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

propagation direction

ultra-short few fs 
laser driver

How do plasma accelerators work?
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Ultra-relativistic, large 
amplitude plasma wave

10-100 GV/m

10-100 μm

propagation direction

How do plasma accelerators work?
2D representation of a plasma based accelerator 

from an OSIRIS simulation
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electron trapping and acceleration to high 
energy (8 GeV in 20 cm)

propagation direction

How do plasma accelerators work?
2D representation of a plasma based accelerator 

from an OSIRIS simulation
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propagation direction

How do plasma accelerators work?
2D representation of a plasma based accelerator 

from an OSIRIS simulation

gaussian driver
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propagation direction

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

gaussian driver
internal structure is fixed!  

How do plasma accelerators work?



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

EL

BL
k

representation of a plane wave

Poynting vector points forward
Transfer linear momentum to matter : optical 

tweezers

The Orbital Angular Momentum (OAM) of light



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

EL

BL
k

representation of a plane wave

Poynting vector points forward
Transfer linear momentum to matter : optical 

tweezers

The Orbital Angular Momentum (OAM) of light



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

The Orbital Angular Momentum (OAM) of light

EL

BL

k

representation of a twisted wave



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

The Orbital Angular Momentum (OAM) of light

EL

BL

k

EL

BL

k

representation of a twisted wave



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

The Orbital Angular Momentum (OAM) of light

EL

BL

k

EL

BL

k

Poloidal Poynting vector component
Transfer angular momentum to matter

representation of a twisted wave



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

The Orbital Angular Momentum (OAM) of light
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The Orbital Angular Momentum (OAM) of light
1 helix - OAM (l) is 1representation of a twisted wave
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The orbital angular momentum of light
2 helixes - OAM (l) is 2representation of a twisted wave
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The orbital angular momentum of light
3 helixes - OAM (l) is 3representation of a twisted wave
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The orbital angular momentum of light
2 helixes - OAM (l) is 2representation of a twisted wave
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Interesting examples of double helixes

adapted from M. Padgett et al.
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Interesting examples of double helixes

Chateau de Chambord

adapted from M. Padgett et al.
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Interesting examples of double helixes

Chateau de Chambord

adapted from M. Padgett et al.

Vatican
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Applications of twisted light

Super-resolution microscopy is a notable example where OAM beams revolutionised science 
and technology [S. Hell et al. Optics Lett. 19, 780-782 (1994)]

• 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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Generation of twisted light

Spiral phase plate Computer generated hologram
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J. Vieira et al PRL 117, 265001 (2016); Nat. Comms 7:10371 (2016).
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Ultra-fast spatiotemporal beam shaping

Producing these beams at ultra-high intensity is the goal of several experimental teams
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Why doughnut plasma waves are interesting: 
Positron acceleration in the non-linear blowout regime

conventional blowout regime

• laser expels electrons outwards
• pure ion channel focuses electrons
• positron acceleration not possible

• laser pushes electrons inwards
• electron filament focuses positrons
• positron acceleration is possible

doughnut plasma wave
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positrons
(Ɣi=200)

laser
(a0=6.8 with 2 J)

plasma
(n0=7.7x1018cm-3)

simulation box zoom

3D simulation of positron acceleration

laser and plasma parameters 
within experimental reach

3D simulations show positron acceleration in 
strongly non-linear regimes
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simulation box zoom

3D simulation of positron acceleration

laser and plasma parameters 
within experimental reach

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

J. Vieira and J. T. Mendonça PRL 112, 215001 (2014)



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

106 14

0.0

0.2

0.4

0.6

Density [Arb.Units]0 1

Δ
E 

[G
eV

]

z [c/ω  ]pPosition [c/ωp]

Positron bunch is quasimonoenergetic

self-guided 
propagation

simulation box zoom

3D simulation of positron acceleration

laser and plasma parameters 
within experimental reach

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

J. Vieira and J. T. Mendonça PRL 112, 215001 (2014)



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

106 14

0.0

0.2

0.4

0.6

Density [Arb.Units]0 1

Δ
E 

[G
eV

]

z [c/ω  ]pPosition [c/ωp]

Positron bunch is quasimonoenergetic

0.0

0.6

0 500

Δ
E 

[G
eV

]

z [c/ω ]p

constant 
acceleration 

gradient
~1.5 Zr

70% laser energy 
depletion

self-guided 
propagation

simulation box zoom

3D simulation of positron acceleration

laser and plasma parameters 
within experimental reach

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

J. Vieira and J. T. Mendonça PRL 112, 215001 (2014)



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

On-axis filament

126 138x [c/ωp]
15

50

y 
[c

/ω
p]

positrons attract e- 
towards the axis

Related configurations using Gaussian lasers are possible



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

On-axis filament

126 138x [c/ωp]
15

50

y 
[c

/ω
p]

positrons attract e- 
towards the axis

Doughnut laser

15

50

y 
[c

/ω
p]

