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Figure 1 | The quality of the X-ray beam is assessed by measuring its profile and imaging microscopic objects. a,b, Single-shot X-ray beam profile (a) and
sum of five consecutive shot profiles (b) show the imprint of a wire grid and a 4⇥ 13 mrad2 beam with 5 mrad pointing stability. c–h, X-ray radiographic
images of wire triplets and a resolution test target. The objects contain features as small as 3 µm, which are resolved on the radiographs, indicating a
betatron source of size 3 µm. i,j, Photographic images of the smallest wire triplet and resolution test target, from which the various feature sizes
were obtained.
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Figure 2 | The X-ray source casts a shadow of a half-plane on the detector. a, Close-up of measured intensity distribution (black squares) integrated along
the edge of the half-shadow (inset) and exemplary intensity distributions using Fresnel diffraction modelling, for a source with Gaussian intensity
distribution and synchrotron spectrum Ecrit/wx

of 8 keV/1 µm (solid red), 8 keV/3 µm (dashed green), 2 keV/1 µm (dash–dotted blue) and 8 keV/6 µm
(dotted grey). b, Series of measured intensity distributions corresponding to shots with decreasing source size w

x

(from modelling) and fringe visibility. The
numbers are the 95% confidence interval of the source size determined by a least-squares fit. c, The experimentally obtained fringe visibility is consistent
with the fringe visibility obtained from the modelling, plotted for a 6–10 keV synchrotron spectrum with spatial profile of (super-) Gaussian to top-hat type.
Horizontal error bars are given by the fitting procedure (typically ±30–40%) and vertical error bars are due to the noise in the experimental data
(typically ±0.03–0.04).

peak brightness than previous laser-driven betatron sources6,7.
Furthermore, we demonstrate that the radiation has an appreciable
degree of spatial coherence.

The experiment was carried out by focusing an intense short-
pulse ('30 fs, '2 J) laser onto the front edge of 3, 5 and 10mm
helium gas jets (see Methods). A scintillating screen was placed in
the electron beam to measure its beam profile, and a permanent
magnet spectrometer to measure its energy spectrum. Electron
beams with narrow energy spread features were observed from
all nozzles, at electron densities of 4–22 ⇥ 1018 cm�3. As there
are consecutive phases of injection, the electron beam consists
of multiple beamlets, which could be seen in both profile and
spectral measurements14. For example, for an electron density of
8⇥1018 cm�3 on the 5mm nozzle, electron beams of W = (230±
70)MeV with 1W /W = (25±10)% energy spread at full-width at
half-maximum (FWHM)were observedwith an average of 2.2±0.4
beamlets per shot, with a root-mean-square (r.m.s.) divergence of
1.5⇥1.8mrad2 and r.m.s. pointing fluctuation of 4.8⇥4.7mrad2.
We typically measure 100–300 pC of charge in the beam. The

average and maximum energy of the electron beam follow the
typical wakefield electron density scaling law14,18.

With the electron beam deflected away from laser axis by the
spectrometer magnet, a bright (undeviated) beam of X-rays was
also observed co-propagating along the laser axis. It was imperative
to first prove that this X-ray source originates from the plasma itself.
To do this a grid of silver wires (60 µmdiameter, 310 µmseparation)
was placed a few centimetres from the target. X-rays originating
from the interaction region project the outline of the mesh onto
an imaging plate. A strongly directional beam of X-rays is evident
in Fig. 1a. When either the laser power or electron plasma density
was reduced to inhibit the electron beam, the X-ray beam also
disappeared, showing that the generation of the X-rays is linked to
the electron beam. The profile is elliptical, with a FWHMdivergence
of ✓x ⇥ ✓y = 4⇥ 13mrad2, corresponding to a wiggler parameter
K = ✓� of Kx = 1.5 and Ky = 5 for a simultaneously measured
electron beam energy W = 200MeV. The X-ray beam pointing
is extremely stable, as can be deduced from Fig. 1b, which shows
the sum of five consecutive shots. Their combined divergence is
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data transmission

introducing polarization multiplexing, four more independent
channels of data information (Data1Y, Data2Y, Data3Y, Data4Y)
can be carried by the same OAM beams (OAM1, OAM2, OAM3,
OAM4). As a result, four pol-muxed OAM beams can allow for
the multiplexing of eight independent channels of data information
on the same wavelength (Fig. 1c, middle panel), which provides an
eightfold improvement in capacity and spectral efficiency. It is
expected that multiplexing OAM beams, in combination with polar-
ization multiplexing, will increase the capacity and spectral effi-
ciency by a factor of 2N, where N is the number of OAM beams.
To demultiplex an OAM beam (ℓ) of interest, an inverse spiral
phase mask with a specified charge (2ℓ) is used to remove the azi-
muthal phase term exp(iℓu) of the OAM beam, which is therefore
converted back to a beam with a planar phase front. This beam
has a bright high-intensity spot at the centre (second column,
right panel of Fig. 1c), which is separable from other OAM beams
with updated charges and ‘doughnut’ shapes (third column, right
panel of Fig. 1c) by means of spatial filtering.

