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Livingston plot and the end of Moors laws for 
accelerators: Exponential progress in 20th century of 

accelerator energies stopped at about 1990

2030

LHC

100 TeV

FCC ??

ILC ??



Circular colliders:
• Electron-position (e+e-) colliders stopped at c.m. energy of

209 GeV (104.5 GeV per beam, LEP, CERN, C = 27 km)
because losses for synchrotron radiation became comparable
with energy of the beam

• Large hadron collider (LHC, p on p at 2 x 6.5 TeV) occupies
LEP tunnel with two 27 km rings powered superconducting
7.7 T magnets. Cost of such facility is in 10s on $B and can
be afforded only as large international collaboration
• Physics community is discussing building future circular collider

with circumference of 100 km to extend c.m. energy
• to 350 GeV (!) for e-e+ collision: would need 100 MW of RF power to

compensate for synchrotron radiation losses
• To 100 TeV (!) for p-p collisions: would require superconducting

magnets with field of 16 T



Ultimate proton circular collider

R=1000 km

R=100 km
R=1000 km

R=1000 km

R=1000 km



Linear colliders
• Synchrotron radiation is no longer a

problem:
• SR losses do not scale so aggressively

with beam energy and are are very low

• Standard RF accelerators are limited in
accelerating gradients
• Room temperature RF:

• 5 MV/m CW, ~100 MV/m pulsed*

• Superconducting RF:
• 20 MV/m CW, 35 MV/m pulsed

• Main challenge is the size and the cost
• International Linear Collider, ILC: 2 x 250

GeV, 31 km long, Estimated cost ~ $20B

• * Pulsed room temperature Cu structures have a fatigue
problem from stress caused by pulsed RF and are
developing cracks…. This was one of the reasons to pick
SRF as a technology for ILC
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What is new?
• T. Tajima and J.M. Dawson PRL (1979)

• P. Chen, J.M. Dawson, et.al. PRL (1983)

Courtesy of Chan Joshi
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vdrive ≅  vphase

Driver beam

Accelerating
beam

• Conditions for large wake
• ao ~1 or nb/no~1
• τdr ~ a half of plasma period
• Transverse size ~ 
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Advanced accelerator methods

• Plasma accelerators: 
https://en.wikipedia.org/wiki/Plasma_acceleration

• Laser driven plasma accelerators

• Beam driven plasma accelerators

• Dielectric wakefield accelerators

• Photonic gap accelerators
(also called direct laser accelerators)

For today
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Plasma, More Common Than You 
Would Think

ions

electrons

ØMost of the universe exist in the 
state of plasma

ØA plasma is a collection of electrons 
and ions that are not bound to each 
other

ØThe mass of the ions are several 
thousand times greater than the 
mass of the electrons.



Getting a Larger Wave for Electrons 
to Ride

EM Wave in Copper Structure
(100 MeV/m)

Plasma Wave
(40 GeV/m)

Ø By getting the electrons a 
large potential wave to 
ride, colliders of the future 
could get hundreds of 
times smaller

Ø LHC: 27 km circumference 
->     ~70 m in length

Ocean Wave
10 ft wave

Interstellar Wave 
4000 ft

-Smaller?
-Cheaper?

Plasma	Wakes



Neutral Plasma Basics
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Simple Wave Amplitude Estimate

Slide from W.B. Mori PAC Tutorial presentation



Quasi-static Approximation
Sprangle, Esarey, Ting 1990

Slide from W.B. Mori PAC Tutorial presentation



Important potential and forces inside 
a wake with ! ≈ #$

Slide from W.B. Mori PAC Tutorial presentation



Linear Waves of Wide Particle Beams and 
Laser Drivers

Ø Fields can be calculated exactly using 
Greens functions 

ØThe accelerating and focusing fields are 
p/2 out of phase 

ØOnly half of accelerating phase can be 
used

Ø Formalism for electrons and positrons 
is the same, just move to their 
respective accelerating and focusing 
phase



