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Twisted lasers can control the shape and topology of plasma waves
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Collimated 40 MeV protons using a twisted laser driver

OAM laser driver target with tailored 
density profile
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C.Willim et al., Phys. Rev. Research 5, 023083 (2023)
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Preserving focal spot quality
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Preserving peak intensity Getting the flattest possible profile

https://nifuserguide.llnl.gov/home/4-laser-system/46-focal-spot-conditioning

• Continuous phase plates, 

• Smoothing by spectral dispersion, 

• Polarization smoothing

Strehl Ratio

σϕ <
λ

14
⇒ S > 0.8 Maréchal criterion



Idealised beams and aberration control: Gaussian beams
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Minimizes beam waist for a given divergence (Fourier limit)

Provides tightest focal spot under scalar, paraxial optics


Used as the baseline for "diffraction-limited" focusing

E(x, y, z) = E0
w0

w(z)
exp (−

x2 + y2

w2(z) ) exp −i [kz +
k(x2 + y2)

2R(z)
− ψ(z)]



Diagnosing the spatial aberrations - Wavefront sensing
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Spatial cleaning of the pulse 
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Deformable mirrors:


Piezo actuators, electromagnetic actuators



Corrected wavefronts for better energy deposition
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Corrected wavefronts for better energy deposition
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Also at X-ray Free Electron Lasers…
Seiboth, F., Schropp, A., Scholz, M. et al. Perfect X-ray focusing via fitting corrective glasses to aberrated optics. Nat Commun 8, 14623 (2017)



Controlling the aberrations of secondary sources
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S. Kunzel et al, JOSA B 2015

G. Lambert et al, Scientific Report, 5, 7786 (2015)
L. Lu et al, Opt. Lett. 38, 20, 4011 (2013)
G. Lambert et al, Euro. Phys. Lett. 89, 2, 24001 (2010)
G. Lambert et al, New J. of Phys, 11, 083033 (2009)
J. Gauthier et al, Euro. Phys. Jour. D, 48, 3, 459 (2008)
C. Valentin et al, J.O.S.A. B, 25, 7, B161 (2008)
P. Mercère et al, Opt. Lett., 28, 17, 1534 (2003)



You can control what you can measure
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Fabien Queré: 
Spatio-temporal characterization of ultrashort laser beams: a tutorial
Spencer W Jolly et al 2020 J. Opt. 22 103501

2D-SPIDER,  

SEA-SPIDER,  

SRSI-ETE 

SEA-TADPOLE,  

STARFISH 

TERMITES 
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HAMSTER 

CROAK 

INSIGHT 

STRIPED-FISH 

….. 

IMPALA
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Early applications I: Controlling aberrations in secondary sources
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XUV-WFS

IR-WFS

IR-Laser

gas cell 
(Argon)

lensAl filter

Astrella 
800nm, <35fs, 
7.5mJ, 1kHz

~350cm 75cm

Iris

Movable 
wedge

Thorlabs 
10mm pupil

HH@32nm

IR@800nm

DM

14

Th. Wodzinski et al,
High-harmonic generation wave front dependence 
on a driving infrared wave front
Applied Optics 2020
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Early applications I: Controlling aberrations in secondary sources
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Early applications I: Controlling aberrations in secondary sources



Early applications 2: Plasma-based X-ray Lasers
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Characterization of a transient collisional Ni-like 
molybdenum soft-x-ray laser pumped in grazing 
incidence, 
S. Kazamias et al Phys Rev A 2008

J. Rocca: transient traveling wave excitation using grazing incidence pumping (2000s)



Early applications 3 - Spectral shaping
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Bartels, R., Backus, S., Zeek, E. et al. Shaped-pulse optimization of coherent emission of high-harmonic soft X-rays. 

