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Focusing light with the power of
onto a point the size of
A CELL NUCLEUS accelerates electrons to the speed
of light in a femtosecond

By Gérard A. Mourou and Donald Umstadter
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: TECNICO
Extreme Plasma Physics (@ T2

Plasma physics supplemented by several additional physical effects that

“...would be considered “exotic” in traditional plasma physics e.g.
special-relativistic effects relativistically hot plasmas and relativistic bulk motions
radiation-reaction effects e.g., synchrotron or inverse-Compton radiative cooling
electron-positron pair creation
ultra-strong magnetic fields QED effects such as I-photon pair creation
general-relativistic effects.”

D. Uzdensky et al., Extreme Plasma Astrophysics, arXiv:1903.05328

Ultra intense Relativistic

laser and Astrophysics
particle beams

Sci-fi
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What is the behavior of matter (and vacuum) \\/_4 \
\\\\ ‘

at the intensity frontier \
(> 1022 W/cm? ) in lab and in astro?

How can we understand and explore the
complex and nonlinear behavior with a
combination of simulations + theory +
experiments with lasers and beams?

epp.tecnico.ulisboa.pt . ’
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Particle-in-cell simulations

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

State-of-the-art
~ 102 particles
~ (12000)3 cells

RAM ~ | Gbyte - 100 TByte
Run time: hours to months
Data/run ~ few MB - 100s TByte

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, |1960’s)
Maxwell’s equation solved on simulation grid
Particles pushed with Lorentz force

TECNICO
LISBOA
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ZPIC educational code suite LISBOA

Come find us on GitHub

* Particle-in-cell Code suite. Fully relativistic electro-magnetic
D and 2D (FDTD/spectral) and | D Electrostatic.

plasma wave

* Python interface. All simulation codes/parameters can be
controlled via Python interface.

* Educational examples. Set of Python Jupyter notebooks with
detalled physics problem description and simulation setup.

0.5 0.0 0.5
El[m,cao,e]

compact plasma accelerator

Example notebook

, o iy,
2 Theoretical introduction simulation initialisation analysis and questions for discussion
7 u er

Electron Plasma Waves

) « D « : C g
" Jupyter Electron Plasma Waves Last Checipoint: afew seconds ago_(autosavec) A g = Jupyter Electron Plasma Waves Last Checkpoint: a minute ago. (autosaved) A oo = Jupyter Electron Plasma Waves Last Checkpoint: 2 minutes ago (autosaved) A oo
File  Edit  View Insert Cel  Kemel  Widgets  Help Trusted | Python3 O File  Edit  View Inset  Cel  Kemel  Widgets  Help Trusted | Python3 O File  Edit View Insert  Cel  Kernel  Widgets  Help Trusted | Python3 O

+ % @ B 4+ ¥ MRAun B C  Markdown P @ + % @ B 4+ ¥ MRun B C  Markdown 4 @ + 3 @ B 4 ¥ MR B C Makdown 3 &
We also note that Poisson’s equation now takes the form:
S Electromagnetic Plasma Waves
E=-Sn.
Electron Plasma Waves € To analyze the dispersion relation of the electrostatic plasma waves we use a 2D (Fast) Fourier transform of E, (x, 7) field values
that we stored during . The plot power spectrum alongside the theoretical prediction.
Created by Rui Galado and Jorge Veira, 2018 Taking the divergence of the momentum equation, we get:
) o Since the dataset is not periodic along ¢ we apply a windowing technique (Hanning) to the dataset to lower the background
In this notebook, we are going to study the dispersion relation for electron plasma waves. V. (7) = E— . . spectrum, and make the dispersion relation more visible.
1
Using the unchanged continuity equation and Poisson's equation: In [4]: import matplotlib.pyplot as plt
VN Theory import matplotlib.colors as colors
Fny ThaT,
— +win - <V (V) =0.
Electron plasma waves are longitudinal waves that may plasmas. To derive relation a? G m, Wm) & (=) e (e

for such waves let us start by considering the following setup: Gonsidering the high frequency regime, there will be no heat losses in our time scale, and o we wil take the adiabatic pelnf-Juechancing (G ices)

