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How do plasma accelerators work? W LISBOA

2D representation of a plasma based accelerator
from an OSIRIS simulation

ultra-short few fs
laser driver
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How do plasma accelerators work? W LISBOA

2D representation of a plasma based accelerator
from an OSIRIS simulation

Ultra-relativistic, large
amplitude plasma wave

10-100 GV/m
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2D representation of a plasma based accelerator
from an OSIRIS simulation

electron trapping and acceleration to high
energy (8 GeV in 20 cm)
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2D representation of a plasma based accelerator
from an OSIRIS simulation

gaussian driver
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How do plasma accelerators work? W LISBOA

2D representation of a plasma based accelerator
from an OSIRIS simulation

gaussian driver
internal structure is fixed!
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Poynting vector points forward
Transfer linear momentum to matter: optical

tweezers
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lar momentum to matter

Poloidal Poynting vector component
Transfer angu
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Phase singularity on axis - doughnut intensity profile
Higher order Laguerre-Gaussian modes

lar momentum to matter

Poloidal Poynting vector component
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representation of a twisted wave
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representation of a twisted wave 2 helixes - OAM (/) is 2
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The orbital angular momentum of light W USB0A.

representation of a twisted wave 3 helixes - OAM (/) is 3
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adapted from M. Padgett et al

Jorge Vieira | CAS advanced accelerators Sesimbra Portugal | March 20, 2019



: : TECNICO
Interesting examples of double helixes W LISBOA

i A& e

Chateau de Chamgord/

adapted from M. Padgett et al

Jorge Vieira | CAS advanced accelerators Sesimbra Portugal | March 20, 2019



: : TECNICO
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C-hlajlltﬁeau de Chaonrd

adapted from M. Padgett et al
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Applications of twisted light LISBOA

Super-resolution microscopy is a notable example where OAM beams revolutionised science
and technology [5. Hell et al. Optics Lett. 19, /80-782 (1994)]

Confocal

* Optical communications TB/s data transfer in free space [J.Wang et al. Nat. Ph. 6 488 (2012)]
* Quantum computing Very large base of entangled states [A. Mair et al., Nature 412, 313 (2001)]
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Spiral phase plate Computer generated hologram
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Ultra-fast spatiotemporal beam shaping W U580A°

Producing these beams at ultra-high intensity Is the goal of several experimental teams

propagation direction -

0.4

o
o
Laser vector potential
[arb. units]

Laser Intensity
[x1017 W/cm?]

I
5 10 15
z-ct [um]

J.Vieira et al PRL '] 7, 265001 (2016); Nat. Comms 7:10371 (2016).
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l What are the key properties of plasma wakefields driven by twisted
lasers? Can we address major open challenges with this new approach?

l Is it possible to transfer light’s orbital angular momentum to a new type
of plasma waves carrying angular momentum themselves?

l Is it possible to transfer the angular momentum of these plasma waves to
relativistic vortex electron (positron) bunches?

l Conclusions and future directions
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What are the key properties of plasma wakefields driven by twisted
lasers?! Can we address major open challenges with this new approach?

Is it possible to transfer light’s orbital angular momentum to a new type
of plasma waves carrying angular momentum themselves?

. Is it possible to transfer the angular momentum of these plasma waves to
relativistic vortex electron (positron) bunches?

. Conclusions and future directions
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OAM lasers can drive doughnut-shaped plasma waves W LISBOA

Linear doughnut wakefields

Laguerre-
Gaussian laser

doughnut plasma
wave

O\, | N e
: W *\\Q\@

A0 o0

J. T.Mendonca and |.Vieira, PoP 21,033107 (2014)
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OAM lasers can drive doughnut-shaped plasma waves LISBOA

Linear doughnut wakefields Non-linear doughnut blowout
Laguerre- hollow electron Laguerre-
Gaussian laser bunch Gaussian laser

doughnut plasma
wave

'\{G\o;é doughnut plasma
A
wave
J. T.Mendonca and |.Vieira, PoP 21,033107 (2014) J.Vieira and J.T. Mendonga PRL 12,215001 (2014)
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Why doughnut plasma waves are interesting: W TECNICO

Positron acceleration in the non-linear blowout regime

conventional blowout regime

* laser expels electrons outwards
* pure ion channel focuses electrons

* positron acceleration not possible

doughnut plasma wave

P T et e 0 B
I R —

S

* laser pushes electrons inwards
* electron filament focuses positrons

* positron acceleration is possible

1R = -
E,E)“_"_H‘ e "‘::‘,'{;" 4,“_‘
Craa gl

Ve TR S 7 riaclaaaa i
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3D simulations show positron acceleration in W TECNICO
strongly non-linear regimes

3D simulation of positron acceleration

laser and plasma parameters
within experimental reach

laser [TTTT[TT1 1000
(0=68 with 2 )

