e-/bunch)  ~ 0.1 kJ

Cons. of PDPWA
flow-in

linear response

(p+)

Flow-in regime responds a relatively low field vs. blow-out regime.
Long proton bunches (tens centimeters), bunch compression is difficult.
Wave phase slippage for heavy mass proton beam (small γ factor), 

especially for a very long plasma channel

linear response

nonlinear response

PAC11, New York, USA 10

(A. Caldwell et al)



Two-stage gas cell LWFA experiments

Electron injection can be controlled using a two-
stage gas cell

Ionization-induced injection from the N2

terminates after the injector stagestage gas cell

Integrated
Plasma

99.5% He, 0.5% N2 100% He

terminates after the injector stage

• Filling only the injector 
gives a low energy, broad Injector Accelerato

800nm 
Laser

Plasma
Emission spectrum feature

• Filling both stages 
produces high energy, high 

j
r

1 2 3 4 5 6 7
Length (mm)

0 8

Plasma Emission
50 TW

p g gy, g
quality electron beams

Gas Cell

• The electron density throughout the cell is 
measured with interferometry to be 3x1018 cm-3

Gas Cell

The electron 
beams are 
di d b

Plasma emission imaging indicates that

• No self-trapping is observed in pure He for             
densities below 4x1018 cm-3

dispersed by 
a ~0.5 T 
dipole 
magnet

B.B. Pollock et.al., submitted 2011

Plasma emission imaging indicates that
N2 is only present in the injector stage



Intra-Operative Radiation Therapy (IORT)

NOVAC7
LWFA electron sources: technology transferred to company

CEA-Saclay 
i(HITESYS SpA)

RF-based

El Energy < 10 MeV

experim. source
Laser-based

El Energy > 10 MeV

vs.

El. Energy < 10 MeV
(3, 5, 7, 9 MeV)

Peak curr. 1.5 mA

El. Energy > 10 MeV
(10 - 45 MeV)

Peak curr > 1 6 KAPeak curr.  1.5 mA
Bunch dur.     4 µs
Bunch char.  6 nC

Peak curr.     > 1.6 KA
Bunch dur.    < 1 ps
Bunch char.  1.6 nC

Rep. rate      5 Hz
Mean curr.   30 nA

Rep. rate      10 Hz
Mean curr.   16 nA

Releas. energy (1 min)
@9 MeV (≈dose)

18 J

Releas. energy (1 min)
@20 MeV (≈dose)

21 J

(A. Giulietti et al., Phys. Rev. Lett.,2008：INFN)



Table-top Brilliant Undulator X-ray Radiation 
from LWFAo

(M. Fuchs, et al., Nature Phys., 2009)

Observed undulator
radiation spectrum

LWFA

Toward compact
XFEL



Livingston Chart and Recent Saturation

→

→→

(S
uzuki, 2009)

(http://tesla.desy.de/~rasmus/media/Accelerator%20physics/slides/Livingston%20Plot%202.html)



‘Bridgelab’ goal = to bridge laser and 
(Bridgelab Symposium, ILE,2011)

g g g
accelerator communities

Initiatives considered, emerging: CERN, LBL, DESY, ILE, KEK, IOP, …

toward more compact accelerators

→

Laser acceleration =

SLAC’s 2 mile linac

Laser acceleration  
・ no material breakdown (→ 3/4 orders   

higher gradient);   however:
・ 3 orders finer accuracy andSLAC’s 2 mile  linac

(50GeV)
・ 3 orders finer accuracy,  and

2 orders more efficient laser needed



Brief History of ICUIL – ICFA Joint Effort
ICUIL Ch i T ji d d A W (Ch i ICFA) d– ICUIL Chair Tajima sounded on A. Wagner (Chair ICFA) and 
Suzuki (incoming Chair) of a common interest in laser driven 
acceleration Nov 2008acceleration, Nov. 2008

– Leemans appointed in November 2008 to lay groundwork for 
joint standing committee of ICUILj g