Figure 2 presents a block diagram of the experimental set-up
(see Supplementary Section I for implementation details). Four
Gaussian beams (1,550.12 nm) with planar phase fronts, each carry-
ing a 16-QAM signal, are converted into four OAM beams (for

example, OAMþ4, OAMþ8, OAM28, OAMþ16) with helical phase
fronts by adding different spiral phase masks using four reflective
nematic liquid-crystal-based spatial light modulators (SLMs). The
SLMs have dimensions of 7.68 × 7.68 mm, 512 × 512 pixels, a wave-
length range of 1,505–1,650 nm, and a fast response (,20 ms),
providing phase modulation for linearly polarized light with a high
efficiency of 90–95%. After multiplexing of the OAM beams using
non-polarizing beamsplitters and polarization multiplexing with
polarizing beamsplitters, a significant increase in capacity and spec-
tral efficiency can be achieved as a result of the combined use of a
multilevel amplitude/phase modulation format (16-QAM) and
degrees of orbital angular momentum and polarization. The OAM
beams propagate in free space over a metre-length scale. For demul-
tiplexing, the pol-muxed OAM beams are first polarization-demulti-
plexed by a polarizer. Another SLM, loaded with a specific spiral
phase mask, is then used to demultiplex one of the OAM beams
back to a beam with a planar phase front for coherent detection.

We first demonstrate the multiplexing/demultiplexing of
four OAM beams (OAM28, OAMþ10, OAMþ12, OAM214)
(Supplementary Section II). The polarization multiplexing stage
in Fig. 2 is not used. Figure 3 shows the experimental and theoretical
results. The observed intensity profiles of four OAM beams are
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Figure 2 | Block diagram of the experimental set-up. Multiplexing/demultiplexing of information-carrying OAM beams.
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Figure 1 | Total phase variation of light generated in a region of size
100RS⇥100RS in the equatorial xy plane of a quasi-extremal rotating
black hole (a=0.99) as seen by an asymptotic observer. This region of
the sky shows what would be observed with a telescope if the black hole
rotation axis is inclined an angle i= 45� relative to the observer. The total
phase variation includes the anamorphic effect due to both the spacetime
curvature and the inclination of the disk. The corresponding OAM spectral
distribution is quite complex (inset), with two strong peaks at ` = �2 and
` = 1, and extends towards higher OAM modes with a rapid fall-off.

either the Walker–Penrose conserved quantities or two constants
of motion, ⌦ and Q, that are related to the z component of the
KBH angular momentum and to the square of the total angular
momentum, respectively. Each null geodesic is identified by its
impact parameters ↵ and � that describe the direction with respect
of the image plane of an asymptotic observer located at latitude ✓obs
with respect to the KBH,

(↵,�) =
✓

� ⌦

sin✓obs
,

q
Q+a2cos2✓obs �⌦2cot2✓obs

◆

Accretion is thought to occur mainly in the equatorial plane
of the KBH (ref. 3). To image, at infinity, the shape of equatorial
orbits around a KBH, assumed to model a thin accretion disk,
and to calculate the phase acquired by light emitted from that
accreting matter, we solve numerically the null geodesic equations
in strong gravity conditions by using the software described in
ref. 3 and in the Supplementary Information. The phase variation
map of photons emitted by source elements in a region of
size 100RS ⇥ 100RS, where RS is the Schwarzschild radius, is
calculated by using standard projection techniques. From this
map, it is straightforward to estimate the OAM spectrum emitted
by the radiating matter in that region of the sky. The phase
and OAM acquired are independent of both frequency and
intensity and the OAM spectrum will be given by the convolution
of the acquired OAM and the emission law of the accretion
disk (see Supplementary Information). As a result of spacetime
dragging (Lense–Thirring effect), all of the sources around the
KBH are forced to rotate and the phase of light will change8,9.
In geometric optics, the analogy between the propagation of
light in inhomogeneous media and in curved spacetimes is well
established23. In this picture, the polarization and image rotation
are attributed to SAM and OAM, respectively. The present Letter
extends this to Kerr spacetimes.

