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Laser wakefield accelerators around the World

— There are many labs around the world doing laser driven
wakefield experiments

— T his lecture could never cover them all!



Laser Wakefield Accelerator Experiments can be split into
a few broad categories
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Fast progress in electron beam energy
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e Electron beam from laser wakefield accelerators has been

going up steadily since 2004 results.

— How has this been achieved?



Experiments at the energy frontier: 2002

Electron Acceleration by a 101

Wake Field Forced by an

Intense Ultrashort Laser Pulse

V. Malka,'* S. Fritzler," E. Lefebvre,? M.-M. Aleonard,? F. Burgy,’
J.-P. Chambaret,? J.-F. Chemin,? K. Krushelnick,* G. Malka,?
S. P. D. Mangles,* Z. Najmudin,* M. Pittman,” J.-P. Rousseau,’

J.-N. Scheurer,? B. Walton,* A. E. Dangor* !
108 |
Plasmas are an attractive medium for the next generation of particle acceler- .
ators because they can support electric fields greater than several hundred
gigavolts per meter. These accelerating fields are generated by relativistic
plasma waves—space-charge oscillations—that can be excited when a high-
intensity laser propagates through a plasma. Large currents of background
electrons can then be trapped and subsequently accelerated by these relativistic
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waves. In the forced laser wake field regime, where the lzser pulse length is of
the order of the plasma wavelength, we show that a gain in maximum electron
energy of up to 200 megaelectronvolts can be achieved, along with an im-
provement in the quality of the ultrashort electron beam.

50

-

V. Malka, Science, 298, 1596-1600 (2002)
e Extends to 200 MeV
on. = 2.5 x 1019 cm3, 3 mm gas Jet
o P =33 TW, "“Salle Jaune” laser at LOA
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Experiments at the energy frontier: 2006

GeV electron beams from a
centimetre-scale accelerator

W. P. LEEMANS™', B. NAGLER', A. J. GONSALVES?, Cs. TOTH', K. NAKAMURA'2, C. G. R. GEDDES',
E. ESAREY'*, C. B. SCHROEDER' AND S. M. HOOKER® b E

"Lasrence Berkaley Nzfional Laborakory, 1 Cydatron Read, Berkeley, Califorria S4TEl, USA

“Univerzity of Owlord. Qlarencion Labaraiany, Parks Read Qaford D1 3PU. UK

* hudieer Poofzesiond Schoo. Unfversity of Tokyn, 22-2 Shi-ane-shitakata, Tokal, Nzka barakd 319-1188, Jepan
"Mk ul Pigsi Copartmend, Uoivess Ly of Newasa, Rano, hevad: 89667, USA
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W.P. Leemans, Nature Physics, 2, 696-699 (20006)
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1.0 GeV
on. = 4.3 x 101 cm-3, 33 mm capillary discharge waveguide
oP =40 TW, TREX laser at LBNL
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Experiments at the energy frontier: 2010
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Self-Guided Laser Wakefield Acceleration bevond 1 GeV Using Tonization-Induced Injection
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C.E. Clayton.™ J.E. Ralph.® F. Albert,” R. A. Fouscea,? S.H. Glenzes? C. Joshi.) W, Lu,' K. A. Massh.' S. F. Mactins .
W.R. Mord.” A Pk, ES. Tsurg,' BB Pollock,*" 1S Ross,“* 7. O Silva,” and N K. Frow'a®
 Depariment of Fiectrical Frgiwsering, Univwrsity of Caiifarmio, Loz Anpeies, Califarmia WWR3, LISA
2130, Lowrence Liveriore Natiosa! Labararary, PO, Box SN Liverore, Calffomia WSST, USA
‘GaLPAPEN-LA. Inrritato Sipertor 18ontes, Lisbaa, Parugal
“MAL Deparumens, University of Callfomia, San Degs, Lo Jeila, Colliornis 92095, USA
(Recsived 25 April 2000k publizshed 1 Sepember 2010)
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The concept: of matcacd-beam, self-guided lascr provagation and ionization-induscd injectioe have ;
heer comhined 1o accelesate alectrons up to 145 GeV enerpy in a laser wakefield scoelermar. Faom the [
spetial and spectm’ content of tha laser lipht exitirg the plasma, we nfer that the &0 fs, |10 TW lasar 0 102
mulea i goided and exciles 5 wake ovar the entire 1.5 am lergth af te gas call ¥ dencities helow ~ 9
1532 10% cm . High-enerzy electrons are cbserved anly when small (3%) amonws of COy 258 are &
addad o e He gus. Coaputer sanulatsons conliom Ust A e £-sbell clatons ol vaygen Ul ane 5 "1
wnized and imjecled into the wake mc soocleruted to beyond 1 GeV energy. 1
w 10 :
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C. Clayton, Phys. Rev. Lett, 105, 105003 (2010) o

