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Tech developments have triggéié -

—_—

Lasers and supercomputers

’I I Peak laser intensity ~ 1023 W/cm? ’|2 Peak computing power > 10 Pflop/s

Nonlinear QED: E-e-A_ = 2m,c?

30 Top System Performance [MFlop/s]
10 A IBM RoadRunner
I 09 . IBM Blue Gene/L Q *

q Ultra-Relativistic Optics p / El] NEC Earth Simulator QUSGI Project Columbia

E 1 025 o Intel ASCI Red/9632QQIBM ASCIWhite
%‘ ! 106 1 Hitachi/Tsukuba CP-PACS/2048  Intel ASCI Red/9152
e EQ =mpf:2 f Intel Paragon XP/S 140 cgFujitsu Numerical Wind Tunnel
2 20 Relativistic Optics ETA10-G/8 HNEC SX-3/44R

g 1 U' 3 M-13 (USSR) &:ray-ZIS

E EQ =mecg I 0 Burroughs ?Llilié:{\?er %zfa)gQCray X-MP/4

= CDC 7600Q ,-*" CDC STAR-100

- Bound electrons

@ 15 1BM7030 g cpc 6600

W ‘I D 10 0 § ‘Strerch’'q

a “\_ CPA BM 7090 &JNIVAC LARC

o . IBM 709

L . <— mode locking oy

<— Q-switchin 103 ' . y y X >
10 9 1950 1960 1970 1980 1990 2000 2010
1960 1970 1980 1990 2000 2010 Year
Mourou, Tajima, Bulanov (2006) Source: top500.org
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In the project Manhathan
(c. 1940) the cost of one

floating point operation
was ~ |0€

Operations p erformed in mechanical calculator
Cost of labour ~ 4 €/hou ming oper t n per second.
Total number f operatio espon d ngto4 € = | flop/s 60 x 60 s




loday, In a graphics
Drocessor unit each
floating point operation
costs ~ 10718 €

GPU performs 0.5 Tflop/s and costs ~ 2000 euros.
We assume a 3 vear lifetime. Neglect the cost of electricity.
Total number of operation for 2000 euros = 0.5 x 10'? flop/s x 3 x 365 x 24 x 60 x 60 s
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How can we describeht(hf\eﬁ,pjg

isma physics?

Hierarchy of descriptions (ighoring quantum effects)

» Klimontovich equation (“exact”).

» Ensemble average the Klimontovich equation
* Leads to Vlasov Fokker Planck equation (approximate)

» Take the limit that Np is very very large

* Vlasov equation

» Take moments of the Vlasov or Vlasov Fokker Planck equation
e ““Two” fluid (transport) equations

» Ignore electron inertia
* Single fluid or MHD equations

L. O.Silva | PlasmaSurf 2016 | Oeiras,July 11 2016
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What is the particle-in-cel-model?

s it an efficient way of modeling the Vlasov equation!?
No, it is a Klimontovich description for finite size (macro-particles)

Klimontovich eq. of macro-particles Maxwell’s equations

QE Vx§—4—7rf
ot C
a—» —
—B = — E
5 V X

QU
]

L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'l1 2016
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Particle-in-cell simulatioi

T

Solving Maxwell’s equations on a grid with self-consistent
charges and currents due to charged particle dynamics

State-of-the-art

® Py ~10'° particles
o _° 9Q | | ~(1000)3 cells
® Y ® RAM ~ | Gbyte - 5 TByte
e ® ®le o) Run time: hours to months
_ Data/run ~ few MB - [0s TByte
@ @
@ °® @ o
.0 ° O 0‘ One-to-one simulations of plasma
based accelerators & cluster
dynamics

Weibel/two stream instability in
astrophysics, relativistic shocks,
fast igniton/inertial fusion energy,
low temperature plasmas

Particle-in-cell (PIC) - (Dawson, Buneman,|960’s)
Maxwell’s equation solved on simulation grid
Particles pushed with Lorentz force



The pamncleinsegiiethocalba———

Modeling kinetic physics Particle-in-cell methodology”

¢ Particle simulations
(# operations « N?)
@ @
o °9% o
¢ Particle-Mesh simulations ®
(# operations = N) O ® PP O
e Fields + densities (OT ‘. ® N
* Long range interactions ® ®
@ o ® @
. © @ ©
¢ Additional MC binary Coulomb @ @ @
collision module can model short
range interactions

* Dawson, Buneman, 1960’s; Birdsall and Langdon, Plasma Phys. via Comp. Simulation (1985) L. O.Silva | PlasmaSurf 2016 | Oeiras, July 11 2016



¢ Particle simulations

(# operations « N?)

*€c

Particle-Mesh simulations
(# operations « N)
* Fields + densities

* Long range interactions

¢ Additional MC binary Coulomb
collision module can model short
range interactions

"

Modeling kinetic physics Particle-in-cell methodology”

1
@=1/E+—uxB\

dtm

Integration of equations of
motion, moving particles

F, 2 u — X

~

Weighting

(E,B)~F

-

Integration of Field
Equations on the grid

/

Weighting
(xu); = J;

Ji=(E,B),
JE -
=cVxB-4pj
ot
oB
— =-¢VxE
ot

* Dawson, Buneman, 1960’s; Birdsall and Langdon, Plasma Phys. via Comp. Simulation (1985)

L. O.Silva | PlasmaSurf 2016 | Oeiras,July 11 2016



The particle-in-cell methqdélogyﬂ::/i‘

Modeling kinetic physics MC binary Coulomb collisions”

¢ Particle simulations

(# operations « N?)

