
EuroEuropean pean LLaser aser EElectron lectron 
controlled controlled AAcceleration  in cceleration  in 

PPlasmas  to lasmas  to GeVGeV energy rangeenergy range

Project: NEST ADVENTURE STREP 
Coordination: Brigitte CROS (CNRS- LPGP)

Sept. 2006 -2009 



ESGARD meeting, B ESGARD meeting, B CrosCros June 2009 June 2009 22

Objectives

To build a laserTo build a laser--plasma acceleratorplasma accelerator
To accelerate electrons to the To accelerate electrons to the GeVGeV energy range in a energy range in a 
plasma wave.plasma wave.
To test the issues related to the control of the To test the issues related to the control of the 
properties of the electron beamproperties of the electron beam
Expected result: accelerated eExpected result: accelerated e--beam with beam with 
–– energy in the energy in the GeVGeV range, range, 
–– energy spread of the order of 1%, energy spread of the order of 1%, 
–– pulse duration of the order of 100 pulse duration of the order of 100 fsfs, , 
–– charge in the range 10 charge in the range 10 pCpC to 100 to 100 pCpC..
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Participants

France .France . CCentre National de la Recherche entre National de la Recherche 
Scientifique  (CNRS) : LPGP, LOA, LLR, LALScientifique  (CNRS) : LPGP, LOA, LLR, LAL
UK .UK . STFCSTFC-- CLF CLF RAL, U STRATHCLYDE, RAL, U STRATHCLYDE, 
Imperial College,  U OXFORDImperial College,  U OXFORD
The NetherlandsThe Netherlands. . U. U. TwenteTwente ((UT),  UT),  Eindhoven U. Eindhoven U. 
ofof TechnologyTechnology (TUE)(TUE)
Portugal.Portugal. InstitutoInstituto SuperiorSuperior TTéécnicocnico (IST(IST--
GOLP)GOLP)
Sweden: The Lund Laser Centre (U. Lund) Sweden: The Lund Laser Centre (U. Lund) 
became a contractor in February 2008became a contractor in February 2008
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Research activities

WP1: Laser Injector Development WP1: Laser Injector Development 
WP2: RF PhotoWP2: RF Photo--Injector Development Injector Development 
WP3: Production of a plasma wave WP3: Production of a plasma wave 

over a long distance over a long distance 
WP4: Injection & Controlled WP4: Injection & Controlled 

Acceleration  Acceleration  
WP5: DiagnosticsWP5: Diagnostics
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WP1: Laser Injector 
Development

Demonstrate allDemonstrate all--optical injection (AOI) and optical injection (AOI) and 
acceleration of ultraacceleration of ultra--short (10 short (10 fsfs) electron ) electron 
bunches by bunches by 
–– colliding laser pulses (CDP) colliding laser pulses (CDP) 
–– collinear pulses (CLP)collinear pulses (CLP)

Characterize and optimize the spectrum of Characterize and optimize the spectrum of 
electrons electrons 
Achieve monoAchieve mono--energetic, low energetic, low emittanceemittance
electron beams at a few tens of electron beams at a few tens of MeVMeV to 200 to 200 
MeVMeV
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CollidingColliding laser pulses laser pulses -- LOALOA

Simulation, A. Lifshitz

D. Umstadter et al, PRL 76, 2073 (1996); 
E. Esarey et al, PRL 79, 2682 (1997)

The ponderomotive force associated to 
the beating of the two laser pulses 
accelerates plasma electrons up to 
trapping threshold

Faure et al., nature, dec 2006
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Typical e- beam, non-collinear
geometry, 3 mm nozzle

(ne=5.7×1018 cm-3).
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AO Injection AO Injection atat 176176°° angleangle

SaferSafer thanthan 180180°° ((CollidingColliding), ), goodgood stabilitystability

New spectrometer with higher
resolution (LLR) showed that
energy spread is 1.3 % FWHM.