-
S,
nN

&
-
-
o
Py
L&)
N

Energy (GeV)

e Extends to 1.45 GeV

on. = 4.3 x 1018 cm-3, 1.3 cm gas cell

oP =220 TW Callisto Laser at LLNL



Experiments at the energy frontier: 2013

ARTICLE

Rerpived 2 Dac 2072 | Accepted & May 2012 Publ shed 11 Jur 2012 OPEN
Quasi-monoenergetic laser-plasma acceleration
of electrons to 2 GeV

Xiaoming Wang', Refal Zgadzej’, Neil Fazel', Zhengyan Li', S. A, ¥il, Xi Zhang!, Walson Henderson!, Y.-Y. Chang!,
R. Korzekwa', H.-k. Isai', C.-H. Fai!, H. Quevado!, G. Dyer', k. Gau!!, M. Martinzz', A. C. Bernstein!, 7. Borger!,
M. Spinks', M. Donovan', V. ¥hudik!, G. Shvets', T Ditmire' & M. C. Downer'
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X. Wang, Nature Communications, 4, 1988 (2013)

o? (GeV
oen. = 4.8 x 107 cm-3, 7 cm gas cell
eP = 1000 TW "“Texas PetaWatt" at University of Texas



Experiments at the energy frontier: 2013

» (GeV)
Enhancement of Electron Energy to the Multi-GeV Regime by a Dual-Stage Laser-Wakefield -5 - M (1) Seed beam
Acceleratoer Pumped by Petawatt Laser Pulses g E
A o
Hvung Tack Kim,'? Ki Hong Paz, Hyuk Jin Cha,' 1 Jong Kim,' Tac Jur Yo.'# Jac Hee Sung,'~ -
Scang Ku Lee,'# Tac Moon Jeong,™*' and Jongmin Lee' * o -

n

8

v (mrac)

'Acvenced Photonics Researck invucate, OIST, Owempju 506-712, Koren
“Center for Relativishe Laser Scievwe, butituts jor Basic Svience (158, Gwangin SW) 712, Korca
(Rexeiveal 17 Ty 2013, pablished 15 Coroder 2017) Seed beam
L '\‘!\

g

[ aser-azhefield accelraiir offers the promise of 3 corpact Mecmen sccel=raor for 2eneruirg s
wuli-GeY decron bean asing e buge field gradical induced by an mtense laser pulse, compaced 10
coaventonal of acccleretors. Howeves, the encrey and quality of the clectron beam fom the laser-
wakeficd accelerater have boen limiied by the power of the énving laser pulsss and inlcraction propertics
i e larget medium. Redent progzress 1 aser lechnology 24 resulled ir tas realizalixer ¢l a pelawatl
(PW) femnosecond laser, which offers neaw capabilities for research oa laser-wakefeld accelertion
Herz, we present o significast inerease in laser<driven elacoa energy 1o the mul i-CeV level by utilizing =
s, 1-PW Loer sysiem. In panticalar, 2 dualage e owidaefell wxeleraion scheme (injecior s
avcelerilor scleane) was aoplied Lo boost election coergios k0 ovex 3 GeY wall a sicgle FW laser pulse
Three-dimersione] partizle-in-czll simulabcas comobomte the mudt-GeV clectron zeneraticr from the
dual-stage leser-wakeficd accclerator drivea by PW kaser pulses. 0.4 05 1.0 2 345
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H.T. Kim, Phys. Rev. Lett.. 111, 165002 (2013)

o3 GeV

oen. = 8 x 107 cm=3, 4 + 10 mm dual gas jet
oP =1 PW laser at APRI



Experiments at the energy frontier: 2014

Multi-GeV electron beams from capillary-discharge-guided subpetawatt
aser pulses in the self-trapping regime

Phys. Rev. Lett.

