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VORTEX STATES AS A NOVEL
TOOL FOR NUCLEAR AND PARTICLE PHYSICS 1

Vortex states of photons, electrons, and other particles are wave packets with helical wave
fronts, which carry an intrinsic orbital angular momentum (OAM) projection along their av-
erage propagation direction. Such states have already been produced experimentally, albeit at
low energies, and there are prospects to extend them into the MeV and GeV energy ranges. The
adjustable OAM carried by such wave packets represents a completely new degree of freedom
never exploited in particle and nuclear collisions. Anticipating future experimental progress,
one can ask what insights into nuclei and particles may be gained once collisions of high-
energy vortex states become possible. Here, we discuss the present-day situation and outline
the landscape of physics opportunities offered by high-energy vortex state collisions.
K e yw o r d s: vortex states, orbital angular momentum, proton spin puzzle.

1. Vortex States: A Brief Introduction
When describing high-energy collisions, one usually
assumes the initial state particles to be well approx-
imated by plane-wave. Real collisions take place be-
tween wave packets of finite extent; however, in nearly
all realistic situations, this fact does not play any sig-
nificant role and does not modify the differential cross
sections or spin-dependent variables.

Recently, a new direction of research has emerged,
in which one studies collisions of photons, electrons,
and other particles prepared in the so-called vortex
states, see [1–4] for recent reviews and [5] for an ex-
tension to other structured wave packets. A vortex
state is described by a coordinate-space wave function
𝜓(r) that, when written in cylindrical coordinates
(𝑟⊥, 𝜙𝑟, 𝑧), depends on the azimuthal angle 𝜙𝑟 via the
phase factor exp(𝑖ℓ𝜙𝑟), with an integer winding num-
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ber ℓ. It is this factor that leads to a non-zero intrinsic
OAM carried by this state (see Fig. 1). Note that this
OAM is not a collective effect but a feature of each
quantum of this state. Since the phase 𝜙𝑟 is unde-
fined at 𝑟⊥ = 0, the wave function must vanish on
the axis: 𝜓(𝑟⊥ = 0) = 0. The resulting phase vortex
line is topologically protected (cannot abruptly end),
which renders vortex states remarkably stable during
propagation from a source to the collision point.

Additional insights into the structure of a vortex
state can be gained in momentum space. As is well
known, a plane wave with momentum k0 is rep-
resented in momentum space by a delta function:
𝜑(𝑘) ∝ 𝛿(3)(k−k0). In contrast, the momentum space
wave function of the simplest vortex state, the so-
called Bessel state, is
𝜑(k) ∝ 𝛿(𝑘𝑧 − 𝑘0𝑧) 𝛿(|𝑘⊥| − κ) 𝑒𝑖ℓ𝜙𝑘 . (1)

In simple terms, a Bessel state is a superposition of
plane waves with equal energy, longitudinal momen-
tum, and the modulus of the transverse momentum

1 This work is based on the results presented at the 2025 “New
Trends in High-Energy Physics” Conference.
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arriving from all azimuthal angles 𝜙𝑘 and equipped
with corresponding phase factors. We stress again
that this delicate superposition is topologically pro-
tected by the phase vortex.

Extra care must be taken when dealing with vortex
states of electrons, photons, and other particles with
non-zero spin. Due to the intrinsic spin-orbit interac-
tion that exists even in freely propagating fields [1],
spin and OAM 𝑧-projections are, strictly speaking,
not conserved separately. Still, exact monochromatic
solutions of Maxwell’s or Dirac’s equations that de-
scribe vortex photons and electrons with definite lon-
gitudinal momentum 𝑘𝑧, modulus of the transverse
momentum κ, the total angular momentum 𝑗𝑧, and
helicity 𝜆 have been constructed [6–9]. In addition,
when tan 𝜃𝑘 ≡ κ/𝑘𝑧 ≪ 1, the paraxial approxima-
tion applies, and one can talk about approximately
conserved spin and OAM.

