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Abstract

Theoretical evaluation of the quadratic Zeeman effect is implemented for
the wide range of Z. The one-photon-exchange correction is evaluated within
standard QED. In order to take into account the higher orders in 1/Z various
screening potentials are used. The self-energy correction is calculated using the
rigorous QED approach. The electric-loop contribution to the vacuum-polarization
correction is calculated employing the Uehling potential.

Key words: highly charged ions, bound-state quantum electrodynamics, rela-
tivistic atomic theory, Zeeman effect

The significant progress was achieved in the last two decades in the field of g factor
of highly charged ions as a result of both experimental and theoretical work [1, 2].
The substantial accuracy improvement of the electron mass determination has been
reached in these studies [3]. It’s expected that high-precision g-factor measurements
in hydrogen-, lithium- and boronlike ions will provide an independent determination
of the fine structure constant α [4, 5]. The ALPHATRAP project is aimed at the
g-factor measurements in the ground state for wide range of highly charged ions
including boronlike ones [11]. In the framework of this project the g factor of boronlike
argon 40Ar13+ was measured [10]. The ARTEMIS experiment to measure the Zeeman
splitting in middle-Z boronlike ions is also carried out [12, 13]. In particular, the first
of the investigated ions was also boronlike argon 40Ar13+. At present, the g factor has
been well investigated theoretically including the QED, interelectronic-interaction and
nuclear effects (see e.g. [14]). The leading order of the quadratic Zeeman effect, the
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one-loop QED correction, and the one-photon-exchange correction for boronlike argon
have been calculated in Ref. [7]. The leading order of the cubic Zeeman effect has
been evaluated in Ref. [8].

The studies of the quadratic Zeeman effect have about of 80-years history and
run since 1930s starting from the discovery by Jenkins and Segré and its quantum
mechanical explanation by Shiff and Snyder [15, 16]. Close attention of the scientific
society have been attracted by the magnetars and other objects with high and extra-
high (up to 1011 T) magnetic induction where the quadratic effect becomes principal
[17, 18, 19]. Researches of the quadratic Zeeman effect in solid states and also in
Bose-Einstein condensates have separately developed [20, 21]. A numerous studies of
the quadratic effect have also been undertaken in molecules, atoms and exotic systems
such as positronium [22, 23, 24, 25]. However, the studies of the quadratic Zeeman
effect in highly-charged ions are only at the beginning of their journey.

We present ab initio QED calculation of the quadratic Zeeman effect for the ground
and first excited states of boronlike ions in the wide range of Z including the first-order
corrections: one-photon exchange, self-energy and vacuum polarization. We employ
the perturbation theory in the presence of external magnetic field, the fully relativistic
approach, i.e., exact to all orders in αZ.
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Abstract

We discuss an appearance of superconducting phase in the array of super-
conducting grains placed on weighted undirected graph. That system can be
realized by placing the superconducting grains on a surface of graphene/metal.
We treat such system in terms of Kuramoto model with inertia and noise and
apply the Penrose method to investigate the transition between non-synchronized
(non-superconducting) and synchronized (superconducting) phase.

Key words: Synchronization, Josephson junctions, superconducting grains,
phase transition

Systems of superconducting (SC) grains (islands) were discussed in the pioneering
paper by Efetov [1], where each grain is characterized by its own gap and phase of
gap. Next, this topic has drawn a lot of attention by different researchers [2, 3]. The
crucial feature of such systems is that even at zero temperature superconducting state
may not appear. The underlying mechanism of this phenomenon is a concurrence
between Josephson energy (which described tunneling effects between grains and it
corresponds to the interaction energy) and charge energy of grains. Roughly speaking,
the onset of superconducting state is possible if the Josephson energy is greater than
the charge energy. This treatment implies that the superconducting phase matches
the synchronized state of grains phases, whereas the non-superconducting fits the
non-synchronized state. One more important fact is that dissipation effects play a
substantial role in the study of phase transition between these two phases [4]. Next,
in papers [5, 6] the authors have considered SC grains on graphene & metal surface
and have shown that in this set up the Hamiltonian is very similar to XY-model with
long-range interactions and additional dissipation term.

Considering all the above, we treat the system of SC grains on weighted undirected
graph in terms of Kuramoto model with inertia and noise [7]. The equation of motion



The International Summer Conference on Theoretical Physics 2024
Faculty of Physics of ITMO University

Abrikosov Center for Theoretical Physics

0 1 2 3 4
0

0.5

1
D = 0.0

K

⟨h
⟩

0 1 2 3
0

0.5

1
D = 0.4

K

Figure 1: Synchronization transition in Kuramoto model with inertia and noise with
m = 1. Dashed line corresponds to analytical expression for Kc, ⟨h⟩ is the order
parameter (phase synchronization measure)

for this model are given by

mφ̈i + φ̇i = ωi +
2K

N

N∑
j=1

Wij sin (φj − φi) + ηi, (1)

where m described mass (inertia); K is the coupling constant, which directly maps
onto the Josephson energy; ωi plays role of external current applied to grains and ηi is
the white noise that mimics thermal or shot noise. In the large-N limit, this model
has the well-defined continuum limit, which is governed by certain Fokker-Planck
equation. In terms of Kuramoto model, the onset of superconductivity coincides with
appearance of synchronized state. We investigate this problem by the linear stability
analysis of Fokker-Planck equation and show that this analysis coincides with the
eigenvalue problem of certain functional operator. Using the Penrose method, we
analyze the spectrum of this operator and find analytically the critical coupling Kc

for the synchronization transition. In case of complete graph, Wij ≡ 1, the explicit
expression of Kc is

K−1
c = D

∫ +∞

−∞

dω g(ω)

D2 + ω2
−m (1 +mD)

∫ +∞

−∞

dω g(ω)

(1 +mD)2 +m2ω2
, (2)

where g(ω) is the distributin of ωi and D is the amplitude of noise. Having determined
Kc, we analyze the exotic chimera-like states (when the sizeable fraction of phases is
not synchronized but the total synchronization is not zero) and cluster states. We
describe such states by the so-called critical Penrose curves. The obtained results can
be interesting for realization with help of SC grains on graphene [8].
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Precision molecular spectroscopy embraces a broad range of problems in modern
physics. It is used as a tool to determine the values of fundamental physical constants,
such as, for example, the proton-electron mass ratio or the proton charge radius [1], to
construct optical clocks, and to test fundamental interactions [2].

Over the last decades, accurate studies of molecular systems containing an an-
tiproton have been successfully carried out [3]. The study of antiparticle systems is
of special importance because of the possibility of a direct check of CPT invariance
by comparing the spectra of matter and antimatter [4]. Experimental successes in
two-photon spectroscopy of antiproton helium [5] have encouraged theoretical calcula-
tions of exceptionally small effects, which enables accurate determination of transition
frequencies [6]. The continued development of experimental techniques for the anti-
hydrogen atom synthesis [7] enables the precise experimental determination of the
energies of Lyman−α, hyperfine, etc. transitions in antiatoms [8].

Being a many-body problem, the theoretical description of one-electron quasi-
molecules is carried out using numerical methods. Among the most widely used is
the solution of the nonrelativistic two-center problem and the use of nonrelativistic
quantum electrodynamics (NRQED) to obtain relativistic corrections [6]. A different
approach to resolve the one-electron problem for a binuclear quasimolecule is to solve
the Dirac equation with a two-center Coulomb potential. Within this approach, different
wave function decompositions are used, for example, partial wave and Dirac-Sturm
decomposition [9]. In this work, the decomposition over a finite basis set of B-splines
generalized to axisymmetric systems (A-DKB) [10] is employed. Using this method,
the energy spectra of different antiprotonic one-electron ions are obtained.

Funding The work is supported by the Russian Science Foundation grant no.
23-22-00250.
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Abstract
We present a theoretical investigation of the Vavilov-Cherenkov (VC) radiation

by plane-wave and vortex electrons. Special emphasis is put on the question
whether and at what conditions the emitted VC photons can be twisted. It
is shown that if one uses a detector sensitive to the twisted electron (photon)
with the definite projection of the total angular momentum (TAM), then the
final photon (electron) also will be in the twisted state with a definite TAM
projection. We investigate the polarization properties of the emitted twisted
photon and explore a similar process of the equivalent photon emission in the
Weizsacker-Williams method.

Key words: vortex particles, orbital angular momentum, Cherenkov radiation,
ep-scattering, quantum entanglement

Vavilov-Cherenkov radiation

In any quantum process the detection scheme plays a crucial role in the measurement
of the final quantum state characteristics. In the previous studies of Vavilov-Cherenkov
(VC) radiation, e.g. [1], the calculations are performed for the final states detected in
the form of plane waves both for the electron and the photon. Another approach was
recently put forward in [2, 3]. It is based on the so-called generalized measurements,
focuses on the entanglement between a pair of the final particles and implies a post-
selection protocol for the final electron, in which the momentum is potentially measured
with some uncertainty (necessary for the detection of vortex states). In this approach,
the evolved state of the emitted photon appears.

We perform an analysis of VC process, e → e′ + γ, in the lowest order of the
perturbation theory in QED for the case of an ordinary plane-wave initial electron
and derive the evolved wave function of the quantum system in the coordinate and
momentum representations that corresponds to the entangled state of an emitted
photon and an outgoing electron. It is remarkable that a symmetrical and relatively
simple wave function could be obtained. Further, we generalize the calculation for the
case of the initial twisted electron represented as a proper superposition of the plane
waves comprising a Bessel wave state.
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Figure 1: Feynman diagram for the virtual process describing emission and absorption
of an equivalent photon of momentum k and polarization a.

Weizsäcker-Williams approximation in ep-scattering

The exploited method can also be applied to the problem of characterizing the final
wave function in the process of radiation of an equivalent photon (EP) by high-energy
charged particle. Let us consider the process of inelastic high-energy ep-scattering
(Fig. 1), e(p)+p(P ) → e(p′)+X(P ′), where X is the final hadronic state with the total
momentum P ′. This process may be seen as a two steps reaction, the first one being
the emission of an EP γ∗ with momentum k = p−p′ and virtuality k2 < 0 by the initial
electron. The general cross-section of the inelastic ep scattering with the unpolarized
electrons, dσep = dnT σT + dnS σS , could be simplified in the Weizsäcker-Williams (or
equivalent photon) approximation. In the region of small virtuality of EP, we can
neglect the contribution of the scalar EP and replace the cross section σT by its value
on the mass-shell σT (kP, k2) → σγ(kP ), when k2 → 0. Emission of T photons in the
approximation has a close similarity with the VC radiation, the distinction related to
kinematics being taken into account. We obtain the wave function of the final evolved
state in the process of EP emission and analyze the total angular momentum transfer
to the final hadron state X after a head-on collision of EP with a plane-wave proton.
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The effect of axion exchange on the energy of
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Axions arise in the context of solving the strong CP - problem [1-2] in the
Peccei-Quinn (PQ) theory, where an additional global U(1) symmetry is intro-
duced in the SM QCD Lagrangian and is spontaneously broken, leading to the
appearance of a pseudoscalar pseudo-Nambu-Goldstone boson known as the ax-
ion [3-4]. The dark matter problem is another important challenge in modern
physics [5-7], and its composition remains uncertain. Axions stand out among
several potential candidates for cold dark matter. The role of the axion in
solving the strong CP problem and its connection to dark matter make it an
interesting object of study

This study examines the contribution of axion interaction to the energy tran-
sitions of lithium-like ions. Precision atomic spectroscopy methods have proven
exceptionally effective for testing the Standard Model and detecting deviations
from its various modifications. Axion exchange can cause shifts in energy levels
in the compounds under consideration. This study involves measuring these
energy shifts. The data obtained will help establish constraints on the axion
interaction constant.

In our work, a universal expression for the axion reduced matrix element has
been obtained. This matrix element is similar to the Breit part of the photon
matrix element, which leads to the investigation of systems where the Breit
contribution is prominently expressed. Such systems typically involve heavy
charged ions, meaning that the probability of detecting axion contributions is
high. The plan for future research includes searching for specific systems in
which the Breit contribution is well-expressed.
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Abstract
We investigate a problem of the high-fidelity quantum state transfer in a

finite qubit array. Considering the quantum variational problem, we derive the
analytical form of the time-optimal control of the system parameters. Specifically,
we study the time evolution of the single excitation in the one-dimensional chain of
superconducting qubits, described by the tight-binding model with fixed network
geometry. The obtained solution enables an optimally fast ideal state transfer,
gaining time for executing quantum algorithms.

Key words: Topological photonics, Quantum brachistochrone, Qubits

Introduction

Superconducting circuits are known to be a promising candidate to realize quantum
computing [1], which has gained significant attention in recent years. One of the major
challenges is the realization of efficient quantum information routing within qubit
networks. There are several known ways for high-fidelity quantum state transfer by
changing the couplings between qubits. They include perfect transport [2] and stepwise
switching when couplings between two adjoining qubits are included in stages. While
these methods are used in practice, they are non-optimal in terms of their temporal
duration. Here we present the time-optimal control of quantum state transfer in finite
qubit chains.

Main text

We consider a chain of superconducting qubits (two-level systems) shown in
Fig. 1(a), described by the tight-binding Hamiltonian
Ĥ =

∑
m
(J1(t)â

†
2m−1â2m + J2(t)â

†
2mâ2m+1 + h.c.) with restriction J2

1 (t) + J2
2 (t) = J2

0 .
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Figure 1: The scheme of the system of the (a) three and (b) four qubits chains. The
instantaneous fidelity with the initial (orange) and final (blue) state in time for the
chain of (c) three and (d) four qubits. (c) Time of both perfect (dashed black) and
stepwise switching (red) transfer equals π/J0. (d) Time of perfect transport (dashed
black)

√
7π/(2J0) is less the time of stepwise switching transfer (red) 3π/(2J0) but

not optimal.

To find optimal control, we solve the quantum brachistochrone problem with the
Lagrangian [3]

L =

√
˙⟨ψ|(1− P ) ˙|ψ⟩

⟨ψ| Ĥ2 |ψ⟩ − ⟨ψ| Ĥ |ψ⟩2
+ (i ⟨φ̇|ψ⟩+ ⟨φ| Ĥ |ψ⟩+ h.c.) + λ

(
Tr Ĥ2 − ω2

)
. (1)

The Lagrangian variation over unknown coupling coefficients yields time-optimal
equations on them. Search for analytical solutions to these equations appears to be
a non-trivial task even for small systems. Here, we present optimal controls for the
chain of three qubits shown in Fig.1(c):

J1 = J0 cos(Ωt+ φ), J2 = J0 sin(Ωt+ φ), (2)

where J0,Ω, φ are constants given by the initial conditions and the minimal transfer
time is τ = π/(2Ω) =

√
3π/(2J0). Analogously, for the four-qubit chain (Fig. 1(b)) we

obtained an analytical solution allowing ideal quantum state transfer in time τ ≈ 3.7.
However, it is hard to find time-optimal control. Having the choice of constants we
can find a solution that is faster than both perfect transport and stepwise switching
(Fig. 1(d)).
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Abstract

The investigation of the process of photon absorption by a two-level system
briefly interacting with a laser beam is presented.The experimental prospects of
searching for the T, P-odd interactions are discussed in detail.

Key words: transit-time effects, laser field, two-level system, absorption, emis-
sion, T, P-odd Faraday effect, ultrashort pulses

We investigate the process of photon absorption by atoms or molecules shortly
interacting with a laser beam in the dipole approximation [1]. Assuming that the
interaction time τ is much smaller than the lifetime of the corresponding excited state,
we examine the absorption probability as a function of τ . Besides, we incorporate
Doppler broadening due to nonzero temperature of the atoms (molecules). It is
demonstrated that in the case of a zero detuning and without Doppler broadening,
the absorption probability is quadratic in τ . Once Doppler broadening is taken into
account or the laser beam is off from the resonant frequency, the absorption probability
becomes linear in τ . Our findings are expected to be important for experimental
studies in optical cells or cavities where atoms or molecules traverse continuous laser
beams. A principle scheme of the proposed experimental setup is depicted in Fig. 1.
An atomic (molecular) beam crosses a high-finesse optical cavity between two mirrors
in a transverse direction. Within the cavity, the particles interact with an a linearly
polarized laser beam. The overlap of these two beams is located in a background
electric field directed along the laser beam axis. The detection of optical rotation
(either using simple polarimetry, or phase-sensitive techniques) happens at the output
of the cavity. The experimental prospects of searching for the electric dipole moment
(EDM) of the electron are discussed in detail.

Also we consider the process of transition of a two-level system to the excited
state with subsequent photon emission in the presence of a laser pulse with a high
degree of unipolarity [2]. Within the framework of quantum electrodynamics, we
obtain analytical expressions for the differential probability of the process depending
on the temporal scales of the problem: laser pulse duration, excited-state lifetime,
inverse transition frequency, and inverse frequency of the photon emitted. Besides, we
calculate the total absorption probability by integrating over the three-dimensional
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Figure 1: Principle scheme of the experimental setup for measuring the P, T -odd
Faraday rotation. A beam of atoms or molecules (blue) traverses a high-finesse optical
cavity between two mirrors and interacts with a linearly polarized laser beam (green).
The interaction region is located in a background electric field (yellow) directed along
the laser beam axis. The laser radiation transmitted through the mirrors is detected
by means of a polarimeter.

photon momentum and summing over polarizations. We compare the results obtained
for unipolar and bipolar (many-cycle) pulses.
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The model description of the transit time problem for the fast particles crossing the
laser beam

In the present communication the model description of the spectral line broadening for atoms crossing the laser
beams is presented: the combined effect of the transit time broadening, natural broadening and transverse Doppler
broadening is considered. This is done by introducing one-parametric adiabatic damping of atom-laser interaction
wherefore the particles interact with laser during the finite time interval. The simplest rectangle distribution of the
light intensity inside the laser beam is employed. The dependence of absorption probability on the transit time for
different detunings is calculated and compared with earlier results. The limits for using the Lorentz line profile, which
is widely employed throughout atomic physics, for describing the interaction of the fast particles with laser beams are
established. This becomes especially important when the natural broadening (natural width ΓN ) is negligible, and
transit broadening (transit width ΓT ) begins to determine Lorentz profile of resonant spectroscopic line, taking place
of ΓN in the Lorentz denominator. To justify this replacement is the main goal of the present communication. In
this model both broadenings, ΓN and ΓT , arrive in the energy denominators as a result of evaluation of interaction
between atomic electron and the classical potential, presenting the laser field.
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Abstract

In the present paper, a completely relativistic approach is used to obtain adia-
batic potential curves for molecular terms within the A-DKB method. Solving the
two-center Dirac equation, two compounds are described: one-electron homonu-
clear H− p and one-electron heteronuclear He+ − p (quasi-)molecular ions. In the
framework of the Born-Oppenheimer approximation, the electron binding energies
(ground and several first excited states) in a wide range of inter-nuclear distances
have been obtained. Using the relativistic approach, energy splittings, crossings,
and identification of energy terms are discussed. The results are compared with
those characterized within the nonrelativistic approach, widely covered in the
literature.

Key words: Theoretical physics, Dirac equation, potential curves, quasimolecular
ions, A-DKB method

Introduction

Two-atomic molecules have been the subject of study since the advent of the
quantum mechanics (QM) theory. The one of widely used method consists in application
of nonrelativistic approach. To accurately calculate the binding energy of an electron,
the Schrödinger equation is solved and then various relativistic and radiative corrections
evaluated within the framework of nonrelativistic quantum electrodynamics theory
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(NRQED). An alternative approach corresponds to a solution of the Dirac equation
involving also a two-center potential. In this case, the most commonly used approach
is the decomposition of Dirac wave functions into partial waves. On this basis, the
energies of low-lying states in the molecular ion H+

2 have been calculated with an
accuracy of the order of 10−14 − 10−13 [1].

In the present work, another completely relativistic approach (A-DKB method) is
used to study hydrogen-proton (H− p) and singly ionized helium-proton (He+ − p)
compounds. This method is described in detail in [2]. The development of the A-DKB
method has provided a theoretical description of heavy one-electron quasi-molecular
compounds [3]. Here we apply the A-DKB approach to obtain the ground and several
excited quasi-molecular terms in the ions mentioned above.

Main text

The molecular energy state of an electron is characterized by the projection of the
total angular momentum onto the axis of the molecule. Being a conserved quantity
for the systems with axial symmetry, such a description leads to a degeneracy defined
by the opposite sign of mj . For homonuclear systems, the two nuclei are identical,
there is an additional quantum number g (gerate) and u (ungerade) for even and
odd states, respectively, expressing symmetry with respect to reflection in the plane
perpendicular to the axis of the molecule. In addition, the specific energy state of an
electron can be considered in the limit of zero internuclear distance, "joined" atom.
Then the "joined" nuclear charge is determined by the sum of Z1 and Z2, and the
ordinary atomic notations of the energy state can be used: nlj , where n is the principal
quantum number, l is the orbital momentum and j is the total angular momentum
of the electron. Thus, the electron molecular term can be determined by the formula
nljλpmj [4], where λ is the projection of the electron orbital moment onto the molecular
axis and (only for homonuclear systems) p reflects the parity of the state when the
nuclei are permuted. Similar designations can be introduced by considering the limit of
the infinite inter-nuclear distance, when the electron is entirely located only on one of
the nuclei. In this study, we follow the notations corresponding to the "joined" atom.

Thus, as a result of the calculation, we get the picture presented in FIG. 1. All terms
are shown here without taking into account intersections with different projections
mj . After this, we highlight the areas where our terms presumably intersect. Then,
following the continuity of the wave function and its derivative, we numerically calculate
its derivative (reducing the mesh if necessary). The presence of a jump in the derivative
indicates the intersection of terms. Such an analysis is carried out for all nearby terms,
which allows for their complete identification within the framework of the relativistic
approach, described above.
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FIG.1. The adiabatic potentials found through
the A-DKB method for the first seven states

with mj = −1/2 (solid lines) and the first two
states with mj = −3/2 (dashed line) of the

H− p quasi-molecular ion. All values are in a.u.