Specifically, we have investigated the supermassive Galactic
Centre KBH Sgr A⇤, whose rotation is still a matter of debate:
0.5  a < 0.9939+0.0026

�0.0074 (see refs 24 and 25). Figure 1 shows the
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Figure 2 | Phase variation of photons as measured by an asymptotic
observer. The xy plane represents a 100⇥ 100 Schwarzschild radii large
region of the sky centred on the KBH. a,c, The OAM acquired due only to
the KBH rotation for a= 0.99 (a) and a= 0.5 (c), normalized to the field of
a quasi-static black hole (a= 0.01). Here we estimate the torsion of the
optical path due to the spacetime dragging of the KBH. The spacetime
dragging effect of the extremal KBH (a= 0.99) results in a wide, bimodal
OAM power spectrum distribution peaked at ` = �1 and ` = 1 relative to a
static BH. In contrast, for a KBH with a= 0.5, the only significant
contribution is a narrow OAM spectrum that comes from the immediate
neighbourhood of the compact object where the relativistic effects are
strongest. The torsion is zero if the black hole is static, in agreement with
ref. 9. b,d, The OAM spectra of the cases a and c, respectively. Whereas the
OAM spectrum in b has its maximum power in the ` = �1 mode, the
strongest mode in d is ` = 0, and the powers in all of the modes are plotted
relative to this mode. As the ` = 0 mode has (relative) power 1, it is greyed
out to indicate that it goes off scale.

phase map of light emitted in the equatorial plane around the Sgr
A⇤ KBH, projected onto the observer’s sky plane of view, for the
quasi-extremal case a = 0.99 and an inclination of i = 45� with
respect to the observer. Owing to the asymmetric gravitational
lensing distortion and the black-hole rotation, this light has quite a
wide and structuredOAM spectrum (Fig. 1, inset).

Figure 2 shows, for the representative cases a= 0.99 (Fig. 2a,b)
and a = 0.5 (Fig. 2c,d), the effect of the Sgr A⇤ rotation on the
photon phase (Fig. 2a,c), normalized to a quasi-static (a = 0.01)
KBH, inclined by the same angle, and the corresponding OAM
spectra (Fig. 2b,d). In both cases, the morphing effects due to a
particular inclination of the Sgr A⇤ equatorial plane have been
removed to exhibit the pure Kerr metric effects. Our simulations
show that the main contribution to the phase difference comes
from the inner stable orbits that approach the Sgr A⇤ event horizon,
and that slowly rotating black holes give rise to uniformly decaying
power distributions ofOAMmodes around a zeroOAMvalue.

To detect rotating black holes with the technique described here,
it is sufficient to use the best available telescopes, provided that
they are equipped with proper OAM diagnostic instrumentation
(for example, holographic detectors). As OAM of light is merely
related to its spatial structure, only spatial coherence of the source
is required18,26. The long distances from the KBH to the observer
ensure this spatial coherence, even if the electromagnetic fields
generated at different points in the accretion disk are mutually
incoherent (see Supplementary Information). Further information
about the KBH rotation can be obtained by analysing the
OAM spectra in different frequency bands of the electromagnetic

196 NATURE PHYSICS | VOL 7 | MARCH 2011 | www.nature.com/naturephysics
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Figure 2 |Measured undulator radiation intensities (left) and reconstructed l= 1 OAM phases (right) from two cameras positioned to view the
undulator radiation profiles at different planes. a–d, Intensity (a) and phase (b) at camera 1 are shown, and correspond to the intensity (c) and phase (d)
at camera 2.

distribution depends both on the microbunching structure and
on the angular and spectral emission geometry of the FEL
radiator. Thus, because the radiation at the dominant fundamental
wavelength (nh = 1) of an FEL is strongly peaked on axis, the
unique phase structure of OAM lightmust originate from a helically
microbunched beam in which the electrons are concentrated
in a matching spiral-staircase-like distribution. This fine-tuned
structure demands precision three-dimensional manipulation of
the electron distribution upstream of the FEL, on the scale of
a single wavelength.

It turns out this beam structure can arise naturally through a
specific laser interaction. The technique was first proposed in ref. 3
and was later examined at low beam energies and mid-infrared
wavelengths23, but direct measurement of the unique transverse
OAM structure was not available. An expanded scheme specifically
applicable to modern FELs and relevant to this work was then
proposed in ref. 4. The concept relies on a harmonic interaction
between the e-beam and a seed laser in a circularly polarized
undulator to naturally produce a helical energy modulation in
the electron distribution. After dispersion through transport, the
modulation is then converted into helical microbunching where the
screw-like beam distribution emits and amplifies coherent OAM
light in a downstream undulator.

Experiment and method
In such seeded FEL configurations, an important issue for
the production of OAM light is the mode content of the
electron distribution. The correlated helical structure must exceed
the intrinsic shot noise distribution so that the OAM light
dominates, and it must survive transport to the radiator to
preserve the mode purity. Here we experimentally examine
both of these issues by direct measurement of the emitted
OAM light. The set-up is shown in Fig. 1, which illustrates our
experimental configuration at the SLAC Next Linear Collider
Test Accelerator (refs 24,25). The initially unmodulated 120MeV

e-beam (� = 235, 0.5 ps FWHM duration) interacts with the
⌦ = 800 nm transversely Gaussian laser pulse in the helical
undulator (modulator) with periodicity ⌦u = 5.26 cm and strength
K = 1.52. From equation (1), this excites an energy modulation
at the wavelength ⌦ in the e-beam at the second harmonic
resonance. The energy modulation has a helical spatial structure
as a consequence of the three-dimensional harmonic interaction
geometry.Modulations of the form eikz�il� in the beam are predicted
at the harmonic nh according to

l = ±(nh �1) (2)

where the upper (+) sign is taken for our right-circularly polarized
modulator. The linearly polarized laser field profileEl(r)=E0e�r2/w2