– ICFA GA invited Tajima for presentation by ICUIL and 
endorsed initiation of joint efforts on Feb. 13, 2009j

– ICFA GA endorsed Joint Task Force, Aug. 2009
– Joint Task Force formed of ICFA and ICUIL members, W. ,

Leemans, Chair, Sept, 2009
– First Workshop by Joint Task Force held @ GSI, Darmstadt, 

April, 2010
– Report to ICFA GA (July,2010) and ICUIL GA (Sept, 2010) 

fon the findings
– ‘Bridgelab Symposium’ at L’Orme (Jan., 2011)



Mountain of Lasers
( )(average power)

←
 averrage poow

er

γγ collider 1KW

17
→ rep rate

(HEP Examples from ICFA-ICUIL JTF)
Friday 6pm Rochester: open JTF



Range of laser parametersg

・γγcollider ・

18



Suggestions to ICFA-ICUIL JTF
• Science efforts by US, Europe, Asia mounting to 

extend the laser technology toward HEP acceleratorsextend the laser technology toward HEP accelerators
• Technology efforts still lacking in developing suited 

( ) flaser technology(ies) for HEP accelerators
• Technologies: emerging and credible for these
• ICFA-ICUIL collaboration: important guide of direction
• Lead lab(s) necessary to lead and do work on thisLead lab(s) necessary to lead and do work on this 

initiative
• ‘Bridgelab’ / test facility?• Bridgelab  / test facility?
• Other applications important (light sources, medical, 

l t t f i d f t )nuclear waste management, fusion, defense, etc.)
( Tajima; April 10, 2010)



Laser driven collider concept

a TeV collider

Leemans and Esarey (Phys. Today, 09)
ICFA-ICUIL Joint Task Force on Laser Acceleration(Darmstadt,10)
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Mean 
energy
Mean 
energy

Mean 
energy
Mean 
energy

R di i d i ff

Plasma density determined by beam 
quality and power requirement 

(Nakajima, 2011)

• Electrons accelerated by LPA undergo betatron
oscillations due to strong focusing force

Radiation damping effect

• Emission of synchrotron radiation results in
a energy loss and radiation damping with its rate. Energy

spread
Energy
spread

Energy
spread
Energy
spread

2
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3
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 FePx
 2
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323 cmx 222 cmmc

s 1026.632 24 creR
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where

22 for the linear regime Normalized
emittance

Normalized
emittance

Normalized
emittance

Normalized
emittance

xKmcF 22
 2

0
22 2 mcexK c 

for the linear regime
with potential 0,characteristic channel 
width xc2pkK  for the blowout (or bubble)

30 GeV injection
30 cm plasma channel

30 GeV injection
30 cm plasma channel

p for the blowout (or bubble) 
regime

Power requirement for the linear collider

• Collision frequency: 0
2 nNf  

30 cm plasma channel
Ez = 37 GV/m
n0 = 1016 cm-3

30 cm plasma channel
Ez = 37 GV/m

n0 = 3x1017 cm-3

P. Michel et al., PRE 74, 026501 

0
for a constant required 
luminosity

• Beam power: 
21

0nfNEP bb 
• Average laser power ~  PffUP LLLavg  , ,

(2006)
Average laser power 

per stage: 21
0

21
0

1
00

  nnnn
• Total wall plug power 21

0nPNP avgstagewall 
From points of high quality and power cost,

choose plasma density of the order of 
1016 cm-3 



Issues for LWFA ColliderIssues for LWFA Collider

• Collider Physics issues (what is unique 
and challenging to LWFA) g g )

strong acceleration (compactness)
small emittance (strong beam)small emittance (strong beam)
strong transverse force/large betatron oscillations
large quantum beamstrahlung effectslarge quantum beamstrahlung effects
miniature finesse issues

• Driver issues (high rep rate high average• Driver issues (high rep rate, high average 
power lasers)  

23



Collider Physics I
Basic parameters and scalings of LWFA Collider in p g

Maximizing luminosity with constraintsof 
beamstrahlung , disruption, and γ emission

24
First paper on LWFA collider
Xie, M., Tajima, T., Yokoya, K. and Chattopadyay, S., Studies of Laser-Driven 5TeV 
e+e- Colliders in Strong Quantum Beamstrahlung Regime, 
(AIP Conference Proceedings, New York, 1997), 398, p. 233-242.



