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1. Introduction: 

• Twisted photons, 

• Twisted matter waves: vortex electrons, neutrons, atoms, their scattering, etc. 

• Angular-momentum-dominated beams 

2. Vortex ions: possible generation strategies

3. Generalized measurements and entanglement in collisions

4. Conclusion and outlook
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Introduction: twisted photons

Classical light: 
• Plane waves

• Spherical waves

• Cylindrical waves

Quantum light: 

• Plane-wave photons

• Spherical (waves of) photons

• Cylindrical (waves of) photons 

or the twisted photons

Each wave can be represented as a superposition 
of the waves from the other set

Each function in a set can be represented 
as a superposition of the functions

from the other set

Plane vs. spherical

https://www.researchgate.net/profile/Miikka-Tikander-2/publication/242641740/figure/fig1/AS:298423984115712@1448161230440/Propagation-of-a-plane-waves-and-b-spherical-waves_W640.jpg
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Introduction: twisted photons

• Plane-wave photons: ௫, ௬, ௭ + polarization

• Spherical (waves of) photons: | |, l, m (= ௭) + polarization

• The cylindrical (twisted) photons: ୄ, ௭, m (= ௭) + polarization
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Doughnut- (or bagel-, Brezel-) 
shaped spatial distribution

The uncertainty relation: 
the definite L_z implies undefined azimuthal angle!

P. Carruthers, M.M. Nieto, 
Rev. Mod. Phys. 40, 411 (1968)
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Twisted EM waves (photons) are naturally generated 

• In cylindrical waveguides 

• By charged particles via non-linear Thomson or Compton scattering

• By synchrotron radiation in strong magnetic fields 

• Nearby rotating black holes

• Via Cherenkov, transition radiation, 

Smith-Purcell radiation, during channeling, etc.

• In helical undulators (say, at FELs)

• Nearly always when the particle trajectory 

is helical
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Twisted photons generated in neutron stars
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DK, Di Piazza, PRD 108, 063007 (2023);  Pavlov, DK, PRD 109, 036017 (2024)
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Introduction: twisted matter waves

– plane waves

– spherical waves

– cylindrical waves
(Bessel beams)

K.Y. Bliokh, et al., PRL 99 (2007) 190404

B.A. Knyazev, V.G. Serbo, Phys.-Usp. 61 449 (2018)
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Twisted matter waves:
Exact solutions to free Schrödinger equation

D.K., New J. Phys. 23 (2021) 033048

The standard Laguerre-Gaussian packet (orthogonal set):

The elegant Laguerre-Gaussian packet (bi-orthogonal set):
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M. Uchida and A. Tonomura, Nature 464, 737 (2010),
J. Verbeeck, et al., Nature 467 (2010) 301–304,
B. J. McMorran, et al., Science 331, 192 (2011) 9/33

Introduction: twisted matter waves

The first generation of vortex electrons

- The highest electron energy is 300 keV (TEM)

- The highest angular momentum is ~ 1000!

(the magnetic moment is much larger than the Bohr magneton!)

- The smallest spot size is 0.1 nm!

Atomic scale!

Introduction: 
twisted photons, 
vortex electrons, 
atoms, etc.

- Vortex ions: 
generation 
strategies

- Vortex beams 
via generalized 
measurements

- Conclusion



10/33

Introduction: twisted matter waves

K.Y. Bliokh et al. / Physics Reports 690 (2017) 1–70
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Vortex particles instead
of spin-polarized ones!
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Introduction: twisted matter waves
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Spin  Orbital Angular Momentum (OAM), 
Total AM = OAM+spin

Relativistic symmetry conserves total momentum, 
not spin or OAM separately!

However, a wave has OAM only if it is spatially localized
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Spin-orbital coupling of a relativistic fermion

Introduction: 
twisted photons, 
vortex electrons, 
atoms, etc.

- Vortex ions: 
generation 
strategies

- Vortex beams 
via generalized 
measurements

- Conclusion

Bohr magneton

OAM contribution
Non-paraxial corrections

DK, PRA 98, 012137 (2018)
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The generalized cross section

The probability

The luminosity
via the Wigner functions

The correlator

Introduction: twisted matter waves
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When the wave packets are wide:

Even the first term is NOT yet the plane-wave cross section!

