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Plasmas waves always demonstrate nonlinear behavior

General formalism
Master equation: relativistic fluid + Maxwell’s equations

I “Short” pulses

Quasi-static equations, Wakefield generation

I Summary

L. O.Silva | CAS, March 2019
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Multidimensional plasma waves-are nonlinear
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Scaling Tests Speedup
i Efficiency @

|.6 Mcores
O Strong Scaling —— 97%
O Weak Scaling —— 75%
--  Optimal
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* Scaling tests on LLNL Sequoia

4096 — 1572864 cores (full system)
* Warm plasma tests
Quadratic interpolation 10 000 100 000 | 000 000 10 000 000
ush = 0.1 ¢
* Weak scaling
Grow problem size
cells = 2563 X ( Ncores / 4096 )
23 particles/cell
* Strong scaling
Fixed problem size NG T
cells = 20483 o - LN ::2M '?lcl;;?gge;\/&/lz
16 particles / cell TN S 1572864 cores

“$
SRR Rmax 16.3 PFlop/s

T

F. Fiuza et al. (2013) L. O. Silva | CAS, March 2019
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Petascale modelling of LYV

LTSN
o 0/ Y%

LWFA Performa
e 7.09x10!0 pai
* 3.12 Us core push time
e 77 TFlops (3.3 7% of
* Limited by loadimbalan

Peak Performance
* |.86 x10!2 particles
e 1.46 x10!2 particles /-
* 0.74 PFlops
* 32% of Rpeak (42% of Rmax
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The more standard approach
From Maxwell’s equations in Coulomb gauge

|
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B eAy Conservation of
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Linearized wave equationfor e.m. waves i

Ordering

- = 1 All the same order, and << |

L. O.Silva | CAS, March 2019



Evolution of the electrgn:densmy |

Equation for the evolution of the electron
density in the presence of Ay

Linearizing the continuity equation + time derivative

Oron + noVou = 0 (’9,525n + ngV =0
Linearized Euler’s equation 000 = ——0F — c*V | 14
m 2 m2ct

no Me  No 2 m?2ct

L. O.Silva | CAS, March 2019



Coupling of light with plasma electrons

Driven electron plasma waves

L. O.Silva | CAS, March 2019
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SRR Mo cquation

Master equation

| S
O+ AV XV xp=— [wio + EV (O + chVV)] % — mc*0,Vy

Normalized Units

S 4

X X component i 8752pw - (1 + ataa:paj o 827) p; | 8158337 — 0
y component O;py — 0opy + (1 + 0t0rps + 027) % =0

¢ Remember: from canonical momentum conservation py = ay

L. O.Silva | CAS, March 2019



Normalisations

Electric field normalised to the cold wave breaking limit

MeCWyp

E ~ ~ 0.96+/n0[cm—3]V /cm

€

Magnetic field nhormalised to the cold wave

breaking limit multiplied by ¢ o e,

~ 324/10[1016cm—3]T

€

Scalar and vector potentials nhormalised to
electron rest energy divided by the

elementary charge y mec®  0.511MeV
P~ A~ — o~

€ €

Space and time normalised to the plasma skin

depth and inverse of plasma frequency

dgi 5.32 pm tgi 17 fs

ko /no[10%em 7] wp /1018 cm—3

Charge, mass and velocity normalised to the elementary
charge, electron mass and speed of light. Momenta
normalised to me ¢




Everything at c: Spe‘e'djgffﬁgh-tv_a riables

and the envelope approxiation

o/ . .
¥ Waves driven by short laser pulses with vpn ~ ¢

p=t—x T=1 pyoxe ¥ p,oce oY
In speed of light variables

0, = Oy

0y = 0y — Oy

One further approximation: 2
the envelope approximation 6)7' < 8¢ 0’7' ~ (WPO/ wO)

6’ip$ (1—82]9@ (9@ ) N 0? Y =0
T S S

' ' 7
P. Sprangle et al (1990) L. O.Silva | CAS, March 2019



Using the definition
Y =Pz =X

Px 9
1) a2y =2
(7 >"‘”X

¢ 1/X is the plasma susceptibility

o . . . .
¥ Physically, quasi-static means the laser pulse envelope changes in a
much longer time scale than the phase or laser pulse envelope
does not evolve in the time it takes for an electron to go across

the laser pulse (~ pulse duration)

¢ The basis for reduced numerical models (WAKE & QuickPIC & HiPACE)

P. Sprangle et al (1990) L. O.Silva | CAS, March 2019
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Physical interpretation ——

Plasma susceptibility Also written as: )
1 1 1+ p;
=L 3i¢ 1 py2 =0
X 7 21 (14+¢)°
with Y =1+ 20.0ppy + —2— =0  py=ay

1+ ¢

Simplified Euler’s equation

atpa: = —Fk, — ") B, = _a atpw — 856(¢ T ’7)

In speed of light variables

'— ------------------

L. O.Silva | CAS, March 2019



Wakefield generation——

Quasi-static equations at the basis of many
theoretical developments on laser wakefield

a0=4, L =)\p/2

Laser Pulse Profile Plasma Potential | lLon gitudinal Electric Field

30

Increasing a0

L. O.Silva | CAS, March 2019



Wakefield structure andwavebreaklng

Analytical results can be obtamed for speC|f|c Iaserpulse shapes

(e.g. square pulse Berezhiani & Muruzidze, 90)

2 72 1
WL:\/1+CL§O Gmax ~ V] — 1 Eimax ~ ;
4 2
Y1 — 1 Peak electric field ~ ayo
Pmax ™~ 2
271

