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My Path to Laser Wakefield Accelerators:
Fusion and Confusion

U. Michigan (1978-1981): Plasma physics, fusion
MIT (1981-1986): Plasma physics, fusion, tokamaks
= Advisor: Kim Molvig

First APS Division of Plasma Physics Meeting: New Orleans 1982
=  Dinner with Kim Molvig and Toshi Tajima

= Both were PhD students of Norman Rostoker

Prof. Larry Lidsky (MIT): The Trouble with Fusion 1983



My Path to Laser Wakefield Accelerators:
Star Wars and Laser-Plasmas

Ron Davidson (MIT): Suggests NRL
= Phil Sprangle: PhD Student of Norman Rostoker

Naval Research Lab, Plasma Physics Division (1986-1998)
= SDI: High power FELs

= Small contract on laser accelerators: David Sutter, DoE

Active Program at UCLA

= Plasma Beat Wave Accelerator: Long pulse CO2 laser

If only all that laser energy could be put in a single, short pulse...






My Path to Laser Wakefield Accelerators:
From NRL to LBNL

If only all that laser energy could be put in a single, short pulse...
Chirped Pulse Amplification: Gerard Mourou et al (1985-1988)
“Laser Wakefield Accelerator”: Sprangle, Esarey et al (1988)

Don Umstatder (Michigan) contacts me regarding LWFA (1989)
= Visits to U. Michigan

First Advanced Accelerator Concepts Workshop:
= |Lake Arrowhead CA (1989)

= Met C. Joshi, J. Dawson, Wim Leemans....
NRL acquires TW laser from Positive Light (early 1990s)
Self-modulated LWFA experiments (mid 1990s)

= Many electrons, Many labs

LBNL Accelerator Division (1998-Present)

= (Collaboration with Wim Leemans



High-energy physics application of LPAs

« “Livingston Plot” Saturation of accelerator tech.

e Practical limit reached for conventional RF
accelerator technology

» Gradient limited by material breakdown
* e.g., X-band demonstration ~100 MV/m

ILC

» Largest cost driver is acceleration
« ~50 MV/m implies ~20 km/TeV

» Facility costs scale roughly with facility
M. Tigner, DOES ACCELERATOR-BASED PARTICLE Size (and power consumptlon)

PHYSICS HAVE A FUTURE? Phys. Today (2001) 0 c .
* >50% cost in main linacs (e.g., ILC)



LPA application:
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Laser-plasma
acceleration
experiments

Lepton Collider

Any future linear TeV (>TeV) collider is a
massive (ultra-massive) project

* require >order of magnitude increase
in acceleration gradient

Ultra-high gradient requires structures to
sustain high fields:

» Dielectric structures: ~1 GV/m
 Plasmas: ~10 GV/m

High gradients require high peak power:
 Beam driven
» Laser driven

Significant progress worldwide in LPAs
in the last 20+ years

Critical developments:
» Better understanding of LPA physics

» Development of laser technology
(CPA) for high peak power delivery
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Conceptual LPA Collider

= Based on 10 GeV modules

= Quasi-linear wake: e- and e+

= Driven by 40 J, 130 fs pulses

= 80 cm plasma channels (1017 cm-3)
= Staging & coupling modules

= Requires high rep-rate (10’s kHz)

= Requires development of high
average power lasers (100’s kW)

Leemans & Esarey, Physics Today (2009); Esarey et al, Rev. Mod. Phys. (2009)
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Tajima & Dawson, Phys. Rev. Lett. (1979); Esarey, Schroeder, Leemans, Rev. Mod. Phys. (2009)
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/\I A Laser-plasma accelerators:
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>10 GV/m accelerating gradient

B ~ (22) & (96 V/m) v/molem 7]

plasma wave (wakefield) E ~100 GV/m (for n~10'8 cm-3)

>103 larger than conventional RF accelerators: “>km to <m”

Accelerating bucket ~ plasma wavelength
= ultrashort (fs) bunches (<A, /4)

= high peak current

> 10 kA

* beam charge (set by beam loading): ~100 pC (for n~10'8 cm-3)
* beam duration (set by trapping physics): <10 fs



Prior to 2004: Self-modulated laser-plasma
accelerator experiments

charge ~nC Experiments:
Laserbeam Japan (Nakajima et al, 1995)
- R ultra-short ~ 50 fs LLNL (Coverdale et al, 1995)
UK (Modena et al, 1995)
few TW €| | ' Michigan (Wagner et al, 1997)
NRL (M t al, 1997
Gas jet e” beam Many( ot?](;rrz.e.. ; )
Parabolic n>101 cm3
mirror
e Plasma wave generated via self-modulation i e-beam spectrum __
|nsofc7'f1blllty (long pulse, P>P,) Energy spectrum
0.50] 5 10° Leemans et al., E
0_2; laser pulse ; : PRL (2002) E
Schroeder et al., : S
Phys. Plasmas  °-°] i 10 . y E
o0, NS
oo Plasma density wave 10' /// 3 5
_0'75_40 R _Izo - L o 2‘0 40 10° Detection Threshold : -
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(1) Instability results in continued electron trapping