Nature 406, 164–166 (2000)



Modern examples: Flying focus
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Dustin H. Froula, University of Rochester
Froula, D.H., Turnbull, D., Davies, A.S. et al. Spatiotemporal control of laser 
intensity. Nature Photon 12, 262–265 (2018)



Modern examples: XRL OFI
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Flying focus to control group velocity of IR pump match seed, 
3x energy extraction  

Spatio-temporal couplings for controlling group velocity in longitudinally pumped 
seeded soft X-ray lasers,

A. Kabacinski, Nature Photonics, 2023



Contents

Peak brightness control 
Clean beam era

Marta Fajardo | Eupraxia Camp, Pisa | April 7, 2025

Breaking free from the Gaussian pulse 
When Aberration Becomes Design

Other types of structured pulses 
From Gaussian to Airy, Vortex, and Vector Beams

Recent results and high power manipulation  
Toward High-Energy and High-Average Power Applications



Structured light: low power experiments plasma effects

Marta Fajardo | Provas de Agregação, Instituto Superior Técnico | March 27 2025 22

Laser-assisted guiding of electric discharges around objects
Clerici et al. Sci. Adv. 2015
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Zoo of structured light

Mathieu 
beam
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Box 1 | Geometric representation

Just as for polarized light, a Poincaré sphere can be used to pa-
rameterize structured Gaussian modes18. LG modes, carrying op-
positely signed OAM, sit at the north and south poles, like circular 
polarization states for the usual Poincaré sphere. HG modes with 
different orientations, like linear polarization, lie on the equa-
tor. The analogues of elliptic polarization states are the general-
ized Hermite–Laguerre–Gaussian beams (GHLG beam), which 
sit between LG and HG beams127. This allows many analogies to 
be drawn between optical polarization and structured Gaussian 
beams such as Pancharatnam–Berry phases. It can be used as a 
Bloch sphere analogue for structured beams as qubits for quan-
tum information applications, where a unique sphere can be de-
fined for each ℓ. The systems of LG, HG and GHLG beams can be 
transformed into each other by appropriate quantum-mechanical 
rotation transformations, and is a concrete physical realization of 
Schwinger’s oscillator model of quantum angular momentum128. 
The Poincaré sphere combines both the amplitude and phase de-
scriptions of the eigenstates into one visual description, defined by

|ψ⟩ = cos

(

1

2

θ

)

|R⟩+ e

iα

sin

(

1

2

θ

)

|L⟩ ,

︸ ︷︷ ︸

Polarization

|ψ⟩ = cos

(

1

2

θ

)

|ℓ⟩+ e

iα

sin

(

1

2

θ

)

|−ℓ⟩ ,

︸ ︷︷ ︸

OAM

(1)

with α describing the relative phase between states and θ describing 
the weighted contribution of each state. Furthermore, the Poincaré 
sphere representation has been extended to a higher-order 
Poincaré sphere19,20, illustrating all the possible non-separable vec-
tor modes described by the tensor product of a particular combi-
nation of the polarization and OAM state spaces, given by

|ψ⟩= cos

(

1

2

θ

)

|ℓ⟩ |R⟩+ e

iα

sin

(

1

2

θ

)

|−ℓ⟩ |L⟩

︸ ︷︷ ︸

Polarization⊗OAM

. (2)

Analogously, the poles are scalar modes, whose superpositions 
form the maximally non-separable vector modes at the equator.

real-valued cos or sin of ℓϕ is replaced by an azimuthal phase 
increase of exp(±iℓϕ). This is representative of a non-zero OAM 
carried by these beams10; this angular momentum around the 
beam centre is distinct from spin angular momentum (due to cir-
cular polarization), and led to ‘optical spanners’ manipulating the 
rotation of particles in optical traps16. Furthermore, such beams 
could be synthesized from HG beams in the lab with a cylindri-
cal lens, analogous to the creation of circularly polarized light 
using linearly polarized light and a quarter-wave plate, or (more 
commonly these days) with computer-generated holograms17. 
The ‘Poincaré sphere analogy’ between HG and LG beams and 

linearly and circularly polarized light has led to deeper insights in 
the area, providing a geometric representation (Box 1) of paraxial 
structured light18–22.