W. P. Leemans, A. J. Gonsalves, H.-5. Mao, K. Nakamura, C. Benedcetti, C. B. Schreeder, Cs. Toth, J. Danicls, D. E. Mitticlberger, S. S. Bulanoy, J.-L. Vay, C. G. R.
Geddes, and E. Esarey

Accepted 21 October 2014
Electron beam spectrum

nCISRI(MeVic)

Multl-Ge\' 2lzotron beams with enzqgy Lo 10 4.2-G2V, B~V rms enamgy spraad, 6\ \plco\zoulomb cherg2, enc

D.8% wmillivackr e rmes divacence e been peoduced hom a9y vcant voelee-long capillary < schamge wavaeguinde wth
3 plasima density af appox 7 Mimes T2 v [am 2, powaed by laser pulsas o th peak power ap o 0.3-5W
Preformed plasma wavegu des allow the use of ‘wer aser povier cenpared to ungaded oasma stucturss tc
achieve the same alecton beam energy. Delailed com pariscn between exoeriment anc = muation indicates the
sensitivity in this segime of tha ouiding end ecceleration n the olasma structurz to 1ot intansity, densty, enc near-

lield |azer mode profile.

: > 3 4 5
Beam energy [GeV]

o4 GeV

en. = 7/ x 107 cm-3, 9 cm caplillary discharge waveguide

eP =300 TW "Bella” at LBNL



Experiments at the energy frontier: 2019

PHYSICAL REVIEW LETTERS 122, 034801 (2014%)

Petawatt Laser Guiding and Electron Beam Acceleration to 8 GeV
in a Laser-Heated Capillary Discharge Waveguide
A J Gonsalves."” K. Nakamura,' J. Daniels,' C. Benedem,' C Pieronek,'” T.C. 1L de Raadr.’ S. Steinke.” J 11, Bin,'
S.S. Bulanov,' 1. van Tilhorg,' C.G. R, Geddes,' C.B. Schrowder,'” Cs. Téth,' E. Esarey,' K. Swanson,'
L. Fan-Chiang,'” G. Bagdasarov.” N. Bohrova,™ V. Gasilov.™™ G. Kom.® P. Sasorov,™ and W. P. Leemans'™
I’l"t‘l'c nee flerkeley, Naviona! Labaroton 1 Herke '.-*'_\, Colitornio W72 USA
Unwernty of Colyforma, Berkeley, Caltformia S720, USA
‘Weldvsh Insrinae o Appited Marthemaics RAS, Marcow [23M7, Rassia
‘Nanoral Research Nuclear Universine MEDI {Moscow |"'i.="'.'l‘l' ".'-'i.'-? -""".\"h'.\ Nasvinnes ), Moseow 15409, Busiia
“Faculty of Nuclear Science and Physicel Engincering, CTU w Pragae, Brehova 7, Prague 1, Crech Republic
“Iusurare af Phyeics ASCR, vovi (FZL, ELi-fleamlines Projecs, JR2 2] Praguwe Crech Repulilic

M (Reozived 7 December 2018; revised manusenpt received 30 January 2009; publisead 25 February 2019)

Guiding of relativigticallv intense lacer pulses with peak power of (L85 PW over 15 diffraction lengths
wis demnonstrared by increasing the focusing swrength of a capillary discharge waveguide using laser
iwerse beemsarahlupg heating. This allowed for the production of electron beams with quasimonce
perzetic peaks up to 78 GeV, douhle the enerzy that was previonsly demonstrated. Charge was 5 pC o

7.8 GeVoond op to &2 pC in 6 GeV peales, and typical beam divergence was 0.2 mrad.

DOL TN T03 hysHReovLow 122 1084801

Angle (mrad)

o/.8 GeV
en. = 7/ x 107 cm-3, 9 cm caplillary discharge waveguide
oP =350 TW "Bella” at LBNL
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But science isn’t about collecting World Records.... Can
we extract some physics from the data trends?
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e Collection of data from a variety of experiments

— (not just the record breakers, but probably the highest beam each
experiment was capable of producing)

e [rend I1s: higher laser power = higher electron energy
e\What I1s physics behind this?