FIG.2. The adiabatic potential curves of the
ground and first four excited states of the

quasi-molecular ion H− p. All values are given
in a.u.

As a result, for the case in FIG. 2 we have the following behavior of the first five
terms. A similar analysis was carried out for a heteronuclear system using the example
of He+ − p with a separate consideration of the region of small internuclear distances.

Acknowledgements

This work was supported by RSF grant №23-22-00250.

References

1. I. Tupitsyn and D. Mironova, “Relativistic calculations of ground states of single-
electron diatomic molecular ions,” Optics and Spectroscopy, vol. 117, pp. 351–357,
2014.

2. E. B. Rozenbaum, D. A. Glazov, V. M. Shabaev, K. E. Sosnova, and D. A. Telnov,
“Dual-kinetic-balance approach to the dirac equation for axially symmetric systems:
Application to static and time-dependent fields,” Phys. Rev. A, vol. 89, p. 012514,
Jan 2014.

3. A. A. Kotov, D. A. Glazov, V. M. Shabaev, and G. Plunien, “One-electron energy
spectra of heavy highly charged quasimolecules: Finite-basis-set approach,” Atoms,
vol. 9, no. 3, 2021.

4. E. Fermi and E. Teller, “The capture of negative mesotrons in matter,” Physical
Review, vol. 72, no. 5, p. 399, 1947.



International Summer Conference on Theoretical Physics 2024 1
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Superconducting electrical circuits in quantum regime could be treated as single artificial atoms with
arbitrarily engineered and controllable energies and transition rates. We place a single two-level supercon-
ducting atom into the coplanar waveguide, and a strong coupling between the circuit and electromagnetic
modes of the continumm is easily achieved [1]. We study nonlinear mode mixing (intermodulation) on
the single atom [2, 3], and find specific features of nonlinear spectra, which could be attributed to the
quantum nature of the scatterer. Finally, we construct and study the cascaded quantum system of two
artificial atoms, and observe non-classical features of nonlinear intermodulation within the system.

Fig. 1: (a) The optical concept of the experiment. The probe atom scatters two coherent fields:
the non-classical one cominng from the source excited through small aperture in opaque screen, and
the classical wave comes from external rf generator. In turn, the field from the probe is carefully
detected and analyzed. (b) The simplified sketch of waveguide-QED microwave setup for the same
type of experiment with two superconducting transmon qubits in the dilution refrigerator.
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Abstract

We theoretically study a quantum model of electro-optical light modulation
process assuming a finite number of interacting optical modes. Microwave mod-
ulation field is considered to have multi-frequency spectrum. We investigate
light spectrum evolution both nonoverlaping and overlapping spectrum parts
corresponding to various radio-frequency modes. It was shown that under certain
conditions the system has an analytical algebraic solution.

Key words: EOPM, Multiphoton processes, Quantum optics.

Introduction

Quantum optics along with solid state and soft condensed matter physics plays a
fundamental role in quantum informatics and technologies [1]. Depends on particular
applications polarization, space or frequency degree of freedom are used. Linear
electro-optical effects underlie the operation of a number of optical devices that make
it possible to work with photons in frequency domain. One of such devices is an
electro-optical phase modulator [2], the theoretical description of which is the subject
of this article. Here we consider a generalization of the model [3] with microwave
modulating field to the case of multi-frequency modulating radio-field. To these end
we examine existing exactly solvable theoretical model allowing Hamiltonian to be
generated by several commuting algebras.

Model

We consider a model which implies the classical microwave field and has in its
spectrum a finite discrete set of frequency modes which induces a transition between
spectral lines of the optical signal. Consideration is given to the case when all
modulating frequencies are multiples of some minimum frequency and satisfy the
additional condition of resonance. The resulting algebra of generators of the Hamilton
operator in this case is formed by the direct product of the Jordan images of the su(2)
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Figure 1: Intensity spectrum

Figure 2: Dynamics of photon distribution by optical modes

Lie algebras. In this paper we consider two practically relevant scenarios. In the first
case, the modulating modes are significantly different in frequency and induced parts of
the spectrum do not overlap due to interaction. In the second case, spectrum overlap
is allowed and the stationary conditions of the Hamiltonian are determined.

Figure 1 shows the intensity spectrum of a modulated optic signal. Two cases are
considered: the first one corresponds to the independent evolution of different parts
of the spectrum, and the other assumes overlap. Pairs of numbers on the horizontal
axis correspond to the indexing of modes for the case of two modeling frequencies.
The dynamics of photon distribution by modes in the case of overlapping spectrum
components is shown in Figure 2. Each curve corresponds to a particular mode.

One possible direction for further research is to consider the continuous spectrum
and spontaneous change of the photon polarization in the process of phase modulation
and its transition from one polarization component of the signal to another with
preservation of the frequency.
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Abstract

We identify a simple and novel approach to implement anti-parity-time (PT)
symmetry and exceptional points (EPs) in non-Hermitian systems, which offers a
more versatile configuration beyond a spatially arranged optical potential. The
introduction of chiral layers, consisting on a purely imaginary chirality parameter
into Hamiltonians corresponding to dielectric achiral waveguides, which may be
symmetric or asymmetric, give rise to anti-PT symmetric Hamiltonians. Such non-
Hermitian Hamiltonians may exhibit EPs where two eigenvalues and eigenvectors
of the system coalesce simultaneously and do not require tailored platforms with
controlled optical gain and loss. Furthermore, when the waveguide can support
higher-order propagation modes, which play the role of eigenstates, it is feasible
to generate an EP when a pair of higher-order modes coalesces. Importantly,
our waveguide platform is a theoretical proposal that can be exploited for basic
research and a broad range of applications.

Key words: Exceptional Points, Anti-parity-time symmetry, chirality parameter,
waveguides

Introduction

Non-Hermitian systems as theoretical models of open or dissipative systems ex-
hibit rich novel physical properties and fundamental issues. Non-Hermitian photonic
systems supporting anti-PT-symmetric EPs have been demonstrated, among others,
using optical waveguides with imaginary couplings and off-the-shelf-component based
standard telecommunication single-mode fibre [1].

The configurations mentioned above may have intrinsic difficulties in the experimen-
tal stage, especially the most common ones that require complex arrangements with
controlled gain-loss interplay. This work introduces a new and simple design concept
to obtain anti-PT symmetry and EPs based on the inclusion of chiral layers with a
purely imaginary chirality parameter forming waveguides. The coupled-mode theory
(CMT) is used to elucidate anti-PT symmetry and EPs in this kind of structures. In
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addition, through a model based on a basis vector represented by circularly polarized
light, the exact dispersion relations of this kind of structures are displayed to prove
phase transitions and EPs.

Main text

m=0 m=1

EP0 EP1

EP0 EP1

m=0

m=1

z

x

𝑛2 

𝑛1 

𝑛3,𝜅3 

𝑑 

(a) (b)  (c) 

Figure 1: Anti-PT-symmetry breaking and exceptional points in the asymmetric
three-layer waveguide with isotropic chiral media. (a) Schematic of the structure, (b)
real part of neff , and (c) imaginary part of neff .

The waveguide with a chiral medium considered to implement anti-PT symmetry
and EPs is described in Fig. 1a. CMT describes the mode hybridization of two
uncoupled modes using a two-dimensional matrix representation. A linear superposition
of basis vectors, which here represent the well-known TE and TM modes, defines two
possible hybrid modes. In this case, a CMT for the treatment of these waveguides has
to take into account the constitutive relations of chiral media for waves proportional
to eiωt. This analysis permits to obtain a coupled two-state problem, where the
eigenvalues correspond to the propagation constants of the guided modes in the
waveguides, which are directly proportional to the effective refractive indices, and
the eigenvectors correspond to the coefficients of the TE and TM fields in a linear
combination, as follows:

Ψ = [AΨTE(x) + BΨTM (x)]e−iλz, (1)

in which λ represents the eigenvalues of the system. After applying the CMT, the
Hamiltonian and eigenvalues of the system result in:

H =

(
δ iκcab

−iκc∗ab −δ

)
=

(
p q

r s

)
, (2)

λ1,2 =
βa + βb

2
±

√(
βa − βb

2

)2

+ κ2|cab|2, (3)
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where δ = βa−βb
2 , βa and βb are the propagation constants of TE and TM modes,

respectively, cab is a an overlap integral and κ is the chirality parameter. The hermiticity
of the system depends on the chirality parameter. Considering the hermiticity of the
Hamiltonian of Eq. (2), and the eigenvalues of Eq. (3), three cases can be identified:
(i) the Hamiltonian is Hermitian when the chirality parameter is purely real, it implies
real eigenvalues and eigenvectors; (ii) when the chirality parameter is complex, the
Hamiltonian becomes non-Hermitian, and the eigenvalues are complex in any case; (iii)
when the chirality parameter is purely imaginary, the Hamiltonian is non-Hermitian
and anti-PT symmetric since p = −s∗ and q = −r∗. Isotropic chiral materials to saisfy
the conditions mentioned above may be engineered using composite chiral material,
i.e., a composite chiral material without losses due to the extinction coefficient can be
formed by comprising an active isotropic material and a dissipative chiral material [3],

We describe the hybrid modes of the waveguide in the anti-PT symmetric case as
a linear combination of basis vectors represented by right- and left-circularly polarized
modes. This approach allows for the exact derivation of the structure’s dispersion
curves [2], ultimately demonstrating the existence of EPs under these conditions. As an
example, the dispersion curves for the propagation modes until second order supported
by the three-layer asymmetric waveguide (see Fig. 1a) are illustrated in Figs. 1b
and 1c. The following parameters were used to simulate the asymmetric structure:
n1 = 1.33, n2 = 1.48, n3 = 1.45, κ3 = 0.001i. The existence of higher-order modes
in the waveguides permits to obtain EPs as a result of the coalescence of pairs of
higher-order modes, which are labeled as EPm.

In conclusion, this work reveals that anti-PT symmetry and its transition to a
broken phase can be performed with a single three-layer waveguide containing chiral
media with a purely imaginary chirality parameter and mitigated extinction coefficient.
Our findings open opportunities for the compatibility and integration of non-Hermitian
systems within standard platforms, different from the previous typical systems to study
PT-related physics.
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Abstract 
This paper presents an analytical model describing the dynamics of 

photoelectrons excited by femtosecond optical pulses in the i-layer of a p-i-n diode 
AlxGa1-xAs/GaAs. It has been shown that when the reverse bias value is changed, 
the THz generation mechanism is changed.  The waveform of the photocurrent, 
respectively the THz pulse, (amplitude, duration, peak position) depends 
significantly on both the reverse bias and the excitation level as well as the optical 
excitation wavelength. At high internal electric field THz generation in a p-i-n diode 
is due to acceleration of electrons in the electric field to a velocity much higher than 
the saturation velocity at times of hundreds of femtoseconds (‘velocity overshoot’), 
followed by a sharp decline associated with the interdomain transition of electrons 
from the G-valley. At electric fields less than 20kV/cm, the shielding effect has a 
significant influence on the formation of the photocurrent and, therefore, on the 
mechanism of THz generation. 

Key words: p-i-n diode terahertz radiation, shielding effect, effect «velocity 
overshoot» 

 
Introduction 

The Monte Carlo method is commonly used to study electron transport in 
semiconductors. In the present work, we have investigated the charge carrier dynamics 
using an analytical model based on the momentum and energy balance equations with 
both the parameters τp, τϵ, mε*, independent of the photoelectron energy and those 
depending (τp - electron momentum relaxation time, τϵ - electron energy relaxation 
time, mε* effective electron mass).  

 
Main text 

The investigated medium is an AlxGa1-xAs/GaAs heterostructured p-i-n diode. The 
optical pulse is absorbed in the i-region of the p-i-n diode. When a p-i-n diode is excited 
by optical pulses (approximated by a delta function), electrons and holes are born in 
the i-layer and move in the electric field. Since the effective mass of an electron is much 
smaller than the effective mass of a hole, in our model we will take into account the 
dynamics of photoelectrons, considering holes to be stationary. When photoelectrons 
move in the i-layer, a positive hole charge is generated, which creates an electric field 
that screens the initial internal field. In this way, the analytical model based on the 
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momentum and energy balance equations is represented as follows: 
                                                                       𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= 𝑞𝑞

𝑚𝑚𝜀𝜀
∗ 𝐸𝐸 −

𝑑𝑑
𝜏𝜏𝑝𝑝

                                                       (1)        

                                                                 𝐸𝐸 = 𝐸𝐸0 −
𝑞𝑞𝑛𝑛
2𝜀𝜀𝜀𝜀0

∫ 𝑣𝑣𝑣𝑣𝑣𝑣𝑑𝑑
0                                                  (2) 

                                                               𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑞𝑞𝐸𝐸𝑣𝑣 − 𝑑𝑑−𝑑𝑑𝐿𝐿
𝜏𝜏𝜖𝜖

                                                           (3) 
where q - elementary charge, E - electric field, E0 - initial electric field strength, v - 

скорость фотоэлектрона, 𝜀𝜀- dielectric constant,  𝜀𝜀0- vacuum dielectric constant, n- 
electron concentration, 𝜖𝜖 – photoelectron energy, 𝜖𝜖𝐿𝐿 – photoelectron initial energy. In 
the second equation the second term in the right part is the field produced by the 
positive charge of holes. The effective mass of the electron and the relaxation times in 
momentum and energy depend on the electron energy. To first assume them to be 
energy-independent. Then the solution of equation (1) can be represented in analytical 
form. From the solution of this equation, it follows that the motion of electrons is both 
ballistic and drifting. At low electron concentration (n<1015cm-3), the shielding is not 
significant. At high excitation levels, when the condition τp > (20.5𝜔𝜔𝑝𝑝)-1 is fulfilled, plasma 
oscillations of electrons occur and the shielding effect is significant (𝜔𝜔𝑝𝑝=плазменная 
частота). It is worth noting that the time required for photoelectrons to reach the maximum 
velocity is independent of the applied electric field and is determined by the plasma 
frequency. Accordingly, the delay of the THz pulse generated by the p-i-n diode will be 
constant. By considering the dependence of τp, τϵ, mε* on the photoelectron energy [1], the 
photoelectron dynamics changes and the mechanism of THz generation changes. The 
solutions of equations (1) and (3) were obtained numerically using the “Mathematica” 
computer program. Fig.1 shows the time dependences of the photocurrent for the initial 
photoelectron concentration n=1016cm-3 and different values of reverse bias of the p-i-n 
diode.  

 
Fig.1 Time dependences of the rate of photoelectrons generated in p-i-n diode 

 
It is clearly seen that the time required for photoelectrons to reach the maximum 

velocity depends on the applied electric field and the time dependence of the velocity 
is not monotonic. In addition, the results show that at high internal electric field the 
photoelectron velocity, respectively, THz generation in heterostructured p-i-n diode 
AlxGa1-xAs/GaAs, is due to the acceleration of electrons at the ballistic stage in the 
electric field to a velocity much higher than the saturation velocity at times of hundreds 
of femtoseconds (“velocity overshoot”), followed by a sharp decline associated with the 
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interdolin transition of electrons from the G-domain. At electric fields less than 
20kV/cm, the shielding effect has a significant influence on the formation of the 
photocurrent and, consequently, on the mechanism of THz generation. The electron 
motion occurs in the quasi-ballistic regime. This effect leads to a shift of the maximum 
of the THz pulse to shorter times when back mixing is reduced, and it begins to prevail 
at electric fields less than 10 kV.    
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Two-magnon mode is a special type of THz spin excitations in antiferromagnets, usually represented as coupled
magnons with opposite wave vectors from the entire magnetic Brillouin zone. Spontaneous Raman scattering (RS)
on two-magnon modes was extensively studied since 1960th, both experimentally and theoretically [1–3]. Recent
impulsive stimulated Raman scattering (ISRS) experiments demonstrated the excitation of such modes by femtosecond
laser pulses [4–6]. This process is linked to laser-induced changes in the exchange interaction [6, 7]. However, when
comparing the spectra obtained in two types of experiments, one can detect differences that, in particular, raises a
question of whether the contribution from two-magnon modes in a certain part of the Brillouin zone is the same in
the case of RS and ISRS [4, 8].

In this work, our goal is to study theoretically the possibility of excitation and detection of ultrafast magnetic
dynamics by femtosecond linearly polarized laser pulses, being used in ISRS experiments, and compare it to the case
of the RS. For this purpose, we need to introduce the single framework and define the Raman tensor across the
Brillouin zone that describes the interaction of two-magnon modes with different wavevectors and light. The use
of classical ferromagnetic and antiferromagnetic vectors, in this case, does not allow us to introduce the magnetic
dynamics properly, since they do not describe the ground state, which is a complex superposition of wave functions
[9], and two-magnon modes [6, 10]. To overcome the limitation of the classical approach, it is necessary to describe
the Raman and ISRS spectra within the framework of a unified quantum theoretical approach, in particular, to obtain
a Raman tensor that describes the interaction of a certain two-magnon mode with optical radiation.

In this work, we carry out the analysis of RS and ISRS in cubic antiferromagnets within the single framework, in
which spin correlations are used as the microscopic parameter describing ultrafast magnetic dynamics [10]. Based
on the introduced approach, we obtain the Raman tensor and its dependence on the wavevector. We derived the
selection rules for the excitation and detection of spin correlations via ISRS [10], and compare their spectrum with the
spontaneous Raman scattering and experimental data [6]. This enables us to reveal, that coherent two -magnon modes
driven by femtosecond laser pulses can indeed have different contributions from various parts in Brillouin zone, as
compared to the incoherent modes observed in Raman scattering experiments. These findings pave a way to excitation
and control of THz spin dynamics with large wavevectors close to the edges of the Brillouin zone, inaccessible by other
excitation methods.

This work was supported by RScF grant No. 23-12-00251 (https://rscf.ru/project/23-12-00251/).
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Abstract
We provide a new angle on the evolution of twisted quantum states in a longi-

tudinal non-stationary (non-homogeneous) magnetic field based on the formalism
of Arnold transformations. We construct a unitary operator parameterised by
a single function that must satisfy the Ermakov-Pinney equation. Proposed
approach provides a convenient tool for the analysis of evolving twisted states.

Key words: Theoretical physics, quantum optics, Landau levels, twisted particles

Introduction

The construction of the theory of motion of twisted charged particles in electromag-
netic fields is an important step towards the development of a new megascience-class
machine for accelerating and studying such particles. The main applications of such
particles can be diagnostics and microscopy of nanomaterials, investigation of meta-
surfaces with nano-features, analysis of biological molecules, quantum informatics as
well as fundamental high-energy physics. [1, 2].

We present a theoretical description of the nonrelativistic motion of twisted electrons
along the z axis in a time varying (or equivalently z varying) magnetic field B(t). The
particle is considered as a wave packet localized along the propagation axis, which
allows us to write z = ct. Therefore we describe our system in 2D. Spin effects are not
taken into account.

Results

The transverse part of the Hamiltonian for a massive charge particle in the Landau
gauge can be written as follows:

Ĥ⊥ =
p2x + p2y
2m

w(t) +
mω2(t)(x2 + y2)

2w(t)
+ ω(t)Lz, (1)

where ω(t) = |e|B(t)
2m is a time-dependent precession frequency for the non-stationary

system and B(t) is the modulus of the magnetic field directed along the z axis. We
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include a linear dissipation within the Cardirola-Kanai model by introducing the
dissipation factor with w(t) = exp {−

∫
γ(t)dt} [3] into the Hamiltonian. Where γ(t)

is the classical coefficient of friction.
To find non-stationary wave functions for the system with the Hamiltonian (1) it

is convenient to use the formalism of Arnold transformations [4]. We show that under
the conditions of cylindrical symmetry, there exists a unique unitary operator Ê2D

17→2
that establishes equivalence between the two systems with different parameters w(t)
and ω(t) [5]. This transformation has the form:

Ê2D
17→2 = exp

−i
t2∫
0

ω2L̂z2dt
′′

Ê17→2(x, y) exp

i
t1∫
0

ω1L̂z1dt
′

, (2)

where operator Ê17→2(x, y) is a trivial generalisation of the Ermakov operator [4] to
the two-dimensional case without coupling between x and y degrees of freedom in the
Hamiltonian. Namely,

Ê17→2(x, y) :



x2 = x1b(t2)

y2 = y1b(t2)
t1∫
0

w1(t
′)dt′ =

t2∫
0

w2(t′′)
b2(t′′) dt

′′

ψ̃2(x2, y2, t2) =
1
b ψ̃1 (x1, y1, t1) e

i
2

m
w2

ḃ
b
(x2

2+y22).

(3)

Above, t1 and t2 are moments in system 1 and system 2, respectively, which pass into
each other under the equivalence mapping. The function b(t2) is the parameter of the
transformation that satisfies the Ermakov-Pinney equation [6, 7] of the form:

b̈+ ḟ2(t2)ḃ+ ω2
2(t2)b =

w2
2(t2)

w2
1(t1)

ω2
1(t1)

b3
. (4)

The function b(t2) defines the dispersion of the wave packet during the evolution.
Many interesting consequences can be derived from the explicit form of the trans-

formation (2). First we consider the case w1 = w2 = 1, ω1 = ω2 = const, which
corresponds to the mapping of the system onto itself. Under the 2D Ermakov operator,
a well-known stationary Landau state transforms into a non-stationary Landau state.
Moreover, it turns out that such a simple connection allows a convenient evaluation of
matrix elements involving nonstationary states based on the known matrix elements
calculated on stationary Landau states. As an example, we show that the average
energy of the nonstationary Landau state is always larger than the energy of the
Landau state with the same quantum number. We also prove that during evolution in
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a symmetric magnetic field a twisted electron remains twisted with the same value of
the projection of the orbital angular momentum.

