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Livingston plot and the end of Moors laws for
accelerators: Exponential progress in 20™ century of
accelerator energies stopped at about 1990
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A “Livingston plot” showing the evolution /
of accelerator laboratory energy from 1930 /
until 2005. Energy of colliders is plotted in 7
terms of the laboratory energy of particles
colliding with a proton at rest to reach the
same center of mass energy.
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Circular colliders:

Electron-position ((Je+e') colliders st%p ed at c.m. eneg/gmf
209 GeV (104.5 GeV ﬁer beam, LEP, CERN, C = 2 )
because losses for synchrotron radiation became comparable
with energy of the beam

Larlge 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 1s discussing building future circular collider
with circumference of 100 km to extend c.m. energy

¢ to 350 GeV (!) for ee" collision: would need 100 MW of RF power to
compensate for synchrotron radiation losses

 To 100 TeV (!f for p-p collisions: would require superconducting
magnets with field of 16

s+ Schematic of an
4 80-100 km
3 long tunnel
\‘
.
-



Ultimate proton circular collider




[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:
* 5MV/mCW, ~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




What is new?

BLISS By Harry Bliss Courtesy of Chan Joshi
S o fu—nié-g'_. VR  T. Tajima and J.M. Dawson PRL (1979)

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

Accelerating

. Vdrive = Vphase

Driver beam

. Conditions for large wake
. a, ~1 or ny/ny,~1
* T4~ a half of plasma period
*  Transversesize ~ ;~c/w,

Y WS Tevatron ks 20 «  Typical requirements
2.2 2
“Yes, but what have you invented lately?” Laser power P, ~a r“w, ~1PW t?y [psec]/A?[um]
Ipeak ~ 10 kA
eE A eE eA . . . . .
=7 2 =——="=—2%dimensionless vector potential of the laser wave, direct analog of the wiggler parameter K
me. mew,  ME e is the measure of how relativistic are electrons are in the laser field

2
w, = dmne” cJdmnr, =5.610*Hz\n [sm™] plasma frequency

m



Advanced accelerator methods

FortodayX

 Plasma accelerators:

https://en.wikipedia.org/wiki/Plasma acceleration

 Laser driven plasma accelerators

| Drive Witness
Bunch Bunch

* Beam driven plasma accelerators

lon
Bubble

e Dielectric wakefield accelerators

* Photonic gap accelerators

(also called direct laser accelerators)




Outline

* The Physics of Plasma Accelerators



Plasma, More Common Than You
Would Think

Moanetic Inertial » Most of the universe exist in the
Sk ,, ‘ '(onﬂnement tate of blasma
reactor m\ - J"m" State P
» A plasma is a collection of electrons
» .
. P g and ions that are not bound to each
X Solar h
:-__'. E "' » The mass of the ions are several
: e ,""",';{' p- thousand times greater than the
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Getting a Larger Wave for Electrons
to Ride

1‘

; Interstellar Wave A
L i 4000 ft
= s 1,454 FT

Plasma Wave
(40 GeV/m)

NDW N DIGETAL M | ON BLURAY™ MARDH 31
EMPIRE STATE BUILDING

Ocean Wave
10 ft wave

/%

L

EM Wave in Copper Structure
(100 MeV/m)

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

» LHC: 27 km circumference
->  ~70 min length

NETYORKING [N THE MIUNE SYSTEM » NANQTECK SATTERIES

SCIENTIFIC =
AMERICAN ...
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Neutral Plasma Basics

Gauss law
PEdA=47Q =40 dA— E =470 =4me n,x
Equations of motion
mJx,=—ek — X + a)iexe = a);exl.

. .. 2 2
Mx, =el E— X +w, X, =0, X,

— O , 4me’-n, , 4daZen,
— a)pe‘ = —;a)pl —
m M.

e l

Oscillating solution

(T
I
S

cv 4 2 2 2
X, =a,Co8W I, X, =a,CosW, I —> W, =m, (a)pe +a)pl.)

