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Why do we need light sources!? {580A°

Harnessing sun’s light Future electronics New materials and fusion

_—

* Understand photo-synthesis » Control magnetism and electronics * Matter under extreme conditions

* Control chemical reactions » Ultra-fast computers * Explore interior of stars

Adapted from https:/Icls.slac.stanford.edu/overview Jorge Vieira | New opportunities and challenges in nuclear physics with high power lasers | July 4, 2024
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(superradiant) Free electron lasers are the brightest x-ray sources w LISBOA

Pellegrini et al. RMP 88 015006 (2016).
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Superradiance: what is it and how it works? w LISBOA

Pellegrini et al. RMP 88 015006 (2016).
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What is a plasma accelerator? w LISBOA

10 T T TN
e~ plasma oscillation

ene [m, 02]

accelerated e-s
T

55 60 65 70
X, [c/w]

Jorge Vieira | New opportunities and challenges in nuclear physics with high power lasers | July 4,2024



. . TECNICO
Betatron radiation w LISBOA

Tomographic reconstruction of a bone sample
J. Cole et al. Sci. Reports 5 132244 (2015).
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S. Kneip et al. Nat. Physics 6 980 (2010).
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Temporal coherence in plasma based light sources w [ISBOA

. Albert et al, PPCF 58 103001 (2016)
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Temporal coherence in plasma based light sources
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Can we make plasma accelerator
based light sources superradiant
and temporally coherent?

FEL temporally coherent

Betatron temporally incoherent
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OSIRIS open source available

Open-source mode|

40+ research groups worldwide are

Ra D i @ using OSIRIS

Radiation Diagnostic for OSIRIS 300+ publications in leading scientific
journals

_arge developer and user community
Detalled documentation and sample
inputs files available

Using OSIRIS 4.0

The code can be used freely by
research institutions
Find out more at:

I S S | https://osiris-code.github.io/
OSIRIS framework T e o < il '

epp.tecnico.ulisboa.pt/osiris
Vassively Parallel, Fully Relativistic

Particle-in-Cell Code

Parallel scalability to 2 M cores

-xplicit SSE /T AVX ] QPX /[ Xeon Phi / CUDA support
—xtended physics/simulation models - RaDiO

TECNICO

UCLA w LISBOA

Ricardo Fonseca: ricardo.fonseca@tecnico.ulisboa.pt
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Contents w LISBOA

RaDiO and the Role of GPUS

Using GPU accelerator boards to ease radiation calculation load

I Temporal coherence and superradiance from quasiparticles

How to Increase brightness of plasma accelerator based light sources

Coherence and superradiance from nonlinear plasma wakefields

Conclusions
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RaDiO’s algorithm™ w [/SBOA

PIC Codes and Lienard-Wiechert Fields

¢; Relativistic

Particles exist in a grid which intermediates
EM interactions.

Particle

The PIC grid resolves the particle’'s motion, but
relativistic particles (y > 100) emit short
wavelengths

High intensity

. |

radiation zones ,

Resolving such wavelengths in the PIC grid ~~ :
|

would require ~ y* more cells

The Liénard-Wiechert Potentials allow us to |
capture radiation without increasing the PIC |
|

resolution D etector

g, | nx[m-p)xp

E(X,tdt)z_
‘ 1 —p-n)R
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RaDiO’s algorlth m™ LISBOA

Spatiotemtporal, Run-Time Algotithm

Detector

High intensity ___,
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X
Increasing the terfporal resél]dtiﬁnﬂ )
R(tret) does not affect the computational ret
load

Interpolate Fields Advance Particles

(E,B)!" — (E,B){" (E,B)\" Y — 2"

1: procedure RADIATIONCALCULATOR

2 for all particle in simulation do

3 B + velocity(particle) = p/+/|p|?> + 1

4 B +— acceleration(particle) = (8 — Bprey)/dt
5: for all cell in detector do
6
7
8
9

Move to next

: R < distance(particle, cell) = |Xpart — Xcell|
time step

n < direction(particle, cell) = (Xpart — Xcelnl)/ R
Ldet R/C + 1
tdet,p're'v < Rp'r'e'v /C +t—dt
10: if tgetmin < tger < tgetmax then
11: RADIATIONINTERPOLATOR(E(n, 8, ), tdet, tdet. prev)

Advance Fields
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RaDiO Results

TECNICO

LISBOA

HHG Radiation from a Plasma Mirror
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RaDiO Results™ LISBOA

HHG Radiation from a Plasma Mirror t=7T, | t=14T,
_ E. \m.cw,/€ _
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RaDiO’s Algorithm for CUDA 0 e

Resource Allocation
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RaDiO’s Algorithm for CUDA e

Resource Allocation

Move to next
time step

Advance Fields
i — (B,B)"

CUDA version strong scaling

B Detector loop
A0/ BT Full simulation
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Temporal coherence in plasma based light sources
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Can we make plasma accelerator
based light sources superradiant
and temporally coherent?

