
Structured matter vortex 
waves 

Mohamed Babiker  
 

University of York; UK 
 

University of York, UK 1 

http://www.york.ac.uk/about/the-2010/


Laguerre-Gaussian LG(lp) 

2 

Gaussian G(0p) 

University of York, UK 

Aim: to create matter vortex waves 

( , , ) ( ) zik z il

lp lp lpz N k e e     



Introduction 
 Electron vortex waves: rapid and growing work 

 (recent reviews: Lloyd et al and Bliokh et al) 

 Work has begun on other matter vortex waves: 
atoms, positrons, neutrons and neutrinos 

 How successful is current work? 

 What are the practical limitations i.e. the 
feasibility of experimental work in the 
respective type of matter wave? 

 What new physics is expected in each category 
and what new applications are envisaged . 
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de Broglie: particle – wave duality 
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This is a universal characteristic of ALL particles 
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Typically in electron microscope  
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Which particles? The standard model 
Leptons 

First generation Second generation Third generation 
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https://en.wikipedia.org/wiki/Lepton
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Muon
https://en.wikipedia.org/wiki/Tau_(particle)
https://en.wikipedia.org/wiki/Electron_neutrino
https://en.wikipedia.org/wiki/Electron_neutrino
https://en.wikipedia.org/wiki/Muon_neutrino
https://en.wikipedia.org/wiki/Muon_neutrino
https://en.wikipedia.org/wiki/Tau_neutrino
https://en.wikipedia.org/wiki/Tau_neutrino
https://en.wikipedia.org/wiki/Quark
https://en.wikipedia.org/wiki/Up_quark
https://en.wikipedia.org/wiki/Up_quark
https://en.wikipedia.org/wiki/Charm_quark
https://en.wikipedia.org/wiki/Charm_quark
https://en.wikipedia.org/wiki/Top_quark
https://en.wikipedia.org/wiki/Top_quark
https://en.wikipedia.org/wiki/Down_quark
https://en.wikipedia.org/wiki/Down_quark
https://en.wikipedia.org/wiki/Strange_quark
https://en.wikipedia.org/wiki/Strange_quark
https://en.wikipedia.org/wiki/Bottom_quark
https://en.wikipedia.org/wiki/Bottom_quark
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The Really Fundamental particles 
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Mesons: quark-antiquark composites 
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Combinations of 
three u, d or s quarks forming 
baryons with a spin-3/2 form 
the uds baryon decuplet 

Baryons: 3-quark composites 

Combinations of 
three u, d or s quarks forming 
baryons with a spin-1/2 form 
the uds baryon octet 

https://en.wikipedia.org/wiki/Up_quark
https://en.wikipedia.org/wiki/Down_quark
https://en.wikipedia.org/wiki/Strange_quark
https://en.wikipedia.org/wiki/Eightfold_way_(physics)
https://en.wikipedia.org/wiki/Eightfold_way_(physics)
https://en.wikipedia.org/wiki/Eightfold_way_(physics)
https://en.wikipedia.org/wiki/Eightfold_way_(physics)
https://en.wikipedia.org/wiki/Up_quark
https://en.wikipedia.org/wiki/Down_quark
https://en.wikipedia.org/wiki/Strange_quark
https://en.wikipedia.org/wiki/Eightfold_way_(physics)
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Bigger Composite particles : Atoms and molecules 



Experimentally relevant vortex properties 

 Charge: own em fields: so far not featured much in 
electron vortex beams (strong field gradients: Lloyd 
et al PRL 2012,2013) 

 Particle-particle interactions 

 Spin: own spin magnetic moment 

 Mass: responsible for linear momentum and OAM 

 Dipole, quadrupole and higher moments, both 
electric and magnetic 

 Hence: Effects of electric and magnetic fields 

 Relativistic effects (Bialynicki-Birula et al, Barnett) 
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Stern-Gerlach experiment 

Stern–Gerlach experiment: silver atoms travel through an 
inhomogeneous magnetic field and are deflected up or 
down depending on their spin. 1: furnace. 2: beam of 
silver atoms. 3: inhomogeneous magnetic field. 4: 
expected result . 5: what was actually observed. 