W Zm, Z m, 1
— =—L <1

2 ai
w =w,  +0, —>—=- = = < <
Lo ; M, AM, 1835

e pe i

O=e'nx O=—-e'nx

2
4rne” . m,-M,
a)[? = m ;me =
m, Zm,+M,

Trivial solution a); =0—x =x For ST folks )
i e,m,

e




Simple Wave Amplitude Estimate

1-D plasma density wave

VeFE ~ lka = —47en, Gauss’ Law
kp =(DP/VP’1 z(x)p/c
nl ~ no

2
= ek ~ 4menec/o, =mcw,

n
or eE ~  _10GeV/m
\/lOlﬁcm'3 /

Slide from W.B. Mori PAC Tutorial presentation



Quasi-static Approximation
Sprangle, Esarey, Ting 1990

For a fixed driver shape the wake can be calculated. The wake only changes if

the driver shape changes.The driver’s shape changes very slowly.

Use appropriate variables Meaning of new variables

*  Transform from: o
. g =z — Ucbt is the distance

(Z, T,Y, t) froifront of the driver
. S=Z is the distance the
* Transform to: driver has propagated into the
plasma

(f == Z — vqbta Tr,Y,s8 = z) Mathematical meaning of
quasi-static approximation

0, << 85

Slide from W.B. Mori PAC Tutorial presentation



Important potential and forces inside
a wake with ¢ = v

Let the wake move at ¢ and make the quasi-static approximation

Psuedo-potenial
E,=-0,0—1/c 0;A, Y= (¢p— A,)

Fz ~ _ qa e (¢ _ Az) Don’t choose a gauge where

¢:Az

FL — q (l;L 53 (Ub X B>J_) Forces on relativistic particle
= F, = _8§¢
~q(-Vi(o—A))| FL=-Viv

Slide from W.B. Mori PAC Tutorial presentation



Linear Waves of Wide Particle Beams and
Laser Drivers

X[c/w,)

~* ‘. =-----Focusing Field
I L 1 -0.003
-10 -5 0 5
-1
0.03 E(kp )
0.02 .
o 0.01 i
S °°°;§ » Fields can be calculated exactly using

Greens functions

» The accelerating and focusing fields are
7/2 out of phase

o » Only half of accelerating phase can be

H used

» Formalism for electrons and positrons
is the same, just move to their

respective accelerating and focusing
phase

&
S
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Breakdown of Linear Theory

When the driver gets strong enough, the linear wave
structure is no longer sustained

For a laser, this means ay~1

a, is the normalized vector potential

el
ay = —— = 0.85x107°/I[W /cm?]A2[um]

mc?

Linear theory works when ay < 1

For a particle beam, it means A>1

A is the normalized charge per unit length

ng I

A=k
n k0%~ Jatea

Linear theory works when

A < 1and=2 < 10 for e- beams
p

A < 1and =2 < 1 for e+ beams
np



What Happens When A~1

kR, ~24/A fork o, ~1

QEP-XZ_0001

k,o, =0.38

Slide from W.B. Mori PAC Tutorial presentation
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Very intense lasers also create a
similar structure

Driven by an electron beam Driven by a laser pulse

Called blowout or bubble

Need a nonlinear description of these wakes

Very stable wakes!

Slide from W.B. Mori PAC Tutorial presentation



Field Structure is Described by the
Wake Potential

Wake potential follow “2D

Fieldlequations in Lorezltz gauge electrostatic” equation
— I—
(507 -V)A=—J J2
: || -v2v = o - )
C

1
(507 — V)¢ = dmp
& Acceleration and focusing fields:
Make quasi-static approximation

B} B F,=-0
V2A=1T ° v
C Fi=-Viy
—Viﬁb — 47TP Inside bubble there only ions so

use Gauss’s Law for cylinders

F, = —27re2n0$l

Slide from W.B. Mori PAC Tutorial presentation



All Comes Down to Bubble Radius

Bubble radius :

2 To(€) — 1 k,Ry ~ 2V or kpRy = 2\/ag

p A Nanaan /
¢E. _1,dn, 1 /\
“ 2 aE " 2° ' | g 22

|

mCO)p S ek, . 2 No
- MCcmo
eE 1 ool
M_ A/ i ’ Xo
- kpr - A PN e, RN R
mcew, 2 ; = e &
P
Ezvs X Focusing force vs X
Time = 300.00[1/w,] Time = 300.00[1/w,]
_ 18— i BT = PR
@ ;o Pniform accelerating fieldy @ 1.0  Linear focusing field 3
3 05 E— ‘% £ 05 ¢ E
Q 0.0k i o 00¢ 5
E o5t E 05
W -1.0 E x -10fF ‘ 3
5 0 5
X[C/(np] X[C/(np]

