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Positron acceleration in the nonlinear regime using higher 
order laser drivers

Positron acceleration in the nonlinear regime with particle 
beam drivers 

Conclusions & future work 

Outline
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Two paths for positron acceleration in plasmas:!
enhance electron density or create a hollow plasma channel

Hollow plasma channel

S. Corde et al. Nature (2015)J. Vieira et al. PRL (2014)

L.D. Amorim et al. 
to be submitted

• Remove plasma electrons and plasma ions to 
form a hollow channel.!

• No focusing force: positrons/electrons still 
diffract!

• Beam breakup may be a challenge

• On-axis, high density plasma e-filament could 
focus positrons.!

• Is it possible to create positron focusing 
structures in a controllable way?

On-axis electron concentration

Challenge: controlled regimes may require shaped 
plasma waves and drivers

Positron self-driven hollow channel
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The orbital angular momentum of light (OAM)

36 May 2004    Physics Today http://www.physicstoday.org

ating helical beams has been the use of
numerically computed holograms. Such
holograms can generate beams with any de-
sired value of orbital angular momentum
from the same initial beam (see figure 3).
The requisite hologram can be formed by
recording, onto photographic film, the in-
terference pattern between a plane wave
and the beam one seeks to produce. Illumi-
nating the resulting hologram with another
plane wave produces a first-order diffracted
beam with the intensity and phase pattern
of the desired beam.

The holographic approach can take ad-
vantage of the high-quality spatial light
modulators (SLMs) that have recently be-
come available. These pixelated liquid-crystal devices take
the place of the photographic film. Furthermore, numeri-
cally calculated holographic patterns can be displayed on
an SLM. These devices produce reconfigurable, computer-
controlled holograms that allow a simple laser beam to be
converted into an exotic beam with almost any desired
phase and amplitude structure. And the beam pattern can
be changed many times per second to meet experimental
requirements. Figure 3 shows how a comparatively simple
“forked” holographic pattern can transform the plane-
wave output of a conventional laser into a pair of LG beams
carrying orbital angular momentum.5 In recent years,
SLMs have been used in applications as diverse as adap-
tive optics, real-time holography, and optical tweezing.

Unlike spin angular momentum, which has only two
independent states corresponding to left- and right-
handed circular polarization, orbital angular momentum
has an unlimited number of possible states, corresponding
to all integer values of !. Although the link between spin
angular momentum and circular polarization is clear, the
link between orbital angular momentum and other ways
of describing the beam is less obvious. It’s tempting, for ex-
ample, to directly associate the orbital component to the !-
value of an optical vortex; but that’s wrong. Because the
center of the vortex is a position of zero optical intensity,
it carries neither linear nor angular momentum. Instead,

the angular momentum is associated with regions of high
intensity, which for an LG mode is a bright annular ring.

That association is well illustrated by a recent exper-
iment by Lluis Torner and coworkers at the University of
Catalonia in Barcelona, Spain.6 They showed that, after
the beam passes through the focus of a cylindrical lens, the
azimuthal component of the linear momentum near the
vortex center is reversed, but the total orbital angular mo-
mentum of the beam remains unchanged. The reversal of
the vortex is simply image inversion in geometrical optics;
it has no implications for orbital angular momentum.

Orbital angular momentum arises whenever a beam’s
phase fronts are not perpendicular to the propagation di-
rection. In the approximation of geometric optics, one
would say that the light rays that make up the beam are
skewed with respect to its axis. Simplistic as it is, this
skewed-ray model predicts the correct result in most ex-
perimental situations. 

Measuring the angular momentum of a light beam is
not easy. The first demonstration of the transfer of spin an-
gular momentum from a light beam was carried out in
1936 by Richard Beth at Princeton University.7 The ex-
periment was extremely demanding. A suspended quarter-
wave plate took angular momentum from a circularly po-
larized beam. The plate’s macroscopic size and
corresponding high moment of inertia, however, meant

Figure 1. Orbital angular momentum of a
light beam, unlike spin angular momentum,
is independent of the beam’s polarization. It

arises from helical phase fronts (left col-
umn), at which the Poynting vector (green

arrows) is no longer parallel to the beam
axis. At any fixed radius within the beam,
the Poynting vector follows a spiral trajec-

tory around the axis. Rows are labeled by !,
the orbital angular-momentum quantum

number. L = !\ is the beam’s orbital angular
momentum per photon. For each !, the left

column is a schematic snapshot of the
beam’s instantaneous phase. An instant later,
the phase advance is indistinguishable from
a small rotation of the beam. By themselves,
beams with helical wavefronts have simple

annular intensity profiles (center column).
But when such a beam is made to interfere

with a plane wave, it produces a telltale 
spiral intensity pattern (right column). 
The number of spiral arms equals the 

number ! of intertwined helical phase 
fronts of the helical beam. 

! = –1

! = 0

! = 1

! = 2

! = 3

PT_Padgett0504.qxd  4/7/2004  9:16 AM  Page 36

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:  193.136.137.102 On: Thu,
11 Sep 2014 08:04:34

M. Padgett et al., Phys. Today 57(5), 35 (2004)

Twisted light in the lab

spiral phase plate

• azimuthally dependent phase delay due to 
dispersion!

• pure OAM level l when phase delay over 2 
Pi corresponds to l λ0!