(2) High density =  Lgepnase << Lgas.jet = €lectrons accelerated and deccelerated



2004 Experimental Results:
High-quality 100 MeV beams

Extend interaction length and lower plasma density to match

interaction length to dephasing length: L. ~ Ldephase ~ Ldeplete

» Approach 1: bigger laser spot (more laser energy)

RAL (UK): LOA (France):
Mangles et al, Faure et al
Nature (2004) Nature (2004)

* Approach 2: preformed channel guided: LBNL expt.

)

PIC Simulation
of LBNL Expt.

Geddes et al, Nature 431 (2004)
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LWFA: Production of a Monoenergetic Beam

Excitation of wake (e.g., self-modulation of laser)
Onset of self-trapping (e.g., wavebreaking)
Termination of trapping (e.g., beam loading) YV

Acceleration length % /‘\
If > dephasing length: large energy spread

If = dephasing length: monoenergetic

* Dephasing distance:
Loy =%, /%) ocn;"?

e

Momentum

Wake Excitation Trapping Acceleration: Laccel ~Ldephase

| >! N >




Wake Evolution and Dephasing Yield Low
Energy Spread Beams in PIC Simulations
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Geddes et al., Nature (2004) & Phys. Plasmas (2005)



BELLA laser: (still) highest rep rate PW-laser for high

BERKELEY LAB RN

intensity LPA experiments
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Experiments at LBNL use the BELLA laser focused by a 14 m focal length

off-axis paraboloid onto gas jet or capillary discharge targets

Single shot spectra 30 MeV - 11 GeV

\

Gas jet

<

Capillary discharge



High repetition rate (1 kHz) capillary discharge system 9 cm long

Capillary discharge runs



4.25 GeV beams have been obtained from 9 cm plasma channel

powered by 310 TW laser pulses (15 J)

Electron beam spectrum INE&RNO simulation*

Angle (mrad)

1 2 3 4 5
Beam energy [GeV]

e Laser (E=15)J):

— Measured) longitudinal profile (T = 40 fs) Energy R et
— Measured far field mode (w,=53 pum) AE/E 5% 3.2%
* Plasma: parabolic plasma channel (length 9 cm, Charge ~20pC  23pC

~ 17 -3
Ny 6-7x10*" cm™) Divergence 0.3 mrad 0.6 mrad

W.P. Leemans et al., PRL 2014 *C. Benedetti et al., proceedings of AAC2010,
proceedings of ICAP2012



Electron trapping and acceleration is complex in this regime:

Simulations based on measured input parameters




Simulations indicate 10 GeV quasi-monoenergetic beams

can be obtained in ~ 10 cm capillary in non-linear regime

longitudinal phase space @ z = 10 cm electron plasma density
S
Q xn.
2, Q 200 pC =
LIJ aver ~ 9 Gev
(dE/é)rms ~7 %
(0,)oms ~ 1 Hm

(0,)rms ~ 2 1M
(04 )ems ~ 0.45 mrad

k,(z-ct) kp(z-ct)

Initial a;~3.5-4.0
Plasma density ~ 3 x 107 cm-3 Laser heater required to deepen channel



Vision: LPA linear collider concept

!

BELLA PW
Multi-GeV expts. T

BELLA Center
Staging expts.

Required laser technology
development
o tens of kHz

o ~100-200 kW avg. power/laser
o High wall-plug efficiency

Scaling laws indicate
o operation at 7,~10" cm

@)

Quasi-linear regime (a,~1): e*and e-,
focusing control
Staging & laser coupling into plasma
channels
« ~10 J laser/energy per stage
«  multi-GeV energy gain/stage

N (6002) &opof s&yq ‘KauvSH P Supuwar]



Multistage Coupling of two independent LPAs

Stage |- gas jet - injector Coupling Il (laser): tape-driven plasma mirror }

Coupling | (e-beam): active plasma lens _ _
Stage Il: discharge capillary - accelerator ’

Cfp 1: TREX:
Plasma lens N laser 1: 1.3J, 45fs
P laser 2: 0.6J, 45fs

stage I:

J\ gas jet

dipole magnet

lanex screen
(removable)

lanex screen

27



Staging Experiment: Energy gain of withess beam by timing of

second laser (wake phase)