Breakdown of Linear Theory
When the driver gets strong enough, the linear wave 

structure is no longer sustained 

For a laser, this means !"~1

!" is the normalized vector potential
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Linear theory works when 
Λ < 1 and DEDF < 10 for e- beams 

Λ < 1 and DEDF < 1 for e+ beams 

Linear theory works when !" ≪ 1



What Happens When Λ~1

Slide from W.B. Mori PAC Tutorial presentation



Very intense lasers also create a 
similar structure

Slide from W.B. Mori PAC Tutorial presentation



Field Structure is Described by the 
Wake Potential

Slide from W.B. Mori PAC Tutorial presentation



All Comes Down to Bubble Radius

The shape of the plasma structure in the relativistic blowout regime for large bubble is a circle:
Lu, et al. PRL, 96, 165002 (2006), PoP, 13, 056709 (2006).



Beam Loading

• Placing a bunch charge to get accelerated and 
extract energy at high efficiency, small energy 
spread, and emittance preservation
• The best properties of the loaded wake are: 



Nonlinear wakefield is ideal for 
accelerating/focusing electrons

Note: A relativistic trailing beam does not modify the focusing fields



Slide from W.B. Mori PAC Tutorial presentation



Injection Methods

• Getting Charge into this relativistic structure is a 
significant challenge. Several methods:
• Self injection

• Charge is injected due to fluctuations of the bubble sheath
• Colliding pulse injection

• Two pulses colliding head on. The “driver” creates the 
wakefield, and the “injector” injects electrons

• Ionization injection 
• Mixture of high-ionization-threshold (HIT) and low-ionization 

threshold(LIT) gases. Electrons from HIT are ionized and 
injected within the bubble driver in the LIT gas

• Down ramp Injection



Colliding Pulse Injection

Src: V. Malka, et al., Phys. Plasmas 16, 056703 (2009)

“Beatwave” between the two pulses results in electron injection



Optimization

© C.Rechatin



Ionization Injection
• Initially demonstrated at SLAC in Beam Driven Plasma wakefield (E. Oz. PRL (2006))
• Reported simultaneously in laser experiment by UCLA and Michigan (A. Pak and C. 

McGuffy, PRL (2010)
• Continuous ionization usually results in large energy spread

Trapping Condition: 



Trojan Horse
Confined ionization injection is expected to produce very small, high quality beam

B. Hidding, PRL, 2012
F. Li, PRL, 2017

For this to work, you need two “colors”:
• e-beam driver and laser as injector 

(most common)
• Lower intensity (but higher energy) 

driver (e.g. CO2 laser) and high 
intensity injector (Ti:Sapphire laser)



Down ramp Injection

Currently most promising technique for low emittance (high transverse quality) beam
Takes advantage of the dependence of !"#$ on plasma density

Barber, PRL 119, 104801 (2017)
x. Xu, PRAB 20, 111303 (2017) 
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Science 22 , 2002, Vol. 298 no. 5598, 
Electron Acceleration by a Wake Field Forced by an Intense Ultrashort Laser Pulse

V. Malka et all., LOA (Laboratoire d'Optique Appliquée,École Nationale Supérieure des Techniques Avancées,École Polytechnique) & 
others

A high- intensity laser is focused onto the sharp edge of a 
gas jet with a uniform density profile. In this regime, the 
generated plasma wave breaks and accelerates electrons. It 
is observed that the high-energy electrons are well 
collimated in the direction of propagation of the laser beam

Schematic of the experiment. 