Bringing together spin and OAM opens up an op-
portunity that is entirely impossible for plane waves.
Namely, one can prepare a spin-OAM entangled
state, which is characterized by a polarization field
(spatially varying polarization vector) rather than a
global polarization vector (see illustrations in Fig. 2).
Potentially, this state will allow one to probe spin cor-
relations at different points inside a composite system
such as a nucleus or a hadron. There exist several
schemes for preparing an initial state in such spin-
OAM entangled states, including the very recent pro-
posal [11] of transforming an initially non-vortex elec-
tron beam into such a state through its interaction
with copropagating velocity-matched THz waveguide
modes.

Let us also briefly overview the current experimen-
tal situation in the field. Vortex photons have been
known and routinely used for decades. First produced
for optical-range photons [12], they were recently de-
monstrated in the soft X-ray range in controllable
single-OAM modes [13]. Very recently, evidence of
production of vortex photons with ℓ = 7 and energies
up to 0.8 MeV was found in an all-optical tabletop
experiment [14]. Numerous other proposals exist for
producing high-energy photons either by direct emis-
sion in undulators and wigglers or via backscattering
of low-energy photons from high-energy electrons [6]
or relativistic ions [15], see more information in the
review [4].

Ideas for the production of vortex electrons were
put forth in [16], which led to their successful de-

Fig. 1. The current lines and phase fronts of non-vortex Gaus-
sian state (left) and an ℓ = −1 vortex state (right). The insets
show the intensity distributions in the transverse plane as well
as the phase encoded in color. Adapted from [1]

Fig. 2. Several examples of the spin-OAM entangled states of
a spin-1/2 particle in vortex state that are described by polar-
ization field rather than polarization vector. Adapted from [10]

monstration by several research groups [17–19]. At
present, vortex electrons are usually produced in elec-
tron microscopes with moderately relativistic ener-
gies, 𝐸𝐾 = 300 keV, but with extremely tight fo-
cusing down to the single-angstrom level. Impressive
control over the OAM state, both in single mode and
specific superpositions, has also been achieved [1]. Se-
veral proposals exist for bringing vortex electrons into
multi-MeV or even GeV energies; they make use of
electron emission inside magnetic fields [20], energy
up-conversion via scattering [21], and the production
of particles in heavy-ion collisions [22]. There is also
ongoing theoretical and experimental work on the di-
rect acceleration of lower energy vortex electrons in-
side a linac without disrupting their OAM proper-
ties [23–25].

Vortex states of cold neutrons [26, 27] and slow
atoms [28] have also been demonstrated. In both
cases, one first prepares a non-vortex wave packet
of sufficiently large transverse coherence length, of
the order of a micrometer, and then lets it pass
through a fork diffraction grating that endows the
wave packet with a non-zero OAM. Whether a simi-
lar approach will work for other hadrons, in particu-
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lar, protons, antiprotons, and ions, requires dedicated
experimental efforts. In particular, experimental vor-
tex ion physics is included in the scientific program
of the China Advanced Nuclear Physics Research Fa-
cility in Huizhou, China, which will enter operation
in the near future [29].

To summarize, vortex states offer several key nov-
elties that are unavailable in experiments with plane
waves or broad Gaussian wave packets:

∙ a new adjustable degree of freedom, OAM, of the
initial state;

∙ a very particular superposition of plane waves,
which is topologically protected during wave packet
propagation;

∙ exotic polarization opportunities offered by spin-
OAM entangled states.

It is intriguing to explore what new insights into
the structure and interactions of nuclei and hadrons
will follow once collisions of MeV to GeV range vortex
states become available.