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:
OcF, =0 Ol =0

VJ_FJ_ — Constant V_J_Fz =0



Nonlinear wakefield is ideal for
accelerating/focusing electrons

Trailing beam  Drive beam

06 0.08
0.2 05k =
002 H0.06
.z"i o4 — Linear WF g oal — Nonlinesr WF !
~ ~—= Nonlinear ~ = Linear WF =
a a =
0.6 004 03 004 o
) -0.08 0.02
01
1 0 5 0 1 5 T T S . 10 5 ° 1 0
rikg™) rlkg ™)
15F .01 15F
-
=5
£ 1 1
g [
10 5 0 5 % oF
Ele/w) o 0s- .5 -
w )
Focusing Fielc (E, - B,) v
. L sk, 2 N .
. : 8 a0 5 5 w00

:
;«1
c 0 8§Fz=0 8§F_1_=O
x -2

-4

0 vJ_F‘_l_ — Constant VJ_FZ =0

-10 -5 5

Elc/w,]

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



Nonlinear beam loading:

Solve equation for R, (&)
M. Tzoufras et al., PRL 101 145002 (2008)

. .
@)

2 These equations are integrated for a
" s Q[I_QJ L1 — 2 trapezoidal A(E) to obtain E,(£) and ry().
- 1 dny This allows us to design accelerators with
E. =37 100% beam-loading efficiency that

conserve the energy spread.

Slide from W.B. Mori PAC Tutorial presentation



Injection Methods

* Getting Charge into this relativistic structure is a
significant challenge. Several methods:

* Self injection
e 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

* lonization injection

e 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

“Beatwave” between the two pulses results in electron injection

Top view
imaging
Probe I

laser <
Sidejview &9,
imaging < 9@

pump pulse injection pulse

) ) /

Half-wave

\ plate
NSO
beatwave Pump ¢
laser | Injection
1 laser
Late injection Early injection
P ! = .l‘ P G ..
'ulmp Gas |I1]Lf:t10r) ulmp Gas IruTCIxon
pulse jai puise puise 1et puise
electrons bunch O ey ‘ ' ' ‘ ‘ ' 35
\ 250 F 130
e = 125
™ . . < 200}
> {20 ®
o 150} m
injection pulse pump pulse 5 {15 ¥
% 100}
® 10

50

Spectrometer resolution 6E/E = 5%

‘ : - : . A ‘ 0
077200 S100 0 100 200 300 400 500

Src: V. Malka, et al., Phys. Plasmas 16, 056703 (2009) 2, (um)



Optimization R,

measured: E = 200 MeV,
AE/E=1%, Q=10pC

Results: Stability

Counts 4000

3500
3000
2500
2000
1500
1000
500

100 Jab.2_3_.4_5_ 6 908 910111213141516171819202i222324252627282930_

30 consecutive shots with ag = 1.5, a; = 0.4, no = 5.7 x 1018 ¢m—3

@ E =206 MeV(5% rms fluct.) Laser fluctuations:

o AE =14 MeV (21% rms fluct.)

@ 6 =4.5mrad (36% rms fluct.)
A Qpeak = 13 pC (38% rms fluct.)

@ Intensity: 17% rms (60 pktopk)
@ Pointing: 8 um rms (17 gm max.)

© C.Rechatin



lonization Injection

McGuffy, PRL (2010)

Trapping Condition: AW < —1.

Nitrogen
lonization Level

o N A O

Y (um)

Potential [mc®\ e ]

w
o
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o o =
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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.

Continuous ionization usually results in large energy spread
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Trojan Horse

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

For this to work, you need two “colors”:

e e-beam driver and laser as injector
(most common) ‘,

* Lower intensity (but higher energy) driver
driver (e.g. CO2 laser) and high
intensity injector (Ti:Sapphire laser)

e-beam

80 20 80 20 80 20 [um|
: l
>\ 254

: trépped beam
.

