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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: Why?  

2030	

LHC	

100	TeV	

FCC	??	

ILC	??	



Why? 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  

 

ΔESR[keV ]= 88.5
Ee
4[GeV ]
ρ[m]

ΔESR[TeV ]! 88.5
Ee
4[TeV ]
ρ[km]

1TeV e+/− → ρ >> 88.5km



Identified FCC Challenges 
•  Operational 16T (edge for Nb3Sn) SM 

magnets (means reaching 20 T in tests) 
 
•  Synchrotron radiation 

–  blessing: damping, higher luminosity 
–  and curse: 30 W/m power to absorb at 

cryogenic to   300 kW  x Carnot  
–   compare with room to : 10 kW/m  
–  SR caused desorption and vacuum 

•  Energy stored in the beam ~8.4 GJ 
–  protection from accidental beam loss 
–  the special beam abort dumps 
–  sophisticated collimation system 
–  ….. 



Identified FCC Challenges 
•  Small β* at L*=45m 
–  Dynamic aperture, energy 

acceptance for 100 hrs beam 
lifetime 

•  Electron cloud at 25 nsec bunch 
pattern (SEY) 

•  9 GW power consumption and 
related energy efficiency 
problems (SRF, Cryo, vacuum SR 
absorbers, RF transmitters..) 

•  Complicated and expensive 
injection chain, turn-around time 
and beam-beam burn off… 

 



R=100	km	

FCC,	what	next?	

C=100	km	



UlQmate	proton	circular	collider	

R=1000	km	

R=100	km	

R=1000	km	

R=1000	km	

R=1000	km	



 

e+/− :ΔEeSR[TeV ]! 88.5
Ee
4[TeV ]
ρ[km]

p : ΔEpSR[eV ]! 7.79
Ep
4[TeV ]
ρ[km]

Ee = Ep ⇒ ΔEeSR

ΔEpSR

= 1.15 ⋅1013

HW18, Fall 2015: Problem 1. 15 points. Turning the beam around – 
ultimate storage rings 
  
Let’s consider that we build a storage ring (magnets only), where ultra-
relativistic charged particles traveling in circle of constant radius R while 
radiating synchrotron radiation. It means that the magnetic field is adjusted to 
the loss of its energy.  Find the energy of the particle as function of the 
traveled distance s or angle s/R; Find the distance when the particle’s energy 
is reduced by a factor 2.  
Loosing half of the energy is considered to be “dead-end” for recirculating 
the beams – than linear accelerators have to do the job. For R being 6,371 
kilometers – that of the Earth, find critical energy of electrons, muons and 
protons when particles are loosing ½ of the energy in a single turn. 



Reality hurts… 
R 6371 6371 1000 500 km 
Energy 124,075 28,670 4,500 2,250 TeV 
<B> 64.92 15 15 15 T 
Photon energy 675.031 8.328 0.205 0.051 GeV 
SR @ 1 A 6.20E+07 1.77E+05 684 85.5 GW 
  1.55E+06 4,420 106 27.2 kW/m 

R 250 100 50 16 km 
Energy 1125.00 500.00 225.00 50 TeV 
<B> 15 16.67 15 10.5 (16) T 
Photon energy 13 3 0.5 0.02 MeV 
SR @ 1 A 10.69 1.04 0.09 .003 GW 
  6.80 1.66 0.272 0.030 kW/m 

Next step in energy will require developing 
in-cryo-vacuum absorbers at kW/m level	
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Courtesy of Chan Joshi 

FCC	



Why? 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 	

 

ΔESR =
2e4

3m2c3

!
E+

!
β ×
!
B⎡⎣ ⎤⎦( )2 − !β ⋅

!
E( )2

1−
!
β 2∫ dt;

!
β =
!v
c
;

!
B = 0;

!
E "
!
β ⇒ ΔESR =

2e4

3m2c3
!
E2∫ dt ≈ 2

3
e2

Lacc
γ 2



What is new? 
•  T.Tajima	and	J.M.Dawson	PRL	(1979)	
•  P.Chen	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 ~  

€ 

a0 =
eEoλo
2πmc 2

≡
eEo

mcω o

≡
eAo

mc 2 dimensionless vector potential of the laser wave, direct analog of the wiggler parameter K 
i.e. is the measure of how relativistic are electrons are in plasma 	

ω p =
4πnoe

2

m
≡ c 4πnore ≅ 5.6 104Hz no[sm

−3] plasma frequency	

€ 

r⊥ ~ c /ω p

•  Typical requirements 
Laser power                      ~ 1 PW τ2

dr[psec]/λ2[μm]  
Ipeak ~ 10 kA 

€ 

PL ~ ao
2r⊥
2ω 0

2



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 



Neutral Plasma basics 

Ed

A∫ = 4πQ = 4π σ dA∫ → E = 4πσ = 4πe ⋅nox

Gauss law	

ω p ≅
4πnoe

2

me

≡ c 4πnore ≅ 5.6 104Hz no[cm
−3]


E

σ = −e ⋅nox


E = 0

E = 0

Plasma frequency	
σ = e ⋅nox

x = xe − xi
Equations of motion	

mexe = −eE→ xe +ω
2
pexe =ω

2
pexi

Mixi = eZiE→ xi +ω
2
pixi =ω

2
pixe

ω 2
pe =

4πe2 ⋅no
me

;ω 2
pi =

4πZie
2 ⋅no

Mi

xe = ae cosω pt; xi = ai cosω pt→ω p
4 =ω p

2 ω 2
pe +ω

2
pi( )