2. Nuclear Physics Opportunities

One can benefit from the unique properties of vortex
states already in single-vortex experiments, where a
vortex photon, electron, or neutron is scattered or ab-
sorbed by a fixed microscopic target, such as an atom
or a nucleus. An interesting proposal for making use
of vortex electrons in nuclear physics was put forth in
[30]. It is well known that nuclei of certain isotopes
can exist in long-lived isomeric states, storing excita-
tion energy for a long time. If one manages to control
the evolution of the isomeric state, it would be pos-
sible to dramatically speed up its energy release. Va-
rious proposals have been discussed on how to trigger
the transition of an isomer to a higher-lying gate-
way state followed by its prompt decay to the ground
state, including the idea of using nuclear excitation
by electron capture (NEEC) described in [31]. In the
NEEC process, an external electron is captured on a
vacant energy level of an atom or ion, but instead of
emitting a photon, the energy is reabsorbed by the
nucleus within the same atom or ion. The first exper-
imental evidence of the 93𝑚Mo isomer depletion by
the NEEC process was reported in 2018 [32], which
immediately stirred some controversy [33].

This hot topic prompted the authors of [30] to sug-
gest using vortex electrons for the NEEC process. In-
deed, if the electron is to be captured onto an elec-
tronic orbital with a specific non-zero OAM, vortex

electrons carrying an intrinsic OAM and a tailored
wave function are ideally suited for this process. The
authors of [30] predict an enhancement of up to four
orders of magnitude in the depletion rate for the same
isomer 93𝑚Mo compared to its spontaneous nuclear
decay.

Another tantalizing opportunity for photonuclear
processes was recently described in [34,35]. It is well-
known that the cross section of gamma photon ab-
sorption by a nucleus as a function of the photon en-
ergy displays a sequence of giant resonances in the
MeV range. The dominant peaks are due to giant
dipole resonances (GDR); higher multipole transi-
tions are also possible but detecting them is extremely
challenging due to the huge GDR background. Howe-
ver, a vortex photon carries a total angular momen-
tum 𝑚𝛾 , which differs from helicity and can be ad-
justed externally. As a result, its absorption dramati-
cally modifies the selection rules: if the nucleus is po-
sitioned exactly on the axis, transitions with multipo-
larity 𝐽 < 𝑚𝛾 are forbidden. By using vortex photons
with 𝑚𝛾 = 2, one can fully suppress GDR and detect
the otherwise weak giant quadrupole resonance. Ho-
wever, to realize this scheme, one must achieve subpi-
cometer-scale precision for the location of the nucleus
with respect to the vortex photon axis. If this chal-
lenge is met, one could achieve unprecedented con-
trol over nuclear transitions by selectively switching
on and off specific multipolarities.

Vortex neutrons, too, can lead to novel nuclear ef-
fects. Consider, for example, the scattering of slow
neutrons on a nucleus. As first realized by Schwinger
in 1948 [36], the amplitude of this process contains
not only the isotropic strong interaction contribution
𝑎 but also the spin-dependent electromagnetic contri-
bution that arises from the coupling between the neu-
tron’s magnetic moment and the electric field of the
nucleus, which generates a non-zero magnetic field in
the frame of the moving neutron. The total scattering
amplitude for a plane-wave neutron is then

𝑓𝜆𝜆′(n,n′) = 𝑤′†
𝜆′(𝑎+ 𝑖𝜎 ·B)𝑤𝜆,

B ∝ [n× n′]

(n− n′)2
,

(2)

where n, n′ are the unit vectors in the directions of
the initial and final neutron, while 𝑤𝜆 and 𝑤′

𝜆′ are
the corresponding spinors with helicities 𝜆 and 𝜆′. If
the incident neutron is polarized along the direction
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𝜁, the cross section summed over the final polariza-
tions is

𝑑𝜎(n,n′, 𝜁)

𝑑Ω′ = |𝑎|2 + |B|2 + 2(B · 𝜁)ℑ 𝑎. (3)

One sees that this cross section is insensitive neither
to the spin component 𝜁𝑧 nor to the real part of the
strong scattering amplitude.

These conclusions change if the incident neutron
is in a vortex state [37, 38]. If a wave packet moves,
on average, along the direction n, it contains plane-
wave components with various momenta p, which are
not parallel to n (see Fig. 3). The cross section is now
peaked not in the forward direction but along the cone
of directions defined by the plane-wave components
p. Moreover, due to the mismatch between p and n,
the cross section acquires sensitivity to both 𝜁𝑧 and
to ℜ 𝑎. It is especially interesting that these effects
are present even for very slow neutrons and can be
tested at existing neutron facilities, provided that a
sufficiently high flux of vortex neutrons is achieved.