+ VX E = 0 (Longltudinal waves) coefficient y = 3 for 1D longitudinal oscillations. Additionally, we use the efinition 12, = k5 T, /m, to write: for & i o a’;‘ie‘f“";:"’ :
« T; = T, = 0/(Cold plasma) # -
+ B = 0 (Unmagnetized) T’;‘ +win — 32V (Vn) = 0. npA;.::(lilA;;fi?Eiftz1E§7t' )yae2
% np.£ft.fetshife( sp
We start by witing inuity and for the el d ion species:

The final step consists of considering sinusoidal waves such that n; = n, exp/®*~*") and then Fourier analyzing the equation

One; V = ik, £ = —iw), which results in the dispersion relation: np.pi / sim.dt
"4V (teiVei) = 0 (V= 5= —io)
v B WF + 3242 plt.imshow( sp, origin = 'lower', norm=colors.LogNorm(vmin = le-7, vmax = 0.01),
o g extent. -k_max, k_max, -omega_max, omega_max ),
aspect = ‘auto’, cmap = 'gray’)
The ider P ' ttion: o : .
e e consider Poisson's equaton Simulations with ZPIC k = np.1linspace(-k _max, k_max, mum = 512)
@V -E=e(n; - n,). w=np.sqr(l + k**2)
i (RN e ——— plt.plot( k, w, label = "$\omega*2 = \omega_p"2 + k"2 c"2§", color = 'r', 1s = '=.' )
Applying a time derivative twice,
#v_the = 0.001
PE Pn_ Fn, v_the = 0.02 )
v (27 )=e( 2022 ey plt.xLin(0,X max)
ar a o ~ plt.xlabel("$ks [$\omega_n/cs]")

= i tes( " . - - plt.ylabel("s\omega$ [$\omega_n$]")
electrons = zpic.Species( "electrons”, -1.0, ppc = 64, uth=(v_the,v_the,v_the]) e e G S

Using the continuity and momentum equations we get: L B P 2
sim = zpic.Simulation( nx = 500, box = 50.0, dt = 0.0999/2, species = electrons )

FE_ & 1,1
(L, E=o. sim.emf.solver_type = "PSATD" plt.legend()
e \m m
sim.emf.set_filter("none") Pplt.show()
This is the equation for a harmonic oscillator. Neglecting the 1/m; term since m, << m; , our oscillation frequency is the electron #sim.enf.set_filter("sharp”, a = 0.99)
plasma frequency: #sim.enf.set_filter("gaussian”, a = 0.001) EM-wave dispersion relation
[ 3
=" We run the simulation up to a fixed number of iterations, controlied by the variable niter , storing the value of the EM field E,

ome at every timestep so we can analyze them later:

‘Warm plasma In (3]: import numpy as np

niter = 4000
Now, what happens if we consider a warm plasma instead? Neglecting ion motion, the first step s to add a pressure term to

the electron momentum equation: Ex_t = np.zeros((niter,sim.nx))

Ez_t = np.zeros((niter,sim.nx))

rhy T,
Y- tmax = niter + sim.dt i
klwde]
We aso notethat Polsson's equaton no takes the form: print(*\nRunning simlation up to £ = {:g} ...".format(tmax))
while sim.t <= tmax:
V.E=-fn print('n 5 }'.format(sim.n,sim.t), end = '\r') In [ ):
= Ex_t[sim.n,:] = sim.emf.Ex

Ez_t(sim.n,:] = sim.emf.Ez

2 Luis O.Silva | IUPAP PKS | January 19 2022
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http://github.com/zambzamb/zpic

Committed to open science

Open-access model

40+ research groups worldwide
are using OSIRIS

250+ publications in leading
scientific journals

Large developer and user
community

Detailed documentation and
sample inputs files available

f] Using OSIRIS 4.0

The code can be used freely by
research institutions after
signing an MoU

Find out more at:

OSIRIS framework @

Massively Parallel, Fully Relativistic
Particle-in-Cell Code

Parallel scalability to 2 M cores TECNICO
Explicit SSE / AVX / QPX / Xeon Phi / UCLA W LISBOA
CUDA support

Extended simulation/physics models

http://epp.tecnico.ulisboa.pt/osiris

Ricardo Fonseca: ricardo.fonseca@tecnico.ulisboa.pt
Luis O.Silva | [IUPAP PKS | January 19 2022 | 8
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QED plasmas and PIC codes i M