@ ©
\
o9 ¢ | o°
¢ Particle-Mesh simulations ®
(# operations « N) O s
e Fields + densities a\. ‘g ® O
* Long range interactions ® ®
@ @
'{\bo I 0| &/
¢ Additional MC binary Coulomb @

collision module can model short
range interactions

* Takizuka & Abe JCP 1977 L. O. Silva | PlasmaSurf 2016 | Oeiras, July 11 2016



0Siris | osiris framework

Massivelly Parallel, Fully Relativistic
Particle-in-Cell (PIC) Code
Visualization and Data Analysis Infrastructure
Developed by the osiris.consortium

= UCLA +IST

A ‘
)
——
| | |
L4 f— | I

New Features in v2.0 ,
U

- | Bessel Beams

Binary Collision Module

Tunnel (ADK) and Impact lonization

i

INSTITUTO . . . J‘
SUPERIOR Ricardo Fonseca: ricardo.fonseca@ist.utl.pt

TEENIEO Frank Tsung: tsung@physics.ucla.edu

Dynamic Load Balancing

PML absorbing BC

Optimized higher order splines
Parallel /O (HDF5)

UCLA http://cfp.ist.utl.pt/golp/epp/ - | Boosted frame in 1/2/3D
http://exodus.physics.ucla.edu/ L. O. Silva | PlasmaSurf 2016 | Oeiras, July 11 2016
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INSTITUTO
SUPERIOR
TECNICO

UCLA

e

Particle-in-cell Ioop m;es:ms 2

dp
dt

Integration of equations of motion:]
moving particles

(E+—xB)

Fp_>up_>xp m

Interpolation:
evaluating force on particles

(E, B)i - Fp

v

) (-

At

(!

N

Deposition:
calculating current on grid

(X7 u)p - jZ

Integration of field equations:
updating fields

%J

%—?ZCVXB—ZLTFJ

0B

E:—CVXE
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chiﬁeé m‘ he World
uCLA

= — B —
S -

— — 7

IOI2 particles
0.78 Pflop/s
33% peak performance

PEOTRANG

e Jaguar (jaguarpf) Ty AT, sutenode = Complete system
e 18688 compute nodes e Dual hex-core AMD Opteron 224256 processing cores
* dedicated service/login nodes 2435 (Istanbul) at 2.6 GHz 300 TB of memory
e SeaStar2+ network * 16GB DDR2-800 memory Peak performance 2.3 PFlop/s

L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'l 2016




Demonstrate [0s GeV e- and 200
MeV protons with lasers

Make nuclear fusion (with lasers) a
viable alternative for energy
production

Determine the conditions &
observe Fermi acceleration in the
laboratory

"“Boll the vacuum”

ce 5 INpe

“ e ®,
o 0¢ %0 e e .
fegdel it .

lg . ‘n

ELA e .
L. O.Silva | PlasmaSurf 2016 | Oeiras, July*Ll 2016



Contents

Particle accelerators
Beyond the energy frontier & new applications

Proton beams
Beams for proton therapy

What about CERN?

Using particle beams to accelerate other particle beams

Nuclear fusion with lasers
On the brink of ignition and novel concepts

Fundamental questions
QED and relativistic astrophysics in the laboratory

Summary
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Particle accelerators: rich science and applications i

o ——

From compact to country size

Large Compact
¢ Verified Standard Model of Particle ¢ Medicine
Physics ¢ cancer therapy, imaging
¥ W, Z bosons ¢ Industry
¢ Quarks, gluons and quark-gluon ¢ lithography
plasma

¢ Light sources (synchrotrons)
¢ Asymmetry of matter and anti-matter ¢ bio imaging
# In pursuit of the Higgs boson ¢ condensed matter science

Main Linac \

International Linear Collider

g Rings
Main Linac I\ Damping Rv \f
v’ —

Electrons

Adapted from Tom Katsouleas (Duke)




Plasma Accelerator Progress and the
“Accelerator Moore’s Law”

—
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Courtesy: Tom Katsouleas (Duke) / Physics Today 2004



Electrons

NETWORKING IN THE IMMUNE SYSTEM ¢ NANOTECH BATTERIES hang tenon

from Future Storms
AM I I ‘ ' : AN FEBRUARY 2006
WWW.SCIAM.COM

laser wake
b

Thomas Katsouleas

Electrons can be
accelerated by making
them surf a laser-driven

plasma wave. High
acceleration rates,

and now the production
of well-populated,
high-quality beams,
signal the potential of
this table-top technology.

B Y PLASMA
S=W® " 3 ACCELERATORS

A new method of particle acceleration
: _ in which the particles “surf” on a wave of plasma
How to Stop - = Dl g - promises to unleash a wealth of applications

Nuclear Terro

By Chandrashekhar Joshi
Guess Who

Owns Your Genes?

Csl: Washingto’h (George, that is)

CHIP SIMONS

! www.sciam.com SCIENTIFIC AMERICAN 41
COPYRIGHT 2006 SCIENTIFIC AMERICAN, INC. COPYRIGHT 2006 SCIENTIFIC AMERICAN, INC.

L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'l1 2016



ma wakes

WAKE IN WATI AKE IN-PLASMA
meter scale micron scale

T — S

L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'l1 2016



Recent progress has put plasmarceJeratlo
at the forefront of Science

[ m——— =

REVIEW pe—

[LETTERS natl re

2 1 April 2002
Long-distance relati y Volume 88, Number 13

o for photd G s
V;WHNF 4.0 mm
In this issue NATURE PHYSICS INSIGHT: Complexity

T e iz ooy
= X-Rays
L. e
e "
Bending Magnet “N . ) lc S
<= Radiation

NETWORKING IN THE IMMUNE SYSTEM = NANOTECH BATTERIES
How to Protect Y ) ° *
New Orleans RS . .
INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS from Future Storms i ? in : " : .
FCORU < g . ) N
J ° TFOPOLOGICAL DEFECTS

PHYSICAL J * +*" Kinks in superposition

EVIEW " VALLEYTRONICS
ree degeneracy lifted
VOLUME 47 NUMBER 3 APRIL 2007

LLETTERS

Articles published week ending
29 JuLy 2005

Tabletop Accelerators
Make Particles Surf on
Plasma Waves

Volume 95, Number 5

I e

How to Stop
Nuclear Terro

Guess Who

Doubling energy in a plasma wake

Member opy
Library or Other Inst Prohibited Until 2010

ASTRONOMY LHC FoCUS COSMIC RAYS
The Milky Way's Processors size up. RF antennas provide a CAFRIGHT 2306 SCICHTITICAN R ZAN, 152,
particie accelerator p10 forthe future p18 new approach p33

) Published by The American Physical Society
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Why plasmas!?