FEL temporally coherent

Betatron temporally incoherent
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RaDiO and the Role of GPUS
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How to increase brightness of plasma accelerator based light sources

Coherence and superradiance from nonlinear plasma wakefields
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Collective effects are critical to advanced light sources

TECNICO
w LISBOA

Collective motions explain the high brightness in an free electron laser (FEL)

FEL setup

Electron
beam

B. Malaca et al.

n'

v electrons

: |
o

https://www.xfel.eu/facility/overview/

to."c::c: e ‘. o 5 E;} i;'i

7] ’/ Dump>

In the FEL every microbunch emits like a single
finite-sized particle

The collective trajectory and single particle
trajectory are the same

But there are other light-emitting systems where
these trajectories are completely decoupled
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Collective effects: that’s what plasma physics is all about! w [SB0A

Nonlinear plasma wakefields

K dense e- spike laser driver -

Single e- and wake trajectories are decoupled

g >

- | é * Wakefield moves forward in x at the driver velocity
[ TP B
B — o * Plasma electrons travel sideways and forward/
> 7 i & backward and radiate!

E : =

P — LL]

‘ | | | T ] ‘ I I I ‘ I N I ‘ 1 [ |
5 5 = 10 0
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Collective effects: that’s what plasma physics is all about! W [SBOA

Nonlinear plasma wakefields radiate

Dense e- spike produces most
radiation

* Wakefield moves forward in x at the driver velocity

* Plasma electrons travel sideways and forward/
backward and radiate!

What are the new radiation phenomena emerging from
collective effects!

Radiated power [arb. units]

X-Ct [um]
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Radiation from collective modes w LISBOA
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.. : TECNICO
Radiation from collective modes w LISBOA
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A quasiparticle radiates like a a finite-sized single particle

for radiation wavelengths longer than its size, regardless of microscopic e- trajectories
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Controlling the quasiparticle trajectory will allow us to obtain superradiance and
temporal coherence in nhew conditions
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Unlike single particles, quasiparticles can be subject to
arbitrary accelerations and travel at any velocity
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Quasliparticles suggest new forms of radiation
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Cherenkov radiation

TECNICO

LISBOA

This scheme allows for broadband, single-cycle,
off-axis photon bursts, relying on optical shocks
of superluminal sources of radiation.
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This requires v, > ¢, which is

usually impossible :(
But If we use quasiparticles...

B. Malaca et al.
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This scheme allows for broadband, single-
cycle, off-axis photon bursts, relying on optical
shocks of superluminal sources of radiation,

This requires v, > ¢, which is

usually impossible :(
But If we use quasiparticles...

B. Malaca et al.
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This scheme allows for broadband, single-
cycle, off-axis photon bursts, relying on optical
shocks of superluminal sources of radiation,

This requires v, > ¢, which is

usually impossible :(
But If we use quasiparticles...

B. Malaca et al.
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Quasiparticle undulator radiation ISBOA

Quasiparticle undulator radiation
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Coherent, narrowband radiation

Undulator radiation with v, > ¢ S

usually impossible :(
But If we use quasiparticles...

B. Malaca et al.
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Coherent, narrowband radiation

Undulator radiation with v, > ¢ S

usually impossible :(
But If we use quasiparticles...

B. Malaca et al.
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Coherent, narrowband radiation

Undulator radiation with v, > ¢ S

usually impossible :(
But If we use quasiparticles...

B. Malaca et al.
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B [ph/s/mm?/0.1 % BW/mrad?] ~

B. Malaca et al.
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Tuneable and bright superradiant source of radiation w {580A°

Frequency range control spans nearly 10 octaves

THZ
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B. Malaca et al.

B. Malaca et al, submitted (2023); arXiv:2301.1 [082v |
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Tuneable and bright superradiant source of radiation

U

TECNICO
LISBOA

Frequency range control spans nearly 10 octaves
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B. Malaca et al, submitted (2023); arXiv:2301.1 [082v |

B. Malaca et al.
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TECNICO
Contents W LISBOA

RaDiO and the Role of GPUS

Using GPU accelerator boards to ease radiation calculation load

I Temporal coherence and superradiance from quasiparticles

How to Increase brightness of plasma accelerator based light sources

|.Coherence and superradiance from nonlinear plasma wakefields

Conclusions
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: TECNICO
Conclusions w LISBOA

M. Pardal, et al, Computer Physics Communications, 285, 108634 (2022)

New tool and algorithm for radiation calculations in PIC codes

Suitable to analyse large number of simulation particles

B. Malaca et al. Nature Photonics 18, 39-45 (2024)

N Radiation from quasiparticles
Bernardo Malaca Brings previously unexplored temporally coherent and superradiant emission mechanisms

Temporal coherence and superradiance in plasma accelerators

Tuneable source from THz to XUV/soft x-rays

Many other examples

Thank you!
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