386 398x [c/ωp]

plasma refractive index gradients 
modulate laser pulse

Related configurations using Gaussian lasers are possible



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

17
5 

M
eV

initial momentum

Proof-of-concept simulationsOn-axis filament

Doughnut laser

Positron beam loading required

Plasma Laser (a0=4) Positrons

Positrons extract energy from wakefield
Δp

|| 
[m

ec
]

0

350

-210

x [c/ωp]
1.60 3.2 4.8 6.4

126 138x [c/ωp]
15

50

y 
[c

/ω
p]

15

50

y 
[c

/ω
p]

386 398x [c/ωp]

positrons attract e- 
towards the axis

plasma refractive index gradients 
modulate laser pulse

balance laser ponderomotive force with positron attraction

Related configurations using Gaussian lasers are possible

J. Vieira et al to be submitted (2019).



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

17
5 

M
eV

initial momentum

Proof-of-concept simulationsOn-axis filament

Doughnut laser

Positron beam loading required

Plasma Laser (a0=4) Positrons

Positrons extract energy from wakefield
Δp

|| 
[m

ec
]

0

350

-210

x [c/ωp]
1.60 3.2 4.8 6.4

126 138x [c/ωp]
15

50

y 
[c

/ω
p]

15

50

y 
[c

/ω
p]

386 398x [c/ωp]

positrons attract e- 
towards the axis

plasma refractive index gradients 
modulate laser pulse

balance laser ponderomotive force with positron attraction

Related configurations using Gaussian lasers are possible

J. Vieira et al to be submitted (2019).



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

Contents

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

Conclusions and future directions

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

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



Jorge Vieira | CAS advanced accelerators Sesimbra Portugal | March 20,  2019 
*G. Pariente, F. Quéré, Optics Letters 40 2037 (2015)

Transfer optical angular momentum to plasma

Experimental realisation*

spiral phase plate Light spring forms when
thickness ≈ laser duration

superimposed with an appropriate phase relationship,
their interference results in an azimuthal wavepacket:
light is then localized around a given angle θ0, indepen-
dent of time. In the case of the LS, each LG mode is now
associated with a different frequency ω [Eq. (2)], so that
their relative phases vary linearly in time. This relative
phase variation leads to a rotation of the azimuthal wave-
packet in time, i.e., θ0 ∝ t. We can therefore expect the
intensity profile of an LS to form an helix in space–time
[Figs. 1(b) and 1(c) and 2(b) and 2(c)].
We now study the structure of this helix. The E-field of

a LS in space and time is determined by the following
Fourier transform:

E!θ; z; t" ∝
Z

dωEl!ω"!θ; z;ω"e−iωt; (3)

∝
Z

dωjEl!ω"je−iωt# iφl!ω" ; (4)

with φl given by Eq. (1) and l!ω" given by Eq. (2).
Intensity maxima occur whenever the phase −ωt # φl!ω"
of the integrand is stationary with respect to the integra-
tion variable ω, leading to the condition t $ ∂φl!ω"∕∂ω. A
straightforward calculation provides the following loca-
tions θ0!t; z" of the pulse maxima in space and time:

θ0!t; z" $
Δω
Δl

!
t −

z
c

"
% χ!z"; (5)

where the sign of the last term is opposite to the sign of
Δl. The intensity profile is thus indeed an helix, with a
temporal pitch of Δτ0 $ 2πΔl∕Δω $ Δlτ at any given z,
where τ $ 2π∕Δω is the Fourier transform limited dura-
tion of the pulse. Neglecting the Gouy phase in Eq. (5),
the spatial pitch at any given t is Δz ≈ cΔτ0. This profile
thus forms a “spring” in space, that essentially translates
as it propagates, simply performing half a turn around its
axis as it goes through focus, due to the π variation of the
Gouy phase χ!z" [10].
We now derive the exact temporal structure of

LS at a given position z, assuming, for simplicity, a flat
spectral phase. We can rewrite Eq. (4) as

E!θ; t" ∝ ei!l0θ−ω0t"
Z

dωjEl!ω"je−i!ω−ω0"!t−Δl
Δωθ"; (6)

∝ ei!l0θ−ω0t"A!t − τ0!θ""; (7)

where A!t" $
R
dωjEl!ω"je−i!ω−ω0"t is the local temporal

envelope of the ultrashort pulse, and τ0!θ" $ !Δl∕Δω"θ
is its local arrival time. This shows that the local temporal
structure of the pulse is unaffected by the introduction of
the STC. It still forms an ultrashort pulse of duration τ
anywhere in space, but the arrival time τ0 of this pulse
now varies azimuthally, leading to the formation of an
intensity helix. According to Eq. (7), this helix is inter-
twined with the usual helical structure of the wavefronts
of a LG beam with mode index l0 (see Media 1).