Electron energy Is limited by dephasing
— move to lower densities
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e Beam energy, Wmax, IS Inversely proportional to plasma
density as expected for dephasing



Electron energy Is limited by dephasing
— move to lower densities
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e Beam energy, Wnmax, 1S Inversely proportional to plasma
density as expected for dephasing



Electron energy Is limited by dephasing
— move to lower densities
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e In 3D non-linear wakes expect Wmax « ao [Wei Lu, PRSTAB 2007]

e But these experiments were not at fixed value for vacuum
do

—Implies that plasma “prefers” (pulse evolution) ap = 3



Electron energy Is limited by dephasing
— move to lower densities and longer accelerators
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e Accelerator length increases for lower density experiments

—consistent with dephasing limit



Electron energy Is limited by dephasing
— move to lower densities and longer accelerators
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e Accelerator length increases for lower density experiments

‘ ' ' '

—data lies close to dephasing length (even for simplest linear regime
expression)



Electron energy Is limited by dephasing
— lower densities need more laser power

Power = intensity x area oc ajwg

CLQES

2w >~ Ap

T
Poc)\goc—
— Ne

Driving large amplitude plasma waves at lower density
needs more laser power

— S0 we expect an inverse relationship between the laser power used

to drive the experiment and the density where highest energy
beams are reported



Electron energy Is limited by dephasing
— lower densities need more laser power
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e \We do Indeed see this inverse scaling

—can this data tell us anything else?



Electron energy Is limited by dephasing
— lower densities need more laser power
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e \We do Indeed see this inverse scaling

—can this data tell us anything else?



To guide or not to guide?

laser power / TW
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e Data shows that experiments in pre-formed plasma

structures are “best” performers

—1.e. for a given laser power the highest energy beams produced

come from guided experiments

—one (common) explanation is that guiding structure is less lossy



Is iInjection mechanism the same?

Laser-Driven Acceleration of Electrons in a Partially Ionized Plasma Channel

T.P. Rowlands Rees,' C. Kamperidis,” §. Kneip,? A.J. Gonsalves,"* S. P. D. Mangles,? J. G. Gallacher,” E. Brunet:i,’
T.Ibbotson,' C.D. Murghy,* P.S. Foster,* M. J. V. Steeter,* F Budde,® P. A. No:reys,” D. A Jaroszyaski,” K. Krushelaick,*

Z. Najmudir,” and S. M. Hooker'
'University of Oxford, Clarendon Laboratory, Parks Read, Oxford OX1 3P, United Kingdom
i :Irrwer."a! College, Blackeit Laboralory, Prince Conssrt Road, London SW7 2BW, United Kingdom
“University of Strathelyde, John Anderson Building, 107 Rottenrow, Glasgow G4 DNG, United Kwngdom
‘Rutherford Appleton Laborvatory, Dideot, OX11 DQX, United Kingdom
*Friedrich-Schiller-Universits, PF 07737 Jena, Germany
(Reczived 19 November 2007; pudlishad (4 March 2008)

The generation of quasimonoererget:c electron heams, with energies up to 200 MeV, by a laser-plasma
accelerator driven in a hydrogen-filled capillary discharge waveguide is investigated. Injection and
acceleration of electrons is found to depend sensitively on the delay between the cnset of the discharge
current and the arrival of the 'ases pulse. A comparison of spectmscopic and intarfemmetric measurs-
ments suggests Dt injection is assisted hy laser ionization of 2toms or jons within the channel.

T Rowlands-Rees, PRL,

e But Is that the fi

100, 105005 (2008)

nal answer?

—In 2008 an Oxford

©
x
o
:’0" B S S S S e S A S S S S S R [ e S e S
0 50 100 150 200 250
delay f(ns)

-led experiment at Astra in UK showed that

lonisation njection can play a role inside capillary discharge

waveguides

— Could njection mechanism be the reason behind better

performance?

Current (A)

Qlau)

n(r.f) (101 cm':)



To Inject or not to inject?
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e some 1onisation Injection experiments also lie at upper
edge of distribution

—data too noisy for a definitive answer, but an interesting research
question



Self-injection threshold model
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e Simple model for self-injection threshold [Mangles PRSTAB 2012]

unn -

etakes into account pulse evolution (self-focusing and compression)

elooks to see if bubble will reach size (amplitude) needed for S
— Experimental data where threshold i1s specifically reported agrees

—what about this larger data set?