Optimal pulse length for \

wakefield excitation p/ 2 Depends on pulse shape

¢ Quasi-static approximation breaks down when

Wavebreaking limit (cold)

eEpw — 1 Ufluid ™~ Uy > OO &UE:,; — OO
TV 6 W0

el
= V2y/7 — 1

MCWp

Non relativistic

L. O.Silva | CAS, March 2019



Analytical results can be obtamed for speC|f|c Iaserpulse shapes

(e.g. square pulse Berezhiani & Muruzidze, 90)

2 72 1
WL:\/1+CL§O Gmax ~ V] — 1 Eimax ~ ;
4 2
Y1 — 1 Peak electric field ~ ayo
Pmax ™~ 2
271

Optimal pulse length for D q e sh
wakefield excitation )\p/ 2 €pends on puise shape

oy . . . .
¥ Quasi-static approximation breaks down when

Wavebreaking limit (cold)

Non relativistic — 1 n
mv¢wp0
E Naive ID 4.6
estimate for a ~ '
\/—\/7¢ — 1 breakdown of /0™ A[1pm]n[1019cm—3]
mcWpo quasi-static

(square pulse)

L. O.Silva | CAS, March 2019



Beam loading in the linearregime

Beam loading concept Optimal scenario: wakefield due to beam
...~ 999000~ ¥ cancels plasma wave field exactly

(a)

E4(¢) = Ep cos(kp()

Energy spread: as particle energy spread
becomes 100% number (N) approaches Npo:

 (b)

¢ | D A — Avin E,— E N
Eb(C)=—47T/ dC,p(C,)EOCOS[kp(C—C,)] ? ’YmaX meln _ 1 f L

_ “ 4 A’Vmax Ez B NO
/\ﬁ Efficiency: tends to 100% when N

E approaches No.

N N

— 2 - — Key trade off
My Nq ( No> Y

: : The energy gain is less than twice the
— energy per particle of the driving bunch
' * (transformer ratio)

Pfoperfy tailored witness
electron bunch flattens AEb N

accelerating wakefield: no R = E—d =92 Fd

energy spread growth!

T. Katsouleas et al (1987) L. O.Silva | CAS, March 2019



Blow out reglme
(or the bubble reglme)
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Can laser plasma accelerators reach the energy frontier? i

From the 80s to last week, and beyond ...

KYADAAN 1 WELGONLS THE
BTEINATIONN ., WORASIIP Oy
Yer l\r bvon and Redac fion

h! nl‘\ (R 5 ||||

Laser and Plasma _
Accelerators Workshop 2009 Kardamyli, 22-26 June 2009

VoLuME 43, NUMBER 4 PHYSICAL REVIEW LETTERS 2

Laser Electron Accelerator

T. Tajima and J. M. Dawson
Department of Physics, University of California, Los Angeles, California 90024
(Received 9 March 1979)

Ultrahigh gradient particle acceleratlonob
intense laser-driven plasma density waves

C. Joshi’, W. B. Mori’, T. Katsouleas®, J. M. Dawson’,
J. M. Kindel" & D. W. Forslund’

* University of California Los Angeles, California 90024, USA
1 Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

L. O.Silva | CAS, March 2019



Plasmas waves are multidimensional

Blowout regime
Phenomenological model

I Theory for blowout

Field structure and beam loading

I Challenges

Positron acceleration, long beams, polarized beams

I Summary

L. O.Silva | CAS, March 2019



Wakefields are multi

dimensional=——
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J. M. Dawson, PR 113 383 (1959);).Vieira et al, PRL 106 225001 (201 I);
J.Vieira et al, PoP 21 056705 (2014)
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3D non-linear laser and beam driven-wakes

A~

Beam driven

Laser driven

Non-linear plasma wave generation by an
electron bunch with np/ne>1. Electron
cavitation is a distinctive signature of the
blowout regime.

J.B. Rosenzweig et al,
Phys. Rev. A 44, R6189 (1991)

30

Plasma wave generation and electron
acceleration driven by ultra-high intensity
laser with ao>>1

A. Pukhoyv, J.Meyer-Ter-Vehn,
Appl. Phys. B 74, 355 (2002)

L. O.Silva | CAS, March 2019
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Motivation
Plasmas waves are multidimensional

Phenomenological model

Theory for blowout
Field structure and beam loading

I Challenges

Positron acceleration, long beams, polarized beams

I Summary

L. O.Silva | CAS, March 2019
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Structure of laser driven wakefield ——

o

Self-injection provides electrons for acceleration

Time = 62401/ @, ] Time= 62401/ m, ]

L. O.Silva | CAS, March 2019
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Structure of laser driven wakefield ——

o

Self-injection provides electrons for acceleration

Time = 62401/ @, ] Time= 62401/ m, ]

L. O.Silva | CAS, March 2019
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Blow-out regime of laser wakefield-acceleration

-

Self-injection, Dephasing, and Depletion
' » DEP R =p162.64[1,/mu]

II||II|II|IIII|III|IIIIII|I!3OO
60 | | ™
[l Wo - 250
= Spot size
ao
normalized vector potential of the laser I
. . - 4200 &
[quiver momentum p/mc of e- field] i o
ao ~ 0.8 (\/um)(Intensity/10'8 W/cm?)!/2 -E-
|3
=150 2
co (11}
c
O
{8
- 1 100 W
, Tlaser -
45 — pulse duration —
L \ | B 50
window co-moving
— with laser pulse
speed of light
40 =] I |1l | | | | I L (S | | 1 1 | | esp ® 0
180 185 190 195 200 205 210
X [C/aw]

e —tewiwe; = - March 2019
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Blow-out regime of laser wakefield-acceleration

=

Self-injection, Dephasing, and Depletion
' » DEP R =p152.64[1/.,,u]

