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Collective motion is critical to advanced light sources W LISBOA

Collective motion enables amplification in an free electron laser (FEL)

FEL setup X-ray
. - . beam

5% t""ﬁ.*c: ‘. ‘. : 030

B I/ Dump}* In an FEL every microbunch emits like a single
| electrons particle

- |

EMéicron
bbuahes

Electron
beam

J | 4 _ The collective trajectory and single particle
| ' e trajectory are nearly identical

But there are other light-emitting systems where
these trajectories are decoupled

https://www.xfel.eu/facility/overview/
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Decoupling collective and single particle trajectories w ISBOA

Plasma accelerators exhibit decoupled trajectories

x,[c/w,]

Relativistic electron Nonlinear
current spike Wakefield

Radiated power [arb. units]

-

Electron current spike trajectory

The electron current spike travels at a superluminal
speed

Electron trajectory

Every electron travels at subluminal speeds in the
wakefield

Decoupled trajectories lead to new regimes of
superradiance and temporal coherence
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The collective trajectory determines the radiation spectrum ISBOA

Emission from a collective feature* The collective trajectory: the driver of superradiance

Radiated intensity per frequency per

solid angle according to a current density
jlr, t] Longitudinal plasma current

d?l w? _ _ 2
T = 173 |/ dr[ dtnx{nxj[r, t]}exp[iw(t — n - r/c)]|

w?S (w, Q) for the plasma wave

The expression can be simplified!
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Radiated intensity per frequency per
solid angle according to a current

density j[r, t] = j[r — (), ¢] = [, ¢]
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S(w, Q) s the shape factor of the collective object I'.(t) determines all of the temporal coherence properties

*]. D. Jackson, Classical Electrodynamics, 3™ edition
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Quasiparticle trajectory determines the radiation spectrum LISBOA

Emission from a quasiparticle

Radiated intensity per frequency per

solid angle according to a current density
j[r, t] 0 w? X (& integral) [a.u.] 1

w?S (w, Q) for the plasma wave

d?] B w? ‘
dodQ  4m2c3

[ dr[ dtnx{nxj[r, t]}exp[iw(t — n - 1‘/0)”2

The expression can be simplified!

Radiated intensity per frequency per
solid angle according to a current

density j[r, t] = j[r — (), ¢] = [, ¢]

d?1 w? | , 0 ® g [@] 200
5 = 773 S(.Q) |] dtexplio(t —n - re(6)/c)]
S(w, Q) s the shape factor of the quasiparticle I'.(t) determines all of the temporal coherence properties

*]. D. Jackson, Classical Electrodynamics, 3™ edition
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A quasiparticle radiates like a a finite-sized single particle
for radiation wavelengths longer than its size, regardless of the microscopic e- trajectories
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OSIRIS open source available

Open-source mode|

40+ research groups worldwide are
using 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:

https://osiris-code.github.io/
OSIRIS framework

Vassively Parallel, Fully Relativistic
Particle-in-Cell Code

Parallel scalability to 2 M cores

—xplicit SSE/ AVX /T QPX /[ Xeon Phi/ CUDA support
-xtended physics/simulation models - RaDiO
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: : : : : TECNICO
The quasiparticle trajectory can be controlled using a density ramp W LISBOA

A superluminal quasiparticle

For a constant speed™: n(x) = n,

[A ( Each successive quasiparticle travels (bn—1) =n(p; — 1)
PO

faster!
Ien(t) = vptey
U_l — 1002C

i
u | o

1

j -

I

| 2 , . [T v,,C0SH
dt expliw(t —n-repy(t)/c)]| = T<sinc 7(1 c )]

e density [n,]
driver density [no]

SN C
Coherent emission when cosf = —
n

This is an example of a Cherenkov emission at multiple angles
using collective dynamics!

e density [n,]

o

|5
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We get radiation data at runtime using RaDiO* W LISBOA

PIC Codes and Lienard-Wiechert Fields

Spherical

Particles exist in a grid which intermediates Detector
EM interactions.

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

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 Increasing
Density

q. _n><[(n—ﬂ)></?)]_

E(X’tdt)=
‘ 1 —B-n)R
c| (U-=p-m 1 et

*M. Pardal, et al, Computer Physics Communications, 285, (2022)
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The quasiparticle theory agrees with simulations w ISBOA

A detector in the far field collects the radiation from the
quasiparticles

—

3 optical shock
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The single-cycle shocks are emitted at the
predicted angle

radiatibh i'n't'ehsiltyl
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Blowout radius [C/U)p]

As the intensity of the driver grows, At 108 cm™:
the quasiparticle shrinks and the /7eV (cold plasma)
expected bandwidth increases 50eV (20 eV plasma*)
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: : : : : TECNICO
The quasiparticle theory agrees with simulations w LISBOA

A detector in the far field collects the radiation from the

quasiparticles

—

3 optical shock

___________________________________*_f'F°

radiation intensity
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The intensity exhibits quadratic growth
indicating superradiance (N « T)

— 100
1 Quadratic growth at
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| (t)/c] % T eme
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An LWFA quasiparticle is possible w e