The work is funded by Russian Science Foundation and St. Peterburg Science
Foundation, project № 22-22-20062, https://rscf.ru/project/22-22-20062/.
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Abstract

We present general theory for Smith-Purcell radiation (SPR) from metasurface,
which is a 2D array of subwavelength particles (see Fig. 1). In contrast to
traditional gratings, additional dispersion relation appears determining non-
zero azimuthal angles of radiation propagation. The pre-wave zone effects are
considered, and schemes for its suppression are suggested. We also propose a
scheme for beam position monitor.

Key words: Smith-Purcell radiation, metasurface, metamaterial, pre-wave zone,
focusing, beam diagnostics

When electron moves near periodical structure (grating) it radiates. First this
effect was theoretically predicted by Frank in 1942 [1] and experimentally observed
only 11 years later by Smith and Purcell [2], after whom the radiation was named.
Smith-Purcell radiation (SPR) stands out among other types of diffraction radiation
for its especial spectral-angular distribution: (i) radiation is concentrated in a plane,
perpendicular to the grating, and, (ii) what is more important, radiation is quasi-
monochromatic. It means that along any direction only radiation of specific frequency
is propagating. These features make SPR of huge interest in concern of radiation
sources, beam and structure diagnostics.

In the case of two-periodic gratings spatial distribution of SPR changes drastically
[3]. Radiation is not concentrated in a single surface, but its peaks appear for non-zero
azimuthal angles according to the additional dispersion relation. We provide general
theory due to the case of oblique incidence of the electron [4], which reveals significant
influence on the spatial distribution. Most of the theories for radiation are valid only
for the far zone, where the source of radiation looks like point-like. The paper of
Verzilov [5] says that the remoteness of the far zone for diffraction radiation depends
on the velocity of the electron, and for ultra-relativistic electrons it may be many
meters away from the target. So, the theory of the pre-wave zone is of great interest.
Such theory for SPR from a traditional grating was established was established by
Karlovets and Potylitsyn [6]. We developed the theory for metasurface [7]. It follows
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Figure 1: : Scheme of the metasurface and a free electron.

that pre-wave zone effects, associated with defocusing of radiation or, which is the
same, with the loose of monochromaticity, may be suppressed by special topology of
the metasurface. The general equation for the optimized metasurface is hyperbolas,
which transverse in parabolas for ultra-relativistic particles and in lines for the wave
zone.

Beam diagnostics based on SPR was developed predominantly for measuring the
longitudinal profile [8, 9], while beam position measuring was considered only in a few
papers and only for traditional gratings [10]. We propose design of the beam position
monitor, based on SPR from metasurface, which promises the ability of measuring
both bunch coordinates at once.

The study was partially supported by the Ministry of Science and Higher Education
of the Russian Federation, Projects No. FZWG-2020-0032 (2019-1569) and No. FSWU-
2023-0075.
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Abstract

Inverse Compton scattering is one of the most promising ways to generate
bright quasi-monochromatic X-ray radiation from a compact source. In this work,
we calculated the coherent luminosity, which allows us to take into account the
effects of interference. We also showed the possibility of the appearance of the
Cherenkov-like interference maximum, and also determined the parameters at
which this direction coincides with the direction of Compton scattering. The
proposed scheme opens up the possibility of a drastic increase in radiation intensity.

Key words: Theoretical physics, superluminal Cherenkov effect, Compton
backscattering

Introduction

Inverse Compton scattering of a laser beam on relativistic electrons is one of the
most promising ways to generate bright quasi-monochromatic X-ray radiation from a
compact source. There are various strategies to enhance the photon flux from such
sources. Increasing electron and laser beam densities can be of use here; yet, this results
in multi-particle scattering and nonlinear effects, which causes a broadening of the
spectrum. Alternatively, optimization of the process geometry in terms of individual
collision numbers can be effective. In our research [1], we calculated the luminosity of
Compton scattering across arbitrary collision and beam tilt angles. The study, however,
did not consider coherent effects, which could potentially lead to a quadratic increase
in intensity with particle number. Achieving coherence typically involves dividing
a large beam into small bunches, each smaller than the wavelength radiation, and
spacing them to create interference maxima. Yet, in the X-ray field, where Compton
scattering sources are commonly used, and particularly with massive reaction products
at colliders, creating suitably sized bunches is technically complicated. Even luminosity,
which measures collision perfomance [2], does not inherently consider coherent effects
that are essential for radiation enhancing.
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Figure 1: The intersection region of the photon (orange, left) and electron (blue, right)
beam moves faster than the speed of light, resulting in a Cherenkov cone. The angles
of rotation are chosen such that the maximum of Compton scattering coincides with
the radiation cone.

Cherenkov amplification

There are coherent processes with continuous sources as well, for example, Cherenkov
radiation. The charge moves along a continuous trajectory with characteristic dimen-
sions not limited by the wavelength of radiation, and the angular distribution depends
on frequency only due to the dielectric permittivity dispersion. This is possible because
the emitter’s velocity exceeds the phase velocity of light in the medium. Similar condi-
tions can be created even in a vacuum. By properly orienting sufficiently elongated
beams, it is possible to ensure that the region of their intersection moves faster than
the speed of light [3].

Similar phenomena, demonstrating the superluminal Cherenkov effect, have been
already explored. Studies shows that under specific conditions, a charge passing
over a diffraction grating can induce regions moving faster than light, with Smith-
Purcell radiation peaks aligning with the Cherenkov radiation cone [4, 5]. Additionally,
in another article [6], researchers investigated a laser-illuminated conductor surface,
theoretically revealing that the moving spot could emit surface and free-space waves
through the Cherenkov mechanism. Similar investigations were conducted in other
studies [7]. In our research, we develop a theory considering coherent effects when two
beams collide at arbitrary angles relative to their propagation trajectories, applicable
not only to Compton scattering but also to various processes. Using this theory, we
calculate coherent luminosity for the cases when both beams are described by Gaussians
with arbitrary tilts. We demonstrate that with appropriate beam tilting, a coherent
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Figure 2: Different forms of coherent maxima during the collision o tilted beams.

maximum in the form of a Cherenkov cone is formed, and we identified parameters
where the direction of this maximum coincides with the direction of Compton scattering,
see Fig. 1.
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Nonstationary dynamics of a vortex electron in a magnetic lens

The work is dedicated to investigation of the dynamics of a vortex electron in a magnetic

lens. The key feature of the work is that it considers a charged particle that enters the magnetic

field region from free space crossing the boundary between the two regions. Such a scenario is

most appropriate for describing the state of a particle and its dynamics at electron microscopes,

inside focusing elements (magnetic lenses) at accelerators and etc. In this work we derive the

nonstationary wave function that describes the transfer of the particle from free space to the

magnetic field. The nonstationary solution allows one to account for the initial conditions, that

is the state of the particle at the boundary. With this nonstationary solution we show that the

r.m.s. of an electron oscillates in time, which is in accordance with the well known results, obtained

from the Heisenberg equation. However, considerations of the Heisenberg equation do not allow

one to derive the the time-averaged value of the r.m.s. radius, which can, however be done with

the nonstationary wave function, that we have found. When show, that in general, when the size

of the particle, when it crosses the boundary, does not match the size of an electron in a Landau

state, the r.m.s. radius oscillates in time around a value typically much greater than the Landau

r.m.s.. The behaviour of the r.m.s. of an electron for several experimental scenarios is presented

in the following figures.
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Figure 1: Oscillations of the r.m.s. radius of the NSLGH wave packet in a magnetic field (solid

red line), ρst = (1/Tc)
∫ Tc

0 ρ2(t)dt (dot-dashed green line) and ρL(dashed blue line) (a) SEM, (b)

TEM, (c) medical linac, (d) conventional linac.
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Abstract

In this work, we develop the theory of bosonization in the electron-hole-photon
mixture with the exciton pairing channel, based on the equilibrium path integral
technique. The approach allows one to track the nonlinearities appearing in the
regime of strong coupling with photons, and includes finite temperatures, mixing
of the exciton excited states, and the dark exciton contributions to so called
polariton saturation self-consistently.

Key words: Theoretical physics

Introduction

Exciton-polaritons, half matter–half light quasiparticles resulting from strong
coupling between excitons and photons, are considered as a promising system with
high nonlinearities that can be operated even at room temperature. Reports on the
scattering rates arising due to various nonlinearities in the system, such as the exciton-
exciton Coulomb interaction and the Pauli blocking that leads to the saturation of the
exciton oscillator strength, however, are contradictory.

Recent experiments reveal not only a substantial disagreement with those pre-
dictions but also contradictory results in comparison to each other. In particular,
while some giant exciton saturation constants were recently reported for 1s-excitons
in WS2 [1], Ref. [2] reports on the numbers two orders of magnitude smaller for the
same material. Still, the saturation-related nonlinearity gsat in both works exceeds
the exciton-exciton interaction nonlinearity gex (in Ref. [1] the nonlinearity due to
exciton pair interaction is considered overall absent). Similar studies performed in [3]
for MoSe2 revealed gex and gsat to be of the same order, whereas in [4], these constants
are smaller by one and two orders of magnitude, respectively.
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Main text

In this regard, we develop the theory of bosonization in the electron-hole-photon
mixture with the exciton pairing channel, based on the equilibrium path integral
technique. This approach has been originally applied for excitons [5] and allows to
take into account finite temperatures when considering interactions. In contrast to
the standard exciton case, the presence of photons in the polariton system modifies
interactions between electrons and holes within the excitons and, consequently, the
Bethe-Salpeter equation, leading to the so-called ‘flexible’ exciton regime (when the
Rabi splitting is not negligible compared to the exciton binding energy).

To get insight into the possible explanation of experimentally-observed large
saturation nonlinearity in polariton systems based on transition-metal dichalcogenide
crystals [1, 2, 3, 4], we restrict ourselves here to the simple limit of ‘rigid’ (as opposed to
flexible) 1s-exciton state. In this case, our analysis provides important results relevant
to understanding the giant nonlinearities observed in TMD-based microcavities. First,
we show that finite temperatures result in a sizeable change of the interaction constants
so the usual zero-T expressions cannot be used for the estimates in room-temperature
studies. Second, we reveal that the exciton-photon conversion is affected by the
presence of reservoir particles (such as dark excitons) when considering the spins of
particles at T = 0. We rigorously derive the terms involving the dark exciton fields
in effective action, and the dark-exciton density contributions to the Rabi splitting
renormalization and assume that the dark exciton-assisted exciton-photon coupling
could be the possible explanation of the experimental observations.

The work of the authors is financially supported by the NRNU MEPhI Program
Priority 2030. The work of A.G. is funded by the Foundation for the Advancement of
Theoretical Physics and Mathematics “BASIS”, under the Grant No. 22–1–5–30–1.
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Abstract

A theoretical study on the evolution of free electron density in a plasma
grating in liquid water was conducted, yielding insights into its spatio-temporal
distribution. This work serves as a preparatory step for an upcoming experimental
endeavor.

Key words: Plasma grating, Plasma dynamics, Plasma modulation

Introduction

Laser-induced plasma is an intriguing area of research due to its contributions to
various applications such as material processing, spectroscopy, laser-driven particle
acceleration and many others [1]. Also, it works as a radiation source e.g X-ray and
THz radiation [1,2]. One of the interesting configurations of plasma is the plasma
grating, which is formed through the interplay of intense femtosecond laser pulses, have
emerged as pivotal entities in the realm of laser-plasma interactions. These gratings
serve as versatile optical elements with applications ranging from beam manipulation
to probing intricate laser-plasma dynamics [3]. Liquid jets are excellent media for
plasma formation due to their fluidity and ability to avoid permanent damage, high
molecular density, and low ionization energy, resulting in unique nonlinear effects
[2]. However, studying plasma formation in liquid jets under intense femtosecond
conditions remains limited but important.

Main text

In this work, we aim to investigate theoretically the dynamics of plasma in the
plasma grating configuration within liquid water. Our present results illustrate the
evolution of electron density in the zone of laser pulse interaction. This investigation
is beneficial for comprehending the behavior of plasma gratings in liquid water jets,
understanding the optical properties of plasma including its refractive index modulation
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Figure 1: a) Schematic drawing of the plasma grating formation setup in water liquid
jet. b) Electron density distribution in the area of the two laser pulses interaction.

and diffraction efficiency, and analyzing the spatial and temporal variations of electron
density within the plasma grating. Our theoretical model is based on [3], where
researchers investigated the evolution of electron density in plasma gratings in various
gases. The novelty of our work lies in applying this model to liquid water. The
model considers the maximum electron density resulting from ionization, as well
as the decrease in free electron density over time due to ambipolar diffusion and
recombination mechanisms. The pump source is a Ti:Sapphire laser with a wavelength
of λ = 800nm, and, a laser density of I = 2.6 × 1013W/cm2, two identical pulses
are interacting simultaneously with each other at a crossing angle of ϕ = 7◦ degrees.
Figure 1 depicts the spatial-temporal electron density distribution in the area of two
laser pulses interaction. The maximum free electron density reaches 1.8× 1018cm−3 in
the central region of the fringes. It is evident that distinct areas with fringe separation
Λ = λ/[2 sin(ϕ/2)] = 6.55× 10−4cm are observable.

This model serves as a preparatory step, paving the way for our upcoming experi-
mental endeavor. With a solid theoretical foundation in place, we are able to compare
and analyze the experimental outcomes effectively.

Funding: This work was supported by the Ministry of Science and Education of
the Russian Federation (No.2019-0903).
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A huge hysteresis in a metal-semiconductor-metal1

structure with a potential application as a memristor2
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ABSTRACT7

In this study, we investigate the phenomenon of hysteresis in a metal-semiconductor-metal system, focusing on the manipulation
of majority charge carriers within the bulk semiconductor through high barrier Schottky contacts. Our results demonstrate
a significant current offset between forward and backward scans when applying a triangular electrical pulse to the Schottky
contact, suggesting the potential for a novel memristor design based on electronic carriers. Moreover, our work lays the
groundwork for the advancement of crystalline semiconductor-based memristors. While various semiconductors with tunable
doping densities could be viable candidates for such memristors, our analysis using silicon highlights the promising integration
of this material with current technology for two-terminal memristor applications. This research that is made on numerical
calculation of drift-diffusion model opens up exciting possibilities for the development of new-generation of memristor with a
tunable current amplitude by means of doping level.
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Abstract

The existence of spontaneous magnetization that fingerprints a ground-state
ferromagnetic order was recently observed in two-dimensional (2D) van der Waals
materials. Despite progress in the fabrication and manipulation of the atom-thick
magnets, investigation of nanoscale magnetization properties is still challenging
due to the concomitant technical issues. We propose a promising approach for
a direct visualization of the domain walls formed in 2D magnetic materials. By
interfacing 2D magnet with a transition metal dichalcogenide (TMD) monolayer,
the strong proximity effects enable pinning the TMD excitons on the domain
wall. The emergent localization stems from the proximity-induced exchange
mixing between spin-dark and spin-bright TMD excitons due to the local in-plane
magnetization characteristic of the domain wall in the magnetic monolayer.

Key words: exciton, atomic monolayer, magnetization domain wall, localization

Introduction

We consider excitons in MoSe2 monolayer placed on top of a 2D magnet, represented
by monolayer CrI3, see Fig. 1 for the details. As in other Mo-based TMDs, its pristine
ground state exciton is spin-bright and optically active, while the spin-dark state lies
several meV above, see Fig. 1b. The temperature of heterostructure is set below the
Curie temperature which results in spontaneous formation of the long-range magnetic
ordering. Due to the large magnetic anisotropy of CrI3, the spins of chromium ions
point out-of-the plane within the regions of homogeneous magnetization. In between
two antiparallel domains, the unit magnetization vector M makes a π-rotation and
hence acquires an in-plane component. Without loss of generality we focus on the
Néel-type DW which implies that spins rotate about the y-axis parallel to the wall,
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Figure 1: (a) A sketch of the heterostructure. The bottom atom-thick layer of CrI3
contains magnetic domain wall along y-direction while the top layer of MoSe2 hosting
excitons is covered by a bulk hBN (not shown). The blue dome denotes the exciton
state confined over the DW region. The color arrows illustrate spin orientation across
DW. (b) Schematics of the MoSe2 energy band structure near the K-point which
features spin-bright EB

X and spin-dark ED
X exciton transitions. (c) A sketch of the

dark-bright exciton mixing due to in-plane spin orientation in the bottom layer of CrI3.
The out-of-plane magnetization Mz (the orange curve) leads to the proximity-induced
exchange valley-Zeeman splitting, which pulls exciton energy in opposite directions
at the complementary sides of the DW. The in-plane magnetization component Mx

locally mixes MoSe2 conduction bands with opposite spins resulting in the exciton
level repulsion in the DW core region. The hybridized exciton state is localized at the
bottom of the resulting potential trap.

see Fig. 1(a). To be specific, we assume that the x-dependence of the spin orientation
angle θ reads

θ(x) = arctan(x/ldw), (1)

where ldw stands for the DW width. Due to proximity exchange effects, both normal
Mz = sin (θ) and in-plane Mx = cos (θ) magnetization components affect exciton
states in MoSe2. In particular, Mz yields a position-dependent energy shift of both
spin-bright EB

X and spin-dark ED
X exciton species. However, as M acquires an in-plane

component, spin is no longer a good quantum number for the conduction and valence
band states, resulting in a local mixing between the dark and bright excitons within the
same K valley, similar to the external in-plane magnetic field. This effect is sketched
in Fig. 1(c). The corresponding effective Hamiltonian in real space reads:

Ĥ(X) =

(
− ℏ2

2MB

d2

dX2 + EB
X(X) αeMx(X)

αeMx(X) − ℏ2
2MD

d2

dX2 + ED
X(X)

)
. (2)

Here X, MB[D] are the coordinate and the effective mass of the bright [dark] exciton
center-of-mass dynamics. Due to translation invariance along DW, the Y -dependence
can be factored out. E

B[D]
X (X) are the position-dependent resonance energies of
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the bright [dark] excitons governed by the local modification of the exciton internal
structure in the exchange magnetization field.

Main text

The exchange-induced mixing at the core of the DW enables exciton localization.
The localized ground state has a fraction of dark exciton as a direct implication of
local mixing. We note that the effective potential acting the lower hybridized exciton
state is

Eeff
X =

1

2

(
EB

X + ED
X −

√
(EB

X − ED
X)

2 + 4α2
eM

2
x

)
, (3)

which represents an eigenvalue of the potential energy terms in Eq. (2). It features a
potential trap at the DW position, which qualitatively explains the effect of exciton
localization. This trap originates from the local mixing while its depth is governed by
the exchange coupling parameters αe,h as well as the conduction band splitting ∆cb,
see Fig. 1(b). The mixing is maximized at the DW center, X = 0, where its efficiency
is governed by the ratio αe/|EB

X − ED
X |.

The emergent asymmetry of the trap shape stems from the different effective
g-factors of the bright and dark states. Given by the antiparallel spin configuration,
the dark exciton is more sensitive to the out-of-plane magnetization. Therefore, on
the one side of the DW the dark-bright energy splitting

∣∣EB
X − ED

X

∣∣ is reduced thus
reinforcing mixing effect. On the opposite side exciton states pull apart and quench
mixing. Note that the shape of the trap is mirror reflected in the K ′ valley. Further
details can be found in Ref. [1]
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Abstract

We calculate vacuum polarization effect using the finite basis set method. The
Gaussian basis set is used. We calculated induced charge density and Wichmann-
Kroll corrections for various κ contributions. Various heavy hydrogen-like ions
were considered. We present results for induced charge density as plots, which
are in good agreement with results, calculated using other methods.

Key words: Theoretical physics, quantum electrodynamics, vacuum polarization,
highly-charged ions

Introduction

In the presence of heavy nucleus, the quantum electrodynamics (QED) approach is
necessary. Moreover, since the coupling constant Zα is quite large for such systems,
non-perturbative bound-state QED is used [1]. The QED effects are important for
g-factor and atomic spectra calculations [2, 3]. One of such effects is the vacuum
polarization (VP). Traditionally, this effect has been calculated using the Green function
integration, which is a complicated and time-consuming procedure. On the other hand,
for self-energy QED diagrams, the finite basis set method is being widely used [4].
For VP calculation, this method was proposed recently [5]. In our work, we follow
the proposed approach of using finite basis set method for VP calculation. We use
Gaussian basis set, since it shows best results for the VP calculations.

Main results

We found the VP charge density, using expression [1, 5]

ρ(x) = ie Tr
{
SF (x, x

′)γ0
}∣∣

x→x′ =
e

2

∑
n

sgn(Eκ,n)ϕ
†
n(r)ϕn(r) (1)

where ϕn are solutions to the Dirac equation in the external field of the nucleus. In
the finite basis set approach, the sum is assumed to be finite, and the wave functions
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Figure 1: VP density for Uranium with Z = 92 and nucleus radius rn = 5.751. Results
for |κ| = 1..5 and sum over these components are shown

are found using variational methods, in which one take a finite sum of known basis
functions and find coefficients numerically. In this work, we use Gaussian basis [5]:

π±
i (r) = Nr|κ±

1
2 |+ 1

2 e−βir
2
, (2)

where N is normalization constant and βi are some coefficients, defining the basis.
We performed calculations for hydrogen-like heavy ions, using basis set sizes n = 30
and n = 100. The divergent Uehling term was subtracted. Using these charge densities,
we calculated the Wichmann-Kroll correction for the first few electron orbitals. Results
are in good accordance with results, found by other methods. For example, we found
for Uranium: ∆EWK =5.0332 eV and 0.8293 eV for 1s1/2 and 2s1/2 accordingly.