171 | sl Al | | | | K1 | 1 | o | I I 1 | | l 300
60 [ | — |
/ / - 250
55 [ — [ 200 A'J;'
2 | S
S — J1 - . O
s il B
<! 90 7, = c
ol 1 b . §
- 1 100 W
45 (— 3 e —|
L \ | B 50
window co-moving
— with laser pulse
speed of light
40 =] | 17l | S| | | | I =1 14 | %] | | | @sp ® 0
180 185 190 195 200 205 210

X, [C/ wp]

e —tewiwe; = - March 2019



kefield acceleration i

Blow-out regime of laser:

e ——

SEK 0T 15l [ gy Tat & —l—=l X LI |

* Intense laser pulse pushes electrons away from axis - Plasma Density
. . . & Ve -
e Electron void is formed behind laser |
- Blowout-regime/ bubble regime ]
* Electrons return to axis due to ion channel force |
* Trajectory crossing leads to self injection when outer sheet !
near spot-size reaches axis |
* lon column creates strong accelerating and focusing gradients I R
Accelerating Gradient —— " 7 ' I T Focusing Gradient
B0 [— — 80 — =8 E
L = - — — 4
55 — T T ¢ 1] 1
S R, 3 ST (B
N 50 f— 11 E, N 50 [— i E
w Do
| - sy
45 1l a5 i
40 __ | L1 [EEn ] l__ 2 40 —_ 1 [ L1 Ll [ _—l [



Phenomenological theory based on

physical ? picture 1L

Dynamics of the laser and e- define key parameters

Electric fields created by laser pulse

Matched laser parameters

KR ST
Longitudinal

Linear accelerating
gradient
<

i Ezmax ~ v Ao

Linear focusing kpR ~ k, Wy = 2y/ag
force

For maximum energy gain:
kpR >~ 2\/ag

trapped e- dephasing before pump depletion

] 2 2
1 Leten > Cw%/ngFWHM Leteh > La Lg >~ gw_gR
w
/8 (- CTEWHM > 2R/3 P

W. Lu et al. PR-STAB (2007) L. O.Silva | CAS, March 2019
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Different regimes for LWFAEL:

=

Maximum electron energy

Self-guidiﬁ External-guiding
Self Injection I* Self Injection II** Self Injection™* External Injection™*
Main goal Maximize < i ize >
Charge electron energy
Efficiency 19% < ~ 0.52/ag >
"""""""""""""""""" P
Typicalap, \/ch/np ~ (nc/np)1/5 >3 ~ 92
Laser pulse Plasma Injected bunch
N Xolpm] \ /% 7 e[3]\ 1/ s @ (Dolpm]\ (€3] 08 NP
TFWHM [fS] ~ 53.22 ( 0.8 > (a—(%) np[1018 cm 3] o= 3.71P[TOVV] ( 0.8 ) AE[GGV] ~3 a(2) )\O[Mm]
J 2/3
WO = gCTFWHM Lacc[cm] =~ 1409% q[HC] ~ (0.17 (AO[Nm]> (E[J] a0)1/3
0 0.8

*S. Gordienko and A. Pukhov PoP (2005) For the correct pre-factors in all the equations check Silva et al, (2009)
*W. Lu et al. PR-STAB (2007) Comptes Rendus Physique, 10(2-3), 167-175.



Acceleration distances can be redtced by orders of magnitude !_li

A~

Self-injection: >10 GeV

External-injection w/ beam loading: 40GeV

Plasma
channel

12-14 GeV

x1 Lab approx [um)

Distance [m]

=~
&
beams Ao 40 | |
T T T T L I l()IE : OOOOOOOOOOOO:
; i Longitudinal: [ 5 509
12| PG momentum_ | | 10" 30 OOOO y
- ™ - ¥ — B O
B - > - o o
= 19 : - 10" ) [ 07 04f
3 L Ny S - R I R o e
O 8+ { ' *\w;’%ﬂ &%, = . %‘ > 20 oC 3] .
> W 10° & (@) i O > I
5 ] 5 o o & 0.0k
a g f _ 0 () OO =~ i
G pd 1 i T i TiR
- -0 2 Yool :
4k — = I e O b~ ]
’ I 0 2000 4000 6000
2 10 L o B
" d o X, Boost [um]
o . | | | |
B B S B i o e e e o w o I B e N e e e S 8
% 10 20 30 40 10 0 s 3 4 S

S.F. Martins et al Nat. Physics 6 311 (2010)

L. O.Silva | CAS, March 2019




Parameter range for 300] 1ase.|: system

Self-guiding External-guiding
Self Injection I* Self Injection I External Injection™*
53 5.8 2
10 50 101
"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-"-'1:::::}"f ______
Duration [fs] 33 110 224 >
|
Density [cm-3] 1.5%101? 2.7x1017 2.2%]0!'6
Length [cm] 0.25 22 500
Energy [GeV] 3 13 ss WV
Charge [nC] |4 2 |.5

For the correct pre-factors in all the equations check Silva et al, (2009)
Comptes Rendus Physique, 10(2-3), 167-175.