Plasmas do not “break” under very large electric fields

RF cavities sustain 50 MeV/m Plasmas can sustain 10’s GeV/m
G=000000000—© . NS -

Fig. 7
meter scale

x 20 000 for ILC

cm scale

Eo[V/iem] = 0.96 ny'2 [em™3]

ng=108%cm3 > E; = | GV/cm

40 km long

Maximum accelerating electric field Plasmas can sustain waves with very
determined by disruption of RF cavity large electric fields with relativistic
walls phase velocities

L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'l1 2016



abrand new field  (Iff

——____

Plasma based accelerators

VoLuME 43, NUMBER 4 PHYSICAL REVIEW LETTERS 23 Jury 1979 VOLUME 54, NUMBER 7 PHYSICAL REVIEW LETTERS 18 FEBRUARY 1985

Acceleration of Electrons by the Interaction of a Bunched Electron Beam with a Plasma
Laser Electron Accelerator w
Pisin Chen'?®

T. Tajima and J. M. Dawson Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

Department of Physics, University of California, Los Angeles, California 90024 and

(Received 9 March 1979) J. M. Dawson, Robert W. Huff, and T. Katsouleas

Department of Physics, University of California, Los Angeles, California 90024
200 (Received 20 December 1984)

4 Illllllllll TTTTTTTTTTTTTTTTTT lllllllll|l

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

CERN
COURIER

VOLUME 47 NUMBER 3 APRIL 2007

o
=
-]
—
— ]
—
<3

E1[GV/cm]

|III1I[III|lIIlIlI[IlIIlIIIIlI

-100

Doubling energy in a plasma wake

window co-moving with
laser pulse

I I I O

d of lish ASTRONOMY LHC FOCUS COSMIC RAYS
@ speed ofr lig t The Milky Way's Processors size up RF antennas provide a
particle accelerator p10 for the future p18 new approach p33

4 NIENERRERERIRRNRRERRRA NN 200
0 10 20 30 40

x1[um]
Eo[V/iem] = 0.96 ny'2 [em™3]

ng=10%ecm3 > E;g = | GV/cm

| PlasmaSurf 2016 | Oeiras, July |1 2016




Pre-2004 results demonstrated relativistic plasma wave excitation !ﬁ

——

Electron acceleration up to ~ 200 MeV

Relativistic plasma waves Thermal-like spectrum up to 200 MeV

1 06 a Gas jet
S A5
< 104
= 10
2. 3
o 10
c
® 40
C_‘E 1 Laser beam Electron beam
g 10 b
— 1
;J.)_ 100 | | % 10
1 0_1 FE l T I N A Lol Lol E 1010
-2 -1 0 1 2 3 4 5 =
Frequency shift (w)) é 10°
1 01 1 ' T T | 8
% o f |§ 2 e
g O MG gy 2 5
o : 7
> o0 ® o |3] H 10
() L4 D =
= " I =
. | = 2 106 1 1 1 1
o 13 0 50 100 150 200 250
Q . = —i ELECTRON ENERGY (MeV)
®» 9| A (2)n,=15x10
E 10 . . o |—(b) n:=1.5x1019 ¢ 105, 30°,
s & (C) ng=15x10"
o | s __ | ® (dn,=10x10" |
- 108 detector limit__| ™ (©)n,=058x10"°
8 910 20 30 40 50 =i it =L E o=
Energy (MeV) > 35 MeV > 20 MeV > 5 MeV
A. Modena et al, Nature (1995) V. Malka et al, Science (2002)
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30 Se] pt ember 2004 I International wee kly;our nal fsclence

www.nature.com/nature

Dream beam

The dawn of @@mpact partigle accelerators

Imperial College
London

%CCLRC

~

fi ‘ y 1
"'-i‘.\' image F;I;te 20 I /—\l /\
A - reecoeec| |
- # » ! f /_\’
technoldgyfeatu iterenc | - ( o BRIV |
» : 2 S E T W, L E s o

# e arb. units]

Courtesy:V. Malka (LOA), K. Krushelnick (IC/RAL), W. Leemans (LBL)
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0 50 100 150 200 250
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310
2510
=]
[11]
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cQ \
Sa.=x 210
&85
L= -y
SR EW
Bo2u 1.510
5222
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=R
EI-.
']
(=%

110"
510"

20 40 60 80 100 120
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0.0 : . .
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Energy [MeV]
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Can LWFA reach the enérgytftoq

with the next generation of lasers?—— -
Next generation of lasers @ 10 PW

Le”:rd/é .
Overall TOPW Schematic
\\\\Q mJ Level Source  J Level OPCPA Amplifier ,
5 fsseed laser : EE"WTMWE“‘ .:
A=2800 nm I 1 1
! : 1 1
. Short Stretch ps 1 : :
Science & Technology [ ! : i
Facilities Council R R R : 1 B
wli : ENEEINES (024) 44 : A :
TH L streteh 3ne ——— LBO . LBO !
Vulcan Laser Facility -, —— - : :
= |m Phase 1 1 Diagnostic Compressor 1 1
> ' — 4 - USER Facility femcccama- .
-8 Beam CPA Laser sHg ™