The studies are supported by the Russian Science Foundation (Grant No. 22-12-
00258; https://rscf.ru/en/project/22-12-00258/).
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The study of the spectrum of bulk’s eigen oscillation in the ultrasonic fre-
quency region can provide complete information on the elastic constants even
for low-symmetry systems, such as the monoclinic crystal structure of the beta
phase of gallium oxide [1]. However, obtaining such information is associated
with the necessity to study the complex pattern of steady-state oscillations by
laser interferometry and to perform complex calculations [2]. When studying
the real structure of bulk crystals of different degrees of structural perfection,
the most effective acoustic method remains the study of the resonance of the
first longitudinal mode [3].

In this work, bulk crystals β − Ga2O3 obtained by the Stepanov method
under different growth conditions were investigated. The degree of crystalline
perfection was evaluated from the X-ray diffraction rocking curve for the (8 0 0)
peak. The acoustic properties corresponding to the structural features were in-
vestigated by the ultrasonic composite oscillator technique. For the investigated
samples, a value of the half-width of the rocking curve up to 15” was obtained,
corresponding to a high degree of crystallinity. Annealing the samples in the
900°C 2h+2h+2h regime reduced the amplitude of the internal friction peak and
the hysteresis area responsible for the interaction of dislocations with oxygen
vacancies - Hasiguti relaxation.
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Abstract

We investigated the acoustic forces acting on particles located near an elastic
substrate. The resonant behavior of the force, caused by the excitation of surface
waves in an elastic substrate during the scattering, was examined. Additionally,
we studied the effects of binding by surface acoustic waves excited by particles,
which promote the formation of stable configurations of scatterers.

Key words: Acoustic forces, scattering, surface acoustic waves, stable configura-
tions

Introduction

Acoustic forces, arising from the exchange of momentum between sound waves
and matter during the scattering process, allow for the non-invasive manipulation of
mechanical objects. This effect has applications in the field of biophysics, particularly
in techniques such as acoustic tweezers which can be used to sort, separate, and
pattern1 biological cells.

In the case of multiple scattering, induced interaction or binding forces between
particles can lead to their self-organization into stable configurations2. The effects of
multiple scattering on two or more particles in various regimes have been investigated,
although most studies focused on scattering in free space, which may not accurately
reflect practical applications. Some works have been devoted to studying scattering
above the substrate, where additional contributions to the acoustic force due to multiple
reflections occur. However, the effects of surface wave excitation at the interface with
an elastic substrate and its influence on the formation of stable configurations are of
particular interest.

Results

We investigated acoustic forces arising from scattering on systems of one and two
particles located near an elastic substrate. Using the monopole approximation3 and
Green’s functions formalism, we studied contributions to the acoustic forces from
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Figure 1: Acoustic forces induced by a normally incident wave on a substrate.

surface waves excited in the substrate. We analytically derived a compact expression
for the effective polarizability of spherical scatterers taking into account multiple
reflections between the substrate and rescattering between particles. These expressions
allowed for a precise analysis of the influence of surface leaky Rayleigh waves on
the acoustic force acting on a particle near an elastic substrate. These waves are
excited when a plane wave impinges at a certain angle and propagate along the solid
interface, radiating into the fluid half-space. They can also be excited even under
normal incidence due to rescattering between the object and the substrate, resulting in
resonant behavior in the acoustic forces acting on both single and multiple scatterers.

In the case of scattering on two particles under normal incidence of an external
field, the acoustic forces acting parallel to the substrate are solely caused by multiple
scattering between the particles. This interaction leads to the binding of scatterers
along the horizontal axis. Moreover, while the normally incident external field does not
directly excite a surface wave, particles positioned close to the substrate can generate
surface waves themselves due to multiple reflections. These waves result in additional
contributions to acoustic binding forces, creating an extra coupling channel between
the particles. This effect is especially evident at large distances between the scatterers,
as the surface wave propagates only in two dimensions. This allows the particles to
be manipulated at large distances, ensuring a strong binding between them. Finally,
stable configurations were identified in both the vertical and horizontal directions by
analyzing force components for various particle arrangements.
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Abstract

Miniature machines that are highly controllable have received widespread atten-
tion due to their potential applications in smart medicine and micromanipulation,
especially those developed based on soft matter. The inherent compliance of soft
matter can enhance the adaptability of miniature machines to a complex working
environment or the objects being manipulated.: Konovalov_ISCTP2024.pdf.

Key words: Polyurethane, synthesized biobased polyurethane, soft machines.

Introduction

In the biomedical field, sensors that meet the long-term needs for full-scale human
motion detection, including pressure caused by small activities (e.g., swallowing activity)
and a large range of motion (e.g., running), have been a hot research topic. This requires
sensors that meet not only high sensitivity and wide operating range but also excellent
electrical conductivity, flexible wearability, lightweight, suitable modulus, excellent
biocompatibility, and easy processing. The flexible skin sensors have attracted great
interest in various practical medical fields, such as artificial skin and human motion
health monitoring. The first function of such sensors is to monitor bodily signals and
intervene in diseases promptly. The second function is to enhance human adaptability
to harsh environments and facilitate the completion of challenging tasks. With the help
of conformal human-machine interfaces, wearable machines (such as exoskeletons) can
be controlled to perform difficult tasks. Moreover, biodevices can even replace human
organs to augment their capacity.

Main text

Polyurethane is an excellent and widely used polymer material. In synthesizing
polyurethane, the structure of soft and hard segments in polyurethane could be ad-
justed, which can obtain better properties than other polymer materials, such as good
mechanical properties and biocompatibility. In recent years, due to their excellent
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chemical stability, biocompatibility, and low cytotoxicity, polyurethanes have been
widely used for biomedical applications. We synthesized a new biobased polyurethane
and macro- and nanosized particles with magnetic properties. The polymer composites
with different level of magnetic particles loading were prepared and their physical
properties were studied. The response of these active soft matter on magnetic fields
was studied with goal of comprehensive understanding of its deformation and actuation.
Besides, systematic study on on-demand programming of material components and
physical properties at the submillimeter, micro-, and even nanoscale levels was provided.
Hence, the in-depth research on the material composition, response mechanisms, and
programming methods of soft matter to promote the construction of novel and practical
soft machines in the future was made.
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Abstract

The broken inversion symmetry of underlying crystals of noncentrosymmetric
superconductors gives rise to new nontrivial phenomena. We study noncentrosym-
metric superconductor using the Ginzburg-Landau effective model supplemented
with a parity-breaking Lifshitz invariant. We show that these superconductors
with the O point-group symmetry possess self-knotted configuration of magnetic
field, which we term “toroflux”. These solutions resemble Chandrasekhar-Kendall
states in astrophysical plasma. We demonstrate that a magnetic dipole in the bulk
of a noncentrosymmetric superconductor sources finite-energy toroflux solutions.

Key words: broken inversion symmetry, Chandrasekhar-Kendall states, super-
conductivity

Introduction

Superconductors react differently to an external magnetic field. In ordinary,
parity-unbroken superconductors, the magnetic flux is almost totally expelled by
the superconducting condensate due to Meissner effect (type I superconductivity).
Ordinary type II superconductors also expel weak magnetic fields due to the Meissner
effect, while if the magnetic-field background is strong enough, the magnetic flux
penetrates thus superconducting medium in the form of a regular lattice or a liquid of
Abrikosov vortices. Moreover, quantum or thermal fluctuations can induce unstable
closed loops of such quantum vortices. Thus, apart from certain cases demonstrated in
multicomponent systems that allow for different topology [1], bulk superconductors do
not feature stable, localized configurations of the magnetic field (in three dimensions).
Moreover, in a superconductor with a single order parameter, the magnetic flux carried
by an Abrikosov vortex is necessarily quantized in units of the elementary magnetic
flux.

In spite of these features, we demonstrate the existence of a new class of a compact
self-supporting three-dimensional configurations of a knotted magnetic field which
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carry, in general, a non-quantized flux [2]. These unusual solutions are supported
in the bulk of parity-odd superconductors due to the breaking of the parity reversal
symmetry [3].

Such structures are considered as superconducting counterparts of Chandrasekhar-
Kendall states - the minimum-energy equilibrium configurations in the magnetohy-
drodynamics of highly conductive “force-free” plasma. These states appear in various
physical systems, such as astrophysical plasma [4] and nuclear fusion plasma. In the
latter case, Chandrasekhar-Kendall states are also known as Taylor states, which are
magnetic field configurations in a spheromak [5] (a device for confining plasma, which
is an analogue of a tokamak).

Main text

The properties of noncentrosymmetric superconductors are studied within the
framework of the effective Landau-Ginzburg model, supplemented by the Lifshitz
invariant [3], which is responsible for the breaking of inversion symmetry. This term
are linear in the magnetic field and in the gradients of the superconducting order
parameter: ∝ kijBiIm(ψ∗Djψ), where D is the gauge derivative of the order parameter
ψ, and kij are coefficients depending on the crystal symmetry.

For the simplest case that corresponds to single component superconductor with
chiral octahedral O-symmetry group (for example, PtSbS [6]), Ginzburg-Landau free
energy density has following form:

F =
B2

8π
+ k|Dψ|2 + β

2
(|ψ|2 − ψ2

0)
2 + γj ·B , (1)

where the last term γj ·B is a specific form of the Lifshitz invariant, and the prefactor
γ controls the degree of inversion-symmetry breaking.

In the London limit we explicitly solve corresponding equations of motion. We also
determine the energy and helicity densities for the infinite tower of these states. Next
we demonstrate that a ferromagnetic inclusion regularizes the singular behavior of the
solution (as common in the London limit), serving, at the same time, as a source for a
finite-energy superconducting knotted solution. For one of the solutions the physical
fields H and J induced by a magnetic dipole are displayed in the Fig. 1. This figure
illustrates that a magnetic dipole impurity induces toroidal, axially symmetric, nested
structures. The knotted nature of the toroflux states is rooted in the parity breaking
magnetoelectric effect that generates the supercurrent along the magnetic field lines.
The supercurrent also produces the magnetic field, thus linking the magnetic field lines
of the toroflux.

Such knotted configurations can be experimentally detected using muon spin
spectroscopy. The study of the properties of this configuration outside the London
limit is planned using lattice field theory methods.
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Figure 1: Visualization of a toroflux induced by a magnetic dipole. The left figure
shows magnetic field lines H, and the right figure shows electric current lines J. The
sphere in the center shows the position of the magnetized inclusion.

The work was supported by State assignment of the Russian Ministry of Education
and Science for project No.FZNS-2024-0002.
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Three-Body Problem and Precision Physics

Vladimir I. Korobov
BLTP, Joint Institute for Nuclear Research, Dubna, Russia

A review of the modern methods in the Coulomb three-body problem will be presented. Variational
methods for the nonrelativistic Schroedinger equation, relativistic corrections, and the Nonrelativistic QED
will be discussed.

Application of the methods developed to various fields of physics like physics of exotic atoms (antipro-
tonic/pionic/kaonic helium, µCF), or precision spectroscopy of the hydrogen molecular ions H+

2 and HD+.
Impact on the fundamental physical constants, precision determination of masses of particles and antiparti-
cles, search for new physics will be given.
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Abstract

The structure and dynamics properties of highly charged ions (HCIs) up to an
extremely high precision are described ab initio by quantum electrodynamics (QED),
which is currently considered to be one of the most accurate theories of the fundamental
interactions. Compared to neutral atoms or light ions, many physical phenomena are
greatly enhanced in HCIs. Relativistic and Breit-interaction effects, QED corrections
as well as violations of various selection rules are known to become increasingly
important and influential in the structure and radiative properties of HCIs. Since
extraordinary precision of QED offers unique scientific opportunities, e.g., in the search
for “new” physics, its stringent experimental tests remain to be of high importance.
HCI are actively studied experimentally at heavy ion storage rings and small-scale
Electron-Beam-Ion-Trap facilities.

High-precision evaluations of the structure and dynamics properties of highly
relativistic, tightly bound electrons in HCIs represent one of the most challenging tasks
in modern theoretical atomic physics. Achieving the required theoretical accuracy in the
case of few-electron HCIs is a very important and complicated problem. The calculation
techniques used for high-Z ions are generically different from those used for low-Z
ions, because the nuclear-strength parameter αZ (α is the fine-structure constant) is
not small. Therefore, it cannot be employed as an expansion parameter, instead, the
calculations have to be performed to all orders in αZ. The corresponding method
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of calculation for the QED contributions of the first- and second-order diagrams
are developing and applying actively, however, the technical complexity of direct
calculations of QED corrections grows rapidly with increasing order of perturbation
theory and the number of electrons, making them practically impossible on a large scale.
In this regard, simple approximate methods for taking these corrections into account
are employed [1, 2]. Further improvement of the accuracy of theoretical calculations
can be achieved by developing methods that allow us to use the advantages of the exact
and approximate approaches. Meanwhile, there are many experimental data whose
accuracy exceeds the theoretical one, e.g., for Li-like [3], B-like [4, 5], and F-like [6, 7]
ions.

To improve the theoretical predictions obtained by the rigorous QED methods
(but only in the lowest orders) the correlation contributions of the higher orders can
be taken into account within the lowest relativistic approximation through solution of
the Dirac-Coulomb-Breit equation (DCB). The calculations can be performed both for
single levels [8, 9], and in the framework of the quasidegenerate perturbation theory to
rigorously account for the mixing of close levels of the same symmetry [10, 11].

In such a manner to improve prediction of the QED screening corrections we will
employ an approximate approach based on the model QED operator. This can be
done by isolating the higher orders of the interelectronic interaction from the QED
screening results obtained with the model operator. For this purpose, we will add a
small parameter in front of the interelectronic-interaction operator in the calculations
with the effective QED operator [1], which will allow us to numerically decompose the
QED screening correction by this parameter. Then, separating the contributions of
lower orders from the total value, we will find the contribution of higher orders, which
will be added to the exact QED values. The accuracy of the results obtained can be
estimated from the scatter of the final values, depending on the initial approximation
of the perturbation theory on the interelectronic interaction (depending on the initial
screening potential).

In the present work we demonstrate merges of the rigorous QED treatment up
to the second order of perturbation theory with the higher-order electron-correlation
contributions evaluated within the Breit approximation and model QED operator in
HCIs. To account for correlation effects in the Breit approximation, the relativistic
Dirac-Fock-Sturm configuration interaction method (CI-DFS) in combination with the
many-body perturbation theory [12] is utilized.
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Abstract 

This study presents the results of simulating the heat propagation processes 
occurring in a W/La0.99Ce0.01B6/W multilayer detection pixel of a thermoelectric 
single-photon detector following the absorption of UV photons. The calculations 
were performed using a three-dimensional matrix method based on the equation 
of the heat propagation from a limited volume. Detection pixel designs yielding a 
signal-to-noise ratio greater than one were identified. The results indicate that the 
thermoelectric detector is capable of detecting single ultraviolet photons yet 
exhibiting high count rate. 

Key words: Photodetectors, Sensors, Computer simulation, Computational modeling, 
Sensor phenomena 

 

Introduction 
Research in various fields such as spectroscopy, astronomy, quantum computing, 

biology, security, medicine, and imaging often require the detection of weak radiation, 
including single photons. While single-photon detectors in the infrared range have been 
extensively studied, the research on a single-photon detection in the UV region is 
relatively limited, although some progress has been made. Superconducting nanowire 
single-photon detectors operating in the UV range with active areas up to 56 µm in 
diameter, high efficiency (80%), timing resolution as low as 60 ps, and dark count rates 
of approximately 0.25 cph have been developed [1]. However, there is still significant 
interest in developing faster detectors with lower noise for various applications.  

Thermoelectric single-photon detectors (TSPDs) have emerged as an alternative to 
superconducting detectors. Studies have shown that TSPDs based on CeB6 and 
(La,Ce)B6 compounds are capable of detecting single photons with high count rates and 
spectral resolution.  In theory, TSPDs compete to superconducting tunnel junctions and 
transition edge sensors [2]. The detection pixel of a TSPD does not require strict 
operating conditions or additional power supply and has a simple design, minimizing 
the heat generation during operation. 

 
Novelty and importance 

In this study, we have investigated the feasibility of detecting UV photons using a TSPD 
detection pixel. The detection pixel comprises a W absorber and heat sink, a La0.99Ce0.01B6 
thermoelectric sensor, and an Al2O3 dielectric substrate. Through the modeling of the heat 
propagation processes and evaluating the noise in detection pixels of various geometries at 
an operating temperature of 1 K, we have determined that for 7.1 eV photons SNR = 1.77 can 
be achieved. While this value is not particularly high, identified certain trends suggest the 

mailto:astghik@ipr.sci.am,
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potential for increasing the SNR. It is evident that a higher SNR can be attained when photons 
with greater energy are detected using the same detection pixel geometry. Overall, our study 
highlights the possibility of detecting photons with specific energies utilizing the TSPD 
detection pixel setup. Furthermore, it identifies avenues for improving the SNR by adjusting 
the detection pixel geometry and the materials used. 

 

Results 
Computer simulations were conducted to analyze the heat propagation in th 

W/(La,Ce)B6/W detection pixel (below WLW) with surface areas 4 µm2(A4) and 
1 µm2(A1), following the absorption of UV photons at operating temperature of 1 K. The 
absorber thickness (d1) was varied as 0.1 µm, 0.08 µm, 0.06 µm, and 0.04 µm, while the 
sensor thickness (d2) was set to 0.1 µm, 0.05 µm, 0.02 µm, and 0.01 µm. 

Simulations show that reducing the surface area of the detection pixel can lead to 
an increase of the temperature gradient and voltage across the sensor. Figure illustrates 
the maximum voltage (Vm) values generated on different detection pixel geometries af-
ter the absorption of single photons with the energy of 7.1 eV. Notably, detection pixels 
with a surface area of A1 exhibit significantly higher voltages for all absorber thick-
nesses considered, but Vm values decrease considerably with increasing absorber thick-
ness. 

 

 

Figure 1: Dependence on the absorber thickness d1 of 
maximal voltage arising on detection pixels with 

surface area 4 and 1 µm2, d2 = 0.1 µm2 
 

The decay time (τ) of the temporal dependence of average temperature difference 
on the sensor boundaries (ΔTavs) increases as the sensor thickness increases, and it is 
longer for detection pixels with a surface area of A1, as shown in Figure 2.
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Figure 2: Dependence on the sensor thickness d2 of the 
ΔTavs(t) function decay time, d1= 0.1µm 

 
The noise of the WLW detection pixel was estimated based on formulas for thermal 

radiation sensors. The total noise equivalent power NEP of a thermal sensor contains 
two components: the phonon noise (NEPP) of the thermal isolation structure and the 
Johnson noise (NEPJ) of the temperature transducer. For photons with 7.1 eV energy 
the data of Johnson noise equivalent power, noise power (N), signal power (P), and SNR 
for A1 is presented in Table 1, SNR for A4 is smaller than 1 for all considered 
geometries. Phonon noise equivalent power remains the same for all considered 
detection pixels at a value of 89 fW/Hz1/2 due to the constant thickness of the heat sink. 
 

Table 1: The detection pixels Johnson noise, noise 
power, signal power, and SNR 
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d1, μm d2, μm NEPJ, fW/Hz 1/2 N, nW P, nW SNR 
0.10 0.10 737 98.60 2.29 0.023 
0.10 0.05 521 105.12 5.73 0.055 
0.10 0.02 329 111.17 16.60 0.149 
0.10 0.01 233 115.86 34.30 0.296 
0.08 0.10 589 84.57 3.04 0.036 
0.08 0.01 186 104.71 49.80 0.476 
0.06 0.10 443 69.13 4.31 0.062 
0.06 0.01 140 93.68 79.60 0.850 
0.04 0.10 295 51.84 6.63 0.128 
0.04 0.01 93 84.47 149.00 1.770 
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Abstract

The work is devoted to the study of two-photon hydrogen recombination in
the presence of cascade processes. Within the framework of QED theory and
the S-matrix approach, an analytical derivation and a numerical calculation of
the radiative corrections to the one-photon recombination cross-section are given.
It is shown that the imaginary part of the one-loop bound electron self-energy
operator averaged on the wave functions of a continuous spectrum leads to a well-
known expression for the cross-section of one-photon recombination. Within this
approach, we show that the leading order correction to the free-bound one-photon
process can be identified in a similar way by studying the imaginary part of the
two-loop self-energy. The results of this study could have significant implications
for the theoretical understanding of hydrogen recombination kinetics, and may
contribute to ongoing astrophysical research on the primordial hydrogen plasma
in the early universe.

Key words: Theoretical Physics, Atomic Physics, Astrophysics

Recently, in the previous work of our scientific group, it was shown that in the
presence of cascade processes, there is a fundamental difference between the two-photon
level width of the excited atomic state and the corresponding two-photon transition rate
[1, 2]. In particular, in [1], using the example of bound ns/nd− 1s(n ≥ 3) transitions
in hydrogen, it was shown that the two-photon widths of the excited levels, evaluated
as the imaginary part of the two-loop bound electron self-energy correction to the
energy level, differ from the corresponding two-photon decay rates when one-photon
cascade processes are taken into account. The obtained results can be interpreted as
radiative corrections to the one-photon width.

In the present work, we continue our study by focusing on free-bound transitions
and considering two-photon recombination in a hydrogen atom. Within the framework



Figure 1: Feynman graphs of irreducible contributions of the two-loop self-energy of a
bound electron. The three cuts I, II, II in (a) correspond to the products of amplitudes
as depicted for the cut I in (b) and for the cut II in (c). A picture for the cut III is
similar to that in (b). These pictures demonstrate that only the cut II corresponds to
the contribution to the two-photon width [1, 2].

of QED theory and the S-matrix formalism, an analytical derivation and numerical
results of the radiative corrections to the one-photon recombination cross-section is
given. Following the work of [4], we consider the imaginary part of the two-loop
self-energy operator averaged over the wave functions of the continuous spectrum,
see Fig. 1. It is shown that with this approach the resulting expression contains no
resonance terms and represents a radiative correction to the one-photon recombination
cross section.
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Gauge invariance of the QED corrections containing self energy for electrons in
bound state.