-25-

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

He[)( 1018cm—3] ndri\'er[X1018cm_3] ntrap[X]-Olscm_s]



Down ramp |njection

Currently most promising technique for low emittance (high transverse quality) beam
Takes advantage of the dependence of K, R}, on plasma density

k’pr ~ 2\/K

€y (mm mrad)

E, [mcwpo/e]

x. Xu, PRAB 20, 111303 (2017)

A (a) # - _ -
,-or”’.» = Sl
+’ -~ ]
b +_,'—'§"'—' ® Ionization
X —{" ® Down-ramp
i 2 3 n 5

Charge density ([;C/MeV)

Barber, PRL 119, 104801 (2017)



Outline

* A Brief History of Advanced Accelerators



PRE-DAWN

1011 * T L T 42 Ll v )

-

o
X
o

Schematic of the experiment.

Gas Jet 39 10°

| > 35 MeV °
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®
10 g Detection
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3 ]
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o . g = |
A high- intensity laser is focused onto the sharp edge of a s -8
gas jet with a uniform density profile. In this regime, the % ;o T
generated plasma wave breaks and accelerates electrons. It 1ok =1 i
is observed that the high-energy electrons are well I g o
collimated in the direction of propagation of the laser beam s -7 T PP
i I 8
% ~— 10 20 30 40

Electron Energy (MeV)

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 Ecole Polytechnique) &
others



Vulcan Petawatt Laser Facility




Livermore Laser Facility




per relative energy spread
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Nature 431, 2004, Monoenergetic beams of relativistic electrons from intense laser-
plasma interactions, S. P. D. Mangles et .all, RAL & others
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2004 Triple Nature Papers
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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 Gl.,LOA
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2006- 1 GeV Beams Have Arrived!

; Courtesy of
1.0 GeV Beam Generation E. Esarey (LBL)
312 um diameter and 33 mm length capillary ‘ 100
Laser: 1500(x15%) mJ/pulse 80
Density: 4x10'8/cm?3 £ e
Injection threshold: a, ~ 1.35 (~35TW, 38fs) ;% 40 O 5
Less injection at higher power d 20 ‘oo
Relativistic effect, self-modulation 0 . . .
1.3 14 15 16 1.7 1.8
1 GeV beam: a; ~ 1.46 (40 TW, 37 fs) input al

200 400 600 800 1000 RS epREdy AN ey
MeV/ Divergence(rms): 2.0 mrad
SR spectrum Energy spread (rms): 2.5%
o ' ' ' ' = Resolution: 2.4%
sao0 Charge: > 30.0 pC

L
5 anon

Less stable operation

Jr’l
T ) J 4 W‘."‘*‘“*‘.““’ D s, T <
o t=dmlw] <A SO0 [Slmle) T OO0

s

Hiah Laser power fluctuation, discharge timing, pointing stability
igh-

C. 6. R. Geddes, Cs. Toth, J. van Tilborg, E. Esarey, C. B. Schroeder, D. Bruhwiler, C. Nieter, J. Cary & W. P. Leemans



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

400 800

Charge Density [nC/SR/(MeV/c)] 0

Horizontal Angle (mrad)

Momentum (GeV/c)

VN
-

> = 9 I cm

1200

0.5 1 1.5 2 25 3 35 4 45

Peak normalized laser field strength, ag(z)

15 pC
4 GeV
300 TW Laser energy

potential
beam loss Ne(z)/Me

0 1 2 3 4 5 6 7 8 9

Propagation distance, z (cm)
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The BELLA (Petawatt) laser: LBNL




SLAC National Accelerator Laboratory

» At 3 km, it is the longest linear
accelerator in the world

»Up to 42 GeV particle beams
from the full 3 km

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

» Meter-scale pre-ionized
lithium plasma source with
typical density ~1x1017 cm




2007- PWFA Doubling Energy

N =4 x 101
el Are
Vol 445]15 February 2007|doi:10.1038/nature 05538 nature Energy 50 GeV - L — -

NATIONAL ACCEL ERATOR LABORATORY
Maw BLAC Natoras Acoeie-aior Lasorenry 030

Rep Rate 60 HZ

Nature v.445, p.741 (2007) LC [ TERS

Energy/pulse 320 J
Focal Spot Size 10 microns O

Energy doubling of 42 GeV electrons in a metre-scale  p ccwiath 501
plasma wakefield accelerator

lan Blumenfeld', Christopher E. Clayton®, Franz-Josef Decker', Mark J. Hogan', Chengkun Huang’,
Rasmus Ischebeck', Richard Iverson', Chandrashekhar Joshi’, Thomas Katsouleas’, Neil Kirby', Wei Lu’,

Focused Intensity 7 x 102! W/cm?