ω p
2 =ω 2

pe +ω
2
pi →

ai
ae
= −

ω 2
pi

ω 2
pe

= −
Zime

Mi

=
Zi
Ai

me

Mp

<
1

1,835
<<1

Oscillating solution	

Trivial solution	 ω p
2 = 0→ xe = xi For SI folks	 ω p ≅

noe
2

εome

ω p =
4πnoe

2

m*
e

;m*
e =

me ⋅Mi

Zime +Mi



TEM waves in Plasma 

It means that wave with           decay in plasma and can not propagate.  
Thus, for a laser pulse with wavelength               can propagate through a plasma  
with density limited by    	

Ex = Eo cos kz−ωt( );mexe = −eEx → x = − eEo

meω
2 cos kz−ωt( );

x = eEo

meω
sin kz−ωt( );


j = x̂eno x = x̂

e2Eo

meω
no sin kz−ωt( );

∂ρ
∂t
+ div

j = 0→ ∂ρ

∂t
= 0;      4πe

2

meω
2 no ≡

ω p
2

ω 2

curl

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∂By

∂z
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c
∂Ex
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4π
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TEM waves that decay in Plasma 

ω <ω p

k = i
ω p
2 −ω 2

c
→ E = Eoe

−
ωp
2−ω2

c
z
cosωt



Laser pulse pressure  

€ 

a0 =
eEoλo
2πmc 2

≡
eEo

mcω o

≡
eAo

mc 2

Particles motion in fast-oscillating field 	

Pressure	

mr =

f r, t( );


f r, t( ) =


fo r( )cos ωt( );

r = rslow +
rfast;
rslow =

r
t
; rfast t

→ 0

mrfast ≅

fo
rslow( )cos ωt( )→

rfast = −

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mω 2 cos ωt( )

m r =
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
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
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
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∂
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a0 =
eEoλo
2πmc2

≡
eEo

mcωo

≡
eAo
mc2

<<1

Scaling	

Electrons motion is nonrelativistic, linear plasma 	

a0 =
eEoλo
2πmc2

>>1

Relativistic motion of electrons, nonlinear plasma, bubble or 
blow-out regime (e.g. an empty bubble from electrons)	

lbuble ~ c
ω p

; rbuble ~ lbuble / 2; E ~ 4πq
πr2

buble

≅ 4πeno
lbubleπr

2
buble

πr2
buble

≅
4πecno
ω p

= e 4πno
re

re = 2.8 ⋅10−13cm;  no =1019cm−3;e = 4.8 ⋅10-10  esu; E ~ 107 Gs = 3GV / cm

Compare this 300 GeV/m  with 150 MeV/m in RF linacs 	



Breakthroughs  
•  Pre-Dawn….. 

•  1994 Jet age’ begins  
–  100 MeV in laser-driven gas jet at RAL 

•  ……………………………….. 

•  2004 ‘Dawn of Compact Accelerators’  
–  Nearly mono-energetic beams at LBNL, LOA, RAL 

•  2007 Energy Doubling at SLAC 

•  FACET, SLAC, Palo Alto, California, USA 

•  Lawrence Berkeley National Laboratory, Berkeley, CA,USA 

•  University of California, Berkeley, California,USA 

•  UCLA, Los Angeles, California, USA 

•  Tech-X Corporation, Boulder, Colorado, USA 

•  University of Colorado, Boulder, Colorado, USA 

•  Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, UK 

•  Laboratoire d’Optique Applique´e, Ecole Polytechnique, 
Palaiseau, France 

•  Institut fur Theoretische Physik, Duesseldorf, Germany 

•  De´partement de Physique The´orique et Applique´e, 
Bruye`res-le-Chaˆtel, France 

•  The Blackett Laboratory, Imperial College, London UK 

•  University of Strathclyde, Glasgow, UK 

•  Technische Universiteit Eindhoven, the Netherlands 

•  ……………………. 

 

Courtesy of Chan Joshi 



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  

 

Dream beams 2004-2007 

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% 

Dream beams 2004-2007 



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%.  

Dream beams 2004-2007 

85 MeV, 2% RMS 



Berkeley	Lab	



The	BELLA	laser:	LBNL		



Top	energy!	
Dream beams 2004-2007 

Nature v.445, p.741 (2007) 



Understanding	



Knobs	&	Hooks	

© C.Rechatin 



OpQmizaQon	

© C.Rechatin 



Future	of	LPWA	
S.	F.	MarQns,	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.	MarQns,	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.	MarQns,	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	



FACET:  
beam-driven PWA 



Beam driven PWA 
 





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	
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•  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	 Accelera;on	

Proton		
beam		
dump	

RF	gun	
Laser	

p		

Proton	diagnos;cs	
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-Modula+ng	Instability	of	Proton	Beam	in	Plasma	



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

 dialectic slabs/waveguides 
 photonic band-gap accelerator structures 

     
      

including accelerating hadrons 



Nature 439, 2006,  H. Schwoerer et al. Institut für Optik … Jena, 
Germany… 

Laser-plasma acceleration of quasi-monoenergetic protons from 
microstructured targets 
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Nature 439, 2006,  B. M. Hegelich et al.,  Los Alamos National Laboratory & Others 

Laser acceleration of quasi-monoenergetic MeV ion beams 



Ions	Energy	Scaling	



Monoenrgetic ion beam by RPA 

Infinite	
energy	

1.5	MeV	

0.5	MeV	

4%	RMS	



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		
Accelera+on		
Methods	

Congress	

Accelerators for 21st century?  May be… 