Monte Carlo simulations PIC simulations of QED cascade Dense pair Plasmas and Ultra-
demonstrating pair production via in various configuration (counter Intense Bursts of Gamma-Rays
real photons per electron propagating laser, rotating field) from Laser-Irradiated Solids

J. G. Kirk,A. R. Bell, and I.Arka, PPCF (2009) N.V. Elkina et al, Ph)’S Rev.ST.AB (20' |) CP Ridgers, et al Phys Rev.Lett., (20 | 2)
R. Duclous, J.G. Kirk & A.R. Bell, PPCF (2010) E.N. Nerush, et al, Phys. Rev. Lett. (201 I)

Non perturbed
trajectory
' ( 1 ' ! ’ 1x107

4 Continuous radiation loss ~ *¥ - - ;

5 Discontinuous radiation loss [ al
—~ - - 5t
g 0 . 1x10% 7
Z 37 ol ~
s 2 5 2
U'E 4 = 2r - = /
K= ' 1x10 -5t g

6 1 Gamma-ray

8 intensity (Wem™) ) N ) i X i

-2 0 2 4 6 8 10

-14 12 -1 -08 -06 -04 -02 O 0 x (microns)

(a) log; (L)
_1 ‘
-1 0 1 ? 3 4 s A
1 (¢/w)
: : : Gamma rays from
Number of pairs produced Cascade in rotating field /

laser-irradiated solid

Luis O.Silva | [IUPAP PKS | January 19 2022 | 9
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LISBOA

QED-PIC loop + Particle Merging

r |
dp F, + Py I Probabilistic

dt " Ndtdy

m o wm d
Emission of photons

Integration of equations of motion:
moving particles s Probability of pair creation

= new particles

TECNICO
LISBOA

o
UCLA

Deposition:

Interpolation:
calculating current on grid

evaluating force on particles
(X7 u)p — .]Z

(E, B)z‘ — Fp

Integration of field equations:

updating fields
Particle (E,B). «— J,
Merging N ] \
OE :
M.Vranic, et al., E =cV X B —4m7j For a review
Comput. Phys. Commun. (2015) 9B A. Gonoskov et al., PRE (2015)
— = —cV X E
Luis O. Silva | [IUPAP PKS | January 192022 | 10
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The emergence of (relativistic) quantum behaviour TECNICO

LISBOA

with intense fields

Schwinger field

Pair creation probability W x exp(—mE;s/E)

Normalized electric field

Generalization for any Lorentz frame

Lower E still leads to pair creation
due to Lorentz boost

For reviews:
GA Mourou, T Tajima, SV Bulanov, RMP (2002); M. Marklund and P. K. Shukla, RMP (2006);
A Di Piazza, C Muller, KZ Hatsagortsyan, CH Keitel RMP (2012) Luis O. Silva | IUPAP PKS | January 192022 | I



Plethora of QED processes

TECNICO
LISBOA

Incoherent processes

Pair production

Bremstralhung
Photon production
Photon annihilation j )
“Comptonisation” ¢ Q e :
-
.

o~ a"or x f(E)

Cross section

Coherent processes

Nonlinear Breit-VWheeler

Nonlinear Compton

Nonlinear Compton
B.a e 7
Schwinger mechanism I,@«-q;\ 9
. . “i .
Photon splitting

dp/dt ~ (Ozc/)\c)f(E/Es, 5)

Probability of the process

Bethe-Heitler Trident Coulomb
u\ ‘,"',‘ De

4 “nn-r @ e' ¢ ) orer @ e

. 1 Lq ™ 1.L1 Py

- Y - 0 -~ -
Qe ° Je
» -

Nonlinear Breit-VWheeler Tridente EM

+

° ;7‘ e Bg o e ®c
“» J e . '? ."\,AJ e
- .