-3 Target Areas S2rm

-3 kJ Energy SHG :::...
-1 PW Power Phase 2

| - Will be based on a combination of LBO and KD*P

{ - 3 stages of amplification
- Very high contrast source

:;‘k ) Science & Technology
<~ Facilities Council

Ultra Short PE Stretch High Energy Compress

L. ©.Silva | PlasmaSurf 2016 | Oeiras, July I'l 2016



Blow-out regime of laser wakefield-acceleration

o

Self-injection, Dephasing, and Depletion
Time= 0.00[1/w,]

) L L L L L L L B BB N 300
60 — — [
n Wo -1 F 250
spot size 11 |
a0
normalized vector potential of the laser - 1200 &
[quiver momentum p/mc of e- field] NO@
ao ~ 0.8 (A/um)(Intensity/10'8 W/cm?2)!2 E
— 5
S L e
Q, X I
' 50 — X c
u i O
3]
~ @
u - 4100 w
— Tlaser
45 [— pulse duration —
i i 50
B window co-moving with
— a Iaserdpu:slg he
speed of lig
Ot ol b b b | i 0
15 20 25 30 35 40 45
Xl [C / wp]
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LWFA Performance
e 7.09x%]0!0 . ;
* 3.12 Ys core push time
e 77 TFlops (3.3 % of R
* Limited by load imbalance

Peak Performance
e |.86 x10'2 particles ™
e 1.46 x10'? particles /'s.
* 0.74 PFlops "
* 32% of Rpeak (42% of Rmax)




Challenge: Parameter range for a 300) laser I

Self-guiding External-guiding
Self Injection I* Self Injection II** Self Injection™* External Injection®™*
a0 43 5.8 3.5 2
Spot [Hm] 2 50 70 101
Duration [fs] 30 110 155 224
Density [cm~] 1.5%10" 2.7x10'7 8.2x10'¢ 2.2x10'6
Length [cm] 0.25 22 100 500
Energy [GeV] 4 13 25 53
Charge [nC] |4 2 1.8 1.5
Simulation
time [days in ! 400 2,500

512CPUs]

*S. Gordienko and A. Pukhov PoP (2005)
W. Lu et al. PR-STAB (2007) L. O. Silva | PlasmaSurf 2016 | Oeiras, July 11 2016
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Boosted Frames in LWFA

Grid resolution in Laboratory and Boosted frame

)
£
<]
[ &
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>
B -----}
®
[
o
8
=]
B
I

)
g Laser
(G
L
o
S >
e
(7]
o
o
o 300

1 —
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e 2 5 R
'l : 10" _
. OPE 20 O?E
(&} — - 0 (&
o = - 100 o
© 1.5 o
| I 3
=|| 8,.F 10" =
> 3 1.0 ' >
.g Lu : -2 .g
g 05F 10 g
0 0 00 . AR 5
1380 1400 1420 1440 1460 1380 1400 1420 1440 1460
X4 [em] X1 [um]
|8nC above 2GeV 2.3GeV electrons
Total 42nC injected Pulse redshift

S.F. Martins et al., Nat Phys (2010) L. O.Silva | PlasmaSurf 2016 | Oeiras, July 11 2016



near regime

L

+10GeV self-injection in-non

Smooth accelerating
field

@) 12-14 GeV T x, Boost [um] 400

X, Boost [um]
N
o
Density
[2.7€17 cm-3]

_ = rer M P B 0
7000 8000 9000
X, Boost [um]
200 . 4F@ N
> [ e S A
OIS i ! 10 =
5o 10 _ . %‘ 5
S [ /i -- N~
83 6y 4‘ 2 o
m [ 10 &
x, Boost [um] 300 ol ]
12000 12500 13000

X, Boost [um
2 er] X, Boost [um]

S.F. Martins et al., Nat Phys (2010) L. O.Silva | PlasmaSurf 2016 | Oeiras, July 11 2016



eneration lasers

Injected bunches properties

Bunch shape and momentum Energy spectrum & Emittance

105 TrTTTTTrTTT I rrrrrr7oTrT I rTrrr17o1rTTT ] rrrrrTTTT l T TTTT 14 0.4 :_] T ! T I T f ! I f ! T l' T f ! I ! T f I T ! T [ T _IE
I Spatial shape - ||'|“\ E
- . C f 1) 3
- ] | I .
L 4 C | -
100 N ] 12 03 F A “‘w‘ || A| !\{P-.\' 3
L . C a N | ]
- - I~ - C | | .
o 1Hos | |3 ¢ . B :
_E, 95 _" . 4“ ‘j 3‘21\ _— % : 0.2 E— ﬂl ‘| (C I| A —E
()\J( _ }r é“ : : i ] 1 F A 8 9 % = .lel I [ l' \ \ ]
| ) L T ¥ i [ Q - 1 i )\ J
LR c B [ | \ an ]
. . ] w * o [ | I| ’ g 7
- . 6 C | y | || } | ]
0 - 011 W[ \ [ E
: : B I V |.1A M l' | “0"". A .
- o \ | .
o /,-“\ m C — E ol \I. ‘: "\ ‘1\ Y E
B n - A ! -
| T T o | T T ) N T I | | T | | L1111 f— e SN S/ —
85 00 cl . R B! L L1 1 | 1 L1 [ AT S NN T SR T N S
- 2 4 6 8 10 12 14
14 ._I TTTrTrTrImTT [ T I'A‘T T TTT ] L I I A I A | [ 17717 TT7TTT ] T IL 1012 Energy [Gev]
- Wi, . Longitudinal-
12 |- N momentum- 3 10" .
- P — . = Injected
- ] z 1.4 2.2 1.1
= 10 Sl PR charge (nC)
%9 N § i L
S gk - z Energy () 7.0 17.6 12.7
= F 1 ’ 10° 2
— - y o — )
qc’ 6 — 'g } — a Emi o, oo
T o "f i PR mittance 12.4% efficiency '
al | ] g (Hm)
C ] 107 x2 16.6 10.6 4.5
2 — ]
0_|llllllrl;Illli—f!lll‘l!‘ll‘llrln:x‘ﬁ—r—y&_ 106 X3 25'4 9.9 |0.2
0 10 20 30 40

x1 Lab approx [um]