We note in passing that the decay of the vortex
neutron, or of the vortex muon, is of interest on its
own right as it displays novel spectral-angular fea-
tures that are further modified for spin-OAM entan-
gled states [39–41].

3. Collisions of Vortex
States: the Key Features

In particle and nuclear physics, the intrinsic OAM of
the initial state represents a new, previously unex-
plored degree of freedom. It is interesting to under-
stand what insights collisions of such states can of-
fer [4]. One particularly intriguing opportunity would
be to set up vortex electron-proton scattering, ei-
ther elastic, inelastic, or deep inelastic, and gain new
insights into the proton spin decomposition puzzle
[42]. To clearly understand these new opportunities,
one must begin by developing an appropriate descrip-
tion of collisions between two vortex states.

The theoretical investigation of high-energy colli-
sions of vortex states began more than a decade ago
[6, 7, 43, 44]. The key point is to realize that, when
dealing with specific wave packets, one does not need
to update the quantization procedure or generate a
new set of Feynman rules; instead, plane-wave ex-
pressions can be reused by weighting them with ap-
propriate momentum-space wave packets. The calcu-
lations are based on the formalism of general wave

Fig. 3. Momentum space illustration of the vortex neutron:
the cone represents the plane-wave components with momenta
p, which are not parallel to the average propagation direction
n. The scattered neutron moves alone n′

packet scattering first developed in [45] and recently
improved in [46]. Consider for definiteness a generic
2 → 2 scattering of plane waves with four-momenta
𝑘1, 𝑘2 into final-state plane waves with momenta 𝑘′1
and 𝑘′2; we also denote the total final momentum by
𝐾 ≡ 𝑘′1 + 𝑘′2. The plane-wave 𝑆-matrix element is
usually expressed as

𝑆𝑃𝑊 = 𝑖(2𝜋)4𝛿(4)(𝑘1 + 𝑘2 −𝐾)
ℳ√︀

16𝐸1𝐸2𝐸′
1𝐸

′
2

, (4)

where ℳ = ℳ(𝑘1, 𝑘2; 𝑘
′
1, 𝑘

′
2) is calculated according

to the standard Feynman rules. For non-plane-wave
initial states, one introduces a suitably normalized
momentum space wave function 𝜑𝑖(𝑘𝑖) and writes the
𝑆-matrix element as

𝑆 =

∫︁
𝑑3𝑘1
(2𝜋)3

𝑑3𝑘2
(2𝜋)3

𝜑1(𝑘1)𝜑2(𝑘2)𝑆𝑃𝑊 . (5)

The number of events per unit time is written as

𝑑𝜈 =
(2𝜋)7𝛿(𝐸)

4𝐸1𝐸2
|𝑓 |2 𝑑3𝑘′1

(2𝜋)32𝐸′
1

𝑑3𝑘′2
(2𝜋)32𝐸′

2

, (6)

where 𝛿(𝐸) stands for 𝛿(𝐸1 +𝐸2 −𝐸′
1 −𝐸′

2) and the
wave-packet-weighted amplitude is

𝑓=

∫︁
𝑑3𝑘1
(2𝜋)3

𝑑3𝑘2
(2𝜋)3

𝜑1(𝑘1)𝜑2(𝑘2)𝛿
(3)(k1 + k2 −K)ℳ.

(7)

The cross section is defined via 𝑑𝜈 = 𝑑𝜎 ·𝐿, with 𝐿 be-
ing the luminosity function for the initial state wave
packets. Its general expression in terms of Wigner’s
functions was derived in [46]; within the paraxial ap-
proximation, it can be simplified to

𝐿 = 𝑣rel

∫︁
𝑑3𝑟 𝑑𝑡 |𝜓1(r, 𝑡)|2|𝜓2(r, 𝑡)|2, (8)
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Fig. 4. Two pairs of plane-wave components in Bessel state
collisions that lead to the same final state

where 𝑣rel is the relative velocity between the centers
of mass of the colliding wave packets.