We now discuss the practical issue of the generation of
the LS, which will naturally lead us to separate them into
different subclasses. The easiest way to generate a LS is
to pass a normal ultrashort beam through a spiral wave-
plate, similar to those used to produce the usual LG
beams [4], but now with a larger azimuthal variation of
the plate thickness. For a phase velocity vφ!ω" and a
thickness variation e!θ" $ Δeθ∕2π, this induces helical
wavefronts corresponding to a mode index l0 $
&c∕vφ!ω0" − 1'Δe∕cT0 at the central frequency ω0 $
2π∕T0. But due to its group velocity vg ≠ c, it also induces
an azimuthal group delay τ0!θ" $ &c∕vg − 1'e!θ"∕c.
According to Eq. (7), such an azimuthal group delay is
equivalent to Eq. (2) when expressed in the frequency
domain, with Δl given by Δl $ &c∕vg − 1'Δe∕cτ. This
shows that the usual spiral waveplates, when used with
ultrashort light sources, produce good approximations of
a simple LG beam of a given l0 as long as Δe∼ cT0 ≪ cτ,
but that they generate LS as soon as Δe∼ cτ. Note that
the independent control of Δl and l0 is not possible with
such a single waveplate, but should be possible with
additional optical elements, such as adaptive helical
mirrors [11].

Passing an ultrashort beam through such a waveplate
produces only a single coil of light spring, such as the one
displayed in Fig. 1(b). This beam has a continuous fre-
quency spectrum, across which l!ω" also varies continu-
ously [Fig. 1(a)]. For most frequencies, l!ω" therefore
takes noninteger values that correspond to spatial modes

Fig. 1. Example of a single coil of a light spring. (a) Pulse spectral intensity (black line, corresponding to τ $ 25 fs) and the varia-
tion of the azimuthal mode index l as a function of frequency (red line, corresponding to Δτ0 $ 4τ $ 100 fs). (b) Spatio-temporal
intensity profile of the pulsed beam obtained by superimposing LG modes with a continuously varying index l correlated to their
frequency, as in panel (a). (c) Spatio-temporal intensity profile obtained after propagating this beam up to a focus. The main graphs
of (b) and (c) show the isosurface corresponding to 20% of the peak intensity, while the side panels show the marginals of the
intensity profile in the different subspaces.

2038 OPTICS LETTERS / Vol. 40, No. 9 / May 1, 2015

angular dependent group 
velocity dispersion
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Transfer optical angular momentum to plasma

Mathematical model for simulations and theory

a2 / a2r,` + a2r,`+�`+

+2ar,`ar,`+�` cos [�k(ct� x) +�`✓ +�'(x)]

Beating two Laguerre-Gaussian modes
Δl is the OAM difference between the two modes
Δk is the wavenumber difference
Δφ is a phase difference

Experimental realisation*

spiral phase plate Light spring forms when
thickness ≈ laser duration

superimposed with an appropriate phase relationship,
their interference results in an azimuthal wavepacket:
light is then localized around a given angle θ0, indepen-
dent of time. In the case of the LS, each LG mode is now
associated with a different frequency ω [Eq. (2)], so that
their relative phases vary linearly in time. This relative
phase variation leads to a rotation of the azimuthal wave-
packet in time, i.e., θ0 ∝ t. We can therefore expect the
intensity profile of an LS to form an helix in space–time
[Figs. 1(b) and 1(c) and 2(b) and 2(c)].
We now study the structure of this helix. The E-field of

a LS in space and time is determined by the following
Fourier transform:

E!θ; z; t" ∝
Z

dωEl!ω"!θ; z;ω"e−iωt; (3)

∝
Z

dωjEl!ω"je−iωt# iφl!ω" ; (4)

with φl given by Eq. (1) and l!ω" given by Eq. (2).
Intensity maxima occur whenever the phase −ωt # φl!ω"
of the integrand is stationary with respect to the integra-
tion variable ω, leading to the condition t $ ∂φl!ω"∕∂ω. A
straightforward calculation provides the following loca-
tions θ0!t; z" of the pulse maxima in space and time:

θ0!t; z" $
Δω
Δl

!
t −

z
c

"
% χ!z"; (5)

where the sign of the last term is opposite to the sign of
Δl. The intensity profile is thus indeed an helix, with a
temporal pitch of Δτ0 $ 2πΔl∕Δω $ Δlτ at any given z,
where τ $ 2π∕Δω is the Fourier transform limited dura-
tion of the pulse. Neglecting the Gouy phase in Eq. (5),
the spatial pitch at any given t is Δz ≈ cΔτ0. This profile
thus forms a “spring” in space, that essentially translates
as it propagates, simply performing half a turn around its
axis as it goes through focus, due to the π variation of the
Gouy phase χ!z" [10].
We now derive the exact temporal structure of

LS at a given position z, assuming, for simplicity, a flat
spectral phase. We can rewrite Eq. (4) as

E!θ; t" ∝ ei!l0θ−ω0t"
Z

dωjEl!ω"je−i!ω−ω0"!t−Δl
Δωθ"; (6)

∝ ei!l0θ−ω0t"A!t − τ0!θ""; (7)

where A!t" $
R
dωjEl!ω"je−i!ω−ω0"t is the local temporal

envelope of the ultrashort pulse, and τ0!θ" $ !Δl∕Δω"θ
is its local arrival time. This shows that the local temporal
structure of the pulse is unaffected by the introduction of
the STC. It still forms an ultrashort pulse of duration τ
anywhere in space, but the arrival time τ0 of this pulse
now varies azimuthally, leading to the formation of an
intensity helix. According to Eq. (7), this helix is inter-
twined with the usual helical structure of the wavefronts
of a LG beam with mode index l0 (see Media 1).

We now discuss the practical issue of the generation of
the LS, which will naturally lead us to separate them into
different subclasses. The easiest way to generate a LS is
to pass a normal ultrashort beam through a spiral wave-
plate, similar to those used to produce the usual LG
beams [4], but now with a larger azimuthal variation of
the plate thickness. For a phase velocity vφ!ω" and a
thickness variation e!θ" $ Δeθ∕2π, this induces helical
wavefronts corresponding to a mode index l0 $
&c∕vφ!ω0" − 1'Δe∕cT0 at the central frequency ω0 $
2π∕T0. But due to its group velocity vg ≠ c, it also induces
an azimuthal group delay τ0!θ" $ &c∕vg − 1'e!θ"∕c.
According to Eq. (7), such an azimuthal group delay is
equivalent to Eq. (2) when expressed in the frequency
domain, with Δl given by Δl $ &c∕vg − 1'Δe∕cτ. This
shows that the usual spiral waveplates, when used with
ultrashort light sources, produce good approximations of
a simple LG beam of a given l0 as long as Δe∼ cT0 ≪ cτ,
but that they generate LS as soon as Δe∼ cτ. Note that
the independent control of Δl and l0 is not possible with
such a single waveplate, but should be possible with
additional optical elements, such as adaptive helical
mirrors [11].

Passing an ultrashort beam through such a waveplate
produces only a single coil of light spring, such as the one
displayed in Fig. 1(b). This beam has a continuous fre-
quency spectrum, across which l!ω" also varies continu-
ously [Fig. 1(a)]. For most frequencies, l!ω" therefore
takes noninteger values that correspond to spatial modes

Fig. 1. Example of a single coil of a light spring. (a) Pulse spectral intensity (black line, corresponding to τ $ 25 fs) and the varia-
tion of the azimuthal mode index l as a function of frequency (red line, corresponding to Δτ0 $ 4τ $ 100 fs). (b) Spatio-temporal
intensity profile of the pulsed beam obtained by superimposing LG modes with a continuously varying index l correlated to their
frequency, as in panel (a). (c) Spatio-temporal intensity profile obtained after propagating this beam up to a focus. The main graphs
of (b) and (c) show the isosurface corresponding to 20% of the peak intensity, while the side panels show the marginals of the
intensity profile in the different subspaces.

2038 OPTICS LETTERS / Vol. 40, No. 9 / May 1, 2015

angular dependent group 
velocity dispersion
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Panofksy-Wenzel theorem OAM wakefield

Twisted wakefield structure
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Simulations confirm new field components

Longitudinal B fields
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Y. Shi et al PRL 121, 145002 (2018).
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Relativistic beams accelerated in OAM wakes

Hamiltonian formulation
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Relativistic bunches have a vortex spatial structure
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Beams have a vortex density structure
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Conclusions and future perspectives

Twisted light provides new degrees of freedom to control plasma 
acceleration
positron acceleration and beam phase space manipulation

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