0

excites a right-handed l = 1 helical modulation at the second
harmonic, given by

1� (r,�,s)= qK 2Nu⌦
2
u

8⇡� 2mc2
@El(r)

@r
cos(ks��)

where Nu = 4 is the number of modulator periods, s is the
longitudinal position of an electron, and q the electron charge. The
coupling is proportional to the radial variation of the Gaussian
laser field, so electrons on axis (r = 0) are unmodulated, whereas
those at the radial position rmax = w0/

p
2 and helical position

ks � � = n⇡ receive the largest kick. In the experiment, the
laser spot size was w0 = 290 µm and the e-beam (N = 3 ⇥ 108
electrons) was focused to a root mean square spot size w0/2 =
145 µm to maximize both the laser overlap and bunching factor
according to predictions4.

The subsequent dispersive magnetic chicane, characterized by
the matrix transport element R56 = � @s/@� = 1.9mm converts
the energy modulation into a helical density modulation. The
electrons follow an energy-dependent path through the chicane
that modifies their relative longitudinal positions according to

2 NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics
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Coherent optical vortices from relativistic
electron beams
Erik Hemsing1*, Andrey Knyazik2, Michael Dunning1, Dao Xiang1, Agostino Marinelli1, Carsten Hast1

and James B. Rosenzweig2

Recent advances in the production and control of high-
brightness electron beams (e-beams) have enabled a new class
of intense light sources based on the free electron laser (FEL)
that can examine matter at ångstrom length and femtosecond
time scales1. The free, or unbound, electrons act as the lasing
medium, which provides unique opportunities to exquisitely
control the spatial and temporal structure of the emitted light
through precisionmanipulation of the electron distribution.We
present an experimental demonstration of light with orbital
angular momentum (OAM; ref. 2) generated from a relativistic
e-beam rearranged into an optical scale helix by a laser.
With this technique, we show that a Gaussian laser mode
can be effectively up-converted to an OAM mode in an FEL
using only the e-beam as a mode-converter. Results confirm
theoretical predictions3,4, and pave the way for the production
of coherent OAM light with unprecedented brightness down
to hard X-ray wavelengths for wide ranging applications in
modern light sources.

Light beams that carry OAM have become the subject of intense
interest for numerous applications5, including particle micro-
manipulation6, microscopy7, imaging8, optical pump schemes9,
quantum entanglement10, and communications11. As first shown
by Allen et al.,2, these beams have a doughnut-shaped intensity
profile and carry discrete values lh̄ of OAM per photon as a
result of the eil� dependence of the complex field, where �
is the azimuthal coordinate and l is an integer referred to as
the topological charge.

Themultitude of emerging applications enabled byOAM light at
visible and longer wavelengths suggests new research opportunities
in the extreme ultraviolet (EUV) to hard X-ray regime where a well-
defined OAMprovides an additional degree of freedom that may be
specifically exploited to probe the deep structure and behaviour of
matter. Promising applications include expanded X-ray magnetic
circular dichroism12, where angle-resolved energy loss spectrometry
distinguishes spin-polarized atomic transitions subject to different
photon OAM and polarization states13. Traditionally, these ‘optical
vortices’ are created by shaping of the phase front of a laser
as it passes through different optical media14–16, such as spiral
phase plates17 or computer generated holograms18. Analogous
techniques have also been used to transform X-rays into vortices
at synchrotron light sources19,20, and alternative methods suggest
vortex beams can be created through Compton back-scattering21
or harmonic emission in undulators22. Here, we report on a
completely different technique in which a simple Gaussian laser
pulse is used to generate fully coherent l = 1 OAM light purely
through its interaction with a relativistic electron beam (e-beam).

1SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA, 2Department of Physics and Astronomy, University of California Los Angeles,
Los Angeles, California 90095, USA. *e-mail: ehemsing@slac.stanford.edu
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Figure 1 | Illustration of the experiment (not to scale). The unmodulated
relativistic electron beam interacts with a linearly polarized laser in a helical
undulator, which gives the electrons an energy kick that depends on their
position in the focused laser beam. The e-beam then traverses a
longitudinally dispersive chicane that allows the electrons with higher
energy to catch up to those with lower energy (momentum compaction).
The result is a ‘helically microbunched’ beam that then radiates light with
OAM at the fundamental frequency in the planar undulator.