A key novelty of vortex state collisions is a new
dimension that appears in the final phase space dis-
tribution. Recall that, for plane-wave scattering, the
transverse momentum differential cross section has
the form

𝑑𝜎PW ∝ 𝛿(2)(𝑘⊥) |ℳ|2𝑑2𝑘′1⊥𝑑2𝑘′2⊥ = |ℳ|2𝑑2𝑘′1⊥,

where 𝛿(2)(𝑘⊥) stands for 𝛿(2)(k1⊥+k2⊥−k′
1⊥−k′

2⊥).
Put simply, since the initial total momentum is fixed,
the final total momentum K⊥ is also fixed. Therefore,
for any value of the first final particle’s momentum
k′
1⊥, the momentum of the second particle is uniquely

defined. However, in vortex particle scattering, this
intuition does not apply. The momentum delta func-
tion that enters the scattering amplitude 𝑓 in Eq. (7)
is smoothed out by the momentum space integra-
tion and disappears form the final phase space in
Eq. (6). Thus, in the scattering of two vortex states,
one can study distributions in k′

1 and, simultaneously,
in k′

2. Alternatively, one can explore a distribution in
the total transverse momentum K⊥, a feature that
was altogether impossible in plane-wave collisions. It
is this new dimension in the final state phase space
that exhibits various interference effects that can be
used to probe the scattering process in a novel way.

4. Novel Opportunities
in Vortex State Scattering

Consider, for definiteness, the collision of two Bessel
vortex states. It follows from Eq. (1) and momentum
conservation that, for each kinematically available to-
tal transverse momentum from the annular region
|κ1 − κ2| ≤ 𝐾⊥ ≤ κ1 + κ2, one can find exactly
two initial-state plane-wave pairs contained within
the corresponding Bessel states that lead to the same
final state with k′

1 and k′
2, as schematically shown in

Fig. 4. The plane-wave scattering amplitudes corre-
sponding to different initial states yet leading to the

same final state interfere [44, 47–49]:

𝑓 = 𝑐𝑎 ℳ𝑎(𝑘1𝑎, 𝑘2𝑎; 𝑘
′
1, 𝑘

′
2)+

+ 𝑐𝑏 ℳ𝑏(𝑘1𝑏, 𝑘2𝑏; 𝑘
′
1, 𝑘

′
2), (9)

𝑑𝜎 ∝ |𝑐𝑎ℳ𝑎 + 𝑐𝑏ℳ𝑏|2.

As a result, one expects interference fringes in the
annular region of K⊥, which depend on the magni-
tude of |K⊥| via the oscillatory coefficients 𝑐𝑎 and 𝑐𝑏
(see Fig. 5).

Even more remarkable is that this interference pat-
tern allows access to the scattering angle-dependent
phase of the overall scattering amplitude. Consider
elastic electron-electron scattering. At tree level, the
scattering amplitude is real with a suitable choice of
spinors, but multi-photon exchanges generate an ad-
ditional phase factor that depends on the scattering
angle. Consequently, the total plane-wave scattering
amplitude can be written schematically as

ℳ = |ℳ|𝑒𝑖Φ(𝜃), Φ(𝜃) ≈ Φ0 + 2𝛼𝑒𝑚 ln(1/𝜃). (10)

The so-called Coulomb phase Φ(𝜃) depends on the
scattering angle and its exact definition has been a
matter of debate since the 1960s. In plane-wave scat-
tering, the differential cross section is 𝑑𝜎 ∝ |ℳ|2,
which is insensitive to the phase. The same issue of
an unknown overall phase arises in hadron scattering,
such as high-energy 𝑝𝑝 or 𝑝𝑝 scattering, as well as the
low-energy photoproduction of strange hadrons, such
as 𝛾𝑝 → 𝐾+Λ. Such processes are notorious due to
the many interfering partial waves, and it has been
repeatedly stated that the analysis would benefit sig-
nificantly if we could measure the overall phase of the
amplitude [50].