Self-injection threshold model

ratio of P/P, to SI threshold model
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e many self-injection experiments (mostly) lie above this

e other Injection method experiments often lie below this

threshold



Electron beam charge
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e Electron beam charge very variable between experiments

=

—different measurement techniques?

—different focal spot qualities?



But only energy within the focal spot 1s captured and
drives the wakefield

same pulse energy, different quality focal spots:
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e Most (not all) groups only quote the total power for their
laser system (i.e. total energy / pulse duration)

e But some of this i1s wasted and not coupled into the wake
—e.g. Mangles PRSTAB 2012, Genoud POP 2013)

—this I1s possibly why there 1s so much noise in the scaling plots



What are the next big directions going to be?



What are the next big directions going to be?
— more power, more energy
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e [urn up the power, turn up the energy!



What are the next big directions going to be?

— Mmore power, more energy
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—BUT remember its not really the power that i1s important... pump

depletion in blow-out regime is L,; ~ —c77,
P T
C

Te

— compare this with simple expression for dephasing length Ldp = n—>\p

C

— 50, to get to dephasing energy we need pulse lengths CT = )\p

»to reach higher energy we need high energy laser pulses



What are the next big directions going to be?
— more power, more energy
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e Apollon laser in France
~150 J; 15 fs (10 PW)
— 1 shot per minute

—multiple beams
— OPCPA front end with TiSapph amplifiers




What are the next big directions going to be?
— more power, more energy

ALA

e CALA laser facility at MPQ in Germany

—ATLAS 3000
50 - 75 J, 25 fs (2 - 3 PW)
o]l Hz
-PFS & PFS Pro
— 100 mJ, 5fs (20 TW) or 1 J, 5 fs (200 TW)



What are the next big directions going to be?
— more power, more energy

)] el]

e ELI Nuclear Physics (Romania)

—2x 10 PW
— 1.3 PW demonstrated




What are the next big directions going to be?
— more power, more energy

e EL| Beamlines (Czech Rep.)
—10 PW, 1.5 kJ In 150 fs



What are the next big directions going to be?
— more power, more energy

e OPAL . Rochester USA
—75 PW (1.5 kJ, 20 fs)




What are the next big directions going to be?
— more power, more energy

JJO/ l[h

e CoRels Korea
—30 fs, 1.5 PW dual laser system




What are the next big directions going to be?

— MmMore power, more energy

e SULF, Shanghai China
-5.3 PW, 120 fs

e Station of

—xtreme Light, 100 PW expected online 2023



What are the next big directions going to be?
— applications, applications, applications

See talk by Zulfikar Najmudin!



What are the next big directions going to be?
— Increasing the repetition rate

e very high repetition rates needed for many applications

— (parameter scans, statistics, accumulation of low signals)

e c.g. lights sources, colliders

—can we every get to > 10 kHz needed at the very high laser powers
needed?

— Ti:Sapph and OPCPA lasers are < 0.1% efficient, at > 10 kHz
that 1s an expensive electricity bill

e s It time for a new approach?
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e High rep rates are easier for lower pulse energies

—can we combine many lower energy pulses to get make a high rep rate LWFA?
—highly efficient diode pumping can be used, e.g. fibre lasers can have > 20%

e Three approaches (that | know of)

— Coherent combination (N lasers coherently combine to make one big pulse) [ICAN project]

—Incoherent combination ( N lasers incoherently combine to make one big pulse) [LBNL, Schroeder
et al Phys Plasma 2014]

—Resonant excitation (separate pulses buy plasma period) [JAl + Jena, Hooker et al J Phys B 2014]



What are the next big directions going to be?
— staging to beat depletion: a TeV collider?
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What are the next big directions going to be?
— staging to beat depletion: a TeV collider?
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Summary

e \WFA are a rapidly growing area

—1| gave you an overview of the high energy frontier

ethere's much more to LWFA than that though
(see other talks on diagnostics, applications
etc)

—| showed you some of the trends in the
experimental data

ehigher energy beams needs lower density
plasma, longer accelerator & higher power laser

— Future directions:
ecnergy
ercpetition rate

eapplications

Gas jet

estaging -> colliders

Positron production target