By using the e-beam as the lossless medium, this principle of
in situ mode-conversion enables coherent OAM production in
modern FELs, which can access a virtually unlimited range of
wavelengths, produce femtosecond pulses, and generate X-rays with
ten orders of magnitude higher brightness than previous sources1.
More generally, this technique illustrates the emerging concept
of ‘beam by design’ in advanced accelerator-based light sources,
where the electron beam can be precisely manipulated with lasers
to radiate precision tailored light.

Light in an FEL is produced by a relativistic e-beam traversing
a periodic magnetic undulator (radiator). The emission wavelength
⌦= 2⇡/k is given by

⌦= ⌦u
2nh� 2

(1+K 2) (1)

where ⌦u is the undulator period, � = E/mc2 the relativistic factor
of the electron with energy E and mass m, nh the harmonic
number, and K the normalized strength of the undulator. Intense
coherent light is emitted from an e-beam that is microbunched,
wherein the electrons are piled-up at the emission wavelength.
In an FEL the electrons are initially distributed randomly, so
microbunching occurs either as a result of the FEL instability
(where the amplified light acts back on the beam to rearrange
the electrons), or by way of an external laser acting on the
beam upstream of the FEL. In either case, the emitted radiation

NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics 1

The role of orbital angular momentum in laser-plasma interactions has been 
scarcely explored.
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One of the challenges for a plasma based linear collider is !
high gradient positron acceleration

World’s biggest wave (Nazaré, Portugal) 

…but not for positron acceleration

Large amplitude plasma waves ideal for electron acceleration…

The first surfer on a physics paper:!
T. Katsouleas, J. Dawson IEEE TNS 

30, 3241 (1983)
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OSIRIS 2.0 , 3.0 /dev

code features!
· Scalability to ~300 K cores !
· SIMD hardware optimized!
· Tunnel (ADK) and Impact Ionization!
· Optimized higher order splines!
· Parallel I/O (HDF5)!
· Boosted frame in 1/2/3D!
· Ponderomotive guiding center

osiris framework!
!

· Massivelly Parallel, Fully Relativistic  
Particle-in-Cell (PIC) Code !

· Visualization and Data Analysis Infrastructure!
· Developed by the osiris.consortium!

⇒  UCLA + IST

Ricardo Fonseca: ricardo.fonseca@ist.utl.pt!
Frank Tsung: tsung@physics.ucla.edu!
http://cfp.ist.utl.pt/golp/epp/  
http://exodus.physics.ucla.edu/
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Non-linear doughnut bubbles

Laguerre-Gaussian lasers can drive doughnut shaped bubbles in !
strongly non-linear regimes

Positrons 
accelerate here
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zoom of the simulation box

electrons merge on-axis 
providing positron focusing for!
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Non-linear theory in the blowout
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focused+accelerated 
positrons

self-guided 
propagation

positron bunch!
(Ɣi=200)

laser!
(a0=6.8 with 2 J)

Plasma!
(n0=7.7x1018cm-3)

J. Vieira and J. T. Mendonça PRL 112, 215001 (2014)
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There are different ways to produce OAM light at high intensities

Spiral phase plate Stimulated Raman scattering

ARTICLES NATURE PHYSICS DOI: 10.1038/NPHYS1793
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Figure 1 | Schematic illustrations of various processes occurring during Raman amplification. Left: illustration of the Raman amplification process. A long
pump pulse (frequency !0, wavenumber k0, red) and a counterpropagating short probe pulse (frequency !0 �!p, wavenumber !p/c�k0, blue) are
injected into a plasma slab and couple through a plasma wave (frequency !p, wavenumber 2k0 �!p/c, green). Here, !p =

p
e

2
n0/("0me) is the plasma

frequency, n0 denotes the plasma electron density, e the elementary charge, me the electron mass and "0 the vacuum permittivity. This leads to energy
transfer from the pump pulse to the probe pulse, which is then amplified to many times the intensity of the pump pulse, whereas the pump itself is mostly
depleted. Right: illustration of a generic parametric instability, for example stimulated Raman scattering, modulational instability or filamentation
instability. An electromagnetic wave E0 couples to a density perturbation �n and generates an electromagnetic daughter wave E1. This daughter wave in
turn couples to the wave E0 to enhance the density perturbation �n. The closed feedback loop leads to unstable growth of both E1 and �n.

Table 1 | Summary of the simulation results, for various values of the pump intensity and plasma density, and a fixed pump
wavelength of � =800nm, that is, !0 ⌘ 2⇡c/� = 2.36⇥1015 rad s�1.

!0/!p

Pump FWHM intensity (W cm�2) 10 14 20 40

1⇥ 1014 RFS ⇠1017 1⇥ 1017 ineff.
1⇥ 1015 RFS, fil. 4⇥ 1017 4⇥ 1017 ineff.
1⇥ 1016 RFS RFS RFS, fil. RFS, ineff.