PRE-DAWN



Vulcan Petawatt Laser Facility



Livermore Laser Facility



Nature 431, 2004, Monoenergetic beams of relativistic electrons from intense laser–
plasma interactions, S. P. D. Mangles et .all, RAL & others 

2004 Triple Nature Papers

73 MeV 
spread 3%?



Nature 431/444, 2006, A laser–plasma accelerator producing monoenergetic electron beams/Controlled injection 
and acceleration of electrons in plasma wakefields by colliding laser pulses, J. Faure et al.,LOA

125 MeV 
spread 9%

2004 Triple Nature Papers



Nature 431, 2004, 
High-quality electron beams from a laser wakefield accelerator using plasma-channel guiding, 

C. G. R. Geddes, Cs. Toth, J. van Tilborg, E. Esarey, C. B. Schroeder, D. Bruhwiler, C. Nieter, J. Cary & W. P. Leemans

Single-shot energy range is  ±15% about 
a central value selectable from 1 to 
80 MeV, and σE/E =  2%. 

2006- 1 GeV Beams Have Arrived!

85 MeV, 2% RMS



2014- 4 GeV in 10 cm- Close to 8 GeV now

15 pC
4 GeV
300 TW Laser energy



Berkeley Lab



The BELLA (Petawatt) laser: LBNL 



ØAt 3 km, it is the longest linear 
accelerator in the world

ØUp to 42 GeV particle beams 
from the full 3 km

ØFrom 2012- 2016, the first 2km 
of SLAC linac provide 
compressed, 3 nC, 20 GeV 
electron or positron beam to at 
1-10 Hz

ØMeter-scale pre-ionized 
lithium plasma source with 
typical density ~1x1017 cm-3

SLAC National Accelerator Laboratory
San Francisco Bay

Stanford



2007- PWFA Doubling Energy

Nature v.445, p.741 (2007)



Beam Loaded PWFA





46

• Phase 1: Understand the physics of self-modulation 
instability processes in plasma. à Start Q4 2016

• Phase 2: Probe the accelerating wakefields with 
externally injected electrons. à Start Q4 2017

• Phase 3: Reach higher gradients, develop long scalable 
and uniform plasma cells, production of shorter 
electron and proton bunches à 2021 ++

The AWAKE Facility at CERN
using 400 GeV protons to drive PWA  

Laser 
dump

e-

SPS
protons

10m

SMI Acceleration

Proton 
beam 
dump

RF gun
Laser

p 

Proton diagnostics
BTV,OTR, CTR

e- spectrometer

P. Muggli
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Proton drivers for PWA: 
how to use TeV-scale proton beam to drive PWA?

Self-Modulating Instability of Proton Beam in Plasma
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Beam driven linear collider

J. P. Delahaye et al., Proceedings of IPAC2014



Future of LPWA
S. F. Martins, R. A. Fonseca,W. Lu,W. B. Mori and L. O. Silva, NATURE PHYSICS. V. 6, p.311, APRIL 2010

Blow-out regime

€ 

2  ≤  ao  ≤  2ωO /ω p

Bubble regime

€ 

ao  ≥  2ωO /ω p

The idea of the bubble regime is that the spot size is also roughly 
matched to the bubble radius

Optimal accelerating structure

€ 

ao  ≥  4

Sample: 11 GeV had 0.3 nC of FWHM charge, 
energy spread of 3.7% and normalized 
emittances of 3.4 and 9.2mmmrad



Future of LPWA
S. F. Martins, R. A. Fonseca,W. Lu,W. B. Mori and L. O. Silva, NATURE PHYSICS. V. 6, p.311, APRIL 2010

Bubble regime

€ 

ao  ≥  2ωO /ω p 250 J laser

The simulations are done in the Lab frame

FWHM 11% energy spread , 16.7 nC, ε = 500 mm mrad* 

*Cause: the high transverse momentum acquired by the injected electrons

3.0 to  3.7 GeV
25 nC

0.3 mm                  1 mm                  2.1  mm                   2.6mm



Future of LPWA
S. F. Martins, R. A. Fonseca,W. Lu,W. B. Mori and L. O. Silva, NATURE PHYSICS. V. 6, p.311, APRIL 2010