Goal trajectory (I.(t) = Xy + vtey)
v = 1.006¢

[arb.units] 1

......... O 0.2

quasiparticle

|

edeteotor [ rad ]

1st

quasiparticle

Radiation intensity [arb. units]

O
&

0.0
5 1 0 photon energy [eV]
= - The radiated power above 3wy Is 4 times higher in the quasiparticle
@ than In the direct laser interaction
C
©
a - The quasiparticle emission would be measurable in laboratory
condrtions
19
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Narrow bandwidth emission

Quasiparticle undulator radiation (I'.(t) = vt + Asinwytey)

Sinusoidal density modulation

% Aw
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Narrow bandwidth temporally coherent emission

Quasiparticle undulator radiation (r;(t) = vt + Asinwjtey)

Sinusoidal density modulation

% Aw
I(w,Q) xT? Y J2 [TCOS(H)] X
such as SinwyXx

n=-—oo

. T nwp
xsinc® |=( w — >
2 ( 1— ?CCOS(Q))

(wavelength ~60 plasma skin
depths)

px, slice [e o,/ ]

2510

Experimental demonstration of ionisation induced plasma density gratings

C. Zhang et al., PPCF 63 09501 | (2021)

ionization induced

noise cCD

lasma gratin low- . , : : :
plasma grating B (a) =0, Ho densitylNIES t=40 ps t=80 ps
0.4 N e ' = ' 11
Hm prObe e et
o PP ‘ & =
03P X . cco 20 S
> =
(b) " T . u 0 e
g 1005 - e
e § e
E col- 1M, % . , : : : : :
sol £ 0 20 40 600 20 40 600 20 40 600 20 40 60
O e a0 e e w0 C Z (um) z (pm) Z (um) Z (um)
Z [pm]
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Quasiparticles are a tuneable and bright source of radiation W LISBOA

Frequency range spans nearly 4 decades
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Conclusions w LISBOA

Thank you for listening. Questions? B. Malaca et al, 2023 (accepted, Nature Photonics), arxiv 2301.11082

Trajectory of the QP defines the spectrum

v=1.0003c
d?l B fd _ 2
5 || dtexpliw(t —n - r()/0)]| “ S(w Q) =
Co.ntnb.uhon Qf the QP shape factor =
quasiparticle trajectory |
0 ‘
0 W,y [0] 200 0 W,y [0] 200

Very bright radiation production
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RaDiQO’s algorithm™

TECNICO
W LISBOA

PIC Codes and Lienard-Wiechert Fields

Particles exist in a grid which intermediates
EM interactions.

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

Resolving such wavelengths in the PIC grid
would require ~ y* more cells

The Liégnard-Wiechert Potentials allow us to
capture radiation without increasing the PIC
resolution

4. [nxIm-p)xp1

E(X’tdt)=
‘ 1 —B-n)3R
c| (U-=p-m 1 ret

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

28

High intensity
radiation zones

Detector

M. Pardal et al.

B | Relativistic

Particle
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Practical limits may prevent brighter radiation at high frequencies W LISB0A

The size of the quasiparticle Variance in the speed

Deviation from Cherenkov angle for PWFA run
107 ¢

+ PWFAFUI 3D -
+ PWFA Quasi 3D

| 12.51 - 13.01 35
Blowout radius [c/w ]

510 10°  5x10°  10°
propagation distance [c/w ]
It the speed changes with time, the time over which

the growth Is quadratic is limrited (can we design a
more stable trajectory?):

More intense drivers lead to larger blowout radil

The evidence suggests the size of the quasiparticle
decreases with the blowout radius (can we create Ton ~
quasiparticles with | nm length?)

2TC
w|Av|

All things equal, a more stable speed leads to

At the same plasma frequency, a more larger brightnesses, and this effect acts on
intense driver will lead to larger frequencies. larger frequencies the most.
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Very similar internal spectra lead to dramatically different emission W LISBOA

Control run (flat profile) Run with plasma ramp
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No electric field builds coherently at the back of the wakefield Coherent radiation emanates from the back of the wakefield at
the angles predicted
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Contribution from different quasiparticles w L5BOA

Superluminal quasiparticle is superradiant and broadband

1. Superluminal
quasiparticle
2.5 _IIIIIIIIIIIllII|III|lII|III|I|_

2 2 . wT VcCO0SO
‘f_T/Zdtexp [iw(t —n-r.(t)/c)]| o« T?sinc 7(1 )]

C

This scales quadratically with the interaction time if ¢ /v = cos@

Distance [x10°c/w_]

This Is a collective Cherenkov-like effect!

0 I

2. Undulating
. /
guSaSIIOarthIe > ‘f—T/ZdteXp [la)(t — 1 I'C(t)/C)]‘

2

2

< T%|Y), (A_a) COS(H)) XSI'HCE (a) i )]

n C 1 —vcos(6)

Distance [x10° C/(Dp]

o

Harmonic like behaviour!
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: : : : : TECNICO
The quasiparticle theory agrees with simulations W LISBOA

A detector in the far field collects the radiation from the

The intensity exhibits quadratic growth
indicating superradiance
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Quasiparticles bridge the gap between plasma accelerators and FELs W LISBOA

F. Albert et al, PPCF 58 103001 (2016)
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