The plasma density n0 is expressed as the ratio of the laser frequency !0 and the plasma frequency !p. For each case where the probe was strongly amplified while retaining a smooth envelope, the
FWHM probe intensity is shown in W cm�2. For each case where the probe was either poorly amplified or did not have a smooth profile, the reason (Raman forward scattering (RFS), filamentation (fil.),
low energy-transfer efficiency (ineff.)) is listed. It follows clearly that the pump FWHM intensity should not exceed 1⇥1015 W cm�2, and 14!0/!p 20, that is, 1.8⇥1019 cm�3 �n0 �4.5⇥1018 cm�3.
A higher pump intensity leads to a higher absolute probe intensity, but the highest relative amplification is found for lower pump intensities because probe saturation is postponed in that case.

Although these issues narrow the parameter window for effective
Raman amplification down considerably, we have been able to
identify a parameter regime in which a 4 TW, 700 µm full-width
at half-maximum (FWHM), 25-ps-long laser pulse with 800 nm
wavelength can be amplified to 2 PW peak intensity with 35%
efficiency, as shown in Fig. 2a and discussed below. In addition, we
show that the same process can be scaled appropriately to compress
a 250-fs-long, 0.2-µm-wide soft-X-ray pulse (10 nm wavelength),
as produced by facilities like FLASH or LCLS, to subfemtosecond
duration and 500 TWpeak power, that is,⇠1021 W cm�2.

The trade-off between increasing the efficiency and limiting
the growth of unwanted instabilities, which follows from the
results in Table 1, can also be recovered from known analytical
results. We studied the number of e-foldings that will occur
over a 4mm interaction length, as used in the simulations, for
the following processes: RBS of the pump, Raman near-forward
scattering of the pump and filamentation of the probe. These
instabilities have the following growth rates: � = (!0a0/2)

p
!p/!0

for RBS (ref. 3), � = !pa0
p

!p/!0 for RFS (ref. 3) and
� = (a20/8)(!2

p/!0) for filamentation in the short-pulse limit30.
Here, a0 denotes the dimensionless, scaled field amplitude:
a0 ⌘ 8.55⇥ 10�10

p
I0�2 (W cm�2 µm2), where I0 denotes the peak

intensity of the laser beam (pump or probe) under consideration.
For an 800 nm pump wavelength �, the results are shown
in Fig. 3b,c. In Fig. 3b, the number of e-foldings G versus
plasma frequency !p is shown for a fixed pump amplitude of
a0 =0.03 (1⇥1015 W cm�2), and in Fig. 3c, the number of e-foldings
G versus pump amplitude a0 is shown for a fixed plasma frequency
of !0/!p = 20. It has been found that for those parameters where
the analytic expressions predict that G < 10 the simulated pump
and probe will be well behaved, whereas the simulated pulses

will become unstable for parameters where G > 10 is predicted
(compare Table 1). The simulation shown in Fig. 2a corresponds
to a maximized RBS growth rate while keeping G < 10 for both
pump RFS and probe filamentation, which can be used as a
guiding principle. It should be noted that the ‘realistic number’
of e-foldings alluded to in ref. 2 has now been determined
quantitatively as G= 10.

In all simulations presented in this paper, the pump laser beam
has awavelength of 800 nm, that is,!0 ⌘2⇡c/�=2.36⇥1015 rad s�1,
unless otherwise specified. In our one-dimensional simulations,
the pump duration was 25 ps (corresponding to 4mm probe
propagation) and the initial probe duration was 50 fs, and the initial
probe intensity was equal to the pump intensity. Good results
have been obtained for !0/!p = 14–20, that is, a plasma density
between 4.5⇥ 1018 and 9⇥ 1018 cm�3, and a pump intensity of
1014–1015 W cm�2, whereas using a pump intensity of 1016 W cm�2

or more triggers instabilities such as RFS and filamentation that
destroy the probe profile. A high plasma density (>1.8⇥1019 cm�3,
or !0/!p  10) also triggers unwanted instabilities, as shown in
Fig. 4, whereas using a low plasma density (<4.5⇥ 1018 cm�3, or
!0/!p > 20) leads to a poor energy-transfer efficiency, as shown
in Fig. 3a. For the above parameter window, the probe will be
amplified to 400–1,000 times the pump intensity, reaching an
FWHM intensity of several times 1017 W cm�2. Note that the probe
duration increases during the early stages of the amplification
process, whereas this duration decreases again during the later
stages, as predicted in ref. 2. At this point, either the probe growth
will saturate or the probe profile will be destroyed by RFS or
filamentation (see below). Thus, the most reliable way to increase
the total power of the amplified probe is to attempt to amplify
wide pulses (spot diameters of 1mm or more). This requires a