Kenneth A. Marsh®, Warren B. Mori®, Patric Muggli®’, Erdem Oz’, Robert H. Siemann', Dieter Walz'
& Miaomiao Zhou® e .
Comparable to the most intense laser beams to-
date
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Beam Loaded PWFA
Litos et al., Nature November 2014

High-Efficiency Acceleration of an Electron Bunch
in a Plasma Wakefield Accelerator

Beam loading is key for: 35
Narrow energy spread & high efficiency 33

Plasma Plasma
OFF ON

W
N
T
|
|

nature

ENErgy e

Energy (GeV)

‘-}If?]l-'lllll'l Ill Illl

2 GeV Energy Gain e " (um) =z et ° 21

~2% dE/E 9 GeV
~30% efficiency Energy Gain

Narrow energy spread acceleration with high-efficiency has been demonstrated
Next decade will focus on simultaneously preserving beam emittance

FACET-I CD-2/3AIPR, M.J. Hogan, Sep. 13-15, 2016 8




Corde et al., Nature August 2015

Multi-GeV Acceleration of Positrons

LIy SLAT
Injecting a single high-intensity positron 1o
bunch produced a very surprising result!

Positron PWFA

* Energy gain 4 GeV in 1.3 meters g !
* 1.8% energy spread =< 1
* Low beam divergence &
* No halo A0
22 24 26 28 30
Unloaded Loaded E (GeV)

Plasma Density (8.0 x10™ em?) Plasma Density (8 0 x10" cm®)

-5 4 3 2 1 5 -4 3 2 -1

New PWFA
regime warrants
further exploration

and development
towards PWFA-LC

application

Beam Density (1016 cm'3)

FACET-II CD-2/3A IPR, M.J. Hogan, Sep. 13-15, 2016 17



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

CMS

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

e Phase 2: Probe the accelerating wakefields with
externally injected electrons. = Start Q4 2017

SPS

T2\ ,./ 2
Wm o s \mE\' * Phase 3: Reach higher gradients, develop long scalable
u/r AD and uniform plasma cells, production of shorter
4\ @' o electron and proton bunches = 2021 ++

e spectrometer

Proton
beam

Proton diagnostics
- ———p = = = = =» BTV,0OTR, CTR

SMI Acceleration dump




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

Self-Modulating Instability of Proton Beam in Plasma

>50 mJ, 200 fsec, 780 nm

\ rubidium vapor

laser pulse & modulated proton bunch F intact part of the proton bunch
electron bunch N - et A Jore

h plasma
- —

protan bunch /; N
L_".: | trappud elecirons luser pulse

-

Short proton beam Se
X (mm) z=0 z—Lmax
100 300 500 700 900
a C T T T T T
- AWAKE 0.5
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: 0.4 (g Multl GeV ectran
g | ! E spectrometer
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i 02 ¥
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Outline

* The Need for Advanced Accelerators
* The Physics of Plasma Accelerators
* A Brief History of Advanced Accelerators

* Future and Challenges
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Conceptual LPA Collider

= Based on 10 GeV modules (n~10'7 cm-3)
* Quasi-linear wake: e- and e+, wake control
= Staging & coupling modules

= Requires high rep-rate (10’s kHz)

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

Leemans & Esarey, Physics Today, March 2009



Beam driven linear collider

<

New concept for a PWFA-LC

CW option with recirculation
E,.,, = 500 GeV, L=2.1x10%*, T=1.0

Main e- beam (CW) :
Q=1.0 x 10%%- @ 20 kHz
PMB,hnaI =8 MW

Main e+ beam (CW) :
v Q=1.0 x 10%%* @ 20 kHz
e- source e+ source '