800
: 600 o
- E
5 >
— >
@400 2
q L
|l 200
positrons . 1
(Y|:200) e /T L 0
I [wp]
plasma

(no=7.7x1018cm3)

simulation box zoom

Jorge Vieira | CAS advanced accelerators Sesimbra Portugal | March 20, 2019



LISBOA

3D simulations show positron acceleration in W TECNICO
strongly non-linear regimes

3D simulation of positron acceleration

laser and plasma parameters
within experimental reach
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3D simulations show positron acceleration in W TECNICO
strongly non-linear regimes

3D simulation of positron acceleration

laser and plasma parameters
within experimental reach

self-guided
propagation

S0 grrnm
L

N

\IIIIIIII
\ —

i ) - 800
40 = _
P E 600 ©
3 . £
o, = >
53 99 Pa0 @
n L
-l 200
20 [/ __
f _. ,
oA b LTl 0

280 285 290 295
X1 [C /wp]

simulation box zoom

Jorge Vieira | CAS advanced accelerators Sesimbra Portugal | March 20, 2019



LISBOA

3D simulations show positron acceleration in W TECNICO
strongly non-linear regimes

3D simulation of positron acceleration

laser and plasma parameters
within experimental reach

self-guided
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3D simulations show positron acceleration in W TECNICO

LISBOA

strongly non-linear regimes

3D simulation of positron acceleration § Positron bunch is quasimonoenergetic

laser and plasma parameters
within experimental reach
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3D simulations show positron acceleration in w TECNICO

strongly non-linear regimes

3D simulation of positron acceleration

laser and plasma parameters
within experimental reach

self-guided
propagation

50

III-'(.lIIIIIII

N

_ 800
E 600 N:
: £
— >
E 5
400 2
_ L

- |l 200

W/ el NS R 0

280 285 290 295
X1 [C/wp]

simulation box zoom

Positron bunch is quasimonoenergetic
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On-axis filament

positrons attract e
towards the axis
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Related configurations using Gaussian lasers are possible LISBOA

On-axis filament

positrons attract e
towards the axis
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Related configurations using Gaussian lasers are possible LISBOA

On-axis filament Proof-of-concept simulations

positrons attract e Positron beam loading required
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balance laser ponderomotive force with positron attraction
Doughnut laser

lasma refractive index eradients Positrons extract energy from wakefield
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On-axis filament Proof-of-concept simulations

positrons attract e Positron beam loading required
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. What are the key properties of plasma wakefields driven by twisted
lasers?! Can we address major open challenges with this new approach?

Is it possible to transfer light’s orbital angular momentum to a new type

of plasma waves carrying angular momentum themselves?

Is it possible to transfer the angular momentum of these plasma waves to
relativistic vortex electron (positron) bunches?

. Conclusions and future directions
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Transfer optical angular momentum to plasma W

Experimental realisation*

TECNICO
LISBOA

spiral phase plate

Light spring forms when
thickness = laser duration

b)

100

t(fs)

-100
-50 50
0

x(mm)

0
y(mm) 50 -50

angular dependent group
velocity dispersion

*@G. Pariente, F. Quére, Optics Letters 40 2037 (2015)
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Transfer optical angular momentum to plasma W LISBOA

Experimental realisation*

spiral phase plate

Light spring forms when
thickness = laser duration

b)

100

t(fs)

-100
-50 50
0

x(mm)

0
y(mm) 50 -50

angular dependent group
velocity dispersion

Mathematical model for simulations and theory

Beating two Laguerre-Gaussian modes

> 2 2
a” X Ay g+ Qp gy AgT

+2a, ¢y o4 A0 cOs [Ak(ct — x) + ALO + Ap(z)]

Al is the OAM difference between the two modes
Ak is the wavenumber difference
A@ is a phase difference

*@G. Pariente, F. Quére, Optics Letters 40 2037 (2015)
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Twisted wakefield structure LISBOA

Y 120 0 EuserlEo 15
-ﬂ_ mm

®© E,=-035E, ® E,=0.35E,

ectrons

170 175 180 x[c/w,] 185 190 195

Panofksy-Wenzel theorem OAM wakefield

Transverse force acting on relativistic particle
OW |

FE, =
Vi 9

Transverse wakefield

WJ_:EJ_+(exXB)J_

Radial focusing (betatron motion)

oL, OW, 0¢

ar 9 or

Azimuthal force new'

10FE, oWy
= ———— X —¢

r 00 O&
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Simulations confirm

new field components

o

TECNICO
LISBOA

Longitudinal B fields

A new longitudinal B fields appear
when wakefields become nonlinear

) B, [x10° m cw /e] 2
| oesensesennes : IERENEERDY . |
- OAM i
T o)
B ) T T SRR S SRR
;\@(‘f’uul.;:f W« s Y e i
A R i 777 s o -
S F I AR 1)) )
o b ; Wppinsatisy s e i gl
-10‘ oS it s i e Ve eV el s I8 S ) 1t £ 1T LA P AT T0 L T 2 i i
0 10 20

Xy [c/ wp]

(OAM plasma wave driven in a
Raman backscatter configuration)

Y. Shi et al PRL 121, 145002 (2018).
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. What are the key properties of plasma wakefields driven by twisted
lasers?! Can we address major open challenges with this new approach?