Courtesy: T. Grismayer and B. Martinez
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Ultra intense lasers & particle <\ ,,
beams and the intensity frontier \ S e —

QED plasma processes In relativistic B
astrophysics (pulsars) B a7
VA AN |

Luis O. Silva | IUPAP PKS | January 192022 | 13



: TECNICO
At the focus of intense lasers i MG

30

10 :
M] TeV
Vacuum Polarization 5 ‘
Ultra Relativistic Optics IZEST C,
25 ST EL
10 E,=m i

Relativistic Optics

v
=

2
E =m,c*

Bound electrons

—
th

Focused Intensity (W / ¢m?’)
= =

-

CPA
<«——mode locking mJ

] [ Q-switching

1960 1970 1980 1990 2000 2010 2020 2030

Adapted from Mourou, Tajima, Bulanov, Rev. Mod. Phys. (2006)
Luis O. Silva | [IUPAP PKS | January 19 2022 | 14



e . : : TECNICO
Similar intensities are present in particle beams W ISBOA

Existing or planned particle beams

LHC @ CERN | ~ 2.5x10'"” W/cm?2
100 kJ, 7 TeV per proton, |0!! protons per beam; |10
cm long bunch; 200 microns spot

SPS @ CERN | ~ [.5x10'8 W/cm?
~7 kJ,0.5 TeV per proton, |0* I | protons per beam; |0
cm long bunch; 200 microns spot

ILC | ~ 1.5x1024 W/cm?

1.6 k], 0.5 TeV per electron/positron, 2x10!0 electrons/
positrons; < 10 nm width in x; < ~100 nm width in y; 6
mm long

SLAC | ~ 1.2 x]0'"W/cm?
160 |, 50 GeV per electron/positron, 2x10!0 electrons/
positrons; ~50 microns long; ~50 microns spot

Luis O. Silva | [IUPAP PKS | January 192022 | 15



TECNICO

Plasma accelerators are an example of extreme TECNIC

plasma physics at the forefront of Science
Simulations + lasers + sources directly impacted this progress
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: : TECNICO
Blow-out regime of laser wakefield acceleration W LISBOA

Self-injection, Dephasing, and Depletion
Time= 000[1/w,]

N L L B 300
60 — —
250
55 _ ' 200 N';'
i E
—a >
S F <
o » - 150 L%
=L 5
B o
100 W
45 —
i 50
window co-moving
— with laser pulse
speed of light
40 | | | | I A | [ 1 | | | | | L 1 1 1 | @sP i 0
15 20 25 30 35 40 45

X, [Cc/ wp]
S.F. Martins et al., Nature Physics (2010) Luis O. Silva | IUPAP PKS | January 192022 | 17




TECNICO

Betratron x-ray imaging (15804

Application to bone micro-structure®imaging (above)

> mm thick breast sample mouse embryo raw image and HQ
tomographic reconstruction

imaging of laser

imaging of sintering induced shocks

powders

J.M. Cole, J. C.Wood, N. C. Lopes et al., Sci. Rep. 5, 13244(2015)

Luis O. Silva | [IUPAP PKS | January 192022 | 18



TECNICO
e-e+ fireballs from lasers and beams LISBOA

Experiment with LWFA beams demonstrated formation of e-e+ fireball

. b 6
G. Sarri et al.,, Nat Comms (2015) g 10
_ ~ — Single spect
Solid target Plas. lead B > 6 = A:,negr:gzpec @
R Gas —
[T 1
See also >
10 cm

H. Chen et al, PRL (2015)

C. D.Arrowsmith et al., PRR (2021) et

p p, vy, °t, m, w° p,y, wt,

Beam dump

Beryllium target followed Plasma cell N e
by lead converter
: (b) T T T s 30
R v ‘o’.{.; ~ 11
Eof wpieel o A= S
t PR — .-
i s 'F}":- A 1 — 9 é
B (e) I !100 2-0
. . % _ —fh e
P. Muggli et al., arXiv:1306.4380 ;::_6}, | ' i
N. Shukla et al., JPP (2018) S NN
N. Shukla et al., NJP (2020) . 1L

0O 20 40 60 80

Luis O. Silva | [IUPAP PKS | January 19 2022 | 19




: .. : : TECNICO
All-optical radiation reaction configuration W LISBOA

Identifying radiation reaction sighatures and the emergence of quantum behaviour

laser wakefield accelerator in
bubble regime second laser
1~ 1021 W/cm?2

-_—
-_—

T X-ray ( y-ray)
| detector

accelerated
electrons

S.V.Bulanov et al, NIMA (2011) , [also connection with S. Cippicia et al., Nature Physics (2011)]
A.G.R.Thomas et al., PRX (2012)