10 plasma stages, AE=25 GeV each stage

; BDS and final focus

< Magnetic chicanes: 2.5 ns delay (2 < >
Main e- plasma acceleration (0.25 km) Injection every half turn, Main e+ plasma acceleration (0.25 km)
C=1000 m, P, /P, = 13%
Drive beam after accumulation : Accu- 4 passes recirculating SCRF CW linacs
Trains of 10 bunches, 2.5 ns apart @ 20 kHz | mulator Each linac: 3.16 GV, 19 MV/m, 250m
; ring Each arc: 437.5m
Main beam structure
v " v/ R -~
%00 Drive beam (CW) :
Drive beam structure out of linac  Drive beam out of acc. ring E=25GeV,
< W @O QU QWU @20x10%e@2020kk
25u <§ g.am 50 us > pDBmmaI 2x16 MW

e- source

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

Sample: 11 GeV had 0.3 nC of FWHM charge,
Table 1| Laser/plasma parameters for the different LWFA ener.gy spr'ead Of 3.7"/o and nor.malized

regimes of a 250 J laser. .
emittances of 3.4 and 9.2mmmrad

Self-guiding External-guiding
Bubble-SI*  Blowout-SI Blowout-Ef'/

ay = 0.853 x 10~2A(um)~/T(W cm )

ao 530 58 20

Spot (um) 10 50 100

Duration (fs) 33 10 160 .

i o o ” Blow-out regime 2 = a, = 20,0,
Plasma

Density (10" cm™3) 1,500 27 22 ]

Length (cm) 0.25 2 528 Bubble regime a, = 2w, /a)p
Electron beam
(simulation)

Energy (GeV) 3(34) 13 (5-13) 53 (40) . .

Charge (nC) 14(25) 2.0(06-2.2) 15(0.3) OpTlmal GCCZI@I"GTIHQ structure a, = 4

Parameters are obtained from refs 9 and 10, for the bubble and blowout regimes, respectively.
Ref. 9 uses a circularly polarized laser. Here, for consistency with the other cases, we use linearly
polarized lasers and modify their formulae appropriately. The decrease in laser intensity from the
strongly nonlinear regime (ag =53) to the weakly nonlinear regime (ag =2) is accompanied by a
steep increase in the acceleration length, and thus on the computational modelling requirements,
because the laser wavelength (0.8 um) must always be resolved in a full PIC simulation.
*Self-injected (S1) electrons.

fExtemally injected (El) electrons.

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



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

4

FWHM 117% energy spread , 16.7 nC, £ = 500 mm mrad*

90

Bubble regime a, =z 20,/o, 250 J laser

(e-wd 0L x §'L) Aysuap -3

o0 20 40 60 80 0 20 40 60 80 20 40 60 80 0O 20 40 60 80

sifom) w5 ) g 3.0%0"3.7 GeV

10

3t

Electron energy (GeV)
N
Ll

Electron energy (GeV)
N

Electron energy (GeV)

Electron energy (GeV)
N
T
o
L

(e-Wd 0L x G'L) Aysuap -3

4
C?
w

P : A 0 .
Oo 20 40 60 80 0O 20 40 60 80 0 20 40 60 80 0 20 40 60 80
X, (um) X, (um) X, (um) X, (um)

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

The simulations are done in the Lab frame



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 = a, = 20,/w, 250 J laser

FWHM 8-207% energy spread , 2.2 nC, &, = 5/25 mm mrad*

a b
400
Accelerating -
electron beam ‘ 300 =

= st (um)

g g 06}
< € %
5 04
¢ €
: 2
§ 02
p
2, *v° ) o 2
Plasma moves to the left with y=10 Energy (GeV)

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

*Larger emittance in the laser polarization plane
The simulations are done in an optimal Lorentz frame



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

a, =2 QuickPIC 250 J laser

The FWHM energy spread is 10% at 30 GelV', 207% at the final 40 GelV/

40 S ~ SO
Plasma channel _ 30T }’
> L :'.f;
~ i o. 01
S 20 N {:.’Ud.'— 0
5 | © E |
c O 2 O
i o0 > I O
¢ 9 [
10 N f_)“ \-’N : -
" GO W01, N [ IO S BT
0 2,000 4,000 6,000
. , , X% boost(um) |
0 1 2 3 4 5
Distance (m)

g

Plasma moves to the left with y=10

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

The simulations are done in an optimal Lorentz frame



Challenge is the
precision
hot the size



N ew SCd | e 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

Courtesy of W. Mori & L. da Silva
Time= 074[ps]
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Guess Who
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Plasma cavity

CSI: Washingtoh (George, that is)