. Is it possible to transfer light’s orbital angular momentum to a new type
of plasma waves carrying angular momentum themselves?

Is it possible to transfer the angular momentum of these plasma waves to

relativistic vortex electron (positron) bunches?

Conclusions and future directions

Jorge Vieira | CAS advanced accelerators Sesimbra Portugal | March 20, 2019
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Relativistic beams accelerated in OAM wakes W LISBOA

Hamiltonian formulation

Hamiltonian of a charged particle

H = meCny T 6¢(7°, 97 g)

Twisted wakefield structure

¢ = Pp(vpt — x + £,0) = d(u)

Hamilton’s equations

dP, N dp, oH

S Y
T L A C)
APy ALy _ _OH __,
dt dt 00
dH  oH
TR TR L

JVieira et al PRL 121,054801 (2018) Jorge Vieira | CAS advanced accelerators Sesimbra Portugal | March 20, 2019
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Relativistic beams accelerated in OAM wakes W LISBOA

Hamiltonian formulation Constants of motion

Hamiltonian of a charged particle

H = m6627 + €¢(7°, ‘97 5)

Energy i (1 — UgbUa:/Cz) =14 A¢/mec?

Ratio of angular ALy, &, ALy _ 4
Twisted wakefield structure momentum flux to energy Ap,  ky E Wy

¢ = P(vpt — x + £,0) = d(u)

Hamilton’s equations

dP, N dp,. oH

_ e
T T A )
APy ALy _ _OH __,
dt di 006
dH oH
TR TR L

JVieira et al PRL 121,054801 (2018) Jorge Vieira | CAS advanced accelerators Sesimbra Portugal | March 20, 2019
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Relativistic beams accelerated in OAM wakes W LISBOA

Hamiltonian formulation

Hamiltonian of a charged particle

H = m6627 + €¢(T7 ‘97 5)

Twisted wakefield structure

¢ = P(vpt — x + £,0) = d(u)

Hamilton’s equations

dP, dp,  OH
TRl ral il m A C)
@ de :_a_H__qub/
dt dt 90

dH oH
o ve?

J.Vieira et al PRL 121,054801 (2018)

Constants of motion

Energy i (1 — UgbUa:/Cz) =14 A¢/mec?

Ratio of angular ALy, &, ALy _ 4
momentum flux to energy Ap,  ky E Wy

Angular momentum is quantised.
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Relativistic beams accelerated in OAM wakes W LISBOA

Hamiltonian formulation Constants of motion

Hamiltonian of a charged particle

H = m6627 + €¢(T, ‘97 5)

Energy Y (1 - vqbvaz/cz) =1+ Ag¢/mec’

Ratio of angular Al & AL. _ b
Twisted wakefield structure momentum flux to energy Ap,  ky E Wy

¢ = Pp(vpt — x + £,0) = d(u)

Angular momentum is quantised.

Hamilton’s equations
dP, dp,  OH N
@ ST oYW a
qu 7
E
dPy dL,  OH , - -
e =
dn _oH _ vy’ 0 100 7200
e ot p, [m.c]

JVieira et al PRL 121,054801 (2018) Jorge Vieira | CAS advanced accelerators Sesimbra Portugal | March 20, 2019
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Relativistic bunches have a vortex spatial structure W LISBOA

0 double start helix

- 1

o 710 3

~

I — O

- prop. c|I|r‘. =710 F
230

four intertwined helixes
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Beams have a vortex density structure LISBOA

Ratio of angular momentum
to energy gain

i35 S

i —— 0

., brop.dir. =7, = L Wp
226 230

x [c/o,]
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Contents w LISBOA

. What are the key properties of plasma wakefields driven by twisted
lasers?! Can we address major open challenges with this new approach?

. Is it possible to transfer light’s orbital angular momentum to a new type
of plasma waves carrying angular momentum themselves?

. Is it possible to transfer the angular momentum of these plasma waves to
relativistic vortex electron (positron) bunches?

Conclusions and future directions
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Conclusions and future perspectives w LISBOA

l Twisted light provides new degrees of freedom to control plasma

acceleration

positron acceleration and beam phase space manipulation

l Positron acceleration in the non-linear blowout regime

on-axis positron focusing force In doughnut shaped plasma waves

. Generation of vortex electron bunches
electrons with quantised orbital angular momentum levels in twisted plasma waves
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