88 NATURE PHYSICS | VOL 7 | JANUARY 2011 | www.nature.com/naturephysics

Stimulated Raman scattering: energy transfer from 
a long pump to a short probe leading to efficient 

pulse compression

Spiral phase plate

OAM beamGaussian beam

OAM transfer 
device

R. Trines et al Nat. Phys. 7, 87 (2011) 
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Plasma waves can carry orbital angular momentum!
leading to exotic wakefield structures

Jorge Vieira | LPAW Guadeloupe | May 13 2015 
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Creation and amplification of new OAM modes !
through stimulated Raman scattering in plasmas

J. Vieira, R. Trines et al submitted for publication (2015)

Production and amplification of 
new mode with ! = 2

Production and amplification of 
new mode with ! = 3

Jorge Vieira | LPAW Guadeloupe | May 13 2015 
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Doughnut wakefields inject ring electron bunches !
which could then be a driver for a PWFA

Wake from a hollow e-beam driver

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

background ions, and the second is due to the on-axis plasma electron layer, where ! = ∆/!!is the ratio between the 
thickness of the on-axis electron sheath (given by ∆) and the blowout radius (given by !!). According to Eqs. (1) 
and (2), positrons can be focused around the axis. The focusing force inside the on-axis thin electron sheath can be 
much larger than the electron focusing force associated with a pure ion column. Since for large blowout radius (i.e. 
!! ≫ 1 in our normalized units), then ! = ∆/!! ≪ 1. As a result, the positron focusing force near the axis is 
!! − !! ≈ − !

!!!! ≫ !/2 , i.e. much stronger than the electron focusing force provided by background plasma 
ions. The transverse focusing force associated with a laser pulse with a0=6.12 and corresponding accelerating field is 
shown in Fig. 1b and Fig. 1c. 

 In order to show that this wakefield structure could be used for positron acceleration, we show in Figure 1d the 
final phase space and energy spectrum of a test positron bunch in the wake excited by a laser with normalized a0 = 
6.6 with a duration τ = 3/ωp and waist W0 = 6.8c/ωp. The ratio from the laser pulse frequency to the plasma 
frequency is ω0/ωp=15. The positron bunch was placed at the center of the doughnut bubble. The initial relativistic 
factor was chosen in order to ensure that all positrons are trapped in the plasma wave. Simulations showed that the 
positron acceleration gradient is almost linear throughout the entire acceleration distance until the laser energy drops 
by more than 70% of the initial laser energy after a propagation distance corresponding to 1.5 times the Rayleigh 
length.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Simulation results showing a doughnut bubble excited by a electron bunch with a ring like profile. (a) plasma electron 
charge density. (b)-(c) Corresponding focusing force and accelerating fields respectively. The solid lines are lineouts took at the 
position of the dashed lines. (d) Spectrum of a test positron bunch initially placed in regions of maximum accelerating gradients. 

3. POSITRON ACCELERATION IN NON-LINEAR PLASMA WAVES DRIVEN BY 
RING ELECTRON DRIVERS 

A similar setup can also be tested in plasma wakefield acceleration regimes using a ring (doughnut) like electron 
bunch driver. In these proceedings we consider a Bi-Gaussian profile with a radial off-set in order to produce the 
ring given by: 

!! = !!!!"# − (! − !!)
!

!!!
!"# − !

!

!!!
!(3) 

where !!!is the peak beam density, !!the transverse spot size, !! the length, and !!a parameter that defines the 
center of the electron ring. In the simulations we used considered a bunch with !!! = 2!!, with a transverse size 
!! = 4.0!/!! and longitudinal size !! = 1!/!!. Moreover, !! = 5!/!!. The energy of the bunch is 20 GeV, and it 
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!! ≫ 1 in our normalized units), then ! = ∆/!! ≪ 1. As a result, the positron focusing force near the axis is 
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!!!! ≫ !/2 , i.e. much stronger than the electron focusing force provided by background plasma 
ions. The transverse focusing force associated with a laser pulse with a0=6.12 and corresponding accelerating field is 
shown in Fig. 1b and Fig. 1c. 
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final phase space and energy spectrum of a test positron bunch in the wake excited by a laser with normalized a0 = 
6.6 with a duration τ = 3/ωp and waist W0 = 6.8c/ωp. The ratio from the laser pulse frequency to the plasma 
frequency is ω0/ωp=15. The positron bunch was placed at the center of the doughnut bubble. The initial relativistic 
factor was chosen in order to ensure that all positrons are trapped in the plasma wave. Simulations showed that the 
positron acceleration gradient is almost linear throughout the entire acceleration distance until the laser energy drops 
by more than 70% of the initial laser energy after a propagation distance corresponding to 1.5 times the Rayleigh 
length.  
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background ions, and the second is due to the on-axis plasma electron layer, where ! = ∆/!!is the ratio between the 
thickness of the on-axis electron sheath (given by ∆) and the blowout radius (given by !!). According to Eqs. (1) 
and (2), positrons can be focused around the axis. The focusing force inside the on-axis thin electron sheath can be 
much larger than the electron focusing force associated with a pure ion column. Since for large blowout radius (i.e. 
!! ≫ 1 in our normalized units), then ! = ∆/!! ≪ 1. As a result, the positron focusing force near the axis is 
!! − !! ≈ − !