Modulation period of 80 fs consistent with a plasma frequency at a
density of 2x1018 cm™
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but it's not that easy (unfortunately)



Simulation reproduce staging sighatures at correct

maghnitude

Comparison of experiment and simulation

(9102) 061 ‘0ES 24MIDN “ID 12 2YU11S °S

reference subtracted

e Recurring post acceleration (100 MeV) at the plasma frequency
e ~1 pCof charge at energies > 200 MeV
* Analysis of simulation results unravels details of the acceleration/ deceleration



~10 GeV electron beams from STAGING experiment using

BELLA: simulations show high efficiency capturing and
acceleration in LPA2 of the bunch produced by LPA1

—injector Energy

~ 10 8cmilicm -
— e I spectra
cap lens
Laser LPA1 - LPA2 after LPA1
=BELLA, [ng=(2-3)x10*em™®] 1 ;nch [o=(2-3)x10%"cm] x after LPA2
J, 80 fs)

injector Laser2 \,
. A/2 (15 J, 80 fs)

/ \ N\

Bunch dynamics in LPA1 Bunch transport LPA1 — LPA2 Bunch dynamics in LPA2
delay=-434.6 fs
delay=-430.8 fs
Bunch energy delay=-426.9 fs

Bunch energy

Relative energy

spread _
cap Relative energy

lens spread



Laser-plasma accelerator driven XUV
FEL at LBNL

/ plasma single-pass, high-gain FEL  FEL output: \
30TW, 40fs, channel Tyt
1018 W/cm?2 1018 cm-3 .
10 Hz focusing 10'3 photons/pulse
optics ~2 m L
2.18 cm period, K=1.8 ’\/\/\/\—>
0.5 GeV, XUV
Laser beam electron beam nad

K Undulator ~5m /

Radiation:

LPA electron Resonant wavelength 32 nm
beam FEL parameter 7x10-3
Ti:AlLO, 1D gain length 0.15m
laser system 3D gain length 0.21m

Plasma Sr_:ont. rad. power 8 kW

capillary Slippage length 5 um

technology Energy/pulse 0.2mJ

conventional
undulator GINGER

(THUNDER) simulation

K. Robinson et al.,
IEEE QE (1987)
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/\I ‘Q Controlled pulse injection enables detailed

control of injection phase space via laser

Room for improvement:

» 3-pulse colliding pulse:
1. control of injection position (by delay between pump and trailing pulses)
2. lower colliding laser pulse intensity (less wake distrubiton)
* Phase velocity of beat separatrices controlled by using different frequency laser pulses

Phase Space

T ' - 2.0 ‘ | Trapped +
A 1 L5 \ Focused
) \ Wake Orbit /
05 1.0} \\7 /
» Beat Wave_ /
e eparatrices - R
oot V[)’ z 0} Untrapped |
-0.5} ﬁp Wake Orbit|
. -1.0¢
0.
1.5 lpinj
K,z ‘
2 -1 0 1 2 3



Controlled injection via colliding laser
pulses improves beam quality

Theoretical
development:

Colliding pulse injection:
trapped

orbits |\ ntrapped Esarey et al. PRL (1997);

orbits Schroeder et al. PRE (1999);
Fubiani et al. PRE (2004)

Experimental

demonstration: Rechatin et al. PhyS Rev. Lett. (2009)
LOA (France): Faure et al., Nature (2006)
Pump laser Collidin

(drives wake) py laser pulse

a=1.2— ||lasEPEasel ~— a=0.35 ——

<> energy spread
3 mm

Gas jet: 7x10'8 cm



My Path to Laser Wakefield Accelerators:
Not Possible Without...

Norman Rostoker
= Toshi Tajima, Phillip Sgrangle, Kim Molvig
= Eric Esarey (Grandstudent)
UCLA laser-plasma accelerator program

= John Dawson

= Toshi Tajima, Warren Mori...

= Chan Joshi

= Don Umstadter, Wim Leemans ...
Gerard Mourou et al — CPA lasers
David Sutter — DoE Support

My many collaborators and colleagues
= |LBNL, UCLA, Texas, Michigan, Nebraska, Maryland, NRL, world-wide...



Summary

= |aser plasma accelerators:
= 1GeVin<3cm
= BELLA Project will allow 10 GeV in <1 m
= Developing techniques for beam control and staging
= Laser technology maturing rapidly
= Applications:
= Compact accelerator for basic science
= Collider based on 10 GeV LPA stages
= Medical, homeland security
= Compact light source based on Berkeley’s LPA technology

= 5th generation light source: LPA-FEL

= Many LPA research programs all over the world