Abstract

This topic is motivated by significantly increased precision of measuring g-factor in the last few years.
Therefore, in theoretical physics we have to refine the values of g-factor in order to predict experimental results.
The uncertainty depends on QED effects and corrections related to finite nuclear size. The calculation of per-
turbation theory corrections in different gauge has not only different complexity, but in general, a different result.

QED is constructed as a gauge invariant theory. So, if we change the gauge in the entire system we should
receive the same answer. The global idea in this work is to change the gauge locally. Corrections and diagrams
could have different divergences and evaluation complexity in different gauge. Accordingly, we can calculate
different parts of the diagrams in a different gauge, which allows us to optimize speed, precision and convergence
of QED corrections.

To begin with Feynman’s and Coulomb’s gauges in first and second order QED correction containing self-
energy. Examples of considered diagrams are in the figure 1. We will demonstrate the method of changing
gauge from Feynman to Coulomb in the self-energy loop and in the other operators the gauge is untouched.
As it will be shown, the corrections like self-energy, self-energy with interaction with the external potential and
two electron self-energy with one photon exchange contain gauge invariant sets of diagrams where we can apply
our local gauge replacement.

Figure 1: (a) – self-energy, (b) – vertex contribution of perturbed self-energy by an external potential, (c) – two
electron self-energy with one photon exchange

After that, possible advantages from partial replacing of Feynman’s gauge on Coulomb’s are found in example
with first-order self-energy. The precision and convergence of a series by the relativistic angular momentum
analysis is presented.

1
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Abstract

A careful derivation of the Stark and Zeeman shifts induced by blackbody
radiation (BBR) is given for the hydrogen atom in the framework of quantum
electrodynamics (QED). For this purpose, a one-loop self-energy correction for
the bound electron is examinated. According to the QED theory, the real part
of the corresponding contribution represents the energy shift and the imaginary
part constitutes the level width. The finite temperature QED formalism, which
includes the substitution of the thermal part of the photon propagator, is used
to identify the relevant thermal contributions. Analytical calculations show that
thermal one-loop self-energy correction provides the Zeeman shift and magnetic
transitions induced by blackbody radiation as next-order corrections with respect
to the Stark bias and ”ordinary” thermal broadening. The calculation of the
latter is relevant for hyperfine transition frequencies used as operating transitions
in atomic clocks.

Introduction

A theoretical description of atom interaction with blackbody radiation (BBR) was
given by W. Farley and W. H. Wing in [1]. It was shown that the main effects are
caused by the off-resonance and resonance components of the BBR. The resonant
components of the BBR induce electric-dipole transitions to other atomic energy level,
and the off-resonance components induce a dynamic Stark shift. Further discussions
and evaluations is carried out for the off-resonant contributions of the BBR. An
analitcal derivation of the ac Stark shift within the framework of QED theory at finite
temperature was given recently in [2]. In particular, in the leading order, the energy
shift was obtained as the real part of the one-loop self-energy correction for the bound
electron, and the thermal broadening emerged as the corresponding imaginary part.
In the framework of the present study, the thermal Zeeman shift is treated in the
framework of QED at finite temperature, which is relevant for atomic clocks operating
on hyperfine transitions. The corresponding imaginary part is also calculated. Here
we focus on the energy shifts for the hydrogen atom at temperature T = 300K,
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implying its application to laboratory conditions of spectroscopic experiments. The
contribution of the Lamb shift and the hyperfine structure were taken into account
for the numerical calculations.

Main text

Within the finite temperature QED approach, we analyse the thermal one-loop self-
energy correction for the atomic electron in the one-electron approximation. The BBR
induced effects are derived from one-loop self-energy correction within the S-matrix
formalism. Utilising the procedure given in [2], the AC Stark shifts and BBR-induced
level widths are analysed comparatively with previous results. This provides further
rigorous calculations for next-order corrections in the fine structure constant, for the
Zeeman shift in particular.

It is well known that the Zeeman shift is smaller than the Stark shift. However,
for hyperfine transitions, where the Shark shift approaches zero, the corresponding
offset can be significant at the present accuracy of the experiment. In order to obtain
the magnetic interactions araised from the BBR, one should evaluate corrections of

the next order in the fine structure constant. As a result the angular momentum, l⃗,
and electron spin, s⃗, operators arise from the thermal one-loop self energy correction
in the nonrelativistic limit. The latter represent the thermal Zeeman shift (as the
real part) and the BBR-induced broadening of magnetic transitions (as the imaginary
part).

For the thermal shifts, arising for specific fields that have no axial symmetry,
the effect of the external field appears only in the second order over the field. For
atoms with nondegenerate states, this results from the vanishing of the corresponding
diagonal dipole matrix element. For isotropic fields (no axial symmetry) there is no
distinct direction, so the mean value is zero. Meanwhile, for the Zeeman shift this is
not aplicable, since the magnetic interaction is given by the interaction of the operator

of angular momentum l⃗ and the operator of electron spin s⃗, where this operators
comute between each other, that means that the angular momentum and the spin are
preserved. Since they are preserved, these operators can be simultaneously reduced to
a diagonal form. Therefore, for the Zeeman shift, we evaluate the diagonal matrix
elements as the main contribution. The convenience of the proposed approach is the
automatic finding of the field quadratic contribution for the one-loop diagram.

The numerical results obtained in the calculation of the thermal Stark shift at
temperature of 300 K for various ns states of the hydrogen atom are presented. Our
results can be compared with those of [1, 2, 3, 4]. The numerical results obtained for
the Zeeman shift are compared with those obtained previously in [5] and [6]
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Abstract

We present a study of two-photon electron capture by H-like ions. The energy
of the incident electron was chosen to be in the region with the most significant
contribution of the dielectronic recombination. We studied the photon emission
spectrum. In particular, we calculated the differential over the photon energy
cross section including the main resonance groups corresponding to the cascade
transitions, and the low-energy photon region, where the infrared divergence
required special processing. The calculations were performed within the framework
of QED theory.

Key words: Theoretical physics

Introduction

The radiative electron transitions in ions and atoms are the fundamental processes
in atomic physics. The one- and two-photon transitions determine the majority of
possible radiative transitions. The one-photon transitions are direct transitions which
occur without formation of any intermediate state, while the two- and more photon
transitions can proceed both through the formation (cascade transitions) and without
the formation (noncascade transitions) of intermediate states. In our work we study
the two-photon electron transitions during electron capture by H-like ions.

Main text

We study for the first time the photon emission spectrum of the electron capture
by H-like ions, without using such common approximations as the single-photon
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approximation [1] and the resonance approximation. The line-profile approach (LPA)
[2] of QED is used for calculations.

It is customary to distinguish two channels in electron capture by ion: radiative
recombination (RR) and dielectronic recombination (DR). The RR is a nonresonant
channel of electron capture in which the electron is directly captured into a bound
state of the ion. In contrast, the DR is a resonant channel in which the electron
capture proceeds through the formation of a doubly excited state. The DR can make
a significant contribution to the cross section if the energy of the initial state is close
to the energy of some of the doubly excited states. Both RR and DR are taken into
account in this work.

For illustration, presented figure shows differential cross section of the two-photon
electron capture depending on the energy of one of the emitted photons for uranium
ion. The energy of the other photon is determined by the energy conservation law.
Total photon energy of the both emitted photons is 193.488 keV. The electron kinetic
energy is εk = 63.924 keV, which is close to the DR resonances corresponding to the
(2p1/2)

2, (2s2p1/2)0, and (2s2p1/2)1 states.
Main results of this work can be found in [3].
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M. A. Gorlach1, R. A. Vicencio2

1School of Physics and Engineering, ITMO University, Saint Petersburg
197101, Russia

2Departamento de F́ısica and Millenium Institute for Research in
Optics-MIRO, Facultad de Ciencias F́ısicas y Matemáticas, Universidad
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Abstract

Topological photonics provides strategies to create localized phases of light
protected against certain types of disorder and fabrication imperfections. Here,
we put forward a concept of photonic molecules made from pairs of closely
placed optical waveguides, and create an unconventional topological phase in a
one-dimensional lattice comprising such molecules. Both inter-orbital couplings
between the molecules and the geometric dimerization mechanism could open the
nontrivial bandgap hosting up to a pair of localized edge states at each lattice
end. The proposed method could be further applied to two-dimensional lattices
to create unconventional topological phases in the optical range.

Key words: Orbital hybridization, topological photonics, femtosecond laser
writing

Introduction

Topological photonics provides multiple pathways to shape the flow and localization
of light from one to three dimensions as well as synthetic dimensions by utilizing various
available degrees of freedom. The engineered topological disorder-robust states range
from the analogs of quantum Hall, quantum spin Hall effects and valley Hall states to
corner- and hinge-localized states. The large variety of platforms include polaritonic,
microring resonator, plasmonic and waveguide lattices, as well as photonic crystals,
covering a large spectral range from radiofrequencies to the infrared [1]. However, most
designs in optics have been focused on the single-mode waveguide platforms [2], with
less flexible profiles of individual waveguides and generally small topological bandgaps.
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Figure 1: (a) Design of the photonic molecules composed of pair of closely placed
waveguides and the corresponding modes (shown below). In a multi-orbital lattice
model, the refraction index contrasts δn1,2 in the two molecules are tuned so that the
symmetric s mode in one molecule is degenerate with the anti-symmetric p mode in
another one. (b) Design of the photonic molecule array with an edge state intensity
profile displayed. The constituent waveguides are fabricated in a glass plate by the
femtosecond laser writing technique.

A recent promising strategy involves engineering polarization or orbital degenera-
cies for individual meta-atoms comprising the lattice or their clusters, creating new
pseudospin degrees of freedom. This strategy proved to be fruitful and leading to
simpler lattice structures in one [3] and two [4] dimensions. In this work, we put
forward a concept of photonic molecules [5] based on pair of optical laser-written
waveguides, which opens the way to tuning the relevant orbital degeneracies in optics,
see Fig. 1a. The relevant orbital degeneracies in different molecules could be tuned
via changing the refractive index contrast by controlling the writing power. Using
such molecules with degenerate symmetric and antisymmetric modes, we construct a
quazi-one-dimensional lattice hosting up to two edge-localized states in the topological
bandgap, see Fig. 1b.

Model and Results

The simple model which highlights the advantages of the photonic molecules is a
quasi-one dimensional lattice shown in Fig. 1b with additional Su-Schrieffer-Heeger-like
geometric dimerization, which could be described by a tight-binding Hamiltonian

Ĥ(kx) =

(
β̂ e−ikx κ̂1− + κ̂2+

eikx κ̂1+ + κ̂2− β̂

)
, (1)
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where β̂ quantifies detuning of the two modes, and the coupling matrices read κ̂i± =(
κss,i ±κsp,i
∓κsp,i −κpp,i

)
, with positive inter-orbital coupling coefficients κss,i, κsp,i and

κpp,i that depend on the vertical and horizontal distances between the molecules,
while index i = 1, 2 denotes two different horizontal distances between the “rows”
of the structure due to the geometric dimerization. As we prove [5], the opening
of a complete bandgap in the lattice Bloch spectrum and the resulting topological
characteristics depend on the competition between the orbital coupling coefficients and
the dimerization, with two distinct topological phases. The first phase also appears in
the non-dimerized lattice, is characterized by the conventional Zak phase, and hosts
one edge state at each lattice end, according to the previously discovered inter-orbital
coupling mechanism [3]. The second, geometrically dimerized phase for the lattice
terminated by larger inter-column distances hosts twice as much edge states, and is
characterized by the Z3 invariant. We observe both topological phases in the set of
fabricated lattices for different wavelengths and track the topological transitions by
carefully analyzing the edge intensity after propagation through the lattice excited at
one of its ends, and find reasonable agreement with theoretical predictions [5].

To summarize, in this work we proposed the concept of photonic molecules in
the optical range and applied it to construct an unconventional topological phase
in a quazi-one-dimensional laser-written waveguide lattice. We hope that, due to
the generality of our approach, it will find further applications in two-dimensional
topological photonics and acoustics by helping in engineering and tuning the relevant
orbital pseudospin degrees of freedom by conventional fabrication techniques.
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Exceptional point in the system of two coupled acoustic
resonators
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In optics Non-Hermitian PT-symmetric systems are well known for there ability to provide
Exceptional Point [1], the set of the system parameters, at which two or more eigenstates coalesce.
However, PT symmetry requires the gain medium, that disables the transfer of the Exceptional
Point formation mechanism into acoustics. In the work we investigate the acoustic system consisted
of two resonators with different loss factors. It allows to extract the PT-symmetric part from
the resulting Hamiltonian, providing the existence of the Exceptional Point. Tuning the coupling
constant between resonators, we have experimentally demonstrated the Rabi splitting in the regime
of strong coupling[2], coalescence of resonances near the Exceptional point and the loss-detunning
in the weak coupling regime.
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Abstract
We present a study of electron correlation effects on the g factor of lithium-like

ions in ground and excited states. Calculations are performed in the first five
orders within the Breit approximation using the recursive perturbation theory.
The Coulomb potential and various screening potentials are considered as the
zeroth-order approximation potential.

Key words: Atomic physics, g factor, correlation effects, highly charged ions.

High-precision measurements of the g factor of highly charged ions provide an
unprecedented test of bound-state QED [1, 2]. To date, the experimental accuracy
for hydrogen-, lithium-, and boron-like ions has reached values of the order of 10−9 –
10−11 [3–7]. In particular, the most accurate value of the electron mass was obtained
on the basis of these studies [8, 9]. The prospects for the development of theory and
experiment with the g factor open the possibilities for independent determination of
the nuclear parameters and the fine-structure constant as well as for the search for
new physics [10–12].

In our study, the correlation effects on the g factor in ions with the low nuclear
charge number Z are investigated for the Coulomb and various screening potentials.
In the framework of the QED perturbation theory for bound states, the contribution
of the interelectronic interaction ∆gint can be written as a 1/Z-parameter expansion:

∆gint = (αZ)2
[
1

Z
B1(αZ) +

1

Z2
B2(αZ) + . . .

]
. (1)

The coefficients Bi are expanded in the parameter αZ:

Bi(αZ) = b
(0)
i + (αZ)2b

(2)
i + (αZ)4b

(4)
i + · · · . (2)
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We determine the coefficients b
(i)
k for lithium-like ions in the Coulomb potential

from full numerical calculationsof ∆gint up to the fifth order. The calculations are
based on the dual-kinetic-balance method [13] with a finite basis set composed of
B-splines. Corrections due to the interelectronic interaction in the Breit approximation
are expanded in powers of αZ for the ground and excited (1s)22p1/2 and (1s)22p3/2
states. The dependence of the convergence of perturbation series for the energy levels
on the choice of the potential in the zeroth-order Hamiltonian was also analyzed.
Combining our results with high-precision non-relativistic calculations will improve
the accuracy of the theoretical predictions.
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Abstract 

In analogy with superfluidity, nonequilibrium polariton condensation can be 
phenomenologically described in terms of separated condensed and normal 
fractions. Under the assumption of significantly shorter characteristic timescale, 
the incoherent part is frequently traced out adiabatically. In this work, we stress 
the importance of accounting for the time-resolved coupling between the 
condensed and normal fractions. Even in the case of a significant mismatch in 
the evolution rates, the coupling with the normal fraction drastically alters the 
condensate dynamics and leads to a variety of previously overlooked phases in 
a confined configuration. Focusing on the case of annular optically induced traps 
for polaritons, we elaborate on the non-adiabatic model of polariton 
condensation. Using the two-mode approximation, accounting for a couple of 
quantized polariton vortices with opposite angular momenta, we identify the 
range of validity for the adiabatic elimination of the incoherent reservoir. Beyond 
this range, the non-adiabatic interaction with a circularly symmetric trapping 
reservoir supports multistability, limit cycle dynamics, and formation of a neutral 
equilibrium standing wave phase featuring spontaneous breaking of the 
continuous radial symmetry. In the presence of a weak trap asymmetry, the non-
adiabaticity prevents formation of giant polariton vortices. We argue that our 
detailed description gives interpretation to the dominance of the standing wave 
phase over persistent vortex phase in experimental observations [1]. 

Key words: Exciton-polariton nonequilibrium condensation 

 
 

 

Figure 1: A sketch of nonequilibrium polariton condensation in annular 
optically induced traps in reciprocal space (a) and in real space (b).  
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Abstract 
Different polarization models of a piezoceramic composite material are considered, based 

on the preliminary determination of the polarization field by solving a linear problem of 
electrostatics, simulating the polarization process of piezoceramics.  

Key words: Piezoelectricity, Piezoelectric Composite, Piezoceramics, Inhomogeneous 
Polarization, Effective Modulus, Anisotropy 

 
Introduction 

The effectiveness of using piezoceramic materials in modern technology is 
determined by their high dielectric constants and coupling electromechanical 
coefficients. These properties distinguish piezoceramics from most natural 
piezoelectric substances. In this case, piezoceramics are synthesized as a result of 
special technological processes, including high-temperature firing and polarization. 
During the polarization process, the crystallite domains are oriented predominantly 
by the direction of the applied polarization field, and ultimately, conventional 
macroscopically continuous piezoceramics can be considered a homogeneous 
anisotropic material in which the anisotropy properties are related to the direction of 
the polarization vector. However, composite piezoceramics at the microlevel are 
inhomogeneously polarized. Therefore, modeling its properties at the micro and 
macro levels is an important task. Some simplified approaches to solving this problem 
are discussed in this brief paper. 

 
Modelling of non-uniform polarization and 
determination of effective properties 

Dense piezoceramics is usually considered in the framework of the linear theory of 
electroelasticity as a homogeneous anisotropic material of the hexagonal system of 
the 6mm class. Its electromechanical modules then have the properties of a 
transversally isotropic material, for which the Ox3 axis coincides with the polarization 
axis, and the position of the Ox1 and Ox2 axes in the perpendicular plane is not 
significant. However, in the case of a composite with a piezoceramic matrix and 
inclusions of elastic material or pores, the moduli of the effective homogeneous 
medium may have the properties of materials of other anisotropy classes. This effect 
can be caused by the presence of preferential orientation of inclusions or pores along 
certain directions, as well as the anisotropy of representative volumes or periodicity 
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cells in metamaterials. Besides, in a composite structure, the piezoceramic matrix may 
already be non-uniformly polarized since the polarization field will be 
inhomogeneous in the vicinity of inclusions or pores. This will be especially noticeable 
for piezocomposites with metal inclusions or for porous piezocomposites with 
metallized pore surfaces [1]. In such cases, when calculating the effective moduli, it is 
necessary to consider the inhomogeneous polarization of the piezoceramic matrix of 
the composite. 

We first investigate various simplified models for the pre-polarization of 
piezoceramics in representative volumes of piezocomposites. They are based on a 
solution using the finite element method to the electrostatic problem of a composite 
dielectric in a linear formulation under the action of an electric field along the 
assumed polarization axis. In this problem, it is assumed that the composite consists 
of an unpolarized piezoceramic matrix, which is treated as an isotropic material, and 
inclusions or pores. In this problem, it is proposed that the composite consists of a 
non-polarized piezoceramic matrix, which is considered as an isotropic material, and 
inclusions or pores. As a result of solving a problem that simulates the polarization 
process, the electric induction field and the electric field are found, and from them the 
polarization field is determined, which turns out to be inhomogeneous both in 
direction and in magnitude. Further, in a representative volume element of the 
composite, its matrix is considered as polarized piezoceramics with inhomogeneous 
electromechanical properties. 

Various polarization models are discussed, which differ in the methods of 
determining the moduli of inhomogeneously polarized piezoceramics based on the 
found directions and values of the polarization vector; by moduli of non-polarized 
ceramics; and by moduli of uniformly polarized piezoceramics in local coordinate 
systems related to the direction of the polarization vector [2]. At the same time, in the 
development of the models from [2], modified models are also considered using 
moduli of uniformly polarized piezoceramics from various forms of constitutive 
relations of piezoelectric media, as well as “superpolarization” models with a 
limitation on the value of the polarization field intensity coefficient.  

Next, we study the problems of homogenization of piezocomposites with a 
nonuniformly polarized piezoceramic matrix, the moduli of which are calculated using 
previously proposed models. The results of calculations of the effective properties of 
various piezocomposites are presented and their dependencies on polarization 
models are analyzed. 

This research was supported by the Russian Science Foundation, grant number 
No. 22-11-00302. 
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Abstract

Being a resonance state with infinite lifetime, bound states in the continuum
(BIC) became a curios phenomena for the studying in acoustics, hydrodynamics
and optics. Due to the physical limitations in a real structures, BICs become
radiative and transform into quasi-BICs. Thus, the study of their robustness
in a real systems is important task. In this work we experimentally investigate
the influence of the structural disorder on the BIC’s Q factor. Our results are
important from the practical point of view, since the in a real structures defects
plays a decisive role.

Key words: Bound states in the continuum, structural disorder, chain of ceramic
disks

Introduction

Bound states in the continuum (BIC) can be described as non-radiating resonant
states whose energy embedded to the continuum spectrum of propagating waves in
the surrounding space [1]. Owing to several constraints imposed by real structures,
including finite size, material losses, and the presence of structural defects during
fabrication, these states manifest themselves as quasi-BICs with a finite lifetime [1].
Therefore, the investigation of BICs’ robustness against such limitations in real systems
is an urgent task.