M.Vranic et al., PRL (2014) Luis O. Silva | IUPAP PKS | January 19 2022 | 20



LISBOA

The emergence of QED behaviour: W TECNICO

classical to quantum transition in the relativistic regime

Transverse
momentum space
A
p2
>
p3
Energy loss for electron beams Competition:
(classical) drift (classical) vs diffusion (quantum)
L - d) 300 |
L — 26.6 fs laser
g 0.8 -g 250 = —— 53.2fslaser |
= ¢ ——— 79.8 fs laser
P~ Q. — 2001 —— 106.4 fs laser —
EOEO 0617 '; E 133.0 fs laser
U —E=05GeV — 159.6 fs laser
dc) < 04 —EE:O ?GEV- %O 8 150 = ——— 186.2 fs laser
0 —E,=1.5GeV s °
= —E,= 3GeV , 100~ N
L 02 = 13GeV v
2 —E,= 53GeV 50 :/ -
0.0 T u '
10" 107 10" 107 107 N — 700 780 200 250
Intensity [ W / cm?2 | t o]
M.Vranic et al,, PRL (2014) M.Vranic et al., New ]. Phys. (2016)
M.Vranic et al., Comput. Phys. Comm. (2016) Also N. Neitz and A. Di Piazza, PRL (2013), S.Yoffe et al., NJP (2015)

Luis O. Silva | [IUPAP PKS | January 19 2022 | 21



Recent experimental results provide evidence TECNICO

: LISBOA
and open new questions

J.M. Cole et al., PRX (2018) K. Poder et al., PRX (2018)

Spectrometer
screen

Electron beam

1.2 1.2

Vacuum window

Scait. laser ON |
= Scatt. laser OFF
— | |

Scait. laser ON |
= Scatt. laser OFF
Perturbative

f12

0.8 0.8

Electrons per MeV
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y-ray Csl array 0.6 0.6
Magnet bheam
0.4r 04}
02r 02r
60 0k— * * 0k— * :
500 1000 1500 2000 500 1000 1500 2000
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50

_l
o
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- QED
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—

—_
T
—_

T

N
o

o
©
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©

3 3
© ©
3% 35
3 3 8 13 8 —PIC
< 28 23
<% @ > 06 15206
5 c S c S
g % 0.4 18 % 0.4
20 3 : | 8 z
[ Quantum model o o
10 Classical model o ok, . ) Q oLS, . .
T gztaRR 500 1000 1500 2000 500 1000 1500 2000
0 : : i | , Electron energy (MeV) Electron energy (MeV)
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Fractional energy loss Ag/e
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T. Grismayer et al.

Cascade

Time= 000[1/w,]

|lll

|

8] —

%, [afm]

Parameters

* absorbing boundaries
e a0 = 1000
* A0 = [um

* Linear polarization
* WO =5 um
e T=30"fs

>

l I |

Electromagnetic wave

electron .‘ " .
: 800

Electromagnetic wave

<

1400

1200

1000

ElImco e’
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T. Grismayer et al. Cascade

X (e a)

410

Tme= 11C44[1/aw,]
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: : : : TECNICO
Optimal QED configurations with standing waves LISBOA

Linear Double clockwise Clockwise=-anti clockwise
Parameters @electron @electron @eclectron
o daniing Opositron Opositron Opositron
- O photon O photon
electon
¢ a0 = 1000 . Ire= ¥LU| /e, ) sacrz
. “' .’ e = 0‘.:0[1'.;,71/ . f“f’T\\ Ye= Q@I
o WO0=5pum ' 5
e T=30fs