ESGARD meeting, B ESGARD meeting, B CrosCros June 2009 June 2009 99

WP2: RF Photo-Injector
Development

Improve existing technology in order to build Improve existing technology in order to build 
RFPIsRFPIs to produce eto produce e-- bunches with: bunches with: 
–– 50 to 100 50 to 100 pCpC charge, charge, 
–– 50 50 fsfs to 1ps duration, to 1ps duration, 
–– energy 3energy 3-- 4 4 MeVMeV, energy spread 2%, energy spread 2%

Transport and focus the electron beam at the Transport and focus the electron beam at the 
entrance of the plasmaentrance of the plasma

Commission Commission RFPIsRFPIs for acceleration experimentfor acceleration experiment
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Production of eProduction of e-- bunches at TUE: bunches at TUE: 
setset--up to test beam focusingup to test beam focusing
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Production of electron Production of electron 
bunches: profile (TUE)bunches: profile (TUE)

Phosphor screen measurements:

Spot size:
1.3 mm FWHM

Required radius:
1.7 mm FWHM

Emittance: 1 µm to 2 µm

Required emittance: 2 µm or lower
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Production of electron Production of electron 
bunches: charge (TUE)bunches: charge (TUE)

Faraday cup measurements:
73 pC with 15 µJ UV pulse

Required charge:
10 pC

Quantum efficiency:
EQE = 2x10-5
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Parameters of electron Parameters of electron 
bunches at focus (TUE)bunches at focus (TUE)

The spot size fits the plasma channel size
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Overview of experimental Overview of experimental 
results at TUEresults at TUE

Required Required 
TU/eTU/e

Required Required 
EuroleapEuroleap

Measured Measured 
valuesvalues

DiameterDiameter 1.7 mm 1.7 mm 

>10 >10 pCpC

6.7 6.7 MeVMeV

Energy spreadEnergy spread 2%2% 2%2% < 2%< 2%

Pulse duration at Pulse duration at 
entrance plasmaentrance plasma 300 300 fsfs 50 50 fsfs –– 1 1 psps --

Diameter at Diameter at 
entrance plasmaentrance plasma 60 60 µµmm -- 104 104 -- 116 116 µµmm

< 2 < 2 µµmm

-- 1.3 mm 1.3 mm 

ChargeCharge 5050--100 100 pCpC Up to 90 Up to 90 pCpC

EnergyEnergy 3 3 -- 4 4 MeVMeV 3.6 3.6 MeVMeV

EmittanceEmittance -- 1 1 µµm to 2 m to 2 µµmm
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WP3: Production of a 
plasma wave

over a long distance

Develop plasma media allowing to achieve a plasma Develop plasma media allowing to achieve a plasma 
wave over several centimetreswave over several centimetres
Study the propagation of intense laser pulses Study the propagation of intense laser pulses 
((≥≥10101717W.cmW.cm--22) in the waveguides) in the waveguides
Control the plasma wave stability, repeatability and Control the plasma wave stability, repeatability and 
lifetimelifetime
Achieve a product of gradient and length of 1 GVAchieve a product of gradient and length of 1 GV
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HighHigh intensityintensity laser laser GuidingGuiding

Comparison of guiding by a plasma channel
and by reflection from the tube walls
Laser beam quality improved

Tube LPGP L= 8cm, r = 50 µm, filled with H2, I = 5 1017 W/cm2

A. Gonsalves et al., PRL 98, 025002 (2007)

Plasma channel,  U. Oxford

B. Cros et al., PRE 65, 026405 (2002)
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Laser Laser wakefieldwakefield in plasma in plasma 
channelschannels ((selfself--injectioninjection))

12 TW, ne = 3.5 1018 cm-3

0.5 GeV, 50pC, dE/E = +/- 5%

40 TW, ne = 4.3 1018 cm-3

1 GeV, 30 pC, dE/E = +/- 2.5%

Plasma channel U. Oxford
L = 33 mm, diamètre 190µm

r spot (1/e²) = 25 µm
Laser LBNL 40fs, 1.6J

Self-focusing,
wavebreaking or bubble,

trapping and guiding

Leemans et al. Nature Physics 2, 696 (2006) 
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Efficient Efficient guidingguiding in in capillarycapillary
tubes (LPGP)tubes (LPGP)

Input focal spot
Imax 2x1017W/cm²

Output after 7 cm
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MeasurementMeasurement ofof plasma plasma wavewave
amplitude by amplitude by opticaloptical diagnostics diagnostics 

insideinside capillarycapillary tubes tubes 

Excellent agreement with simulations:  behavior as a function of filling
pressure, laser energy and tube length (up to 8 cm)

First measurement over such a long distance (LPGP(LPGP--LLCLLC--IHED)IHED)
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Accelerating field 1-7 GV/m 
measured over 8 cm 

Capillary: D = 100 µm, L up to  8 cm, filled with hydrogen
Pump pulse: λ = 0.8 µm,  τFWHM= 51 fs, IL= 2 1017 W/cm2

Maximum electric field for a
7 cm capillary tube as a function
the wavelength shift, varying with
filling hydrogen pressure.