Inhomogeneous 
magnet acts like a 
diffractive element: 
property: spin 
magnetic moment 
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Double slit experiment 



The Vienna experiments with fullerene   

60

2.5 pm 400 times 

smaller than the size

of C   

 



 Evidence of diffraction 

The most probable velocity of 210 m/s corresponds to a de Broglie 
wavelength for C60 of  2.5 pm ! 

 



 
 

CGH 

Phase plate Spiral sieve: exploits m-fold chiral 
rotational symmetry – real as well as 
accidental: m Fermat spirals 
 
York group (2017) 

 Particle vortex beam generation 



Aperture set of modes (York group) 
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Size of a vortex doughnut 
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SLAC experiment 
Hemsing et al, Nature Physics (2013) 
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SLAC electron beam 
Generating optical  
vortex beam 

Can we use SLAC-type  
facilities to generate 
other 
 particle beams? 

Nuclear physics with vortex beams 



Nuclear Physics with vortex beams 
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Courtesy D. Dutta, Sept 2016  



Production of atom/ion vortices. 

Atom Laser 

optical mask 

Atom/ion vortices (doughnut beams) 

Typically  for sodium cold atoms  

KE 1 

Corresponding to  speeds of order  
1s  few a  mmv

md  1 
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Atom vortex beams – optical mask 
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VE Lembessis, D 
Ellinas, M Babiker, O 
Al-Dossary, PRA89, 
053616 (2015) 



Neutron Vortex beams  
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Clerk et al, Nature 
525, 504–506  (2015) 

The phase plate for imparting extra quantum units of orbital angular 
momentum. Neutron waves fall on the face of this plate, made by milling 
a dowel of aluminum into a ramp-shaped spiral. The steeper the pitch of 
the milled phase plate, the more orbital angular momentum will be 
imparted to the neutron beam. Neutron interferometry 
 

Neutrons do not normally have 
orbital angular momentum. But the 
demonstration that a beam of 
neutrons can acquire this property, 
23 years after it was shown in 
photons, offers the promise of 

improved imaging technologies. R 

W Boyd: Nature (2015) 



Neutrons 

 Half-life of about 15 minutes (beta decay) 

 Neutral, so cannot be accelerated 

 Typical release energies of order several MeV (e.g. 
reactor) 

 Magnetic moment=−1.913 μN .  

 High penetration in most materials – imaging 

 The structures of metal hydride complexes  

       e.g. MgFeH have been assessed by neutron 

       diffraction 

 Neutron analysis of materials – use in  sensors 

 Are these properties likely to be enhanced with neutron 
vortex beams?  
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Neutrinos 
 Spin ½;  zero charge; tiny mass 

 Interact weakly with other particles and fields 

 Can be used to probe environments better than other 
forms of radiation (Earth’s, Sun and other planets’ cores) 

 Inter-stellar exploration (neutrino telescopes) 

 Communication: coherent neutrino message sent through 
780 feet of rock: Stancil et al Modern Physics Letters 
A. 27 (2012). Future research may permit binary neutrino 
messages to be sent immense distances through even the 
densest materials, such as the Earth's core. 

 Neutron vortex beams:first discussed by Hayrapetyan, 
Gotte and Dennis (NY ICOAM) 

 What benefits can emerge from vortex neutrino beams? 
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Applications (Electrons) 
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Opto-partico mechanics  

Laser 
beam for 
levitation 

Particle 
vortex beam  

Rotation due to 
particle vortex 
torque 

( ) * :  mass densityr m   

Linear momentum = k

Angular momentum = 

z

SM Lloyd, M Babiker, J Yuan,  
PRA  88 031802 (2013) 



     Conclusions 
 

 Basic concept: quantum diffraction of particles – particles as large 
as Bucky-balls (C60 ) 

 Particle vortex beam generation – electrons (being done: mostly 
mimicking optical vortex work). 