Results and Discussion

In this study, we investigate the impact of structural disorder on the Q factor of a
quasi-BIC (q-BIC) mode with zero orbital angular momentum. Here we consider the
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Figure 1: Band diagram and geometry of the disk chain with a period L =34 mm,
radius R =15 mm and height h =20 mm.The permittivity of the disk and the loss
tangent are ε = 44 and tan δ = 10−4, respectively. Insets show the field distribution of
q-BIC mode. The points in the dispersion curve indicate the zone quantization, where
N is the number of disks.

periodic chain of ceramic disks with period L =34 mm, radius R =15 mm and h =20
mm. The ceramic’s permittivity and its dielectric loss tangent are equal to ε = 44 and
tan δ = 10−4, respectively. Figure 1 shows the band diagram and mode distribution,
which were obtained by COMSOL Multiphysics. Next, we solve eigenvalue problem
for finite chain of disks with the presence of the structural disorder. The structural
disorder was induced by the parameter σ and by the random change of the disks center
coordinates. The random coordinates were uniformly generated in Matlab.

To sum up, we found that the total quality factor of quasi-BICs decreases as
Q ∝ σ−1, which differs from the quadratic law obtained in [2]. Our results are
important for the experimental implementation of BIC in real photonic structures,
where structural defects plays a decisive role.
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Perovskites have proved themselves to be materials with unusual physical and chemical properties. 
For instance, BaTiO3 perovskite has a high permittivity, and many microelectronics have already 
been developed based on it. A little over ten years ago, solar panels started to be developed based 
on perovskite materials. These panels have a much higher efficiency than traditional silicon panels 
and their production cost is much lower. However, the lifespan of these batteries is still not long 
enough. 

One of the important applications of BaTiO3 in this work was the use of spectroscopic experiments 
based on Ba0.5Eu0.5TiO3 crystals to measure the electric dipole moment (EDM) of electrons [1]. To 
process the results of these experiments, it is necessary to have fairly accurate information about 
the electronic structure near the core of the heavy core being studied. Therefore, theoretical studies 
of the various properties of perovskites, including optical properties, are a very urgent task in the 
search for new and effective technological solutions based on them. 

The most accurate way to reproduce the electronic structure of a specific area of a crystal is through 
quantum chemical calculations using the technology of the CTEP [2]. 

In this work, the geometry of the BaTiO3 crystal was calculated using the DFT-PBE0 method. Minimal 
clusters (TiO6)8-@CTEP and (BaO12)22-CTEP were constructed with high precision fragment 
reproduction. The relaxation of the cluster geometry was calculated using DLPNO-CCSD 

Funding The work is supported by the Russian Science Foundation grant no. 20-13-00225. 
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Abstract

We theoretically predicted novel solitonic regimes of synchronization for ring-
shaped exciton-polariton condensate with coherent pumping. In particular, we
observed moving kinks profiles in the relative phase of condensate with respect
to coherent pump when initial condensate and resonant pumping have different
topological charges(phase winding numbers). The number of kinks is equal to
difference in topological charges, the velocity is proportional to the resonant pump
detuning with respect to condensate frequency. We derived effective Sin-Gordon
like model to describe observed effects in condensate phase. Finally, we studied
kinks pinning on potential perturbations and kinks dynamics in multikink regime.

Key words: Exciton-polaritons synchronization, ring-shaped condensates, Sin-
Gordon equation

Introduction

Synchronization of exciton-polaritons condensates is actively studying nowadays.
Recently, polaritonic XY simulators [1] were proposed as perspective polaritonic devices.
This simulators are based on synchronization properties of condensates spots tending
to have 0 or π phase differences depending on the inter-spots distances [2]. Several
ways to control this synchronization was proposed [3, 4]. In [4] the synchronization of
condensates with coherent pumping and, therefore, with each other were predicted.

In the ring geometry, formation of polaritonic quantum vortices were demonstrated
[5, 6, 7]. In this case condensate have nontrivial phase winding l with condensate
phase growing linearly with azimutal coordinate ϕc(θ) = lθ. In [6] authors theoretically
demonstrated efficient control of condensate vorticity with usage of coherent pumping.

In our work we predicted new synchronization regimes with coherent pumping
when initial condensate and resonant pumping have different topological charges. In
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this case, relative phase of the condensate with respect to pump looks like kinks. For
example, if condensate’s initial vorticity is lC = 1 with linear phase growing from 0 to
2π along the ring and coherent pump vorticity is lf = 0 corresponding to homogeneous
pumping, condensate phase become almost constant everywhere, except small region
where it steeply changes on 2π. The phase profile along the ring looks like 2π kink.
This example is illustrated on Fig 1.

We derived effective Sin-Gordon model for condensate phase along the ring to
explain observed effects. Finally, we studied kink dynamics, kinks pinning on potential
perturbation and kinks dynamics in multikink regime.

Main text

We started from effective 1D Gross-Pitaevskii equation describing condensate’s
dynamics along the ring.

∂tψ =
(
(1− |ψ|2) + iδ − iα|ψ|2 + iJ∂θθ

)
ψ − ifeilfθ, (1)

where δ - resonant pump detuning, α - ratio between polariton-polariton interaction and
nonlinear saturation. With substitution ψ̃ = ψeilfθ we obtain equations were we have
topological charge only in initial condensate ψ0 = ei∆lθ, where ∆l = lc − lf - difference
in topological charges. For the big ring radius(J << 1), small coherent pumping
strength and small detuning with respect to condensate blueshift δ̃ = δ − α << 1,
using perturbation theory we derived effective equation for condensate phase.

∂tϕ = δ̃ +α(J∂θθϕ+ f sin(ϕ))− J(∂θϕ)
2 − f cos(ϕ) (2)

The highlighted part corresponds to Sin-Gordon equation. For realistic values of
α ∼ 3 [8], Sin-Gordon equation could be used to effectively describe obsereved kinks in
condensate phase. In further, we used textbook kink solution of Sin-Gordon equation
and developed perturbation theory to describe kink velocity v = 2πm2J−πδ̃

4m , where
m2 = f

J . Finally, we simulated and described dynamics of one and two kinks in a
presence of potential disorder.
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Figure 1: Illustration of transformation of nonresonatly pumped ring-shaped condensate
with vorticity lc = 1 to kink in a presence of homogeneous coherent pumping(lf = 0).
The result was obtained by simulation of 2D Gross-Pitaevskii equation for condensate
coupled with excitonic reservoir.
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Abstract

We explore the process of orbital angular momentum (OAM) transfer from
a light beam to an electron in an atomic ionization process. It is shown that
regardless of the detection scheme the electron represents a wave packet with a
size solely determined by the energy of the photon rather than by the transverse
coherence of the light beam. The emitted electron also possesses a definite
projection of OAM when a single atom is located on the propagation axis of the
photon. Shifting the position of the atom yields a finite dispersion of the electron
OAM. We also study a more experimentally feasible scenario — ionization of a
localized finite-sized atomic target — and address the issue of coherent versus
incoherent description of the atomic ensemble.

Key words: Vortex states, angular momentum, photoionization

Introduction

Photoemission of vortex electrons is a first step towards generating high energy
electrons beams with OAM. Relativistic electron beams with OAM can become a
unique research tool not only in atomic and molecular physics, in the diagnostics of
nanomaterials and surfaces, where the orbital momentum allows one to obtain new
information about a sample, but also in nuclear physics, spin and hadron physics,
where such electrons can be used to analyze the proton spin, study nuclear forces at
low energies, instead of the spin-polarized beams, etc [1, 2].

We consider processes with Bessel and Laguerre-Gaussian incoming vortex photons
[3] and for the target cathode there are two toy-model options: single (hydrogen) atom
in 1s state and a finite target consisting of uniformly spread single atoms [4, 5]. The
evolved state formalism consists in deriving the wave function of final state the system
flows to by itself through possible interactions. This state is defined independently
of the postselection protocol chosen for the final states but takes into account full
information on the starting conditions.

This study is related to the experimental project of vortex electron generation run
by an ITMO-JINR team that is conducted at the accelerator LINAC-200 in Dubna.
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Main text

Initial bound state of the electron |i⟩ and the evolved (preselected) state |ev⟩ are
connected via the S-matrix Ŝ. Using the plane waves as a complete set of the free
electron states we obtain the expression [6]

|ev⟩ = Ŝ |i⟩ =
∫

d3pf
(2π)3

|pf ⟩Sfi(pf ), (1)

where Sfi(p) = ⟨p| Ŝ |i⟩ is the transition matrix element. Projecting (1) onto a state
with a definite momentum |p⟩ yields the final state wave function in the momentum
representation, which is simply the S-matrix element:

ψev(p) ≡ ⟨p|ev⟩ =
∫

d3pf
(2π)3

⟨p|pf ⟩Sfi(pf ) =

∫
d3pfδ(p− pf )Sfi(pf ) = Sfi(p). (2)

We show that the state of the emitted electron is twisted in the sense that

ℓ̂zψev(p) ≡ −i ∂

∂φp
ψev(p) = ℓψev(p). (3)

Having derived the wave function of the outgoing electron in momentum represen-
tation, we evaluate its Fourier transform and investigate the probability density in
coordinate space. As seen from the Fig. 1, the photoelectron represents a wave packet
localized around the position of the atom both in transverse and longitudinal directions.
In case of Bessel beam with zero OAM the maximum of the probability density lies on
the z-axis while for nonzero values of ℓ the wave packet has a well-known “doughnut
shape” inherent to vortex states. It can also be seen that the radius of the first ring
grows with the increase of ℓ.

It is noteworthy that the transverse coherence length (width) of the photoelectron
wave packet does not depend on the transverse coherence of the incident light. This
feature can be easily explained by analytical expressions for the wave function. Thus, it
is the photon energy ω and not its transverse momentum κ that determines the width
of the photoelectron wave packet. The width of the electron packet, which is many
orders of magnitude less than the Bessel beam radius, decreases with the increase of
the photon energy. For ω ∼ 20|εi| with εi being the ionization energy the localization
becomes comparable to the Bohr radius a, which is the initial localization distance in
the atom.

The work is supported by the Russian Science Foundation (Grant No. 23-62-10026).
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(a) (b) (c)

Figure 1: Normalized probability density |ψev(r⊥, z, φ = 0)|2 of the evolved state. Due
to the azimuthal symmetry of the problem there is no dependence on φ. The incident
photon represents Bessel beam with ω = 1.2|εi|, opening angle θk = arctan(κ/kz) = 1◦.
Length is measured in Bohr radii a. (a) ℓ = 0; (b) ℓ = 1; (c) ℓ = 5.
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Abstract

In a near future, multi-beam sources of laser light of intensities ∼ 1023W/cm2

may be built and put in operation. This promises the opportunity of creation
of circularly polarised extremely intense femtosecond laser pulses for studies of
laser-plasma interactions in the highly nonlinear regime. In particular, such pulses
can be used to transfer angular momentum to structured overdense plasma targets,
which leads to the generation of strong quasi-static magnetic fields. We consider
the interaction of circularly polarized pulses with a plasma slab having a through
cylindrical hole. A simulation performed by the PIC-code SMILEI, demonstrates
that the magnetic field amplitude can be as high as several Giga-Gauss. A
complex electron dynamics induced by the angular momentum absorption near
the target edge was observed and shown to be the source of the magnetic field
excitation.

Key words: Laser-plasma interaction, angular momentum transfer, strong mag-
netic fields, PIC simulation

Electromagnetic fields carry angular momentum (AM), which can be separated
into the spin and the orbital parts [1]. Typically, the orbital part of circularly polarized
(CP) beams is small compared to the spin angular momentum and increases with
tightening the pulse focusing. Irreversible AM transfer from electromagnetic field to
media opens a way to the excitation of strong electronic currents, which generate high
quasi-static magnetic fields.

Several considerably different mechanisms of AM deposition can be identified in
the strong-field highly nonlinear regime of interaction. For intensities 1024W/cm2 and
higher the Inverse Faraday Effect (IFE) induced by the radiation reaction force was
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(a) Normalised charge electron density
ρe/(|e|n0), with n0 = 1.55× 1023cm−3

being the initial target density.

(b) Magnetic field strength component Bx

along the laser propagation direction shown
in units B0 = mcω/e = 1.34× 108 Gauss.

Figure 1: Distributions in the electron density (a) and the longitudinal magnetic field
(b) at a time instant t ≈ 150fs after the beginning of the interaction.

theoretically shown to be the main mechanism of the AM absorption and magnetic field
generation [2]. The peak intensity of a few times of 1023W/cm2, which can potentially
be reached with the modern multi-petawatt sources [3, 4] is insufficient to demonstrate
the IFE induced by radiation friction. However, a strong magnetic field can still be
excited in the interaction of CP pulses with dense plasma targets having a structured
surface.

In this work, we examine a possible mechanism of the AM transfer at intensities
≃ 1023W/cm2. We consider a laser beam consisting of two linearly polarized (LP)
pulses propagating at a small angle (about 10◦), and having orthogonal polarizations
with a π/2 phase delay so that in the focal volume the resulting field polarization is
close to CP [5]. The wavelength λ = 800nm corresponds to a Ti:Sapphire laser. The
beam interacts with a plasma slab of 10λ thickness and a cylindrical hole of d = 6λ
diameter. The cylinder is co-axial with the beam axis.

Results of our particle-in-cell simulations made with the help of SMILEI code
[6] show a quasi-static longitudinal magnetic field of Giga-Gauss strength at a laser
intensity not exceeding 1023W/cm2 (Fig. 1). The electromagnetic field calculated
numerically with the code is close to a quasi-Gaussian beam of 3.8λ waist, peak
dimensionless amplitude a0 = eE0/mcω = 100, and a Gaussian time envelope with
the FWHM parameter 6.9λ/c. Here e and m are the elementary charge and mass
correspondingly, E0 is the laser field amplitude and c is the speed of light. The laser
carrier frequency ω = 2πc/λ. The initial electron density in the slab is 90 times the
critical density for such laser wavelength. These parameters correspond to the case of
each LP beam having energy ≈ 100 J and peak power ≈ 20 PW.

Results of our simulations show that for dense targets with a cylindrical hole, a CP
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laser pulse with a lateral width comparable to the hole diameter can interact with a
plasma in a regime of efficient AM transfer and magnetic field excitation. The excited
quasi-static field is concentrated near the target and beam axes. The underlying
physical mechanism is a strong lateral inhomogeneity of the plasma, which makes
possible the generation of intense cylindrical currents in the rare plasma filling the
initially empty cylindrical volume. The magnetic field appears suprizingly high and
comparable to that generated through IFE and radiation reaction [2] at intensities
more than one order of magnitude higher.

Our results propose a highly promising prospect of structured plasma targets for
the laser-induced generation of extreme magnetic fields and for AM transfer from light
to matter.
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Abstract

In the presented study we consider the T ,P-violating axionlike-particle-
mediated electron-nuclear and electron-electron interactions in the barium monoflu-
oride molecule. In the case of electron-nuclear interaction, the calculations were
performed with taking into account the finite size of the nucleus. Using the
calculated molecular parameters of the considered interactions, we established
constraints on the products of interaction coupling constants corresponding to ex-
pected sensitivity of the future experiment with the BaF molecule [A. Boeschoten
et al., arXiv:2303.06402 (2023)]. The obtained constraints were compared with
current limitations established with hafnium monofluoride molecular cation.

Key words: Theoretical physics, axionlike particles

Introduction

One of the most perspective experiments to search for new physics beyond the
standard model are experiments with molecules of heavy atoms, aimed at searching
for the effects of spatial parity (P) and time reversal (T ) symmetries violation in
fundamental interactions. Such effects, for example, include the existence of electron
electric dipole moment (eEDM). At the moment, non-zero eEDM has not been detected,
but new more accurate experiments are planned. For example, in Ref. [1], an experiment
on the barium monofluoride (BaF) molecule was proposed. It is expected that this
experiment will establish a constraint at the level of |de| < 5.0×10−30 e ·cm. Although
this constraint is slightly less stringent than the already obtained |de| < 4.1× 10−30

e · cm in the experiment [2] with the hafnium monofluoride (HfF+) molecular cation,
performing the experiment on different systems is important for physics not only for the
independent verification of the results. Different systems on which the experiment is
performed have different sensitivity to different sources of T ,P-violation, and thus they
can be distinguished. One such possible source is the exchange of virtual axion-like
particles (ALPs) between a nucleus and electrons, as well, as between two electrons
of the system under consideration. Axions and ALPs are interesting for physics from



The International Summer Conference on Theoretical Physics 2024
Faculty of Physics of ITMO University

Abrikosov Center for Theoretical Physics

several points of view. First of all, these particles are one of the candidates for the role
of dark matter. In addition, they appear in the solution of the Pechei-Queen strong
CP problem and various compactifications of string theory. Many experiments are
devoted to the search of axions and ALPs, in which constraints on their properties
have been established.

Main text

In Ref. [4] we investigated the T ,P-violating ALP-mediated electron-nuclear and
electron-electron interactions in the BaF molecule. In consideration of T ,P-violating
ALP-mediated electron-nuclear interaction we performed calculations with taking into
account the finite nucleus size effects in the potential of this interaction. In previous
theoretical studies with molecular systems, for example in Ref. [3], this effect was not
taken into account, and the finite size of the nucleus was taken into account only in
the calculation of the electronic wave function. To carry out the calculations with
the effect mentioned above, we modified the program code from Ref. [3] designed for
calculations with T ,P-violating ALP-mediated electron-electron interaction. Using
this code, we have calculated the molecular parameter W

(eN)
ax (ma), characterizing

the T ,P-violating ALP-mediated electron-nuclear interaction. In addition, in Ref. [4]
we calculated the molecular parameter W

(ee)
ax (ma), characterizing the T ,P-violating

ALP-mediated electron-electron interaction in the BaF molecule. These calculations
have been performed for a wide range of ALP masses ma. Using the calculated values
of molecular parameters W

(eN)
ax (ma) and W

(ee)
ax (ma), we obtained the constraints on

|ḡsNgpe | and |gseg
p
e | products of interaction coupling constants, corresponding to expected

sensitivity to eEDM |de| < 4.1× 10−30 e · cm of the experiment [1].
It is interesting to consider the limiting cases of light and heavy ALPs and compare

the expected and current limitations on the products of coupling constants. In the case
of light ALPs, the expected constraints on the products |ḡsNgpe | and |gseg

p
e | about 50%

and 40%, respectively, are better than those obtained in Ref. [3] from the experiment [2]
on the HfF+ molecular cation. In the case of heavy ALPs, the constraint on |ḡsNgpe |/m2

a

is almost twice as weak and the constraint on |gseg
p
e |/m2

a is about 5% better compared
to the HfF+ molecular cation [3]. It should be noted that this comparisons are based on
the present constraint on the energy shift due to the T ,P symmetry violating interaction
in HfF+ [2] corresponding to |de| < 4.1×10−30 e·cm, and the expected sensitivity of the
experiment on BaF [1] corresponding to |de| < 5.0× 10−30 e · cm. Taking into account
the very close constraints on eEDM, the above numbers correspond to the relative
sensitivities of HfF+ and BaF molecular systems to different T ,Psymmetry violation
effects. As noted above, the difference in sensitivity is important for establishing more
reliable constraints on the various sources of T ,P symmetry violation effects.

The research was supported by the Foundation for the Advancement of Theoretical
Physics and Mathematics “BASIS” Grant according to Projects No. 21-1-2-47-1.
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Abstract

Geometric symmetries of the lattice is a well-known way to craft crystalline
topological insulators providing the topological states. We investigate an alterna-
tive approach to create those systems by designing the internal symmetries of
the Hamiltonian via accidental mode degeneracies. We construct a honeycomb
lattice with a single two-mode waveguide in each unit cell, calculate the relevant
topological invariants, and reveal edge and corner states.

Key words: Topological effects in photonic systems, crystalline topological
insulators

Introduction

Photonic topological insulators are an active direction of research in different fields
since their inception. To date, most of fabrication-friendly topological systems scalable
towards optical wavelengths rely on the specific crystalline lattice geometries and
therefore are called crystalline topological insulators [4]. An important example of
such a system is the breathing honeycomb lattice [2]. As first predicted in Ref. [2],
C6-preserving deformation of the honeycomb lattice opens a complete photonic band
gap in the dispersion.

Here we present a less intuitive but fruitful approach to make the lattice simpler
and subject to flexible tuning. We achieve similar topological properties by tailoring
the degeneracy of different orbital modes. In this work we develop an analytical
tight-binding description, calculate the relevant topological invariants and corroborate
this description by the full-wave numerical simulations.

Theoretical and numerical analysis

We consider a triangular periodic lattice (Fig. 1) consisting of evanescently cou-
pled waveguides supporting two accidentally degenerate pairs of dipolar (px, py) and
quadrupolar (dxy, dx2−y2) modes. To describe the system we use a tight-binding
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Figure 1: [Fig. 1 from [1]] Design of the triangular periodic lattice with nearly degenerate
p± and d± orbital modes (left) and the tight-binding model of a topological insulator
based on the breathing honeycomb lattice showing the modes of an isolated six-site
unit cell (right) [2]. C6-symmetric unit cell is highlighted in gray. Color encodes the
phase of the eigenmode electric field.

model. Bloch Hamiltonian Ĥ in the basis of circularly polarized modes p± = px ± ipy,
d± = dxy ± idx2−y2 ordered as (p+, p−, d+, d−)

T can be written as:

Ĥ =
6∑

j=0

κ̂j exp

(
ikx cos

2πj

3
+ iky sin

2πj

3

)
+ δβ̂ , (1)

where δβ̂ = δβ · σ̂z ⊗ Î (σ̂z being the third Pauli matrix) captures the difference
between the propagation constants of p and d modes. The coupling matrices can be
constructing by calculating the overlap integrals of the respective modes [3].