*Norm. Emitt. = ~[(2?)(i?) — (zi)?]?
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db

c

eams

Tailored injected 40GeV
beam to minimize final beam
energy spread

40 ; (b) ' T T Ooo'ooo&)oooooo
[ -
\ ) Plasma r o
o Accelerating channel 30 :
electron beam _ i
S
(O] L
0] ]
> 20 |
<) [
@ ]
cC L
L
10F OO 01p, | N -\I e .__'
L o° 0 2000 4000 6000 |
;oo X, Boost [ym] )
] | | | |
Distance [m]
Guiding channel .
Length: 5.28 m Stable accelerating
Density: 2.210'¢ cm-3 field for over 5
meters

S.F. Martins et al, Nat Phys (2010) L. O.Silva | PlasmaSurf 2016 | Oeiras, July 11 2016



Applications for LWFA'b

HEP Collider & radiation

E> 10 GeV
LINAC

Light Sources (FEL)

undulator

0.74 [ ps]

©
Q \
:
= YT
« N
E S — \\\\\:
NS
m N \\\\\\ —
“ . _/..'/""”%6 = \ NN \7&,35'\" D(:(:
E , ,Lﬂg@\ hort _oooeass e Undulator like
O . - . . .
1 = a“c\celeratmg motion in ion
structure channel

L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'l1 2016
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Betatron radiation in pidsm f; kefield acceleration Iﬁ

UCLA/SLAC/USC have demonstr X-ray
betatron radiation with SLAC beam (28 GeV)

35
10
XFEL
S | 3 B 4
@ 10 FLASH ,'
X [ (seeded) " LoLs =
>
S 0¥k -
o™~
| ~ 10! photons/s 0.1 % BW mm? mrad? E L i
@ 6 keV " ® FLASH
© 1029 - o 0
: ® Critical frequency
\v/-l:wm\k 4.0 mm E i scales with ne
. Betat - 9
s - etatron .
= F " XRays P.aq scales with ne?2 l il
o =y I
== o 10 PETRA Il 20m ID s
= = Bending Magnet "
= -~< Radiation 8
Laser plasma accelerators
operating @ higher plasma
densitites o

Member Subscripti¢ ( I 0I4 Cm -3 _’ I 0I7 Cm-3)

Library or Other Institutional Use

% Published by The American Physical Society 1 01 1 02 1 03 1 04 1 05 1 06
S. Wang et al, PRL (April 2002) Energy [eV]
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Laser driven ion beams hold promising applications |ﬁ

Efzomising 2pp

— e —————

= e
o ——

Laser-plasma Medical applications
accelerators &

© UniversitatsKlinikum Heidelberg

Compact sources lon beam driven

: : . Tumor thera
inertial fusion 24




: / 60 "
)', g /) .\\ § 60 J CO -..‘ \
A / S s
SNWP 2
> S 40
\ P @ '
oA
20 .
20 MeV electrons *,
0 |
0 5
D depth in water equivalent (cm)
© UniversitatsKlinikum Heidelberg © CERN Courier, 2006

200 MeV protons —»[ Bragg
4800 MeV carbon ions peak

8 MV X-rays
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ic proton beams

- = =
——— s

The quest for high-quajify n‘@@e‘f_n

— = = = — —

High-intensity

High-intensity o pulke

laser pulse

Solid target
Solid target

Cold solid target Cold solid target

Linear polarization Circular polarization
Continuum spectrum High contrast ratio

Max. proton energy ~ 60 MeV Mono-energetic spectrum




i

Shock acceleration Shock
acceleration
| e g
= ©
o —4 & 2
High-intensity -
laser pulse
010 500 1000 1500 2000 2500 10
X [c/ wg]
Beam quality destroyed .
by TNSA fields ]
I i i 4 10°
Linear polarization S
5 F_ E 10° %
Strong heating E ]
o n
Mono-energetic spectrum!? 2
0157500 1000 1500 2000 2500 10
J. Denavit PRL 69,3052 (1992) X [c/ o

L. O.Silva et al. PRL 102,015002 (2004)



Reflected
ions

Plasma profile

* G.Sorasio et al. PRL 2006
* T. Grismayer & P. Mora Phys. Plasmas 2006

ner targets allow for high-quality-shock accelerated beams

E— ——

Requirements for high-quality shock acceleration

* High Mach number shocks in different density/temperature
plasmas”

o Shock acceleration must dominate over TNSA fields™

When shock is formed:™

20 C%

Vsh = Vions = Lg >
Wpi Ush

*  When shock crosses back of target:

. Ush Ush_
Vsh = Vions = Lg < (6 2C,0 — 207-‘->
Wpi

*  For optimal absorption (n, ~ nc), optimal thickness Lz ~ 20 lo

Near n.- targets are optimal

CO, lasers in mm scale gas jet targets (nc) at high repetition rates

“* shock formation time ~ 20p W' (D.W. Forslund & C. R. Shonk PRL 1970) L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'1 2016



No. of electrons (arb. units)
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1 0.5
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/ 3
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10 direction 10.3 2
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] 3
Second pulse
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I 10° 1.00 - \
S ] ~ AE/E ~ 12%
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< 1102 o _2 0.75r
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Monoenergetic proton beams wmh'ugprecedented energles :

Feb 22th Jan 25t
0 8L CR-39 #179 CR-39 #92

Normalized Yield

@

oL % . i‘.j‘j >

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Proton Energy (MeV)