*S. Gordienko and A. Pukhov PoP (2005)
*WV. Lu et al. PR-STAB (2007)



+3GeV seIf-lnjectlon in. strpngly nonllnear regime [ifi

—
2 ——

e —

. o

Extreme blowout ag= 53

S.F. Martins et al, Nature Physics (April 2010)

e- density [1.5e19 cm™9]

Electron Energy [GeV]

0 20 40 60 80 O 20 40 60 80 O 20 40 60 80 O 20 40 60 80 10
Xy [m] Xy [um] Xy [um] Xy [um]

Laboratory frame
3000x256x256 cells
~ 107 particles
|05 timesteps

L. O.Silva | CAS, March 2019



+10GeV self—injectié‘n,m nonllnear regime %

Controlled self-guided ap=5.8—  —

'\'\\\\ L I
= : accelerating field {1 40 2
Injected 400 =300k & 2
electrons 3 - 1Y >
Q ] )
m 200 & /15 22
> B 183 1D g
O T e e . Al oS
4000 5000 6000
| X, Boost [um]
200 14r Y ]
3 B . B, § - A -
S | P » 100 ¢
e >10F | - 2E
2O [ N b W e~
S o / . ™ 2%
-'6 3 6 _J'I J = ) l\
1200 u;‘j il 16310 &\
X, Boost [um] 300 oL 4 ]
: X, Boost [um] 12000 - 1f500 13000
2400 X, Boost [um]

Boosted frame
7000x256x256 cells 7-12 GeV
~ 10 particles

3x10* timesteps

-2 nC

Y=10 L. O. Silva | CAS, March 2019




+10GeV self—injectié‘n,m nonllnear regime %

Controlled self-guided ap=5.8—  —

T meestim g Smooth IR

= : accelerating field 1 40 2

Injected 400 % 300 = pul 8
electrons & ) 1m° -
o - JdF15 Do
m 200 ] o O
3 C 183 Do
300 100 =" S . 1 b 3

4000 5000 6000
( X, Boost [um]
200 S 14 :_ | :#'& S ‘fﬁ é -1 'cv)_l
S, | P N 10 _ ¢
o o 10 B - D s ©
SO e ATy W 5=
O o R 7 8 o
O 3 6 _.‘l J ] -2 l\
1200 i T e =
x, Boost [um] 300 2
12000 12500 13000
- X, Boost [um] x, Boost [um]
2400 1
Boosted frame
7000x256x256 cells 7-12 GeV

-2 nC

~ 10 particles
3x 104 timesteps ~300x faster LT N
Y=10 than lab simulation
_ L. O. Silva | CAS, March 2019




+40GeV with externally |njected beams

e
B

Channel guided ap=2

Tailored injected
beam to minimize

/ final energy spread

Energy [GeV]

Guiding channel
Length: 5.28m

Boosted frame
8000x 128x128 cells
~5x 108 particles
2x 10> timesteps

Y=10

Density: 2.2el6 cm-3

~300x faster
than lab simulation

40 |
30:
20 |

10 |

O/
O
O
O
@)
—_——
O
@l

S L S SR SR
0 2000 4000 6000
X, Boost [um]
1

| | |

|
1 2 3 4 5

Distance [m]

L. O.Silva | CAS, March 2019



Energy frontier LWFA modeling

Extreme blowout :: ag=53

» Very nonlinear and complex physics

» Bubble radius varies with laser propagation

» Electron injection is continuous = very strong beam loading
» Wakefield is noisy and the bubble sheath is not well defined

Controlled self-guided :: 20=5.8

» Lower laser intensity = cleaner wakefield and sheath
» Loaded wakefield is relatively flat
» Blowout radius remains nearly constant

» Three distinct bunches = room for tuning the laser parameters

Channel guided :: ao=2

» Lowest laser intensity = highest beam energies (less charge)
» External guiding of the laser = stable wakefield
» Tailored electron beam that initially flattens the wake

» Controlled acceleration of an externally injected beam to very high energies

L. O.Silva | CAS, March 2019



Motivation
Plasmas waves are multidimensional

I Blowout regime
Phenomenological model

Field structure and beam loading

Challenges

Positron acceleration, long beams, polarized beams

I Summary

L. O.Silva | CAS, March 2019
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Challenges
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I Summary
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The plan for a theoreticzﬁ’méd@rfthe_blov‘;out regime

- ——

Determine the equation of motion for a fluid element in the
quasi-static approximation and assuming no sheath crossing

Determine the structure of the fields (cylindrically
symmetric) for a model of the current/charge system
in the bubble/blowout

Determine the equation of motion for the inner
surface of the blowout region (r = rp)



_=

Generic particle Hamlltonm in 3D

Hamiltonian for a charged partlcle:

H = \/m24—|—(P—|—eA/c) — ed

Canonical momentum ‘
(P=p-eA/c)

Vector potential scalar potential

New co-moving frame variables:

§ = vpt — T =2

| |

Distance to the head of a

: Propagation distance
beam moving at vo

Hamiltonian in the co-moving frame

7‘[ — H—?}¢PH

L. O.Silva | CAS, March 2019



Hamilton’s equations in the co=moving frame variables i

=

Chain rule for co-moving frame variables

Hamilton’s equations in co-moving frame

dPy  OH 9H 0H

a_v %, it oz  0f O
ot~ %oz
) am _om _ o
i ot 2o
d§
- = (o —v))

L. O.Silva | CAS, March 2019



Evolution of the Hamiltonian-inthe co-moving frame

-

General evolution of the co-moving frame Hamiltonean
dH [ OA 0¢
o =) 32 = [V 57 3

=d/dt —I x use the chain rule

AH =T (ts)-FH (ti) depends on initial and final
positions only:

- / S TeTE

|

Integration over the - ~0 for a non-evolving wake/driver (quasi-
particle’s trajectory static approximation)

L. O.Silva | CAS, March 2019



Constants of motion under quasi-static approximation i

,‘7r‘\

General constant of motion under quasi-static approximation
AH = Aﬁ/ — U¢Ap|| — (Agb —3 U¢AA||)

= Ay — v, Ap| — Ay .Pﬁﬁ%xjrd

Constant of motion for a particle initially at rest in region of
vanishing fields

y(L=8)) =1+

ForB - 1=V - -1

ForfB— -1 =2V 2

—1 <Y < 4o

L. O.Silva | CAS, March 2019



Lorentz force equation for the radial motion of apfésma

electron under the quasi-static apﬁmXimatlon.