Due to C6 lattice symmetry, all possible couplings in the lattice are captured by 6
independent real-valued and positive coupling parameters a-f :

κ̂(γ) =


−a bγ−1 cγ2 d
bγ −a d cγ−2

cγ −d e fγ−2

−d cγ−1 fγ2 e

 , (2)

with κ̂1 = κ̂T (eiπ), κ̂2 = κ̂(eiπ/3), κ̂3 = κ̂T
2 , κ̂4 = κ̂†

1, κ̂5 = κ̂†
2, κ̂6 = κ̂†

3.
We explore the situation when all six coupling parameters are equal to each other,

i.e. a = b = c = d = f = e = α. In such a setting, α signifies the strength of
the interorbital coupling, while δβ measures the detuning between the propagation
constants of p and d modes, respectively. Depending on the ratio between those
parameters, we recover different band structures. The spectrum has non-trivial origin
in the large range of detunings −6α < δβ < −2α. In this case p and d modes experience
a significant mixing [Fig. 2(a)]. To examine the topological properties we calculate
the indicators for symmetry operators C2 and C3 at M , K, and Γ points yielding
a non-trivial index χ(6) = (2, 0) in the topological phase. Topological indices are
computed for the C6 symmetry case. [4]
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Figure 2: (Fig. 2–3 from [1]) (a) Calculated spectra of propagation constants for
δβ = −4α. Blue and red colors indicate d and p modes, respectively. The indicators
for symmetry operators C2 and C3 (numbers p from symmetry operator eigenvalues
Π(2,3) = e2πi(p−1)/N for N = 2, 3 [4]) at M , K and Γ points are shown near high
symmetry points. (b) Spectra for a finite hexagonal meta-structure. The topological
gap is highlighted by light red. Tight-binding calculation are performed for δβ = −4α.
Inset shows the profile of a corner mode.

Nonzero topological invariants predict the emergence of edge and corner states in a
finite structure with open boundary conditions. We compute the spectrum of propaga-
tion constants within our tight-binding model [Fig. 2(b)]. We observe six degenerate
corner states, one at each obtuse angle of the lattice. To support the tight-binding
results, we calculate the spectrum of the finite structure in COMSOL Multiphysics
software package exploiting hexagonal waveguides with fine-tuned accidental p-d mode
degeneracy and get the same results [1].

To summarize, our work shows the potential of orbital degrees of freedom for
tailoring topological phases in two-dimensional lattices. Compared to the original
realization Wu and Hu model based on the breathing honeycomb lattice, our proposal
utilizes simpler lattice geometry, requires 6 times less meta-atoms and opens an easy
access to continuously tune the topological properties by sweeping the operating
wavelength, which governs the detuning between the propagation constants of p and d
orbital modes.
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Abstract
The behavior of dielectric systems under the influence of electromagnetic

radiation, including their bound states, is one of the fundamental subjects of
interest in photonics [1]. An example of a traditional system for study is spherical
nanoparticles, for which no fundamental questions were believed to remain unan-
swered [2,3,4]. However, a structure such as vacuum voids in dielectric materials
did not attract researchers’ attention until recently [5]. Spherical voids described
by Mie theory [6] demonstrate the typical resonant properties of dielectric cavities,
and they depend on the materials in which they are formed. In the present work,
we theoretically investigate these dependencies and the corresponding coupling
occurrence. Starting off with spherical voids in nondispersive dielectrics, we
demonstrate the possibility of forming hybrid states - polaritons - in the presence
of slight dispersion in the voids. Next, we examine voids in Lorentz materials and
characterize the resonant increase of quality factor in the corresponding systems
depending on the environmental parameters. The results will open new prospects
for material design and control of electromagnetic radiation in nanostructures.

Introduction

The challenge of raising the level of interaction between light and various dielectric
nanostructures currently attracts lots of photonics community’s attention. Among
multiple relevant problems, the scattering of light by spherical particles (Mie scattering)
was of high interest due to their role in fabrication of optical structures enabling high
degree of confinement and tuning. Recently, the study of light interaction with such
nanoparticles has turned mainly practical rather than fundamental due to apparent
lack of unanalyzed cornerstones. However, the idea of confining light in voids of
higher-index materials has arisen, which promises less requirements for creating high-Q
resonances, easier design process, and new applications in wider spectral ranges.
We study spherical voids (Mie voids) in sets of dielectric materials, considering the
cases of purely nondispersive materials and the cases with the presence of excitons.
We take a closer view to the corresponding quasinormal mode (QNM) analysis with
respect to their radial numbers and show theoretical evidence of their weak dependence
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on the background parameters. Lorentz background materials feature significant boost
in Q-factor near the resonances in the cases of excitons with a low decay rate and the
corresponding radial number modes. The central part of our work is the demonstration
of polariton formation in the voids with dispersion, which proves that such systems
may serve as simpler structures for reaching the desired degrees of coupling.

Main text

We focus on 3 particular systems consisting of spherical voids in dielectric materials:
empty voids in nondispersive dielectrics Fig.1(a), voids with excitons in nondispersive
dielectrics Fig.1(b), and empty voids in dispersive dielectrics Fig.1(c). In the classical
electromagnetic formalism, the permittivity of dispersive dielectric background can be
described by the Lorentz model:

ε(ω) = ε∞ + f
ω2
P

ω2
0 − ω2 − iγω

(1)

with ε∞ being the background permittivity (in the cases of nondispersive background
we will use εbackground for avoiding confusion with the dispersive case), ωP being the
plasma frequency, ω0 and γ - the resonance frequency and linewidth, and f being the
oscillator strength.

a) b) c)

Figure 1: Description of the systems under study. a) empty voids in nondispersive
materials; b) voids with excitons described by the Lorentz model in nondispersive
materials; c) empty voids in dispersive materials described by the Lorentz model.

We begin our analysis with quantifying the complex eigenfrequencies (ω− iγcav) of the
TM and TE quasinormal modes of the spherical voids. They can be found numerically
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as the roots of the characteristic equations:

nψl(nx)ξ
′
l(x)− ξl(x)ψ

′
l(nx) = 0, (2a)

nξl(x)ψ
′
l(nx)− ψl(nx)ξ

′
l(x) = 0. (2b)

where x = k0r, ψl(x) = xjl(x) and ξl(x) = xh
(1)
l (x) are Ricatti-Bessel functions,

and jl(x) and h
(1)
l (x) are spherical Bessel and Hankel functions of the first kind,

respectively.
We focus on dipolar and quadrupolar modes with a closer look on their differences
corresponding to different radial numbers and the hosts’ permittivities. All of them
can be observed on the complex-frequency plane with further quantifying the quality
factor as Q = ω/2γcav, which depends solely on the background permittivity.
Adding excitonic oscillations to the voids enables various types of coupling. We are
mainly interested in observation of the coupled photon-exciton modes - polaritonic
modes - which are characterized by the presence of anticrossing (or the Rabi splitting, Ω).
In the case of resonance (ωcav = ω0) for bulk materials [7], Ω =

√
4g2 − (γex − γcav)2,

which becomes real-valued when 2g > |γex − γcav| with g being the coupling constant.
The same can be assumed and proven for spherical voids with excitonic oscillations, as
the light is confined within the voids [5]. Hence, this criterion can be rewritten as:

f

ε∞
ω2
P > (γex − γcav)

2, (3)

which defines the values of the required oscillator strength for observing strong coupling
for the given system.
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Abstract

Noise in quantum devices challenges implementation of quantum algorithms.
Our study focuses on noisy trapped ion quantum computers, addressing the
errors arising from residual entanglement between electronic and motional levels.
We introduce a variational quantum state preparation algorithm for non-ideal
ionic quantum computers, achieving in our numerical experiments fidelities in
preparing GHZ states with 3-5 qubits up to 0.99. Additionally, we propose
optimizing hardware requirements for mixed-state preparation by utilizing ion-
specific motional modes as computational resources.

Key words: Variational quantum algorithms, quantum state preparation, trapped-
ion quantum computer, Molmer-Sorensen gate

Introduction

In ion quantum computing, ions of some substance are held in a particular con-
figuration in an electromagnetic Paul trap [1, 2]. Usually the ions are arranged in a
one-dimensional lattice called an ion chain, which we assume further in our work. A
selected pair of electronic levels of each ion are used to encode a qubit whose state is
controlled by laser pulses.

At low temperatures, the motion of ions in the trap is quantized in motional modes.
These modes are determined by the Coulomb interaction of ions among themselves
and their interaction with the trap. The excitation of these modes corresponds to the
collective motion of all ions in the chain, and this is used to realize entangling gates
between arbitrary qubits. Such gates include the Molmer-Sorensen gate [3, 4].

As the size of ion chains increases, it becomes increasingly difficult to disentangle
the electronic and motional degrees of freedom by the end of the execution time of
the entangling gate, leading to potential residual entanglement and decreased fidelity
of the gate. The presence of such non-idealities is characteristic of modern noisy
intermediate scale quantum (NISQ) devices and presents a challenge to the successful
implementation of quantum algorithms [5].



The International Summer Conference on Theoretical Physics 2024
Faculty of Physics of ITMO University

Abrikosov Center for Theoretical Physics

Main text

In this work, we have considered noisy ionic quantum computers where the leading
source of error is the residual entanglement between electronic and motional levels,
which is created by non-ideal Molmer-Sorensen gates. We have developed a variational
algorithm for preparing quantum states that accounts for this residual entanglement
and yet can successfully prepare a given pure state with high fidelity. We numerically
tested this state preparation algorithm by preparing GHZ states with 3, 4, and 5
qubits, achieving fidelity up to 0.99.

The controlled preparation of arbitrary mixed states is a fundamental quantum
subroutine [6]. There are two main approaches to its solution. The first approach,
called purification, proposes finding such a pure state in a Hilbert space of higher
dimensionality that the reduced density matrix over the added subsystem is identical
to the target state. This approach has a drawback in that, in the worst case, it requires
doubling the number of qubits in the register for its realization. The second approach
is related to the representation of the mixed state as a statistical ensemble of pure
states and the subsequent preparation of pure states from this ensemble according to
their probability distribution. A disadvantage of this approach is the need to prepare
a potentially exponentially large set of different states.

We propose a solution to optimize the hardware requirements for mixed-state
preparation on ion quantum computers, using platform-specific motional modes as a
useful computational resource. We demonstrate that it is possible to prepare mixed
states in a register without the use of ancilla qubits, exploiting the entanglement
between the electronic and motional subsystems. In numerical experiments, mixed
states were prepared for 2 qubits that differed from the target mixed states in terms
of the Hilbert-Schmidt distance by no more than 0.01.
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Abstract

We explore analytically the electromagnetic fields produced in the static axion
surroundings by electric or magnetic multipole. To this end, we solve the problem
of a multipole inside time-independent homogeneous axion shell. We find that the
fields outside of the shell are presented as a superposition of electric and magnetic
multipoles. We identify characteristic features in the response of the structure
and show that these features are related to the eigenmodes of the axion shell.

Key words: axion, multipole expansion, mode hybridization, Mie theory, axion
electrodynamics

Introduction

Originally, particle named axion was proposed to resolve the strong CP-problem
[1], however interesting properties of this particle also made it a prominent candidate
for dark matter [2]. Axion is still yet to be observed [3], but axion-like effects are
found in many systems in condensed matter physics. This includes multiferroics,
magneto-electrics [4], topological insulators [5] and metamaterials [6]. One of the
earliest predictions of axion electrodynamics is the Witten effect – emergence of the
effective dyon charges from purely electric charges through the interaction with the
axion field [7]. This effect has been recently generalized to the case of static dipole
moment in presence of oscillating cosmic axion field [8] and proposed to detect cosmic
axions.

We further generalized this effect to the situation more suitable for condensed
matter realizations [9]. Many of condensed matter systems exhibit vanishing effective
axion response at zero frequencies of the incoming signal, while the effective axion
field itself is static. We have investigated the response of static spherically symmetric
axion media in presence of oscillating dipole. In present work we further investigate
the influence of multipole order and change in the geometry on the results found in [9].
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Figure 1: Dependence of the same-order multipole moment ratios with multipole
indices l,m on dimensionless wave number: (a) spherical geometry l = 1,m = 0; (b)
spherical geometry l = 4,m = 0; (c) cylindrical geometry l = 1,m = 0. In all cases
R = 1, χ = 0.5. The nominators of the ratio are the induced moments outside the
medium (M for magnetic, D for electric), while the denominator is always the seed
moment inside.

Results

We consider a ball and cylinder of radius R with Tellegen parameter χ, inside which
there resides an oscillating point multipole. Using multipole expansion techniques, we
analytically solve the Maxwell’s equations for such system and obtain the fields within
and outside the axion medium. We show that due to the boundary conditions, axion
medium hybridizes electric and magnetic moments separately for each multipole index
combination (l,m). It is demonstrated, that regardless of geometry, type of the seed
moment or multipole order, the solutions share characteristical feature of the axion
response, namely - nonradiative surface current configurations, known as magnetic
and electric anapoles. These states appear at particular frequencies which depend on
the particular geometry and multipole indices. However, frequency positions these
surface states are always co-located with the maxima of the multipole response of
the same type (magnetic response on magnetic seed moment or electric response on
electric seed moment). For spherical and cylindrical geometries such frequencies are
dictated by zeros of Bessel functions and their derivatives. It is clearly seen from the
ratios of induced and seed moments (Fig.1). Moreover, we observe that the same-type
multipole ratios are the same in this case, but the different-type (magnetic-electric
or electric-magnetic) ratios are in the “antiphase” between each other i.e. the same
frequency serves as both zero for Mout/Din and maximum for Dout/Min and vice versa.
By direct calculation it is also seen that the maximum absolute value of different-type
ratio is equal to χ itself.

For the purposes of analytical calculations we focus on spherical and cylindrical
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geometries. These geometries share significant amount of symmetry, since cylindrical
group of symmetries might be viewed as a subgroup of spherical group. Thus, it
is yet to prove that the observed behavior can be found in any type of axion shell.
However, we believe that our results give a valuable insight and possess a significant
generality. They provide theoretical background for experimental research of the
systems featuring effective axion fields while also presenting new opportunities for
Mie-resonant nanophotonics.
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The current status of QED tests in strong and supercritical Coulomb fields is considered. The main
attention is paid to the supercritical regime. It is known that in slow collisions of two bare nuclei
with the total charge number exceeding the critical value, Z1 + Z2 > Zc = 173, the initially neutral
vacuum can spontaneously decay into a charged vacuum and two positrons. The detection of sponta-
neous emission of positrons would be a direct proof of this fundamental phenomenon. However, the
spontaneous emission of positrons is usually masked by the dynamic (induced) emission of positrons,
which is caused by a rapidly changing electric field created by colliding nuclei. For many years, it
was believed that vacuum decay can only be observed in collisions with nuclear sticking, when the
nuclei are bound for a period of time due to nuclear interactions. But to date, there is no evidence that
nuclear sticking occurs in such collisions of heavy ions. In our recent papers [1-4] it has been shown
that vacuum decay can be observed without any sticking of nuclei. This can be done by measuring
the probabilities of the creation of positrons or positron spectra for a given set of nuclear trajectories.
The results of this study will be presented in the talk.

This work was carried out with the financial support of the RSF grant No. 22-62-00004.
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St r u c t u r a l  o r  c r y s t a l  a s y mme t r y  i s  a  n e c e s s a r y  c o n d i t i o n  f o r  t h e  e me r g e n c e  o f  ze r o - b i a s  
p h o t o c u r r e n t  i n  l i g h t  d e t e c t o r s . St r u c t u r a l  a s y mme t r y  h a s  b e e n  t y p i c a l l y  a c h i e v e d  v i a  
p − n  d o p i n g , wh i c h  i s  a  t e c h n o l o g i c a l l y  c o mp l e x p r o c e s s . He r e , we  p r o p o s e  a n  a l t e r n a t i v e  
a p p r o a c h  t o  a c h i e v e  ze r o - b i a s  p h o t o c u r r e n t  i n  t wo - d i me n s i o n a l  (2D) ma t e r i a l  f l a k e s  
e xp l o i t i n g  t h e  g e o me t r i c a l  n o n e q u i v a l e n c e  o f  s o u r c e  a n d  d r a i n  c o n t a c t s . As  a  p r o t o t y p i c a l  
e xa mp l e , we  e q u i p  a  s q u a r e - s h a p e d  f l a k e  o f  Pd Se 2 wi t h  mu t u a l l y  o r t h o g o n a l  me t a l  l e a d s . 
Up o n  u n i f o r m i l l u mi n a t i o n  wi t h  l i n e a r l y  p o l a r i ze d  l i g h t ,  t h e  d e v i c e  d e mo n s t r a t e s  n o n ze r o  
p h o t o c u r r e n t  wh i c h  f l i p s  i t s  s i g n  u p o n  90° p o l a r i za t i o n  r o t a t i o n . Th e  o r i g i n  o f  ze r o - b i a s  
p h o t o c u r r e n t  l i e s  i n  a  p o l a r i za t i o n - d e p e n d e n t  l i g h t n i n g - r o d  e f f e c t .  I t  e n h a n c e s  t h e  
e l e c t r o ma g n e t i c  f i e l d  a t  o n e  c o n t a c t  f r o m t h e  o r t h o g o n a l  p a i r  a n d  s e l e c t i v e l y  a c t i v a t e s  
t h e  i n t e r n a l  p h o t o e f f e c t  a t  t h e  r e s p e c t i v e  me t a l - Pd Se 2 Sc h o t t k y  j u n c t i o n . Th e  p r o p o s e d  
t e c h n o l o g y  o f  c o n t a c t  e n g i n e e r i n g  i s  i n d e p e n d e n t  o f  a  p a r t i c u l a r  l i g h t  d e t e c t i o n  
me c h a n i s m a n d  c a n  b e  e xt e n d e d  t o  a r b i t r a r y  2D ma t e r i a l s .  
KEYWORDS: zero-bias detector, contact engineering, lightning-rod effect, polarization sensitivity, IR photodetector, 2D 
materials 

 
Figure 1. Light detection with asymmetric corner-type and symmetric slit-type detectors. a, Illustration of the operating principle for the 
corner- type detector: incident linearly polarized field is enhanced by the metal contact orthogonal to the E- field and suppressed by 
another contact. The Schottky junction at the ‘active’ contact generates large photocurrent, which cannot be compensated by a small 



current at the ‘passive’ junction. b, Gate dependencies of the devices’ resistance. Inset: microphotograph of the devices and the reference 
direction for polarization angles θ. Scale bar is 10 μm. c,d, Spatial maps of photocurrent recorded at λ0 = 8.6 μm and zero bias voltage. 
c, Map for corner- type detector #1 at a gate voltage Vg = 20 V and polarization angles θ = +45°  (left) and θ = −45°  (right). The shift of 
the photoresponse spot is caused by the polarizer rotation. Insets: band diagrams with device connection scheme and photocurrent 
directions. d, Map for reference detector #2 at a gate voltage Vg = 10 V and a polarization angle θ = 0° . 

 
Figure 2. Mid- infrared (8.6 μm) polarization- sensitive photoresponse. a,c, A series of photocurrent Iph dependencies on the bias voltage 
Vsd at different polarization angles θ for corner- type detector #1 (a) and for reference detector #2 (c). b, Extracted series of zero-bias 
photocurrents I0 for device #1 vs polarization angle at different gate voltages Vg with step ΔVg = 5 V. Inset: Amplitude of zero-bias 
photocurrent I0 amp vs Vg at θ = −30°  and θ = +60° . d, Extracted series of photoconductivity Gph vs polarization angle for device #2 
at different Vg taken with step ΔVg = 5 V. See Figure S6 for I0(θ, Vg) series for #2 and Gph(θ, Vg) series for #1. 
 

 
Figure 3. Simulation of contact-engineered detectors. a, Comparison of the measured zero-bias photocurrent I0(θ) with the simulation of the 
n o r ma l i ze d  d i f f e r e n c e  o f  a v e r a g e  l o c a l  i n t e n s i t i e s  a t  s o u r c e  a n d  d r a i n  FOM−  f o r  d e v i c e  # 1. b , 
Co mp a r i s o n  o f  t h e  me a s u r e d  p h o t o c o n d u c t i v i t y  Gp h (θ ) wi t h  t h e  s i mu l a t i o n  o f  n o r ma l i ze d  s u m o f  
a v e r a g e  l o c a l  i n t e n s i t i e s  a t  s o u r c e  a n d  d r a i n  FOM+ f o r  t h e  d e v i c e  # 2. Bo t h  e xp e r i me n t a l  c u r v e s  i n  a  
a n d  b  we r e  me a s u r e d  a t  g a t e  v o l t a g e  Vg  = 20 V. I n s e t s : p o l a r i za t i o n  o f  t h e  i n c i d e n t  l i g h t  a t  θ  = ± 45° i s  
s h o wn  b y  t h e  b l a c k  a r r o ws  r e l a t i v e  t o  t h e  d e v i c e  s c h e ma t i c s . c − f , Si mu l a t e d  l o c a l  e l e c t r i c  f i e l d  i n  t h e  
2D ma t e r i a l  p l a n e  n o r ma l i ze d  b y  t h e  i n c i d e n t  f i e l d , | E2D/E0|  f o r  t h e  c o r n e r - t y p e  (c  a n d  d ) a n d  r e f e r e n c e  
s l i t - t y p e  (e  a n d  f ) d e t e c t o r s . Po l a r i za t i o n  o f  t h e  i n c i d e n t  l i g h t  E0 i s  s h o wn  wi t h  t h e  wh i t e  a r r o w. 
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Abstract

The paper proposes an analytical solution to the problem of diffraction ra-
diation from a charged particle on a fractal photonic crystal. This radiation is
similar to Smith-Purcell radiation, and due to the complex interference pattern
of different diffraction peaks, the resulting spectral and angular intensity distribu-
tion also exhibits fractal behavior. The topics of scaling, quantum limits in the
spectrum, and the fractal nature of the emitted radiation are discussed.