Previously | MeV, rms AE/E ~ 4% had been measured (C. Palmer PRL 201 I)
D. Haberberger et al., Nature Physics, January 2012

flefie Neptune Laboratory L. O.Silva | PlasmaSurf 2016 | Oeiras, July 112016
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Low beam emittance has _beeh’ﬁjﬁasu?iéﬂ

 ——

) 150mm CR-39
Protons
H2 ———__ﬂ—
GaS JetA review units on the plot
aser
- )
Source Size : d = 120um 59MeV

Beam Size (RMS) : 6, ~5.7mm

o, ~2.2mm o
Divergence : 6, ~37mrad 3
6, ~ l4mrad 3

Y
Emittance : e, = d-6, = 4.6mm-'mrad

g,=d0, =1.7mmmrad
D. Haberberger et al., Nature Physics, January 2012

50mm
Welie Neptune Laboratory L. O. Silva | PlasmaSurf 2016 | Oeiras, July |1 2016



Shock acceleration is extensible to Lﬂﬁfgﬁ%ﬁzﬁg[gieé =

I — =

o ——

Favorable scaling provides proton beams for
medical applications (200 MeV) with readily available lasers (a0 ~ 10)

1 O i ] ] ] n ] | ] ] ] ] ! ! ] ] | 600 i I I | ] | ] ! ! ! | ]
i 1 - 3/2
] : [ Energy[MeV] = 5.6a)> _/’
- ] 500 ]
= >
5 [ ” ] 2 I fit ]
5 o5p 1 3300 ’
n . - ) " 1
S I 1 i@ I 1
* [ 5 200 -
- . 100 -
i ﬁJ Y A . ) i l |
095 250 500 % 20

Energy [MeV]

F. Fiuza et al., to appear PRL (2012); arXiv:1206.2903 L. O. Silva | PlasmaSurf 2016 | Oeiras, July 11 2016
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PPA@CERN

SPS proton beam

10" p per bunch 3 ot
Energy: 300-450 GeV \«\oq ¢
Emittance: 6 nm (450 GeV) O o

Bunch length: 12 cm (rms) Plasma AP0

Rel. energy spread: 3 x 10* Cell ©

PDWFA
beam line

S I%

Switch... (50m)

~ 620 m total footprint

A

Proton driven wakefie Id‘;éc';felgr_i‘aib];@ CERN  KAECS:

One-to-one modeling of future
PDWEFA experiments

5.25 m

= 4 3
B Wl -
4 0 200 400 600 800 0.000
x[c/wy)]
g 4
Particle 2 El B | 8
beams s g
= 5 LIQM]l 1 T[] [101 £ L—
(9] >
S £ —‘LJ—%J L] LJ |1 é]—U— £ [
3 e ® 5
19} " " 5
< t t t t 9
Pulsed gas injection >
1,.r . r
Vacuum Vacuum ‘
* Pump Pump #

High voltage tunable density 10

m long plasma discharge

CERN, DESY, MPI, UCLA, USC, BNL, TH, D, IST, UCL,
IC, IPP, RAL
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Nuclear fusion with las
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Indirect drive nuclear fusion—
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National Ignition Facility
Target (~ I cm Iong) L. O.Silva | PlasmaSurf 2016 | Oeiras,July 112016
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Advanced concepts: faé.t\i,ignﬁo*hgoncept* =

Compression lgnition

laser

compression
lasers

* M.Tabak et al., Phys. Plasmas 1, 1626 (1994) L. O.Silva | PlasmaSurf 2016 | Oeiras, July 11 2016
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The fast ignition co_n&ep’t;:\‘

lgnition

ignition
laser

compression

lasers compressed

target

Physics of Fast Ignition

Compression laser
Gold cone channels squeezes hydrogen fuel
ignition laser beam

[ .

hot e core
Ignition 300 g/cc
laser r~20 pm
E ~10 k]

Fuel ignites and burns

* R.Kodama et al., Nature 412,798 (2001); R.Kodama et al., Nature 432, 1005 (2004) L. O.Silva | PlasmaSurf 2013 | Oeiras, July 8 2013
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The fast ignition CQn&eﬁt{?{Y‘ =

e

Compression lgnition

ignition ||II| ‘l||||||l'
laser

compression

Channeling’
lasers

compressed
target

channeling
laser

* G. Li et al., Phys. Rev. Lett. 100, 125002 (2008) L. O.Silva | PlasmaSurf 2013 | Oeiras, July 8 2013



Modeling is extremely demanding/ﬁeédi?ferent scales-involved !ﬁ

—

Typical HED compressed target Computational requirements for PIC

Physical size

Density
n (cg‘f) Box size: | mm
10 Cell size: 5 A
Plasma Parameter Duration: 10 ps

3 .
nhp, (# particles) Time step: | as (10°'8s)

Numerical size

o # cells/dim: 2x10°
Collisionality # particles/cell: 100 (ID); 10 (2D); | (3D)
(pe # time steps: 10°

Particle push time: | ms

160 200 300 400500600 Computational time
radius (um) ID - 2x10% CPU days
. 2D - 5x108 CPU days ~ 10® CPU years
Laser duration = 10 ps - 10 ns 3D - 2x10"! CPU days ~ 7x108 CPU years

F. Fiuza et al L. O.Silva | PlasmaSurf 2016 | Oeiras, July 11 2016
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New hybrid-PIC algorithm for HEDP-modeling®

Density
n (cm?)
21
10

Plas3ma Parameter
nAp (# particles)

Ignition laser

160 200 300 400500600
-radius (um)

Hybrid-PIC code

Full-PIC code

*  Full Maxwell’s equations «  Maxwell’s equations +
. Kinetic species If resistivity (Ohm’s law) Ohm'’s law (inertialess)
* no< 102 cm?3 matches collisional model *  Kinetic species