As the complex structure of light beams appears to increase, it is 
desirable to understand the general principles behind them. One of 
surprising depth and generality has proved to be the study of optical 
singularities—special places in the beam where parameters such as 
phase are not defined23,24. For instance, along the axis of a complex 
LG beam carrying OAM, the phase is singular where the intensity is 
zero, with the equiphase surfaces—representing wavefronts—heli-
cally swirling around the axis. Although vortices and optical OAM 
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Geometric representation of paraxial structured light. a, Simultaneous control of the parameters α and θ, which correspond to the relative phase and 
weighted amplitude contributions, respectively, results in the description of a polarization state on a unit sphere expressed in terms of two orthogonal 
antipodal states. b, The Bloch sphere description for parametric structured light is analogous to the Poincaré sphere, with the poles corresponding to 
pure LG eigenstates. c, States on the surface of the higher-order Poincaré sphere are constructed from the tensor product of the polarization and OAM 
state spaces. d, Arbitrary spin–orbit coupled state showing the elliptical polarization orientation of the state, which is dependent on the parameter α. 
Here H, V, L, R, D and A represent the polarization states of horizontal, vertical, left, right, diagonal and antidiagonal, respectively.
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scalar beam. Using infinite sets of structured modes to represent 
light beams goes back at least to Stratton’s classic textbook of the 
1940s25, where he chose an infinite set of Bessel modes to represent 
a cylindrical light beam. Like LG beams, Bessel modes have a cosℓϕ, 
sinℓϕ or exp (±iℓϕ) azimuthal dependence, but now multiplied by a 
radial Bessel function Jℓ(krr) dependence26 with a radial wavenum-
ber, kr. Unlike a Gaussian beam, they neither spread nor acquire a 
Gouy phase (in the idealized case): they are propagation invariant.

In all of the examples discussed so far, HG and LG beams, 
plane waves and Bessel beams, the structured beam can be rep-
resented in the 2D transverse plane as a product of functions in 
Cartesian (x, y) or polar (r, ϕ) coordinates. Although much less 
familiar, another natural 2D coordinate system is elliptical coor-
dinates, given by systems of confocal ellipses and hyperbolas, and 
their propagation-invariant realizations are called Mathieu beams 
(as they are represented by Mathieu functions in the elliptic coor-
dinates)27. Their Gaussian counterparts are Ince–Gaussian (IG) 
beams28, with Ince polynomials playing the role of the Hermite and 
Laguerre polynomials previously. In fact, these also occur as cavity 
modes, naturally interpolating between HG modes and (real val-
ued) LG modes. Propagation-invariant beams also allow separation 
in parabolic coordinates, for the realization of parabolic beams29. 
These classes can be grouped together as Helmholtz–Gauss beams30 
and written compactly as the product of a Gaussian beam times a 
z-dependent complex amplitude and a function that depends on 
the coordinate system of interest: plane waves in Cartesian coor-
dinates, Bessel beams in cylindrical coordinates, Mathieu beams in 
elliptical coordinates and parabolic beams in parabolic cylindrical 
coordinates.

How can we approach such a confusing menagerie of differ-
ent possibilities? One natural approach is inspired by the fact that  
classical light is subject to the principles of wave mechanics: the 
paraxial equation −∇

2

⊥ψ = ik∂

t

ψ  (where all terms have their usual 

meaning) resembles the free 2D time-dependent Schrödinger equa-
tion, and for propagation-invariant beams, the transverse Helmholtz 
equation −∇

2

⊥ψ = k

2

r

ψ  resembles the free 2D time-independent 
Schrödinger equation. Thus, our structured light beams can be con-
sidered as analogous to structured 2D quantum wavepackets, whose 
time evolution is equivalent to propagation in z. Inspired by this 
approach, we can identify operators for which our beam families 
are eigenfunctions31,32.