!!!! ≫ !/2 , i.e. much stronger than the electron focusing force provided by background plasma 
ions. The transverse focusing force associated with a laser pulse with a0=6.12 and corresponding accelerating field is 
shown in Fig. 1b and Fig. 1c. 

 In order to show that this wakefield structure could be used for positron acceleration, we show in Figure 1d the 
final phase space and energy spectrum of a test positron bunch in the wake excited by a laser with normalized a0 = 
6.6 with a duration τ = 3/ωp and waist W0 = 6.8c/ωp. The ratio from the laser pulse frequency to the plasma 
frequency is ω0/ωp=15. The positron bunch was placed at the center of the doughnut bubble. The initial relativistic 
factor was chosen in order to ensure that all positrons are trapped in the plasma wave. Simulations showed that the 
positron acceleration gradient is almost linear throughout the entire acceleration distance until the laser energy drops 
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Exotic lasers

Orbital angular momentum 
(OAM)

Hollow electron 
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OAM beamDoughnut 
plasma wave

Plasma density Focusing field

Accelerating field!
!

Ring electron beams [B.B. Pollock et al PRL (2015)]
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Donut electron beam

Positron beam

Donut plasma wave

Jorge Vieira | LPAW Guadeloupe | May 13 2015 

Positron acceleration with doughnut 
electron bunch drivers
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Positron acceleration occurs in regions with high background !
plasma electron density or in regions without plasma (hollow channels)

Hollow plasma channel
Linear regime !
[T.Chiu et al PRL (1998); !
C. Schroeder et al PoP (2013)]

High density electron filament

Doughnut blowout regime

Suck-in regime [S. Lee et al PRE (2001)] Nonlinear regime [A. Pukhov et al PRL 2014]

from S. Corde et al Nature (2015)

Enhanced 
focusing

negligible 
(de)focusing
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A positron beam driver can create a self-driven plasma hollow 
channel for positron acceleration

Propagation direction

e+ drive beam

Test particle regime 

Length σz = 12 c/ωp!
Width σr = 0.12 c/ωp

e+ witness bunch

Projections of plasma ion density

Density n0!
Mass mion ~1836 me!

Charge q=+e

Density nb = 200 n0     can be relaxed for longer beams!
Length σz = 6 c/ωp        close to the plasma wavelength!
Width σr = 0.12 c/ωp  tightly focused!
Energy = 2.5 GeV        ultra relativistic

Plasma ions

L.D. Amorim et al (2015)
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Simulations show positron bunch energy gain inside the hollow 
channel

Drive e+ beam energy evolutionEvolution of the plasma ions density (slice of 3D)

Evolution of the plasma e-s density (slice of 3D) Witness e+ beam energy evolution

Propagation 
direction

Propagation 
direction

L.D. Amorim et al (2015)
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Evolution of the plasma ions density (slice of 3D)

Simulations show positron bunch energy gain inside the hollow 
channel

Drive e+ beam energy evolution

Δϒmax~1700

Energy lost in 
wake excitation

Initial energy
Hollow channel

Evolution of the plasma e-s density (slice of 3D)

Δϒmax~1100

Initial energy

Witness e+ beam energy evolution

L.D. Amorim et al (2015)
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Positron focusing and accelerating fields in hollow channel created by 
narrow drivers

Accelerating wakefield inside the hollow channel Focusing wakefields inside the hollow channel

Non-linear accelerating wakefields: 
➡ Strong decelerating fields at front of driver ( Eaccel > E0 = mecωp/e)!
➡ Peak field in the hollow channel region ~ 0.7E0!
➡ Sawtooth shape!

Positron focusing wakefields: 
➡Are highly defocusing in the drive beam region (Efocus > 20 E0)!
➡Mainly focusing for lengths of ~ λp = 2π inside the channel!
➡ Focusing due to plasma e-s in the channel region

Focusing!
region

Accelerating 
region

L.D. Amorim et al (2015)
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Positron acceleration in the Plasma Wakefield 
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Lasers with orbital angular momentum for high 
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Exotic laser beams   
A entire new set of applications at low intensities
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Conclusions & Future work
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Positron accelerations with exotic beams!
๏ Lasers with orbital angular momentum !

๏ Ring electron bunches!

๏ Self-driven hollow channels by tightly focused 
positron bunches 

Exotic beams can be produced experimentally!
๏ Pure OAM lasers are not that different from 

Bessel beams which can also have orbital angular 
momentum!

๏ Doughnut electron bunches have been produced 
in the LWFA and in conventional accelerators!

๏ Tightly focused, overdense positron beam drivers  
could be achieved at lower plasma densities