Goal: write Lorentz force in the co-moving frame (V¢—C— 1)

Use constant of motion to write total time derivative:

d d  1+vd
L T

velocity normalised to ¢

Use constant of motion to write total time derivative:

— dp, _1+9d
dt v df

d’I“J_

pr ="y =1+vY)—— 1

(1+ ) d%]

Recast y using constant of motion
L+p2 +(1L+9)°

| T T 2119
W. Lu, MsC thesis, UCLA (2004) L. O.Silva | CAS, March 2019




Lorentz force equation for the radial motion of a plasma

electron under the quasi-static approximation -

2(1+ ) d [ dr’
S cag |V e T
L+ (1+9)° (%) +1+v)
gers T L particles do not move in
[ F\ = — (Er — v By) : € under the q.s.a.

Potentials associated with electromagnetic fields under q.s.a.:

All other fields vanish for a cylindrically symmetric configuration

b A, DA, 0A,
o0& or 0& or o0&
accelerating field radial electric field azimuthal magnetic field

W. Lu, MsC thesis, UCLA (2004) L. O.Silva | CAS, March 2019



The plan for a theoreticzﬁ’méd@rfthe_blov‘;out regime

- ——

Determine the equation of motion for a fluid element in the
quasi-static approximation and assuming no sheath crossing

Determine the structure of the fields (cylindrically
symmetric) for a model of the current/charge system
in the bubble/blowout

Determine the equation of motion for the inner
surface of the blowout region (r = rp)



Electromagnetic field equatlonsior gyimdﬂcally

S

symmetric plasma waves -

T

Equations for potentials under q.s.a.:

lg (7“ aAr) _ é = NV | plasma density normalised to

r or or r? background density (no)

}ﬁ TaAII — particle beam driver density
| = N T N .

r or or normalised to no

1 a aw L] L] L] L] L]
—— | T | = Ne TNy — 1 immobile ion density normalised to no
/”i

or r
1 0 0o\
;E<TE>—’R[)+TL€—1
1 0 oY
r ETAT — _@_§ Gauge condition

W. Lu, MsC thesis, UCLA (2004) L. O.Silva | CAS, March 2019



Right hand side of Lorentz force:

o A
Fi = —(Er —v)Bp) = (af | arl)+(1—v|) e SVt

General solutions for potentials: o contritBiicntino
/ electrons in blowout)
beam shape
10 ( 0¢ 2 o
R 1 % _
ror (Té’r) np + Ne ¢ = ¢o (§) ‘1‘)‘(‘5) In () () = / rrgdr
0

¢ dependence:

/ blowout shape

T ) = Ny + Nev) —> A=A ) +A(§)nr

From gauge condition: 1 dw
0

18_ (7“2—?7:) :ne+n€v||—1 % Ar:ATO (5)7“ % AT‘O (f):—§d—§

2

;a( gf):”e”evn—l — wzwo(f)—%

W. Lu, MsC thesis, UCLA (2004) L. O.Silva | CAS, March 2019



Find equation of motion for the elgctnon 'rayer —

—— ———

defining the blowout region -~ - -

FJ_:_E_F(l_UH))\ 3 - (L =)

dA.,
5 OT——VL\ b

d¢ Y

Goal: write the Lorentz force for the motion of the thin electron
sheath that defines the blowout:

Kor

6
4
2
0

W. LU, MsC thesis, UCLA (2004) .dnva | CAS, March 2019



Equation of motion for the blowout radius

dAr() 1 arg, 9
Fr=—g+@-v) =2 +0-v) - -Vil5
!
Recall: (1—v||)—1j;¢ o 1+Z92¢(1++(1¢J)r¢)

The pseudo potential ¥ (see how important it is!) fully determines
the motion of the blowout region

W. Lu, MsC thesis, UCLA (2004) L. O.Silva | CAS, March 2019



General expressions to calculatethe pseudo-potential W Ir

e

Recall differential equation for ¥

Use Green’s function method to find an integral solution

Y (r, &) = lnr/or ' [ne (r',€) (1 — o) (',€)) — 1] dr’
+/OO r'Inr’ [ne (r',€) (1 — vy (', €)) — 1] dr’

Boundary condition: ¥ vanishes away from the blowout region

/Tfr" ne (r',6) (1 —v) (r',8)) — 1] dr' =0
’ :

Need model for ne(1-v))
W. Lu, MsC thesis, UCLA (2004) L. O.Silva | CAS, March 2019




Source term model for W in the blowout regime

e —

Boundary condition:

(r, §) Phase space

/07" ' [ne (', €) (T—v (,€)) = 1] dr' = 0

leads to:

height of the bIow20ut sheath
b

na (§) =
1 (rp + A)* — re
(7))
5 o
[ . Simulation Profile | 3 width of the blowout sheath
? 4L b theoretical model d +
) - - —/- c A=A, + Ap
3 \]
o 2f , | &
=" 1 _J = | Non-relativistic Relativistic
=Y ! ‘ [\
- - B 9 blowout blowout
4
- A A
U ) =—>1 o) =— <1
b T'p

W.Lu et al, PRL 96 165002 (2006) L. O.Silva | CAS, March 2019



Pseudo-potential in the blowdut regime: from non-

relativistic to ultra-relativistic plasma responses — —

General expression for W

o ((1+a)21_n(1+a)2 1)

Y1y (§)] = 1

Non-relativistic blowout regime
7“% 1 1
¢ (Ta 5) = Z In

b 4

Ultra-relativistic blowout regime

i (r, ) ~ (14 a)

W.Lu et al, PRL 96 165002 (2006) L. O.Silva | CAS, March 2019



The plan for a theoreticzﬁ’méd@rfthe_blov‘;out regime

- ——

Determine the equation of motion for a fluid element in the
quasi-static approximation and assuming no sheath crossing