Introduction: twisted matter waves

DK, Serbo, PRD 101, 076009 (2020)
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The correction due to quantum interference:

Introduction: twisted matter waves

DK, Serbo, PRD 101, 076009 (2020)
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With the vortex particles, the cross section does depend 
on the amplitude’s phase already at the tree level!

Introduction: twisted matter waves
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Collision of a Gaussian packet with a vortex packet

S-channel at

Leptons:

Hadrons:
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Quantum interference

An effective impact-parameter 
(akin to Goos-Hänchen shift in optics):

Scattering assymetry:

DK, Serbo, PRD 101, 076009 (2020)
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Ch. W. Clark, et al., Nature 525, 504 (2015)
19/33

Introduction: twisted matter waves

At the National Institute of Standards and Technology (NIST)

E = 11 meV, wavelength = 0.27 nm,
sub-micrometer transverse coherence length

New means for neutron optics and low-energy nuclear physics!
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Sarenac et al., Sci. Adv. 8, eadd2002 (2022) 20/33

The more recent technique: arrays with N = 2500 on silicon substrates
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What's the use of twisted neutrons?

Plane-wave scattering amplitude

Strong amplitude EM amplitude

For thermal neutrons with the energies
~ 25 meV and

The standard cross section 
summed over spin states of final neutrons:

Transverse polarization 
of the incoming neutron 

No sensitivity to:
1. The neutron’s helicity
2. Re a

J. Schwinger, Phys. Rev. 73, 407 (1948)
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For a twisted neutron

Neutron helicity!Helicity asymmetry:

For a target of a finite width, 
we average the probability with

Depends on Re a!

Afanasev, DK, Serbo, 
PRC 103, 054612 (2021)
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Introduction: twisted matter waves

August 2021!

Luski et al., Science 373, 1105 (2021)

Wavelength = 90 pm, 
Transverse coherence length ~ 840 nm
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Introduction: twisted matter waves

Luski et al., Science 373, 1105 (2021)

Helium and neon atoms and dimers

Wavelength = 90 pm, 

Transverse coherence length ~ 840 nm
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Planar-to-circular beam adapters:
analogous to Hermite-Gaussian  Laguerre-Gaussian conversion of light

Burov A, Nagaitsev S and Derbenev Y, 
Phys. Rev. E 66 016503, 2002

• Round beams for circular colliders: 
elimination of betatron resonances, increase of the beam lifetime.

• Flat beams for linear colliders: 
to increase the luminosity and to suppress the beamstrahlung, 
and to enhance the efficiency of generation of em radiation 

from X-rays to THz (say, for Smith-Purcell radiation). 

25

Angular-momentum-dominated beams
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The Busch theorem: 
a charged particle in magnetic field gets vorticity

In quantum realm, the canonic OAM is an integer:

(ħ=1)
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The Busch theorem: 
a charged particle in magnetic field gets vorticity

The flux of the field through the area of the beam (classical) 
or of the wave packet (quantum):

Akin to the Aharonov-Bohm effect:
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Busch H 1926 
Berechnung der Bahn 

von Kathodenstrahlen im 
axialsymmetrischen 
elektromagnetischen 
Felde Ann. Phys. 386 

974
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Angular-momentum-dominated beams



<L> is conserved during the acceleration!
Canonical angular momentum versus charge (a) and photocathode drive-laser beam spot size (b).

Up to <L> ~ 10^8*ħ!

• UV laser, cesium telluride photocathode
• e: 4 MeV/c  16 MeV/c after the booster cavity

30

Angular-momentum-dominated beams



Stripping medium technique

Nitrogen: Z from +3 to +7

Uranium: Z from +33-34 to +77-81The energies: from 10s to 100s MeV/u 31

Magnetized stripping foil technique for ions



Stripping medium technique

Requirements:

• Negligible space charge

• Large transverse coherence (much easier than for cathode emission!)