- . . 23 -3
* wWpAr < O(l) transition is natural no > 10 cm
* Axwplc < O(l) and self-consistent * Vet <O(l)
e cAt/Ax < | « cAt/Ax <

" B. Cohen,A. Kemp, L. Divol, JCP 229,4591 (2010) L. O. Silva | PlasmaSurf 2016 | Oeiras, July 11 2016



Accurate hybrid-PIC transition Iéqmlz;eﬁ:ééreful n

umerics

—

Advanced numerical techniques Stable and accurate transition

‘> 102k Stopping power from MC model
‘y ngh-order Spllnes Ng collisions + plasma waves NIST total
3 NIST collisions
@ . . . = 10'f
# MC binary Coulomb collisions =t g
§_ collisions 7
§ Advanced smoothi 2 1o
: vanced smoothing 5 AN
c% ® PIC colisional MC model // NIST radiation
. . 10-1 L 1 1 1/ 1 1]
¢ PML boundary conditions 102 107 10° 10 102 10°
Energy [MeV]
: Time= 0.00[ps]
80- ) T T T | T T T ] T T T [ T T T 3 |024
. 02 E Hybrid-PIC transition 3
[ ' density —>:
60f 7 0.1 = =
< : : — F : 1107
S High-order splines E : 3
W i ) _ S = A 3
m 401 linear G 00f o g
| uadratic bk : = o2
20 q 0.1 1 E
[ . - 1 -
| cubic : : — Full-PIC 3
0 ) n n n I n n n I n r r I n n n I : : " 1] '02 E_ N 1 — HYbrid-PIC—;
0.0 0.2 0.4 0.6 0.8 1.0 RS S H ,  E — . ' 3 102!
0 20 40 60 80
t[ps] X, [um]

F. Fiuza et al. PPCF 53,074004 (201 ) L. O.Silva | PlasmaSurf 2016 | Oeiras, July 112016
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listic densities

n

First full-scale FI modeling with rea

=

Physical Parameters

Laser
© Ao = Ium
® lp = 2x102° Weme2 (100 kj)
© Wo = 30 Um
©®To= 15 ps

Plasma
© L = 450 x 450 pm?

® Neod - I Nc - ZXIOS Nc
® mi/me = 3672

Numerical Parameters

© 42 cells/um
O IIIIIIIIIlllllllllIIIIIlIlIlIlIIIIIIlIlIIIII: @hybrid/fuII-PICtransition= IOO nc
0 100 200 300 400
X, [urm] ® Particles per cell = 64

Previous largest PIC simulations used a 5 k] ® # time steps = 10°
2 ps laser and a 100 pm 100 n. plasma ® cubic interpolation

L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'l1 2016

400

300

X, [tem]
n/n,

200

100




S e ,,(,‘7 -

First full-scale FI modéﬁrig,w . a
UCLA

T = - — —

Stable laser-plasma interface

: : ~ 70% laser absorption
for multiple picoseconds

| = 2x102° Wcm-2

300+ MG B-fields @ interface 7% laser energy @ core

L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'l1 2016
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1m-electrodynamics i

Fundamental questions on g

B
=

The quantum vacuum and pair production with intense fields

QED at ultra high intensities is almost unexplored*

Intensities required to start to
probe the quantum vacuum
are within reach

Strong debate about this
transition:
1024 W/cm? or 10%2° W/cm?

Work done by the electric field over a
Compton wavelength > electron rest
mass determines the Schwinger field

*Physicists like perturbation theory around small quantities... L'Q.Silva | PlasmaSurf 2016 | Oeiras, July 11 2016



Adding radiation reactlon:felzce to the PIC Ioop i

osiris
v2.0

— FL I+ Frad

dp

dt

Continuous drag

moving particles

Fp—>up—>xp

Integration of equations of motion:

\

(- , )
Interpolation:
evaluating force on particles At
(E,B);, = F,
\ y

\/
(- o
Deposition:
calculating current on grid
(X7 u)p - j’L
\

updating fields

(E,B);

i

INSTITUTO 8—E g Vi B — 47Tj
SUPERIOR ot
TECNICO aB

E = —Cv x E

UCLA

Integration of field equations:

L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'l1 2016
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he PIC Ioop i

osiris
v2.0

i

INSTITUTO
SUPERIOR
TECNICO

UCLA

Integration of equations of motion:
moving particles

Interpolation: 1
evaluating force on particles At
(E,B);, = F,
y
|
- Integration of field equations:
updating fields
(E,B), < J;
\
OE
— =cV x B —47j
ot ]
0B
— = —cV X E
ot

Emission of photons

-~ Probability of pair creation
~ = new particles
\ r
.
.
\/
4
(- )
Deposition:

calculating current on grid

| (X7 u)p _>jz )

-

L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'l1 2016



reaction

Unravelling the nature of radiation

P -3 - .

Understanding one of the oddest equations in physics
Lorentz-Abraham-Dirac equation has a third order derivative
with respect to the position of a particle

second laser scatters on e- beam
1 ~ 102! W/cm2

laser wakefield accelerator in blowout regime
provides GeV class beams

i parameter scan in 3D
- 1.0 ———rrrr———rrrrr r—
ﬂ:". e Q"‘t""”
_— 0.8
. = 0.6
- o — E,=0.5GeV
0.4 —E= 1GeV_
— E=15GeV
—E= 3GeV
0.2 E,= 13GeV
accelerated — E,= 53GeV
electrons 0.0 T T ST
'1019 1020 1021 1022 1023

Intensity [ W / cm?2 |

M. Vranic, J. L. Martins et al., arXiv:1306.0766 (2013) L Q.Silva | Plasmasurf 2016 Coe T PRN2016
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QED cascades i in cownffé agqg 1asers i

Cascade

Time= 000([1/w,]