Determine the structure of the fields (cylindrically
symmetric) for a model of the current/charge system
in the bubble/blowout

Determine the equation of motion for the inner
surface of the blowout region (r = rp)



Full equation of motion for the-blowout radius

g

Equation describing the motion of the blowout region

oo A4 dr (14 pri/ay

1 8 1 dB\ ,
Alr) =14 (= + 2 4 2, 52

Assume that A does not

| q L depend on €.
B(Tb):§+2ﬁ+zrbd7ﬁ+g’r§d—£ —>
b b Does not hold at the back of

the bubble where A~rp

1 1+ |al?/2
oo =3 (1+ T 5)

W. Lu et al, PRL 96 165002 (2006);
W. Lu et al, PoP 13 056709 (2006)

L. O.Silva | CAS, March 2019



Theory compares very well with-computer simulations [ﬁ

——

e

8- : :
) —— Simulation
6 Calculation
Very good agreement for a wide
r =4 r =4, 2 beams range of conditions

From weakly-relativistic to strongly
relativistic blowouts

Perfect match except at the back
of the bubble where A ~ ry,

?;(c/(op)

W.Lu et al, PRL 96 165002 (2006) L. O.Silva | CAS, March 2019



The blowout is close to a sphere — = | !ﬁ

regardless of the nature of the ch*ive#(?aser or partlcle bunch)

d%r, ny _ A9 dle? 1
+2 +l= - 2
T dr (14 pr2/4)
S =0 right after the driver

EquatIOn for surface ......................................................................................................................................................................................................
of a sphere: PN

d?r, [ (dry\’
e ( ) +1-

The factor ‘2’ leads to

stronger bending of ry at the
back of the bubble

W. Lu et al, PRL 96 165002 (2006)

L. O.Silva | CAS, March 2019




Accelerating field in thebigﬁdutﬁégin%'e_ = — : 'ﬁ

T = p—

Recall field expressions W.Lu et al, PRL 96 165002 (2006)
E, = o
Ultra-relativitic blowout (xx«1): - Accelerating Gradient
2 2 i y
ry r

Y6~ (1+a)t L

Ultra-relativitic blowout (x«1):

B~ 147
2 dé

Integration of the equation for
ro(S) yields at the center of the

bubble: /

EZ:§ E;naxg@ -
2 2

L. O.Silva | CAS, March 2019



Focusing force in the bvlc?@iégi =

,‘7r‘\

Recall field expressions

op DA 0A.  OA,| [ Focusing Gradient
p— " B — \ ',
Er = =5, " e ’ or ¢ -

Focusing for relativistic particle

(-4 oy
Er = Bo = or - or

e ——————

Linear focusing force:

r
ET—B9:§

W.Lu et al, PRL 96 165002 (2006) L. O.Silva | CAS, March 2019



Motivation
Plasmas waves are multidimensional

I Blowout regime
Phenomenological model

Field structure and beam loading

Challenges

Positron acceleration, long beams, polarized beams

I Summary

L. O.Silva | CAS, March 2019



Beam loading; achieving hlgh quallty bunches

-~

with low energy spreads | =
Goal: find the optimal beam proflle that flattens acceleratmg fields

Linear regime Blowout regime

(a)

E,(¢) = Eo cos(ky()

(o)

¢
Ey(¢) = —4m [ d¢'p(¢")Ep cos[ky(¢ — ¢')]

Properly tailored witness
electron bunch flattens
accelerating wakefield: no
energy spread growth!

A/RE
E,/Ry 10.4
0.1} —1 Jo.
- 40

M. Tzoufras et al (2008)

L. O.Silva | CAS, March 2019



Optimal shape for witness élééﬁrqngﬁgin&h = !_li

Goal: find an exact solution for E; at any position after the driver

Beam loading in the blowout Trapezoidal bunches lead to ideal beam-loading

_ o
CS

L,

d*r, dry \* AN(E)
ry— 5 2 /| t1=—"—
d& & r
I
I
1 dr ry 16 [1(€)¢dE + C critical quantities
E,=—-rp— = — 1 —1
2 d¢ 24/2 Ty =
l(gs) — \/E;4 + 1—g .
[ is the current density of the trapezoidal
: b R} bunch
witness beam () = | B2+ T2 — B, (€ - &)

M.Tzoufras et al, PRL 101 145002 (2008);
M. Tzoufras et al, PoP 16 056705 (2009); L. O.Silva | CAS, March 2019




Total charge and efficiency inithébl@jvyéiujc-regime =

=

Maximum charge in the blowout Efficiency

Witness goes all the way until the bubble Efficiency: ratio between absorbed energy
closes (r,=0) and total wakefield energy
T R}

Qt'r —

E,/Ry
-0.1}

-0.2| !
03} @

1
1
-0.4} |

10.8
/Ry
10.6
10.4

10.2

08 06 04 02 0°
E/R,

Smaller E¢: increases but
final energy gain lowers

M.Tzoufras et al, PRL 101 145002 (2008);  ERNNNES - Y -
M.Tzoufras et al, PoP 16 056705 (2009); L O.Silva | CAS, March 2019




-

Engineering formulas for the ai([_mggﬁ:hjé'ctedcharge’

e

Scaling for maximum number of particles

Energy in longitudinal (€)) and focusing (€ )
wakefields:

1 m2c®
€| 2 €L~ —— (kpR;?) 5
120 e“Wy

Energy absorbed by N particles (average
accelerating field E;«Rp/2:

mec? N Ry,
4

€o—

Estimate for total particle number ( re is the
classical electron radius):

1
N ~ — (k,Ry)° ——

Number of particles as a function of laser
parameters:

N ~ 2.5 x 10°

Aolpm] [ P[TW]
0.8 \/ 100

Efficiency is N x AE / Laser energy:

[' ~ 1/&0

Higher efficiencies using more moderate
laser intensities but still in the blowout.