Ricardo Fonseca: ricardo.fonseca@ist.utl.pt

Frank Tsung: tsung@physics.ucla.edu
Laser Wake

Electron beam Wake



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

« Staging



Staging Challenges

Stage I: Plasma
gas jet lens  Plasma-mirror
tape
Laser 1 v
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LBNL Multi-stage experiment:
S. Steinke Nature, 530, 190 (2016)
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Longitudinally tailored plasma density
profile for extraction:
PRL 116, 124801 (2016)



The End



Positron Production and Acceleration

AT e —
VAVAYS S

Bremsstrahlung
“breaking”radiation

2-20 MeV
e+

ligh Energy
e-beam

High-Z High-Z
nucleus nucleus

Positrons are captured and reinserted into the linear accelerator

20— . T , . . T . - - T "
Focal Point: 3

&
N 1.5}

|
X (m)

RF

e+
Az=5cm




Two Bunch Generation

High Energy -

l y
Low Energy

1. Disperse ’ %. O,
2. Chop
3. Compress
4. Accelerate
5. Diagnose



Hollow Channel

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

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

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

Charge Density
£ . Vacuum ‘ —_

Longitudinal Field

50 - VN
' . _1LIJ
0 . - | .

0 50 100 150 200 250 300 350 400 450 500
um
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Fields Within the Wakefield
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“Blowout regime” occurs as
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Nonlinear accelerating force
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Linear Focusing Force, similar to
qguadrupole magnets in a
conventional accelerator



Understanding

2004 Results: High-Quality Bunches

» Approach 1: bigger spot ﬁatufe

« RAL/IC* (12.5 TW -> ~20 pC, 80 MeV)
* LOA" (33 TW -> ~500 pC, 170 MeV)
« For GeV -> 1 PW class laser

* Approach 2: preformed channel guided A
« LBNL* (3TW, 2mm channel -> ~300 pC, 86 MeV) R\ /4
= For GeV -> ~10-50 TW class laser®, longer guiding structure

*S. Mangles et al, Nature 431(2004) 535; AJ. Faure et al, Nature 431(2004) 541
*C.G.R. Geddes et al, Nature 431 (2004) 538; SW.P. Leemans et al, [EEE Trans. Plasmas Sci.

24 (1996) 331.

~

Recipe for a Monoenergetic Beam } I

BERKELEY LAl

Excitation of wake (self-modulation of laser)

Onset of self-trapping (wavebreaking)
W. Leemans (LBL)

Termination of trapping (beam loading)

Acceleration

Dephasing

If L > or < dephasing length: large energy spread
If L ~ dephasing length: monoenergetic

|'wrméwéter' of
piasmaetectrons £ Laser pulse

T. Katsouleas, Nature 2004

AP

Dn the node of awave

TomKatsouleas NATURE{VO' 44417 December 2006
Figure 1| Surfing, tow-instyle. Pete Cabrinha takes a record-breaking ride on the 70-foot ‘Jaws’ wave
off the north shore of Maui, Hawaii, on 10 January 2004, for which he won the coveted Billabong XXL.



Multibunch Plasma Wakefield

BNL, UCLA, USC, U. of Texas

Quadrupole

Quadrupole

Dipole
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
b 1 labelled by "F" and the back by "B."
eam front labelled by "F" and the back by O 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
hot the size



N ew SCd | e 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

Courtesy of W. Mori & L. da Silva
Time= 074[ps]
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Electron beam Wake



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

« Staging



Most Importantly: we need to quantify these beams

Measure the beam phase space distribution as it is done in all accelerators
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PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 12, 050704 (2009) w2t |
Time-resolved electron beam phase space tomography at a soft x-ray free-electron laser M3 1
Michael Réhrs, Christopher Gerth, Holger Schlarb, Bernhard Schmidt, and Peter Schmiiser )4 : : :
Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany — -2 0 2 -
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Accelerators for 215t century? May be...

Many things will depend on

. '3 .“:_:.f‘.. -,’ ,’ k73 g/ ) ) : ";. Acceleration
* Ability to produce reqllﬁ good WL L NS vetods )
quality mono-energetic béams B o 7 o SN 2 A

« Using existing accelerator
technology (ie. injectors of fsec
bunches, s..) in combinatian
with new acceleration methods

* New generation of brave
accelerator physicists

“Stay with me. | just want to cross-check
your fortune with a quick Google search.”