Blow-out regime

€ 

2  ≤  ao  ≤  2ωO /ω p

Plasma moves to the left with  γ=10

Simulation results for a LWFA in the self-guiding/self-injection blowout regime

250 J laser

13 cm

The simulations are done in an optimal Lorentz frame

5

FWHM 8-20% energy spread , 2.2 nC , εx,y = 5/25 mm mrad* 

*Larger emittance in the laser polarization plane  

13



Future of LPWA
S. F. Martins, R. A. Fonseca,W. Lu,W. B. Mori and L. O. Silva, NATURE PHYSICS. V. 6, p.311, APRIL 2010

€ 

ao  = 2

Simulation results for a LWFA in the external-guiding/external-injection blowout regime

250 J laser

The simulations are done in an optimal Lorentz frame

Plasma moves to the left with  γ=10

QuickPIC

80 pC

The FWHM energy spread is 10% at 30 GeV , 20% at the final 40 GeV



Challenge is the 
precision

not the size



New scale requires not only physicists but engineers with
the skills and knowledge for handling the much more delicate, and likely virtual 
“nuts and bolts” of future accelerators



Challenges of new acceleration methods 

• High accelerating gradient – looks very good …

• Repeatability from shot to shot

• Beam parameters…..

• Direction…

• Rebuilding the target…

• Good beam quality…

• No “lemon” shots

• Staging…



Staging Challenges

LBNL Multi-stage experiment:
S. Steinke Nature, 530, 190 (2016)

Longitudinally tailored plasma density 
profile for extraction:
PRL 116, 124801 (2016) 



The End



Positron Production and Acceleration

Positrons are captured and reinserted into the linear accelerator



Two Bunch Generation



Hollow Channel

µm

µm

Longitudinal Field
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Ø Hollow channels provide a method to 
accelerate beams in a plasma without 
transverse forces from background 
ions. 

Ø We use a special binary optic to create 
a hollow laser beam, which we use to 
ionize an annulus of plasma.

Ø The first hollow channel experiment 
studied the transverse effects of a 
hollow channel plasma on a positron 
beam.



Fields Within the Wakefield

Nonlinear accelerating force
E normalized to 50 GeV/m

Linear Focusing Force, similar to 
quadrupole magnets in a 
conventional accelerator 

Drive Trailing

Drive
Trailing

On-axis Density Longitudinal Force Transverse Force

“Blowout regime” occurs as 
!" → 0



Understanding



Multibunch Plasma Wakefield
BNL, UCLA, USC, U. of Texas

Simplified schematic of the mask principle. Only the dogleg section of the 
beam line is depicted (not to scale), and three quadrupole magnets are 
omitted. The side graphs represent the beam energy correlation with the 
beam front labelled by ‘‘F’’ and the back by ‘‘B.’’

© V.Yakimenko



Many other methods are in the play for advanced 
accelerator methods:

dialectic slabs/waveguides
photonic band-gap accelerator structures

including accelerating hadrons



Almost any presentation is  out-of-date: 
field is developing very fast!

There is a lot of promise…

What are the challenges?



Challenge is the 
precision

not the size



New scale requires not only physicists but engineers with
the skills and knowledge for handling the much more delicate, and likely virtual 
“nuts and bolts” of future accelerators



Challenges of new acceleration methods .. contunued

• High accelerating gradient – looks very good …

• Repeatability from shot to shot

• Beam parameters…..

• Direction…

• Rebuilding the target…

• Good beam quality…

• No “lemon” shots

• Staging…



Most Importantly: we need to quantify these beams 
Measure the beam phase space distribution as it is done in all accelerators



Many things will depend on

• Ability to produce really good 
quality mono-energetic beams 

• Using existing accelerator 
technology (i.e. injectors of fsec
bunches, FELs..) in combination 
with new acceleration methods 

• New generation of brave 
accelerator physicists  

New 
Acceleration 

Methods

Congress

Accelerators for 21st century?  May be…