M.Tzoufras et al, PRL 101 145002 (2008);
W.Lu PRSTAB 10 0301061 (2007)

L. O.Silva | CAS, March 2019




Limits to energy gaininhLW ———

Dephasing, Diffraction, Depletion

AE — eE’Z Vo = Vgroup laser

Dephasing

electrons overtake accelerating structure

in Laph ~ 10 cm/no [10'6 cm-3] T/K/ -
vV~=~C

Diffraction
laser pulse diffracts in
scale of Z, (Rayleigh length) ~ few mm

Depletion
laser pulse looses its energy to the plasma in Ldepi
for small ao, Ldept >> Ldph ;for ap > |, Ldepi ~ Ldph

L. O.Silva | CAS, March 2019



Stable propagation in ap.las'maj_ﬁg@'kéﬁe!d accelerator |7

Stable wakefields are critical to provide
high quality bunches with high energies

Beam waist evolution in blowout

W.Lu et al (2006)

l T /2y
N

5-9 10.0
do. > €N &
dZL | (K ”}/20',%> or = 0 1.0

=0 for matched | o1

propagation

linear focusing forces lead to
extremely stable beam

y beam head can erode as it ionises the plasma
propagation

and/or is not travelling in the blowout

C. Clayton et al, PRL 88 154801 (2002) L. O.Silva | CAS, March 2019
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Blowout radius:

a 'y
Fpr\./ e ion S ——
wo

I

spot-size (normalised to 1/k)

Guiding condition:

k‘pwo ~ ]{Tpr ~ 2\@

spot-size matched to the blowout radius

etching rate higher than
diffraction rate

ap ~ (Ne/np)

1/5

For the correct pre-factors in all the equations check Silva et al, (200¢
W.Lu et al. PR-STAB (2007) Comptes Rendus Physique, 10(2-3), 167-175. .. Silva | CAS, March 2019



Scalings for the acceleration distance in the blowout regime [li

-

Acceleration length

Pump depletion:

Vetch

Letch =~ CTFWHM

Uetch w_]%
C wi
2
W
Letch ~ CTRFWHM —5
W
E—-
Dephasing:
c—v
c=v); _p
¢ 2
Vp = Vg VUetch — 1 — a3 9
2 wj
2 wh
Lg=<—R,
3 Wy

W. Lu et al. PR-STAB (2007)

Minimum pulse duration

De-phasing larger or equal to pump
depletion:

2Ry

TFWHM = KR

Optimal condition: no energy left in
the driver after dephasing;

2Ry

TEFWHM — T

For the correct pre-factors in all the
equations check Silva et al, (2009)
Comptes Rendus Physique, 10(2-3),
167-175.

L. O.Silva | CAS, March 2019



Scalings for the maxin%Um-er'rergy in E LWFA

A~

AFE = mecz <Ez > Laccel

2 o [ WO °
AE = —m.c| — | ag

3 W

For the correct pre-factors in all the equations check Silva et al, (2009)
Comptes Rendus Physique, 10(2-3), 167-175.

W. Lu et al. PR-STAB (2007)

L. O.Silva | CAS, March 2019



Blowout regime vs linearregsime

Maximum charge
The blowout regime maximizes the charge that can be accelerated. Thus the number of
energetic particles can be much larger in the blowout regime.

Maximum energy
The maximum energy is larger in the linear regime than in the non-linear regime as it
implies the use of lower densities where electrons take longer to dephase and the laser
takes longer to deplete.

Beam quality
Focusing foces are linear in the blowout regime. Thus, particle bunches can accelerate with

little emittance growth.This is generally not possible in the linear regime as the focusing
force is non-linear.

Stability
In the laser case, external guiding structures are required to focus the laser pulse in the
linear regime. In the blowout regime, the laser can be self-guided by the plasma wave it
creates. This leads to very stable accelerating and focusing fields.

Positron acceleration for a linear collider
Recent work shows that positrons can accelerate in non-linear regimes. Until recently this

was thought to be impossible.



Motivation
Plasmas waves are multidimensional

I Blowout regime
Phenomenological model

I Theory for blowout

Field structure and beam loading

I Challenges

Positron acceleration, long beams, polarized beams

I Summary

L. O.Silva | CAS, March 2019



= ,“trons is Ilmlted

Electric fields created by laser pulse
—
Linear accelerating
gradient

Ez max ~ v Ao

Longitudinal

"i Lineafr;iz;using k,R ~ k,Wo = 2\/ag

For maximum energy gain:

uw' 1 kpR >~ 2/ag trapped e- dephasing before pump depletion
- 2
i Leten ~ chz) / wiT FWHM  Leten > Lg Lg >~ gw_g R
W
L A P cTrwHM > 2R/3 P

W. Lu et al. PR-STAB (2007) L. O.Silva | CAS, March 2019



Positrons can not ride large amplitude plasma waves because !ﬁ
they are quickly defocused away from-the plasma wave. -

Large amplitude plasma waves ideal for electron acceleration...

World’s biggest wave (Nazaré, Portugal)

L. O.Silva | CAS, March 2019



Positrons can not ride large amplitude plasma-waves because |ﬁ
they are quickly defocused away from-the plasma wave. -

Large amplitude plasma waves ideal for electron acceleration...