 Neutrons: first experiments reported– further work needed 

 Neutrinos – no experimental work yet; little theory 

 Protons; work would be desirable 

 Neutral atom and ion vortex beams: only theory so far 

 Molecules: ditto 

 Other elementary particles?  Too early to say! 

 Prospects of using particle vortex beams in communications; 
imaging; sensing; material analysis; astronomy, medicine 
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APS March Meeting 2016;Volume 61, Number 2; March 14–18, 2016; Baltimore, Maryland 
Abstract: Y52.00013 : Particle beams carrying orbital angular momentum, charge, mass and spin 
Authors: Teuntje Tijssen  
    (H H Wills Physics Laboratory, University of Bristol); Armen Hayrapetyan  
    (Max Planck Institute for the Physics of Complex Systems, Dresden);Joerg Goette  
    (Max Planck Institute for the Physics of Complex Systems, Dresden);Mark Dennis  
    (H H Wills Physics Laboratory, University of Bristol) 
Electron beams carrying vortices and angular momentum have been of much experimental and theoretical 
interest in recent years. In addition, optical vortex beams are a well-established field in optics and photonics. In 
both cases, the orbital angular momentum associated with the beam’s axial vortex has effects on the overall 
spin of the beam, due to spin-orbit interactions. A simple model of these systems are Bessel beam solutions (of 
either the Dirac equation or Maxwell equations) with a nonzero azimuthal quantum number, which are found by 
separation in cylindrical coordinates. Here, we generalize this approach, considering the classical field theory of 
Bessel beams for particles which are either massive or massless, uncharged or charged and of a variety of 
different spins (0, 12, 1, …). We regard the spin and helicity states and different forms of spin-orbit terms that 
arise. Moreover, we analyse the induced electromagnetic field when the particles carry charge. Most 
importantly, this unified field theory approach leads to the prediction of effects for vortex beams of neutrons, 
mesons and neutrinos. 
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Coherent Optical Vortices From Relativistic Electron Beams 
Erik Hemsing, Michael Dunning, Dao Xiang, Agostino Marinelli, and Carsten Hast 
SLAC National Accelerator Laboratory, 
Nature Physics (2013) doi:10.1038/nphys2712. 

 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 ˚Angstrom length and femtosecond time scales. 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 precision manipulation of the electron 
distribution. We present an experimental demonstration of light with 
orbital angular momentum (OAM) 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-convertor. 
Results confirm theoretical predictions, 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. 
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Abstract: We use a Mach-Zehnder 
interferometer to perform neutron 
holography of a spiral phase plate. 
The object beam passes through a 
spiral phase plate, acquiring the 
phase twist characteristic of orbital 
angular momentum states. The 
reference beam passes through a 
fused silica prism, acquiring a linear 
phase gradient. The resulting 
hologram is a fork dislocation 
image, which could be used to 
reconstruct neutron beams with 
various orbital angular momenta. 
This work paves the way for novel 
applications of neutron holography, 
diffraction and imaging.  
 
Sarenac et al, Optics Express 2016 
 
 

Holography with a 
neutron 

interferometer 



Creation of vortex beams 

 Need a good source of particle beams 

 Optical vortex beams: well studied; CGH and other methods , 
but SLAC experiments produced coherent OVs (including X-
rays) from relativistic electron beams (Hemsing et al, 2013) 

 Electron vortex beams: so far in electron microscopes also 
predominantly using CGH, but there are many other 
techniques 

 Neutron vortex beams: phase plate method so far 

 Neutral atoms vortex beams; CGH optical mask technique 
(theory: Lembessis et al ) 

 Neutrino vortex beams (theory: Hayrepetyan, Dennis, Gotte) 

 Can we create a vortex beam of any particle kind? 
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Interference of large molecules 

The Vienna experiments with fullerene   

Talbot -Lau interferometer 

60

2.5 pm 400 times 

smaller than the size

of C   

 



Diffraction of atoms in fork-like light field 
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Schattschneider, Ultramic 115, 21-25 (2012). 

Electron vortex beams: CGH method 