• also used to create Bessel beams (to drive a 
hollow channel) 

First experiments to generate twisted light at ultra-high intensities have been done e.g. at GSI  
[C. Brabetz et al., PoP 22, 013102 (2015)] and CEA [Denoeud et al. PRL 118 033902 (2017)]
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Gaussian laser
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J. T. Mendonça and J. Vieira, PoP 21, 033107 (2014) 

Linear doughnut wakefields

Twisted light drives doughnut plasma waves

Non-linear doughnut blowout

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

Laguerre-
Gaussian laser

hollow electron 
bunch

doughnut plasma 
wave

positrons can 
accelerate here
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Doughnut plasma waves have novel focusing properties: !
positron focusing in strongly non-linear regimes

Wakefield structureLongitudinal electric field

Simulation box zoom

Plasma density: slice from 3D simulation
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electrons merge on-axis providing positron 
focusing when W0≈rb:!
a0 ⪞ (8W0[c/ωp])1/2

Propagation direction!

Positron focusing 
electron filament

Longitudinal electric field

Focusing field Foc/Accel. Force !
[Arb. Units]-1 +1

Electron 
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self-guided 
propagation

positrons!
(Ɣi=200)

laser!
(a0=6.8 with 2 J)

plasma!
(n0=7.7x1018cm-3)

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

3D simulation of positron acceleration Positron bunch is quasimonoenergetic

laser and plasma parameters 
within experimental reach
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Proof-of-concept using a Gaussian laser pulse as a driver

Laguerre-Gaussian laser driver Gaussian laser and positron bunch

on-axis ponderomotive force for 
Laguerre-Gaussian pulse

Fp / �ra2 = �a2
✓
2

r
� 4

r2

◆
' �2a20r

w2
0

+O(r2)

provides on-axis focusing that generates 
positron focusing electron filament 

• Gaussian beam!
electrons defocused from the axis!

• Gaussian beam + positron bunch!
electrons can be focused on-axis!

• Positron focusing requirement (a0≫1) 
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Related configurations using Gaussian lasers are possible

17
5 

M
eV

initial momentum

Proof-of-concept simulations On-axis filament

Doughnut laser

Positron beam loading required

Plasma Laser (a0=4) Positrons

Positrons extract energy from wakefield
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Positron acceleration in the nonlinear regime using higher 
order laser drivers

Positron acceleration in the nonlinear regime with particle 
beam drivers 

Conclusions & future work 

Outline
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Plasma wakefield accelerator driven by a doughnut electron beam

doughnut e- beam
doughnut plasma wave

central electron 
filamentpropagation 

direction
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Doughnut plasma wave in the blowout regime

J. Vieira et al Proceedings of AAC (2014); 
N. Jain et al arXiv (2015)

propagation direction

doughnut e- beamdoughnut plasma wave

central electron 
filament
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Wakefield structure shows positron focusing and !
accelerating regions.

Focusing force Accelerating force

• Linear focusing force for e+!

• Width of linear focusing region on the order 
of the skin depth !

• Focusing varies but may not compromise 
divergence/emittance growth

• e+ can accelerate at the front!

• Beam loading is possible!

• Energy spread growth can be controlled

Positron 
focusing region

Positron 
accelerating region

flattening due to 
external e+ witness
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Positrons gain 8 GeVs in 118 cm with low energy spread and low 
divergence (emittance)
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initial energy

• ΔE=8 GeV (peak)!
• 2% energy spread!
• 0.27 mrad divergence!
• 16 pC charge

Driver:!
Ring profile, 10 GeV; 3.4 nC; !z=23 μm; no emittance
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Energy doubling of some of witness positron in 1 meter!
with 5 nC e- driver

Higher charges and accelerating grads. Energy loss limits acceleration distance

• Doughnut e- beam focuses on-axis!
• Positrons defocus shortly after !
• Max.  acceleration distance Laccel < ɣ/Eaccel

• ΔE=8.5 GeV energy gain (peak)!
• 2% energy spread!
• 0.2 mrads divergence!
• 26 pC
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10080604020010.0

12.5

15.0

17.5

20.0

En
er

gy
 [G

eV
]

5 nC driver

3 nC driver
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Approach to realise scheme without ring e- drivers:!
Nonneutral fireball beam

Self-generated doughnut e- bunch Wakefields are similar to doughnut

Scheme could be realised superimposing Gaussian e- driver with e+ witness

Connection to astrophysics:!
Neutral fireballs and σr>>c/ωp leads to Weibel 
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Fireball positron acceleration could double the energy of some of !
the positrons in 85 cm
Driver:!
10 GeV; 2.5 nC; !z=23 μm; !r=16 μm;  

Witness:!
10 GeV; 1.2 nC; !z=23 μm; !r=11 μm;  Jorge Vieira | SLAC FACET ii Science Workshop | October 18 2017 
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Positron acceleration in the nonlinear regime using higher 
order laser drivers

Positron acceleration in the nonlinear regime with particle 
beam drivers 

Conclusions & future work 

Outline
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Ring shaped lasers or particle bunches could drive nonlinear plasma waves 
suitable for positron acceleration

A Gaussian particle bunch (or laser) could also be used provided that the 
positron bunch strongly loads the plasma wave (connection with current 
filamentation)

Conclusions and future work

Future work 

Tolerances related to misalignments and overall beam profile!
Explore the role of other instabilities (e.g. hosing) 