120 1 T I — I B R I — |
- | 1400
i Laser Laser |
100 — > < ]
N _ 1200
80 I — 1000
B N ‘o
=2 — N 800 3
S N 8
o 60 ' | £
' — ] =
ui
600
40— —
| e 400
Parameters
e absorbing boundaries —
- — —200
e a0 = 1000 |
* \O = Ium =4 b A
H L1 N R B R R I B B |1 0
* Linear polarization 100 ) [130 ] 200 250

e WO =5 um

eT=30fs L. O.Silva | PlasmaSurf 2016 | Oeiras, July 112016



QED cascades in counter-propagating lasers

Cascade

Time= 000[1/w,]

2X—7T— 717 717 T T T T T T T T T T T T T T 7T T T T T T T 1

- | 1400

100 — —
1200

80 — — 1000

—.QJ
=+ B , 7] 800 3
s 60— ‘ . | - g
:F - =
—J

N 600

40 — —

20 — — A4

50 100 150 200 250
X, [c/w]

B photons

L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'l1 2016




Parameter range for QEI

Polarization

a0

Spot [Um]

Duration [fs]

Intensity

Number

Growth rate

Circular

3.10°

Linear
1000 1500 3000
____________ 8  oopang S oS> 8
30 30 30 30
| 024 | 024 4.10%4 9.10%4
3108 3.10% ~107
0.2 0.24 0.44 0.62

T. Grismayer, et al., in preparation (201 3)

0.21

L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'l1 2016
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Collldlng rows cfplasmasate:
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ervasive in ash:ophysi*

P E——— s

Gamma Ray Bursters

X-RAYS,
VISIBLE
N. Gehrels, L. Piro and P.).T. Leonard, Scientific American, Dec. 2002, p. 89 JET COLLIDES WITH :::;‘
AMBIENT MEDIUM WAVES

[external shock wave) ‘l

BLOBS COLLIDE
SLOWER (lm.l shock
FASTER BLOB wave)
BLOB

CENTRAL
ENGINE

PREBURST

GAMMA-RAY EMISSION

AFTERGLOW

Pulsar Wind Nebulae Supernova Explosion

o g Ay
g ‘:f’f S "’
5
Cassiopeia A .

Crab nebula

X-ray: NASA/CXC/SAQ; Optical: NASA/STScl; Infrared: NASA/JPL-Caltech
NASA/CXC/SAO

L. O.Silva | PlasmaSurf 2016 | Oeiras, July I'l1 2016
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The landscape of collisionless-astro/space shocks

=

B? We 2 e 2
Am(y — 1)nme? (w_p) (5)

Q
Il

|
N Solar
s |
g 10 SNRs
50 | o Virial
2

109

10-2

|0
Adapted from A. Spitkovsky

relativistic

' PVWN

AGN
jets

GRB

| 02 /YShﬁsh
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Collision of two relatw15tm43|asma slabs

Simulation apparatus

“reflecti “Cold” plasma
Y =20
i i e Gamma = 20

286 c/wpe
2560 cells

e Electrons + ions

E *mi = 32 me

* [x2 particles per cell

1565 c/wpe
| 14000 cells |

S. F. Martins et al., ApJ Lett (2009) L. O. Silva | PlasmaSurf 2016 | Oeiras, July 11 2016



Ab initio shock formation=and evolution i

lon density

Time= 0.00[1/w,]

“a
=
~
S~
O
—
X'

lon Density [e w,”/ ¢*]

L. O.Silva | PlasmaSurf 2016 | Oeiras,July 11 2016
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S. F. Martins et al, Ap) Lett (2009) L. O. Silva | PlasmaSurf 2016 | Oeiras, July |1 2016
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eneration in lab

Laser
® Ao = Ium
® lp = 1020-1022Wcm*2

©®To= 1| ps

OSIRIS simulation setup:shock &

Plasma
e L=120x 100 pm? (W,2)

©ne0= IO Nc - IOO Nc
® mi/me = 1836

Numerical Parameters

© Dx = Dy = 0.25 c/Wpe
© 64 particles per cell

® 107 particles

® cubic interpolation

F. Fiadza et al., PRL, 2012 L. O. Silva | PlasmaSurf 2016 | Oeiras, July 11 2016



Time= 0.00 [wpu ']

—h
o
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o

v By[mico, e']

4
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50 40 60

x, [c/ w,] L. O.Silva | PlasmaSurf 2016 | Oeiras, July 11 2016




F. Fiuza et al, PRE(2012)




=
Z, P = So
Z- o=
<
= P Yo v
50 eo
Laser E-field [m,c o, e’ B-field isosurfaces [m,c w, e’ <
T r— W-015  [os 4
Sp ©

Shock/plasma density isosurfaces [ny/no] Shock accelerated protons L. O.Silva | PlasmaSurf 2016 | Oeiras,July 11 2016
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How about magnet_izqédishgéiésﬁt

=

Laser driven . T
. . — 40 — -
magnetic flux compression” S
P
2 30 4
S
2 20 i
?_U
g =]
3 10 .
i By/B = 140
0 | 1 |
0 50 100 150

Seed magnetic field (kG)

c=104-10"

* ). P.Knauer et al., Phys. Plasmas 17,056318 (2010) L. O. Silva | PlasmaSurf 2016 | Oeiras, July 11 2016
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Summary

The quest for ultra intense beams
is driving technological advances in
lasers and particle beams and
computer simulations are opening
these directions

Significant potential impact in
many relevant societal questions

Potential to address fundamental
questions in physics is also
outstanding in regimes far from
equilibrium




Demonstrate [0s GeV e- and 200
MeV protons with lasers

Make nuclear fusion (with lasers) a
viable alternative for energy
production

Determine the conditions &
observe Fermi acceleration in the
laboratory

"“Boll the vacuum”

ce 5 INpe

“ e ®,
o 0¢ %0 e e .
fegdel it .

lg . ‘n

ELA e .
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