An obvious example is the angular momentum operator 
L̂ ≡ −i∂

ϕ

, with eigenvalues ±ℓ and OAM eigenfunctions ∝ e

±iℓϕ, 
giving complex LG or Bessel beams. The real-valued cases, insensi-
tive to the sign of phase winding, are eigenfunctions of L̂2, which 
allows for eigenfunctions ∝ e

iℓϕ

+ e

−iℓϕ

∝ cos ℓϕ. Even a plane 
wave, say eikxx, is an eigenfunction of the transverse linear momen-
tum operator p̂

x

= −i∂

x

 with eigenvalue kx, and the interference 
pattern coskxx is equivalently an eigenfunction of p̂2

x

= −∂

2

x

. As 
Gaussian beams resemble eigenstates of the 2D quantum harmonic 
oscillator—with parabolic cavity mirrors acting like a quadratic 
potential—they are eigenfunctions of the M2 operator, which is 
analogous to a quantum harmonic oscillator Hamiltonian. In fact, 
all of the beams described above can be described as eigenfunc-
tions of linear and angular momentum operators or combinations 
of them (Box 2).

Very far from the non-diffracting case, Airy beams—based on 
Airy functions originally defined to explain supernumerary inter-
ference fringes below a rainbow—appear to accelerate transversely 
upon propagation33. These were inspired from the stationary 
quantum-mechanical solution of a particle in a linear potential; if 
the potential is removed, they appear to accelerate under paraxial 
(that is, Schrödinger) evolution34. As for the rainbow, it is natural 
to approximate Airy functions semiclassically by using geometric 
optical rays carrying a phase, with the fringes being interpreted 
as interfering rays, and the bright regions as caustics. In fact, the 
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Fig. 1 | Beyond 2D structured light. To create 3D and 4D structured light requires control in many dimensions and DoFs. a, Full spatial control where each 
z-slice has a desired 2D profile for 3D structured light. b, Extending control to the time domain allows for 4D structured light, where analogously each time 
slice has a desired spatial profile. c–f, Examples of this 3D and 4D control include arbitrary trajectories of scalar light in space (c), Möbius polarization 
ribbons (d), polarization knots in space (e) and isosurface of a spatiotemporal optical vortex with measured phase in the x–t plane (f). g, The flying 
doughnut, a single-cycle toroidal pulse with electric (green) and magnetic (purple) field lines shown. Panels adapted with permission from: c, ref. 51, OSA; 
d, ref. 64, AAAS; e, ref. 65, Springer Nature Ltd; f, ref. 75, Springer Nature Ltd.
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Flying doughnut (single cycle)

How can we inject these complex electromagnetic wavepackets into PIC simulations to investigate the 
physics and predict experimental outcomes?
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Controlling pulse properties with the  functionfk

We can control:

‣ Transverse Size
‣ Main Frequency

‣ Longitudinal Size

‣ Focus Position

‣ Relative Injection Position

‣ Transverse Profile

Basically Arbitrary Control over Pulse Shape

R. Almeida et al. in preparation (2025)
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Beyond paraxial and envelope approximation
Precise description of tight-focus and ultra-short e.m. fields 

Elliptical, radial and azimuthal polarisation built in
Direct injection of new polarisation states

25

Radial polarisation Azimuthal polarisation

Electric field intensity Electric field lines

Arbitrary pulse initialisation in Osiris

R.A. Almeida et al., in preparation (2025)
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The laser focal plane speed controls the wake phase-velocity
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Subluminal Focus Velocity - vf = 0.96c Superluminal Focus Velocity - vf = 1.1c

D. Froula et al, Nature Photonics 12, 262–265 (2018); A. Sainte-Marie et al, Optica 4, 1298 (2017), R. A. Almeida et al. in preparation (2025)

Non-relativistic particle acceleration

Z. Gong et al., PRL(2024)
C. Badiali et al, in preparation (2025)

Applications

Dephasingless plasma acceleration

J.P. Palastro et al PRL (2020)
C. Caizergues et al Nature Photonics (2020)

Accurate and arbitrary control of the phase velocity of plasma wakes 
Tight focusing is key

Plasma waves phase velocity = Pulse’s Focus Velocity



Beam zoology
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How to Shape Light with Spatial Light Modulators
Carmelo Rosales-Guzmán and Andrew Forbes
SPIE.spotlight