T. Grismayer et al., PRE 95,023210 (2017)
T. Grismayer et al., APS DPP (2012)

Luis O. Silva | [IUPAP PKS | January 19 2022 | 25



.. : : TECNICO
Optimizing y with multiple laser pulses LISBOA

4 pulse configuration Standing wave pattern enhances e-e+ plasma

t=70 w," t=80w," t=70 w," t=80w,"
180 a) 1000
\I i <,§_ g 160 o 100 :5
3 2 o %: 10 =
<= B |
“ _ e)
N\\\ ’ ‘ % fg_ S 160 s,
— R ‘ 3 : 140 g
.¢§ ) 180 e a0 T
o ;o 160 3x10° %o
1 ( § > 140 % 2 g
8 (2mY+ a o, | 4 : o
F ~/ K1/3 - O et T 180 125 4180 180 120 140 160 180120 140 1e0 o © U
157“' 3 7'Cf7 \3Xe x[c/w,] x[clw,] x[c/w,] x[clw,]
a) b)
1 ﬁ = 108 7 T T T T
Yo~ — |2 xB 5 ! o
Es || mc 5 10 _
3
3T s -
= — 2 % 100 'S' x SetupA
¥ = 6ay Xe ~ 12ap/(mas) g 1 0.1 © Sewps
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|deal configuration has been first explored in |. Gonoskov et al., Phys Rev A (2012)
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Self-consistent dynamics of e-e+ plasma TECNICO

: : LISBOA
impacts field dynamics
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T. Grismayer et al., PRE (2017)
T. Grismayer et al., PoP (2016)
See also A. Fedotov et al, PRL (2010); E. Nerush et al., PRL (2011);V. Bashmakov et al., PoP (2014) </, - | IUPAP PKS | January 19 2022 | 27



. . TECNICO
Beam-driven scenarios are also of relevance LISBOA

Beam-beam collider Betatron in ion channels

X4 [C/wp]
At the interaction point, the particles in
one beam will feel:

EJ_ ~ BJ_ ~ €ENQgoy
x(r,z) = 2vB,(r,2)/Fs

B~ Bufy E| = 47Teneog X(r) = %
Beams will then pinch (in e- e- collider will °
diverge). Number of pinching points during
crossing time is In the blowout regime  7beam > 70

reNo, Disruption parameter Beam can drive ion channel
yo§ For small emittance, long propagation in

ion channel 30 GeV

P. Chen, S. Rajagopalan and J. Rosenzweig, PRE (1989) @

P. Chen and K.Yokoya et al., PRD (1988) oo A pum x~0.1-1
T. Katsouleas et al., PoP (1990)

D =
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High disruption e-e* colliding beams prone to QED effects @ [ISB0A.

Low disruption regime D<I

Time = 3859 [1 ."mp]
20
reNaz o
D = 5 ? O}
a U
YO0
-mé
a]:lllclulll;!:'l glllzln..dl"lll
% [e i)
Confinement regime D>10
Time = 12368 [1/wm, ] Time = 37989 [1/w,]
20 20

% [ i)

pobre v Lo v Loy g i bl 1
e aJ o0
l.,[c,'n‘]

Electron beam density
) Positron beam density

Exploring LWFA like beams for radiation in the low D regime
F. Del Gaudio, et al., PRAB 2019

Medium to high D regime - W. L. Zhang et al., in preparation
Luis O. Silva | [IUPAP PKS | January 19 2022 | 29



LISBOA

SLAC PWFA @ 500 GeV can reach the QED regime w TECNICO

(and beyond)

Energy : 500 GeV
N : 1010

Length : I5 um
Spot size : 5.7 nm

@ Interaction Point D>1 y>30

Abundant secondary pairs are created in a stochastic
manner, leading to the kink instability

Additional note: also possible to reach conditions where QED might “breakdown”

Ritus-Narozhny conjecture: the expansion parameter of QED in the strong field sector is

V. Ritus,AP (1972); N. Narozhny, PRD (1980) 2/3
A. Fedotoy, JP Conf Series (2017) (04 )(

i.e. QED becomes a strongly coupled theory if 0!)(2/3 > 1

V.Yakimenko et al., PRL (2019)
also C. Baumann et al,, Sci Reports (2019), T. Blackburn et al., NJP (2019)
for electron beam - laser configuration Luis O.Silva | IUPAP PKS | January 19 2022 | 30



LISBOA

How much plasma physics in the intense laser/beam scenariosw TECNICO

or what is the role/interplay of collective effects/QED?