World’s biggest wave (Nazaré, Portugal)

L. O.Silva | CAS, March 2019



=

Model for suck-in regime

bubble l positively charged driver
(tail positrons may accelerate)

» p* plasma wake similar to e*

» beam loading is also identical

» requires p* bunches shorter than c/w,

1.0

Energy (TeV)
o
U

sucked-in
electrons

Onset of Suck-in regime - scaling
determined from equation of m®tion for 0

0 200 400 600
plasma electrons L(m)

o my
Teol ™ A/ A/ <L M\, /cC
col f (UT 47Tnb€2> P/

L. O.Silva | CAS, March 2019



Suck-in regime for positron beam and-electron acceleration -

=

bubble ' positively charged driver
(tail positrons may accelerate)

sucked-in
electrons

Onset of Suck-in regime - scaling
determined from equation of m®tion for
plasma electrons

o my
Teol ™ A/ A/ <L M\, /cC
col f (UT 47Tnb€2> P/

» p* plasma wake similar to e*
» beam loading is also identical
» requires p* bunches shorter than c/w,

" 600 GeV in
600 m

Energy (TeV)
o
U

0 200 400 600

L. O.Silva | CAS, March 2019



h-©rbital Angular Momentum

- —
LS — S—

—

Positron acceleration using lasers wit

T A, — — -

LG lasers have doughnut intensity profiles LG lasers drive doughnut plasma waves

Laguerre- |

Gaussian laser

Helical phase

ansverse slice of laser envelope

Doughnut-shaped intensity profile

Laguerre Polynomial -
doughnut plasma l positrons can

H 9 5 wave accelerate here
r r , 1] 2r
= () e (g Zlf) ()

Helical phase J.Vieira and ). T. Mendonga PRL 112,215001 (2014)




Three dimensional simulations conﬁrm pesmren acceleratlon

mechanism in strongly non-linearr regtmes —
J-Vieira and J.T. Mendonga PRL 112, 2I500I (2014)

Onset of positron focusing and acceleration

Demonstration of positron acceleration

Propagation direction

> | '
aser
e SE— — plasma'
= zoom of the simulation box : L - 50 0 rrriiipririp{ 1000
e e - | NG L
- is*'!‘j“ﬂ,]--"" Aow ' - 1
: my H‘JI';L”"!QI},‘ "" "lr. .“I|- = : k 800
8 Bt i .
A= ) | gy - E .
@ Rt L - &
0 W v ¥ , 0
2 el ) L J — ~ B 600 <
'4\" I H.' - -
8 | }}h\-pﬂ,: iy ,1.\", - A —
% . 1 - >
O B N i el N = &)
e ‘u:‘lll“l‘.l ‘ . iy L 7]
2 By (il : il B
“ il ) q i . / .l : u.J
S #" A ‘ — =
P “,v'w‘ ‘.Il:h‘”u‘ul ¥ = ]
‘ | el Loy, - 1 L - _ 200
- N 20 X a_a=
ek .__. - _.- _ ..l/’ —
','Lf"'k (F, 1 Wbt oot
|||||||||||||i||||r'|||.|||||||||| ‘ 0
X, (c/ (l)p]

Plasma electrons merge on-axis
providing positron focusing

L. O.Silva | CAS, March 2019



Three dimensional simulations conﬁrm pesmren acceleratlon

mechanism in strongly non-linearr regtmes —
J-Vieira and J.T. Mendonga PRL 112, 2I500I (2014)

Onset of positron focusing and acceleration

Demonstration of positron acceleration

Propagation direction

> | '
aser
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Plasma electrons merge on-axis
providing positron focusing
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Three dimensional simulations conﬁrm pesmren acceleratlon

mechanism in strongly non-linearr regtmes =—
J-Vieira and J.T. Mendonga PRL 112, 2I500I (2014)
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~ Particle bunch  Plasma density
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~ Particle bunch  Plasma density
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The self-modulation drives plasma wakefields in the blowout Il

e

Plasma Beam
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Un-polarized beam Polarized beam

Beam polarization is the average spin vector including
the contributions from all beam particles

L. O.Silva | CAS, March 2019
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Large (>80%)
polarisations at
interaction point

Relativistic spin-precession equation
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dt 0% v+1
Can plasmas provide polarised beam
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Spin precession is very small in plasma waves in the

———

blowout regime

s.(7) =\/1 — S%bO sin[

Single electron
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The individual beam particle spin
variations are very small even for the
standards to conventional accelerators

J-Vieira et al PR-STAB 14 071303 (2011)
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The total beam polarisation variations are
also very small and are on the
order 0.0l % for very high
accelerations

e —

L. O.Silva | CAS, March 2019



Motivation
Plasmas waves are multidimensional

I Blowout regime
Phenomenological model

I Theory for blowout

Field structure and beam loading

I Challenges

Positron acceleration, long beams, polarized beams

I Summary

L. O.Silva | CAS, March 2019
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Summary and take home messages

L —

Plasma waves are intrinsically

nonlinear (even when driven in the
linear regime) Challenges

Blowout regime suitable for Blowout/suck-in theory for
electron acceleration more complex drivers (e.g.
positrons/protons, ring drivers)

Positron acceleration in the
blowout regime

Reduced models to capture self-
Injection




Towards a master equat

Deriving equation that depends only on a 2 fluid quantlty (p) [W.B. Mori]

Time derivative of Euler’s equation

6’,5217: —e@tﬁ — ch@Vv

Ampere’s Law and using conservation of the -

canonical momentum + definition of current J = —env = —en—
~
4re? p
07+ c*V x V X p = n= —mc?0,V~y

mo oy

Density from Poisson’s equation (also using simplified Euler’s equation)

1 S
n=no+ —5V - (9 +me’Vy)




The master equation and-waves

) 1
0P+ c*V XV X p= — %290 + EV- (6’tﬁ—|— chV*y)

Longitudinal waves

Transverse waves . >
W
V-5=0 (32 AV )ﬁ:() w? = k2?4 2
Y0 Y
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