It turns out that vortex scattering indeed offers ac-
cess to the 𝜃-behavior of the total scattering ampli-
tude. The two interfering amplitudes in Eq. (9), ℳ𝑎

and ℳ𝑏, correspond to two different scattering an-
gles 𝜃𝑎 and 𝜃𝑏. Therefore, they have a relative phase,
which leads to a peculiar distortion of the interference
pattern visible in Fig. 5, right, and can be extracted
from experimental data through a suitable asymme-
try [48].

A similar analysis was recently presented for the
vortex 𝑝𝑝 → 𝑒+𝑒− annihilation [51]. Here, one must
consider the electromagnetic form factors of the pro-
ton 𝐺𝐸 and 𝐺𝑀 in the timelike region, where they ac-
quire phases, and the possible relative phase between
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Fig. 5. Interference fringes in the
K⊥ distribution in elastic scatter-
ing of two Bessel-state electrons.
The Coulomb scattering ampli-
tude is either purely real (left)
or bears an additional phase fac-
tor with an artificially enhanced
Coulomb phase (right). Adapted
from [48]

them can be extracted from a similar distortion of the
interference fringes. Furthermore, the technique for
extracting additional features of the scattering ampli-
tude unavailable in plane-wave collisions can be gen-
eralized to other forms of waveform-engineered wave
packets [5].

Another impressive, and even counterintuitive, fea-
ture of vortex state collisions is that they allow one
to study spin-dependent quantities in a fully inclusive
and unpolarized setting [52, 53]. Let us illustrate this
with the example of a generic vector meson produc-
tion in vortex 𝑒+𝑒− annihilation.

We begin with a plane-wave collision and use a sim-
ple Ansatz for the transition amplitude:

ℳ𝜁1𝜁2𝜆𝑉
= 𝑔 𝑣𝜁2(𝑘2) 𝛾𝜇 𝑢𝜁1(𝑘1)𝑉

𝜇*
𝜆𝑉

(𝐾) ∝

∝ 𝜆𝑉 cos 𝜃𝑉 + 2𝜁. (11)

Here, 𝜁 ≡ 𝜁1 = −𝜁2 = ±1/2 and 𝜆𝑉 = −1, 0,+1
are the helicities of 𝑒−, 𝑒+, and the vector meson 𝑉 ,
respectively. The amplitude depends on the helicities,
and so does the differential cross section:

𝑑𝜎PW ∝ 1 + cos2 𝜃𝑉 + 2𝜆𝑉 · (2𝜁) · cos 𝜃𝑉 . (12)

However, if the initial 𝑒+𝑒− pair is unpolarized, the
last term drops, and the produced meson is unpolar-
ized as well: 𝑑𝜎PW(𝜆𝑉 = +1) = 𝑑𝜎PW(𝜆𝑉 = −1).

The above result may seem totally obvious. Howe-
ver, this intuition fails for vortex 𝑒+𝑒− annihilation.
As discussed above, the momentum of the final vector
meson K is not fixed, so that one can study differen-
tial distribution in the transverse plane K⊥. Compu-
tation of the amplitude presented in [52, 53] can be
schematically written as

ℳ𝜁,−𝜁,𝜆𝑉
∝ (𝜆𝑉 cos 𝜃𝑉 + 2𝜁) · (𝑐1 + 2𝜁 · 𝑐2), (13)

where 𝑐1 and 𝑐2 are the oscillating factors that depend
on𝐾⊥, just as in Eq. (9). As a result, the cross section
for the unpolarized vortex 𝑒+𝑒− annihilation reads:

𝑑𝜎v ∝ (𝑐21 + 𝑐22)(1 + cos2 𝜃𝑉 ) + 2𝑐1𝑐2𝜆𝑉 cos 𝜃𝑉 . (14)

We arrive at a remarkable conclusion: the vector me-
son ejected at specific polar angle 𝜃𝑉 is partially po-
larized, even though it is produce in unpolarized vor-
tex electron and positron collision.