Collider Physics II
LWFA properties under multistage collider design

Fi t lti t d l f LWFA llidFirst multistage model for LWFA collider

25



Collider Physics III
Cumulative effects over multistagesg

Strong LWFA betatron oscillations lead to emittance degradation

26

Cheshkov et al (2000)



Etat de l’Art
HEEAUP 2005
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G. Mourou (2005)



Toward a solution of laser driver fit for HEP

Formation of a consortium to study high efficiency, 
high rep rate fiber laser system:

ICAN, International Coherent Amplification Network
“Solving the efficiency problem in high peak and high 

l i t ti l ff t”average power laser: an international effort”
(Coordinator G. Mourou, submitted to the EU November 

25 2010)25, 2010) 

Now in a shortlist in EU (March, 2011)

28



Fiber vs Bulk lasersFiber vs. Bulk lasers

• High Gain fiber amplifiers allow ~ 
40% total plug-to-optical output 
ffi iefficiency 

• Single mode fiber amplifier have 
reached multi-kW optical power.
l b d idth (100f )• large bandwidth (100fs)

• immune against thermo-optical 
problems

• excellent beam quality
• efficient, diode-pumped operation

high single pass gain• high single pass gain
• They can be mass-produced at low 

cost. 

(G. Mourou)



Pump

SM Fiber Amplifier LMA Fiber AmplifierCAN (Coherent Amplifying
Network) Group
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~1-nJ ~100-nJ ~320-nJ ~1-μJ ~1-μJ ~1-mJ

+ ~20-dB
Gain

+ ~30-dB

Insertion
- 25-dB

Insertion
- 22-dB

Insertion
- 25-dB Gain

+ ~30-dB
Gain

+ ~22-dB
Gain

+ ~30-dB

(Mourou)

Stage I
(1 branch)

Stage II
(128 branches)

Stage III
(16384 branches)

Stage IV
(1048576 branches)

Stage V
(1048576 branches)

1-nJ 100-nJ 320-nJ 1-μJ 1-μJ 1-mJ



1 5 MW Fiber bundles (x100)1.5 MW Fiber bundles (x100) 
Because the transport fibers are lossless they will be assembled 
in a bundle just before the focusing optics. They will be

Electron/positron beam

all coherently phased.

Electron/positron beam

Transport fibers

~1mm

~10 cm

Length of a fiber ~5m      Total fiber length~ 5 104km (Mourou et al)



Nuclear Wake? PHENIX PRL 97, 052301 (2006)

2.5<pT
Trigger<4 GeV/c

1<pT
Assoc<2.5 GeV/c

3<pT
Trigger<4 GeV/c

1<pT
Assoc<2.5 GeV/c

Horner (STAR) QM2006

• BNL (and CERN) heavy ion 
collider: “monojet”
Co ld be ca sed b

PHENIX
0-12%

Au+Au 0-5%

• Could be caused by:
– Large angle gluon radiation (Vitev and 

Polsa and Salgado).

D fl t d j t d t fl– Deflected jets, due to flow (Armesto, 
Salgado and Wiedemann) and/or path 
length dependent energy loss (Chiu 
and Hwa)

near near

and Hwa).

– Hydrodynamic conical flow from 
mach cone shock-waves (Stoecker, 
Casalderrey-Solanda Shuryak and Teaney Renk

Medium
away away

Medium
Casalderrey Solanda, Shuryak and Teaney, Renk, 
Ruppert and Muller).

– Cerenkov gluon radiation (Dremin, 
Koch).

w y
Deflected Jets

away
Conical Emission

• Jet quenching: collective 
deceleration by wakefield?