System (plasma) size W ~ (few,um)3 2 (few /11))3

n _ . Z 1()20C1n_3 LOS et al., in preparation

103 —— Non-QED
5.0 x 10%° 2.525%10%0 1 { 6.838%10% —— QED
:g: : || {3.404%10% g g 2.515410% 10%
S Iw1e" g0 4.607%10% g . 92544107 E 1o
=2 I3 e 3.404%10% =
~ : : 6.235%107 \ ——— 3
§ 7.1x10% 0 2 4 6 0 2 4 6 Q Non-QED
:§: 6.235%107 — g
[ 8.4x10% g 2 8.438¥10% S - g
é 0 . i Ho ] [g3.775% 10! ::
—1.0x10% : 2 A= R 1.389%10°!!
Number et R T2 T s Non-QED
density (m™) X (micron) X (micron)
x (micron) 0O 25 50 75 100 125 150 175 200
/0y
| W. Luo et al, PoP (2015)
C.Ridgers et al, PRL (2012) T. Grismayer et al,, PoP (2016) W. L. Zhang et al, PRE (2021)

For beam-beam collisions, collective effects when D > 1

Luis O. Silva | [IUPAP PKS | January 19 2022 | 31



Ultra intense lasers & particle beams and the
intensity frontier |

QED plasma processes in

Luis O. Silva | IUPAP PKS | January 19 2022 | 32



Understanding the properties of the magnetospheres of
neutron stars/pulsars from first principles

Magnetic axis Light cylinder

Rotation axis

Polar cap

Slot gap

Reconnection region

AN

Y-point

Closed field lines Outer gap
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For a review: ; Courtesy: Fabio Cruz
Pulsar electrodynamics: an unsolved problem

@ DB Melrose, R Yuen, JPP (2016) Null surface

Radio beam



Reconnection Global Polar Cap
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: : TECNICO
In-plane B field (compression) shows clear differences @ LISBOA

B, + Byz)”ze/ (m,cw,,)
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K. Schoeffler et al.,Ap] (2019) Luis O.Silva | IUPAP PKS | January 19 2022 | 35



TECNICO

Significant differences depending on regime LISBOA

' Classical b)’ ' ' Radiative

—Total energy
- E. M. energy 1
—Particle kinetic energy

- Radiation energy
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Cyclic outflow of e-e+ bursts TECNICO

: L e LISBOA
accompanied by kinetic instabilities

Modelling pulsar polar vacuum gaps Time = 12.3 [terocc]
10 electrons _cui '
| D cascades with constant curvature B show 107 - ol N, =
cascade-shielding cycles with: T e
Co-rotation frame V- E = 4n(p — paj) < 10' 5
— 104 4 4=
An imposed current component J,,, required ot | | | | [ o0
by the magnetosphere
4 & P 191 bositrons 10°
OE ) 104 =
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F Cruz et al,Ap) (2021); idem, PRE (2021)
Set-up similar to A. Timokhin & Arons, see also A. Philipov et al, PRL (2020) Luis O. Silva | IUPAP PKS | January 19 2022 | 37



Several open questions Iin fundamental QED
processes In intense fields + expressing/ / -

benchmarking those processes in plasma kinetic
codes

Optimization/configurations for secondary
sources of gamma rays and e+

Radiation signatures of collective extreme plasma ‘
brocesses In laboratory and in astrophysics A N

Coupling with GR

Luis O. Silva | [IUPAP PKS | January 19 2022 | 38



Revolutionary computational power is reshaping
our understanding of plasmas in extreme
conditions

We now have the ablility to explore multi-scale processes from
first principles with unprecedented detall and explore unigue
highly nonlinear scenarios - some of these to be explored soon
In the laboratory, others with astrophysical consequences

GolLP | golp.tecnico.ulisboa.pt
Committed to continuously raising the bar
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APPLAUSE PhD Progra

Advanced Program in Plasma Science and\Enc

eering

A new call is open to grant 3 PhD fellowships within the framewotf
of the APPLAUSE Doctoral Programme.

The APPLAUSE Doctoral Programme is fundétby.the Portugyese Foundation s
for the Science and Technology and is promoted by thedpstituto de Plasmas
Fusao Nuclear from Instituto Superior Técnico, Universidade de Lisboa.
It awards a PhD degree in Physics or Engineering Physic 4

Start date:  September 2022
Application deadline: 28 January 2022

Know more;:

https://www.ipfn.tecnico. a.pt/APPLAUSE/
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