The explanation of this puzzling effect comes from
the intrinsic spin-orbit interactions within the free-
propagating fermions. When we define an unpolar-
ized vortex electron, we assume that it carries a
well-defined (half-integer) total angular momentum 𝑗.
This electron wave can be found in the helicity states
with 𝜁 = +1/2 or −1/2 with equal probabilities. Ho-
wever, due to the spin-orbit interaction, these two
helicity components exhibit different spatial arrange-
ments. Therefore, when two such states collide, the
collision probabilities for the two helicity options
can be distinct and production-angle dependent. This
non-equivalent spatial organization serves as a bias
towards one or the other sign 𝜆𝑉 .

We conclude by noting that it is precisely this new
way to access spin-dependent properties of the pro-
ton, or other hadrons, that makes vortex state colli-
sions a potentially intriguing tool for understanding
the proton spin structure [42]. One can envision the
vortex version of deep-inelastic scattering (DIS), in
which both the electron and the proton are in the
vortex state. By making use of the new kinematical
dimension and novel observables and structure func-
tions, one can probe the transverse-momentum de-
pendent spin structure of the proton in a more in-
clusive, less differential way. Although the potential
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application of vortex scattering to the proton spin
structure was already mentioned in the first paper
on vortex-vortex scattering [44], no dedicated study
of vortex DIS has been published so far. This repre-
sents one of the most promising directions for future
theoretical work in the physics of vortex states.

5. Conclusions

In summary, the physics of vortex states is an
emerging interdisciplinary field that links beam
physics, atomic physics, optics, nuclear, and particle
physics. Vortex states offer new degrees of freedom
never before used in nuclear and particle physics: ad-
justable, topologically protected initial-state OAM,
new dimensions in the final phase space, and spin-
OAM entanglement, which provide much richer po-
larization options. Remarkable effects, hard or im-
possible to observe with plane-wave scattering, are
theoretically predicted and await experimental veri-
fication. While experimental progress is slow due to
significant challenges, recent results inspire hope that
within a decade we will have access to multi-MeV
vortex electrons, photons, or hadrons. It is timely to
gather further theoretical input on the novel opportu-
nities offered by vortex states across various branches
of physics.

The author expresses sincere gratitude to the con-
ference organizing team from Taras Shevchenko Na-
tional University of Kyiv and the local organizers
from Batumi Shota Rustaveli State University for
their dedication and hard work, which was partic-
ularly challenging in the wake of the tragic loss of
Prof. László Jenkovszky, the long-time leader of the
conference series.
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I.П. Iванов

ВИХРОВI СТАНИ ЯК НОВИЙ IНСТРУМЕНТ
ДЛЯ ЯДЕРНОЇ ФIЗИКИ ТА ФIЗИКИ ЧАСТИНОК

Вихровi стани фотонiв, електронiв та iнших частинок – це
хвильовi пакети зi спiральними хвильовими фронтами, якi
несуть проекцiю власного орбiтального кутового моменту
(ОКМ) вздовж свого середнього напрямку поширення. Та-
кi стани вже були отриманi експериментально, хоча й при
низьких енергiях, i iснують перспективи поширити їх на дi-
апазони енергiй порядку МеВ та ГеВ. Регульований ОКМ,
що переноситься такими хвильовими пакетами, являє со-
бою абсолютно новий ступiнь вiльностi, який нiколи не ви-
користовували у зiткненнях частинок та ядер. Передбача-
ючи майбутнiй експериментальний прогрес, можна запита-
ти, якi знання про ядра та частинки можна отримати, коли
зiткнення високоенергетичних вихрових станiв стануть мо-
жливими. В данiй роботi ми обговорюємо сучасну ситуацiю
та окреслюємо фiзичнi можливостi, якi пов’язанi iз зiткне-
ннями високоенергетичних вихрових станiв.

Ключ о в i с л о в а: вихровi стани, орбiтальний кутовий мо-
мент, загадка протонного спiну.
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