The electric field is calculated
from the wavelength shift 
measured in the experiment and
calculated from simulations.
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WP4: Injection & 
Controlled Acceleration

Inject and accelerate electrons in a linear plasma Inject and accelerate electrons in a linear plasma 
wave over a long distance (several centimetres)wave over a long distance (several centimetres)
Achieve a precise theoretical modelling and control Achieve a precise theoretical modelling and control 
the different elements of the acceleration process the different elements of the acceleration process 
Build a prototype to achieve accelerated electron Build a prototype to achieve accelerated electron 
beams with beams with 
–– energy in the energy in the GeVGeV range, range, 
–– energy spread of the order of 1%, energy spread of the order of 1%, 
–– pulse duration of the order of 100 pulse duration of the order of 100 fsfs, , 
–– charge in the range 10 charge in the range 10 pCpC to 100 to 100 pCpC..
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Snapshots of an electron bunch 
during trapping, compression and 
acceleration in the laser wakefield
at several distances in the plasma 
channel. The ellipse depicts the 
position of the laser pulse.

From: NIM A 566 p.244 (2006).

0 cm 1 cm

2.5 cm 5 cm

Injection of electrons in front of 
the laser pulse – U. Twente
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Longitudinal compression section

Two subsequent 45-degree 
bending magnets and a 
compensation quadrupole
magnet between the bending 
magnets introduce an energy-
dependent path length to 
compress the bunch.

Sub-picosecond beam 
Compressor at U. Twente

Measurements at entrance of plasma:
Bunch energy: 2.2 MeV ±1.7%  (2.9 MeV)
Bunch position stability: Stdv=1.27 mm
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Linear Accelerator, e-bunch compressor

TiSa laser system

Capillary discharge plasma channel
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Outlook:
Demonstration experiment “Injection in Front”

Characterized:
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StatusStatus atat TUETUE
EverythingEverything worksworks separatelyseparately
Building Building thethe final final setset--upup
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ConclusionsConclusions
AO injector demonstrated with expected AO injector demonstrated with expected 
propertiesproperties
–– But, its use with a waveguide is not feasible in the present staBut, its use with a waveguide is not feasible in the present state te 

of intense laser facilitiesof intense laser facilities

RF PI ~ ready at UT and Tue RF PI ~ ready at UT and Tue 
RF PI can be used for LWARF PI can be used for LWA

Accelerating field up to 7 GV/m achieved Accelerating field up to 7 GV/m achieved 
over 8 cm in capillary tubesover 8 cm in capillary tubes

Injection with RFPI will be tested at Injection with RFPI will be tested at 
TUE and UT in the next few monthsTUE and UT in the next few months
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OutlookOutlook
TheThe feasibilityfeasibility ofof externalexternal injection injection shouldshould bebe
demonstrateddemonstrated in a in a fewfew monthsmonths ((withwith lessless thanthan
100 100 mJmJ laser laser atat TUE)TUE)
TheThe demonstrationdemonstration ofof a 1a 1--10 10 GeVGeV beambeam needsneeds a a 
dedicateddedicated facilityfacility andand seemsseems withinwithin reachreach ofof
presentpresent technologytechnology andand knowledgeknowledge
Future Future developmentsdevelopments on new laser architectures on new laser architectures 
couldcould leadlead to a to a linearlinear acceleratoraccelerator design design basedbased
on 10 on 10 GeVGeV modules, modules, andand fulfillingfulfilling thethe
requirementsrequirements for a 10 for a 10 TeVTeV collidercollider (ICFA(ICFA--ICUIL ICUIL 
strategystrategy workshop, 8workshop, 8--10 10 AprilApril 2010)2010)
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