Experimental Tools for Spatiotemporal Control 
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https://www.edmundoptics.com/knowledge-center/application-notes/optics/understanding-waveplates/ https://www.newport.com/n/introduction-to-waveplates

https://www.newport.com/n/introduction-to-waveplates
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Experimental Tools for Spatiotemporal Control 

Marta Fajardo | Eupraxia Camp, Pisa | April 7, 202530

Spatial Light Modulators (SLMs) — dynamic, programmable

Blazed grating - maximum efficiency in 1st order



Experimental Tools for Spatiotemporal Control 
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Experimental Tools for Spatiotemporal Control 
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How to Shape Light with Spatial Light Modulators, https://doi.org/10.1117/3.2281295.ch1 

https://doi.org/10.1117/3.2281295.ch1


Optimising HHG with SLM at IST

Marta Fajardo | Eupraxia Camp, Pisa | April 7, 202533

Real time bayesian optimisation Experimental set-up

Optimising IR vertical and oblique astigmatisms for 
maximum HHG yield 



Author’s name | MRT | Month xx, 2016 

Optimisation video

Bayesian exploration of parameter space - Zernika coefficients

5D bayesian optimisation of HHG yield:
• Defocus
• Vertical astigmatism
• Oblique astigmatism
• Vertical coma
• Horizontal coma

Compared to astigmatism-only optimisation, 
factor of 2 improvement in HHG average yield
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In focus Beam profiles imprinted 

Spatio-temporal pulse shaping

Dustin H. Froula, University of Rochester
Froula, D.H., Turnbull, D., Davies, A.S. et al. Spatiotemporal 
control of laser intensity. Nature Photon 12, 262–265 (2018)
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Peak brightness control 
Clean beam era
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Breaking free from the Gaussian pulse 
When Aberration Becomes Design

Other types of structured pulses 
From Gaussian to Airy, Vortex, and Vector Beams

Recent results and high power manipulation  
Toward High-Energy and High-Average Power Applications



Structured light for novel laser-plasma interaction conditions
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Light spring drives twisted wakefield excitation
trapped electrons with angular momentum

Ultrafast optical field–ionized gases - A laboratory 
platform for studying kinetic plasma instabilities 
Chaojie Zhang et al, Science Advances 2019 

T. Silva et al, Phys Rev E 2021, 
Weibel instability beyond bi-
Maxwellian anisotropy 

 J.P. Bilbao et al, Phys Plasmas 
2024
shape of the anisotropic velocity distribution function, 
non maxwellian, dictating the dynamics of self-generated 
magnetic fields
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Light Springs

Topological charge - wavelength correlation At high power laser facilities

Piccardo, M., et al. Nat. Photon. 17, 822–828 (2023)

• High Harmonic Generation

Laura Rego et al. Science (2019).
Introduces a new property of light beams with time-varying OAM along the light pulse: 
the self-torque of light
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OAH results
Data Analysis and plots by R. Almeida

LightSprings movies Orbital Group Velocity



Expanding the power of shaped pulses
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XCAN Experimental setup

61 channels 
bundle

NKT 40/200 
Yb doped 

fiber amplifier

Laser head

Microlenses 
array

JEAN-CHRISTOPHE CHANTELOUP



Full 61 channels phasing sequence
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Digital pulse shaping
High average power, high peak power
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C. Lechevalier, C. -A. Ranély-Vergé-Dépré, I. 
Fsaifes, R. Becheker, G. Boer and J. -C. 
Chanteloup, 
"Controlled Generation of Orbital Angular 
Momentum Beams With Coherent Beam 
Combining Digital Laser and Liquid-Crystal 
q-Plate," 
IEEE Photonics Journal, vol. 16, no. 4, pp. 1-5, 
Aug. 2024, 



We are just getting started
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First Direct Observation of a Wakefield Generated
with Structured Light
Aaron Liberman, Arxiv 2025

Interaction of Ultraintense Radially-Polarized 
Laser Pulses with Plasma Mirrors
N. Zaim et al, Phys. Rev. X 10 (2020)

J. Faure & R. Lopez-Martens, LOA V. Malka, Weizmann Institute of Science