LWFA th d M ld th d?
Maldacena

ISMD                                    Jason 
Glyndwr Ulery

32

- LWFA method, or Maldacena method?

Maldacena (string theory) method: 
QCD wake (Chesler/Yaffe 2008)



Challenge Posed by DG Suzuki

Frontier science driven by advanced accelerator

compact ultrastrong a atto-, zeptosecondcompact, ultrastrong a,
toward PeV

, p

Can we meet his challenge?Can we meet his challenge?
A. Suzuki @KEK(2008)



Theory of wakefield toward extreme energy 
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γ-ray signal from primordial GRB

(A
bdo, 

Energy-dependent 
photon speed ? (Ellis, …)

et al, 200

Observation of primordial 
Gamma Ray Bursts (GRB)

9)

←
low Gamma Ray Bursts (GRB)

(limit is pushed up 
close to Planck mass)

w
er energ

Lab PeV γ (from e-)

gy             

can explore this
with control

        higheer→



Feel vacuum texture: PeV γ
Laser acceleration → controlled laboratory test to see quantum gravity texture

on photon propagation (Special Theory of Relativity: c0)

Coarser,
llower energy
texture

Finer,
higher energy

c < c0

← (0 1PeV)

g gy
texture

PeV γ (converted from e- )
←(1PeV : fs behind)

← (0.1PeV)

1km



Attosecond Metrology of PeV γ Arrivals

(Tajima, Kando,
PTP, 2011)

High energy γ- induced Schwinger breakdown (Narozhny, 1968)
CEP l h iti l t it l tiCEP laser : phase sensitive electron-positron acceleration
Attosecond electron streaking of vacuum
γ- energy tagging possible

Atomic streaking in as (Goulielmakis,2008)
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Domains ofDomains of physical laws physical laws 
materialized: beyond collidersmaterialized: beyond colliders
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fields might evade detections 
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High energy
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Homma, Habs, Tajima: to be published



Degenerated FourDegenerated Four--Wave Mixing (DFWM)Wave Mixing (DFWM)
Laser-induced field induction of vacuum  ← Nonlinear optics idea

 
Decay into 3ω can be induced by frequency-mixing.

p

+z
 

w0 3ω=2+2-1

  Y. Fujii and K.Homma
arXiv:1006 1762 [gr qc]arXiv:1006.1762 [gr-qc]

39K.Homma, D.Habs, T.TajimaPossible detection of weak and light fields, such as
dark matter (axions) and dark energy fields



HFS road to unknown fields:HFS road to unknown fields:
dark matter and dark energydark matter and dark energydark matter and dark energydark matter and dark energy

SHG
200J

/G
eV

] 200J
15fs

g/
M

  [
1/

QCD axion (Dark matter)DFWM

Lo
g 

g

DFWM
200J 1.5ns

200J
15fs
200J

Gravitational

200J 1.5ns(induce) 15fs(induce) 

Coupling（Dark Energy)

40log m  [eV]arXiv:1103.1748 [hep-ph] 
K.Homma, D.Habs, T.Tajima



conclusions
• Collectively driven wakefield provides unique andCollectively driven wakefield provides unique and 

new tool for HEP (and other applications)
• Bridge between accelerator and laser communities• Bridge between accelerator and laser communities 

necessary-----a Bridgelab, ICUIL-ICFA collaboration, 
this EuCRAD EuroNNActhis EuCRAD, EuroNNAc, …

• Collider physics requirements: luminosity 
i i ti ll b l b t t ittmaximization,  small beam, large betatron, emittance 

preservation:   challenges
• Drive laser for collider: a huge challenge, but 

possible technologies emerging
• Energy frontier with precision w/ a few shots possible
• High field science approach: new capability toHigh field science approach: new capability to 

explore undiscovered new fields 41



Centaurus A:

cosmic 
wakefield
Linac
f Ult Hi hfor  Ultra High
Energy Cosmic 
Rays (UHECR)?

Thank you!