• No emittance degradation: small scattering in the target

K. Floettmann, D.K., PRA 102, 043517 (2020); D.K., New J. Phys. 23 (2021) 033048
32

The quantum Busch theorem for ions:

Magnetized stripping foil technique for vortex ions



Stripping medium technique

33

The numerical estimate:

Magnetized stripping foil technique for vortex ions

Requirements:

• Fields of H ~ 1 T or larger

• The transverse coherence of the ion ~ 100 nm or larger

What are the distances to achieve this transverse coherence?



*Ehberger D, et al., Phys. Rev. Lett. 114, 227601 (2015)
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Electron wave packets: reference numbers

The rms-radii in SEMs, TEMs, electron accelerators, photo-electrons, etc.: 

~ 1-100 nm

Example 1: a radius of the ground Landau state in the field H ~ 0.1-10 T is

Example 2: the transverse coherence length of an electron
from a Tungsten photo-cathode or a field-emitter (at room temperature) is*  

~ 0.5 - 1 nm

~ 10-100 nm
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Proton/light ion wave packets

Naively, the proton wave packets are m_p/m_e ~ 1800 times narrower:

~ 1-100 pm

The general spreading law is

For the Laguerre-Gaussian beam this leads in the far-field (<z>  >> z_R) to

For the Gaussian mode, n= ell=0, this is simply the van Cittert–Zernike theorem!

D.K., New J. Phys. 23 (2021) 033048
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Stripping medium technique

36

Transverse coherence length of single ions

Consider

If the initial transverse coherence length of the ion is as large as 

then the micrometer-sized transverse coherence of

is achieved at the distance 

z ~ 10 m!
(or less for pm-scale initial coherence)

One needs a several-meter long straight beam line 
of a linac or a storage ring!

The conservative estimate

(say, for the beams available at GSI)



In linear fields, the OAM, the beam quality,

and the emittance are conserved!

37

The real inhomogeneous fields can be approximated as:

Accelerating vortex electrons, protons, ions, etc.

The fields may be inhomogeneous for a beam,

but still homogeneous

for the ion/proton/electron packet!
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Generation of vortex particles via generalized measurements

Consider 2 2 scattering/annihilation:

ep  ep, e+mu e+mu,  gamma+p gamma+p, etc.
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Generation of vortex particles via generalized measurements

The momentum conservation law implies

If one final particle is detected as a plane wave, 
the second one automatically turns out to be the plane wave 

with no vorticity!
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The electron is detected in a state

The detector function can be of the Gaussian form:

1. The projective (von Neumann) measurements: the errors are vanishing

2. The generalized (realistic) measurements: some errors can be finite:

a. Without the loss of information

b. With the loss of information

Generation of vortex particles via generalized measurements
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Projective: a plane-wave state Projective: a Bessel beam Generalized: a Bessel-like wave packet

Generation of vortex particles via generalized measurements

D.K., et al., Eur. Phys. J. C 83, 372 (2023)
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D.K., et al., Eur. Phys. J. C 83, 372 (2023) 42/33

When the uncertainty approaches 2 pi:

Generation of vortex particles via generalized measurements

Cherenkov radiation:
the electron scattering angle 

is ~ 10^-5 – 10^-6!  
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1. Non-dipolar coupling between bound electrons and the center-of-mass

2. Twisted light can also interact with the twisted center-of-mass:

new transitions allowed, new absorption/emission lines

3. Quantum optical phenomena with twisted atoms/ions: entanglement, interferometry,

Schrödinger cat states, etc. – see also Igor Ivanov, Ann. Phys. (Berlin) 2021, 2100128

4. Relativistic twisted ions can resonantly scatter twisted photons (Gamma-factory)

– see also DK, Serbo, Surzhykov, PRA 104, 023101 (2021)

5. How to diagnose vorticity of ions?

a.) Interaction of twisted light with a twisted ion

b.) Listen to Anna Maiorova‘s very next talk!

New effects with vortex atoms and ions
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Summary

1. The established techniques for angular-momentum dominated beams
of ions and electrons can be extended to quantum realm

2. Vortex beam of ions/protons can be generated:

• By diffraction on fork gratings,

• Via magnetized stripping foil technique,

• Via generalized measurements technique

3. Vortex ions/protons/electrons:

• Can be stored in Penning traps,

• Can be accelerated in a linac,

4. In a storage ring, the longitudinal vorticity is not conserved.
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