Key words: Radiation of charged particles, Smith-Purcell radiation, diffraction
grating, fractals, photonic crystals

Introduction

This paper considers the radiation that occurs when a relativistic charged particle
moves along a flat one-dimensional fractal lattice. A fractal lattice is a diffraction
grating in which each screen is replaced by a number of similar screens, i.e. subgrating,
see Fig. 1 (Left). The screens in the sub gratings are also replaced by similar
subgratings, this procedure being repeated the required number of times. In this
work, the iterative process ends when the period of the sub grating becomes less
than the wavelength. When a particle’s field scatters on the inhomogeneities of the
grating, a complex pattern of interference between secondary waves arises similar to
Smith–Purcell radiation. Since such a diffraction grating has a certain symmetry and
the particle “feels” the inhomogeneity of wavelength, it is correct to call it a fractal
photonic crystal.

Fractality in the radiation spectrum

The radiation filed was calculated in the approximation of scalar waves in the
Fraunhofer region [1]. It turns out that the spectral and angular distribution (Fig. 1
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Figure 1: (Left) The electron passes near the fractal lattice and generates Smith-Purcell
radiation. (Right) Spectral-angular distribution of Smith-Purcell radiation from a
fractal photonic crystal.

(Right)) of the resulting radiation also has a fractal nature. Moreover, if the fractal
photonic crystal has a fractal dimension less than 1 and is considered to be a fractal
dust (D < 1), then the spectrum of radiation has a dimension between 1 and 2, i.e.,
it is a fractal curve (1 < D < 2) [2]. Maxima and minima in the final spectrum of
intensity are determined not only by Bragg-Wolf conditions, which are a consequence
of periodicity in crystals, but also by dispersion relations for diffraction of a field from
a moving particle in a periodic inhomogeneous medium, which allows us to refer to
such radiation as Smith-Purcell radiation.

The correlation between the fractal dimension of the grating and the spectrum,
as well as the problem of scaling the measurement step, are discussed. The obtained
spectra demonstrate the well-known property of fractals, which is self-similar every-
where. This property persists at all scales, seemingly limited only by the uncertainty
principle. Analogies with radiation from more complex fractal systems and prospects
for experimental verification of the theory are discussed.

The study was partially supported by the Ministry of Science and Higher Education
of the Russian Federation, Projects No. FZWG-2020-0032 (2019-1569) and No. FSWU-
2023-0075.
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Abstract

The work considers the process of absorption of a photon vortex by an electron
in uniform magnetic field that can reach the Schwinger value Hc = 4.4 · 1013
G. The incident twisted photon density profile was considered as the Bessel
wavepacket, and the absorption process was supposed to induce the transition
of an electron between the two relativistic Landau states. We claim that the
absorption cross section can reach the values σ ∼ 10−13 cm2, which can be crucial
for studying the astrophysical environments with strong magnetic fields and high
electron densities, for example, the pulsars accretion columns and the areas near
neutron star mergers.

Key words: Vortex photon, vortex electron, strong magnetic fields, Landau
states

Introduction

The electron in the magnetic field is one of the oldest problems in quantum
mechanics and quantum field theory. The Landau states of charged particles, induced
by magnetic field, are common to the quantum theory of synchrotron radiation,
which is important in describing astrophysical objects with strong magnetic fields like
neutron stars [1]. These states also have significant implications in solid-state physics,
particularly in graphene, including quantum Hall effect, in diamagnetism of metals, in
plasma, and in the quantum dynamics of charged particles in Penning traps.

In this paper, we study the vortex photon absorption within the first order perturba-
tion theory by an electron in a constant and homogeneous magnetic field H = {0, 0, H},
which strength has arbitrary value H > 0 up to several Schwinger magnetic field values
Hc = m2

ec
3/|e|ℏ. According to [2], the photon density profile is described by Bessel

functions, which possesses an energy ω, momentum projections along the propagation
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Figure 1: Cross sections of the photon absorption with different m by an electron in
the ground Landau state. si = sf = 0, ji = −1/2, σz = −1/2, kz = 100 keV, κ = 10
eV. Left picture is for H = 0.1 ·Hc, middle - H = Hc and right - H = 10 ·Hc

direction, kz, and perpendicular, κ, total angular momentum m and the helicity Λ.
Both the initial and final electron states are described with the relativistic Landau ones,
which are described by momentum projection pz along H, radial quantum number s,
total angular momentum j and spin projection σz (see, e.g. [3]).

Results

In Fig 1 it is seen that the cross sections with the spin flip of an electron (↑, g)
are lower than without (↓, g), which is in agreement with the Sokolov-Ternov effect,
considered in context of vortex photon emission in the same conditions [2, 4]. Here,
g stands for ground state (s = 0, j = −1/2, σz = −1/2). The cross sections can
reach the values of σ ∼ 10−13 cm2 and even more, which ≥ 10 orders greater than
Thompson scattering cross section (σT ∼ 10−24 cm2). This makes crucial to account
for the possible absorption process studying the astrophysical environments with strong
magnetic field.
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Abstract

We explore elastic scattering of non-relativistic vortex electrons in the form of
standard and elegant Laguerre - Gaussian (LG) wave packets on hydrogen-like
targets in the generalized Born approximation and compare these results to the
reference with Bessel - Gaussian packets. For scattering on a macroscopic target,
the scattering pattern varies as the orbital angular momentum values of the
incident wave packets change, which does not happen for the BG packet. Such
features can be used to reveal the properties of incident electron wave packets
and to distinguish these packets from each other in experimental settings.

Key words: twisted wave packets, elastic scattering, hydrogen atom

1. Introduction

Vortex electrons, i.e. those carrying orbital angular momentum l = ±1,±2, ..., are
actively studied both in theory [1] and in experiments [2]. We consider the twisted
states in the form of Laguerre-Gaussian (LG) wave packets which are square-integrable
solutions of the Schrödinger equation with a radial quantum number n = 0, 1, 2, ....
Specifically, we introduce elegant LG modes, the spatial distribution of which has a
noticeable second peak only at rather large values of n, when for a standard LG the
number of peaks always equals n+1. Twisted beams can be produced experimentally by
phase plates, spiral zone plates and diffraction gratings. The main applications of such
packets are micromanipulation of particles and electron traps. Recently, theoretical
studies of elastic scattering of electron Bessel packets on atoms [3] and molecules [4],
and of electron Gaussian packets on atoms [5] were carried out. However, so far, it has
not been possible to distinguish different types of twisted electron states in experiment.
This work highlights the opportunity to use the experimental scattering data to reveal
the wave packet properties for the simplest scenario of scattering on the hydrogen
atom.
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Figure 1: Scattering of twisted wave packets on a single hydrogen atom for different
values of n (a) and l (b); Scattering of twisted wave packets on a macroscopic target

for different values of OAM (c).

2. Scattering of LG vortex electrons

We consider the scattering of LG packets by single hydrogen atom. We present the
number of events dν(θ)/dΩ as a function of polar angle θ for different values of the
OAM l (Fig. (1, a)), radial quantum number n (Fig. (1, b)) and impact parameter b,
which indicates the location of the target with respect to the incident beam. Further,
we investigate scattering of wave packets on a macroscopic (infinite-size) atomic target.
We show the averaged cross section for different values of OAM l (Fig. (1, c)). We
provide an in-depth analysis on the way the particular wave packet properties affect the
scattering results, thus leading to the possibility of their distinction in real experiment.
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Abstract

Nonlinear and non-Hermitian topological photonics are two new and rapidly
developing areas of physics, the interplay between them opens up additional chal-
lenging aspects in topological materials physics. These can naturally intertwine
to provide enhanced functionality for topoelectric circuits and photonic platforms.
Here we demonstrate the subtle interplay between these two areas by investigating
the characteristics of small wave perturbations in the background of a self-induced
topological edge state in the nonlinear Su-Schreifer-Hieger model. We show that
their fundamental physics is described by an effective non-Hermitian Hamiltonian,
which includes nonreciprocal couplings and implies an unusual time-dependent
localization of the field.

Key words: Topological photonics

Introduction

Discovered initially in condensed matter physics [9, 4], topological effects later
spread to other areas of physics, including photonics[7]. The introduction of nonlinear
effects into such systems led to the development of a new field - nonlinear topological
photonics. The presence of nonlinearity makes it possible to flexibly restructure the
topological state of the system by changing the intensity. An example of such a system
is nonlinear SSH[2, 3], in which a topological phase transition occurs at intensity growth.
Due to the topological properties, a self-induced edge state exists in this system, which
is resilient to disorder in the system. Another recent trend is non-hermitian topological
photonics[1, 6] also opens up new effects such as the non-Hermitian skin effect. Systems
with nonreciprocal couplings are good examples of non-hermitian systems, e.g., the
Hatano-Nelson model[5] or non-Hermitian SSH[10]. However, the interplay between
these two areas has not yet been explored[8].
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Figure 1: Schematic representation of the relationship between non-Hermitian and non-
linear phenomena. Small perturbation of a nonlinear edge state (a) can be represented
as the sum of an undisturbed nonlinear edge state (b) and effectively non-Hermitian
excitation in a system where the hopping coefficients from left to right and from right
to left are not equal to each other (c).

Main text

Nonlinear SSH is described by the Schrödinger equation in the following form:

i
∂ |Ψ⟩
∂t

= Ĥ(Ψ) |Ψ⟩ , (1)

where

Ĥ(Ψ) =



ω0 J1
. . . 0 0

J1 ω0 J
(2,3)
2

. . . 0
. . . J

(3,2)
2 ω0

. . . . . .

0
. . . . . . ω0 J1

0 0
. . . J1 ω0


. (2)

After defining the edge mode in it, a small perturbation can be added to it and
the behavior of such perturbations can be studied using perturbation theory. The
resulting equation for perturbations is a Schrödinger equation with a non-Hermitian
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Hamiltonian and can be written as

i
∂

∂t
|ϕ⟩ = Ĥ0 |ϕ⟩+ 2Â · Re{|ϕ⟩}. (3)

Here Â is the non-Hermitian matrix where only elements A2n,2n+1 are non-zero
positive numbers and Ĥ0 is the linear SSH-type Hamiltonian. Thus, the consideration
of perturbations in a nonlinear system [Fig.1(a)] can be reduced to two problems:
finding the edge state [Fig.1(b)] and determining the dynamics of perturbations in an
effectively non-Hermitian system [Fig.1(c)].

Such a system is quite similar to the non-Hermitian SSH, but due to the phase-
dependence of the non-Hermitian part of the Hamiltonian, it does not exhibit sufficiently
all the expected effects. The non-Hermitian skin effect is then broken, but a shift
of the density of states towards the edge of the chain is observed. In addition, the
analysis of the time dependence of the density of states reveals the presence of time-
dependent localization of the wave states, which arises due to the nonlinear nature of
the non-Hermitian.
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I. INTRODUCTION

Photons with orbital angular momentum (OAM), dubbed vortex photons, are a relatively new subject of study in
quantum optic [1] and have found numerous applications in various fields [1, 2] and especially in quantum information
[3], where entanglement between photons plays crucial role. One of the easiest ways to obtain two entangled photons
is the process of induced emission of an atom in the presence of an incident photon. We study this process when
an incoming photon’s shape has a complex structure rather than being merely a plane wave. We find the state
of the system ”atom + field” for an arbitrary time in a Weisskopf-Wigner manner and calculate the observable
values comparing the results with the spontaneous emission process. The difference between the perturbation theory
approach is underlined.

II. RESULTS

We have found the probabilities to find the system in the initial state Pin(t) and to detect the atom in the excited
state Pe(t) at a time t for an incident photon represented by a Gaussian wave packet with dispersion σ in momentum
representation:

Pin(t) = e−Γt

(
1−

√
2π

2
G
(
Γ

σ
erf(σt)

)2
)
,

Pe(t) = e−Γt

(
1−

√
2π

2
G
(
Γ

σ
erf(σt)

)2
)

+
e−Γt

2

√
2π

2
G
(
Γ

σ

[
erf(σt)− erf

(
σt√
2

)])2 (
1− e−

√
2Γ
2 t
)
,

(1)

where G = (2π)3/2|γki,si |2/(σ3Γ2) is proportional to the square ratio of the coupling constant to the spontaneous decay
rate, describing the interaction of the atom with a Gaussian photon, to the natural width. The difference with the
case of a plane-wave incident photon is in the wave packet’s volume Vσ = (2π)3/2/σ3 replacing the usual space volume.

We have also found the average momentum of the final two-photon state at large times ⟨k̂⟩ = ki[1 +
√
2πG/2(Γ/σ)2],

which is slightly larger than the average momentum of the incident Gaussian wave packet ki.
We have considered the case of an incident Bessel photon wave packet with the atom being displaced from the

quantization axis by an impact parameter b. In this scenario the coupling constant is modified as follows:

gB∗ = −il
√
2πωi

κ
|d|d1l,si(θi)e

ilφbJl(κb), (2)

where l = m + le − lg. Note that in the limit b → 0 gB∗ ∼ δl,0, meaning that when the angular momentum of the
photon differs from le − lg, the atom emits radiation spontaneously. On the other hand, when an atom is placed
directly on the propagation axis of a vortex photon, the induced emission does not occur when |m| > 1 and the atom
decays spontaneously. However, this effect is due to the dipole approximation, and in higher orders larger values of
the incident photon’s OAM would contribute to the atom emission.
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April 2017.
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Abstract

We study the finite nuclear magnetization distribution effect in atoms and
molecules, which manifests as a contribution to hyperfine splitting. For this a
theoretical method is introduced to isolate the nuclear effect from the electronic
degrees of freedom. This proposed formalism enables the deduction of nuclear
magnetic dipole moment values from hyperfine data for both atoms and molecules.
We show that for the case of heavy systems it is enough to introduce just one
parameter that characterizes the magnetization distribution.

Key words: magnetic dipole moment of the nucleus; nuclear magnetization
distribution

Main text

Theoretical predictions of hyperfine splittings in heavy atoms and molecules hold
significant importance across various fundamental physical applications. They serve as
crucial tests for the accuracy of calculated characteristics necessary for interpreting
experiments aimed at detecting violations of spatial parity (P) or both spatial parity and
time-reversal (T) symmetries in fundamental interactions within atoms and molecules,
or for making semi-empirical predictions. Hyperfine splittings in the spectra of highly
charged ions offer opportunities to test bound-state quantum electrodynamics in strong
electric and magnetic fields. Additionally, accurate theoretical predictions are essential
for determining the magnetic moments of short-lived isotopes.

In many cases, the largest uncertainty in the theoretically predicted value of the
hyperfine splitting arises from the nuclear component of the problem. There are two
significant contributions to the hyperfine splitting stemming from the finite size of the
nucleus. The first contribution arises from the finite charge distribution within the
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nucleus, which can be accurately calculated given the experimental knowledge of this
distribution. The second contribution, known as the Bohr–Weisskopf (BW) effect in
atoms, arises from the distribution of magnetization within the nucleus.

We propose a model-independent approach to address the BW effect in atoms
and molecules [1]. This method is applied to the radium monofluoride molecule
225RaF, demonstrating the possibility of separating the contribution of the BW effect
to the hyperfine constant of a heavy atom or molecule into two components: a purely
electronic-structure part and a universal parameter dependent on the nucleus. This
factorization allows for the extraction of the nuclear magnetization distribution from
experimental data on hyperfine structure in an atom or molecule, which can then
be used to predict the BW effect in any other compound of the considered atom.
Furthermore, this factorization method aids in the analysis of magnetic hyperfine
anomalies. Recent experimental verification of this method has been conducted [2].

We also study the hyperfine structure of the Po atom [3]. By employing the
factorization method, we achieve substantially improved values for the nuclear magnetic
dipole moments of 205Po and 207Po, along with deriving parameters that describe their
nuclear magnetization distributions. Additionally, we reassess the electric quadrupole
moments of all Po isotopes.
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Recently, systems in which topological states are observed have been of particular interest [1,
2]. An example of such systems is the Su-Schrieffer-Heeger model (SSH). The main feature of such
states is that their existence is conditioned by the presence of symmetries and the topology of the
system, rather than by a particular set of parameters. Due to this, such states are robust to disorder
of various kinds. This property makes them useful for realization of quantum computations stable
to errors.

In this study we consider examples of classical and quantum systems with nontrivial topological
properties. Particular attention is paid to the numerical analysis of systems with boundary states
whose wave function is concentrated at the boundaries and exponentially damped in the volume.
Variants of experimental schemes with tunable coupling [3] based on superconducting transmon-type
qubits are proposed.

Fig. 1: Array of coupled superconducting qubits, with tuned frequencies and coupling coef-
ficients to observe edge states.
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Abstract

The spectral line profile has become a strictly observable physical quantity
in precision spectroscopic experiments. The detection of its asymmetry has
become crucial for the accurate determination of transition frequencies and, as a
consequence, fundamental physical constants.

Key words: Theoretical atomic physics, photon scattering processes, fundamen-
tal physical constants

Introduction

At present, experimental progress ascertained that the spectral line profile can
be studied in detail as a precisely measurable quantity. The theory of natural line
profile in atomic physics was developed since the pioner works [1] within Quantum
Mechanics (QM) and [2] within Quantum Electrodynamics (QED). An extended QED
theory of the line profile for many-electron atoms and highly charged ions (HCI) was
described in [3, 4]. The development of the line profile theory is closely related to
experimental advances in measuring the transition frequency in the hydrogen atom [7].
Such experiments have stimulated interest in theoretical studies of effects beyond the
resonance approximation.

Main text

The most important consequences in the line profile theory were found in the form
of corrections to the transition frequency arising due to nonresonant (NR) terms in
the photon scattering cross section [5, 6]. These corrections expressly demonstrate
the breach of the resonance approximation. The largest contribution originates from
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the states most close by energy to the resonant one when the differential sross section
for the photon scattering is considered. An important step was made in [7], where
NR asymmetry was experimentally observed and the distorted line profile theory [6]
was used to accurately determine the transition frequency. The effect of line profile
asymmetry is shown schematically in Fig. 1.

Figure 1: The asymmetry of the line profile due to nonresonant contributions. The
left top panel shows the symmetric and asymmetric profiles (indistinguishable to the
naked eye); in logarithmic scale in the right top panel. The "line maximum" region is
given in logarithmic scale in the left bottom panel. The difference between symmetric
and asymmetric profiles is shown in the right bottom panel.

In the present study, the fundamental principles of determining the transition
frequency and the role of the line profile asymmetry due to nonresonant terms in the
scattering cross section is considered in detail on the example of various processes used
in precision experiments.
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Quantum electrodynamics suggests that absolutely new phenomena associated 

with the instability of the vacuum can occur in very strong magnetic fields [1-3]. In 
particular, it was shown in some papers [2, 3] that for nuclear charges greater than the 
critical 𝑍𝑍𝑐𝑐𝑐𝑐 ≥  173, the ground state of the hydrogen-like ion becomes unstable, which 
can lead with some probability to vacuum decay and the appearance of a positron. 
Similar processes can occur in slow collisions of heavy ions whose total charge exceeds 
the critical one [4,5]. It was shown [6, 7] that a superstrong magnetic field strongly 
reduces the 𝑍𝑍𝑐𝑐𝑐𝑐 , at which the main level dips into the continuum.  

In this paper, we consider one-electron diatomic quasimolecules in a magnetic 
field directed along the molecular axis. The ground state energy is calculated as a 
function of the internuclear distance D and the magnetic field B, and the critical distance 
𝐷𝐷𝑐𝑐𝑐𝑐 is calculated as a function of the magnetic field. Two types of quasimolecules are 
considered: lead 𝑃𝑃𝑏𝑏82+ - 𝑃𝑃𝑏𝑏82+ and uranium 𝑈𝑈92+ - 𝑈𝑈92+. To solve the Dirac equation 
with a two-center potential, we used the dual kinetic balance method for axially 
symmetric systems [8, 9]. This method was successfully applied to homonuclear and 
heteronuclear quasimolecules with one and two electrons [10-13]. Calculations are also 
performed in the monopole approximation for the two-center potential in order to 
estimate the effect of an arbitrary direction of the molecular axis. 
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Abstract

We consider the influence of the electron-electron interaction on the effect of
double tunnel ionization of atoms and negative ions in the field of intense laser
radiation. By solving numerically the time-dependent Schrödinger equation for
two-electron one- and two-dimensional atomic systems we investigate the impact of
a possible channel of two-electron collective tunneling in the case of an ultrashort
unipolar laser pulse when the effect of rescattering is eliminated. We show that
for one-dimensional two-electron systems the electron-electron repulsion strongly
suppresses the collective channel. We also discuss applicability of the single-
electron approximation for description of sequential tunnel ionization and show
that the electron correlations can suppress the probability of the second electron
detachment by several times, compared to the case of independent tunneling of
non-interacting electrons.

Key words: Tunneling ionization, strong laser field, correlation effects, collective
ionization

The constant interest in the multiple ionization of atoms and ions in strong laser
fields is stimulated by the possibility of studying correlation effects in nonlinear non-
stationary quantum dynamics. One of such strong-field non-perturbative effects is
the rescattering of an electron on the parent ion followed by double ionization. This
ionization mechanism is currently described in detail theoretically and examined in
experiments [1]. Another possible ionization channel induced by electron-electron
interactions – collective tunneling has also been discussed in the literature [2]. It was
shown in [3] that if two electrons can tunnel together as a quasi-particle, this should
qualitatively change the momentum distribution of doubly charged ions (by a doubly
charged ion we mean here an atomic system that lost two electrons relative to its initial
state: in the case of initially negatively charged ions, e.g. Br−, the resulting specie will
have the charge +1) compared to the case of sequential independent ionization.
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In this contribution, using the numerical solution of the time-dependent two-particle
Schrödinger equation, we investigate the possibility of the formation of such a two-
electron quasi-particle in the field of a strong electromagnetic pulse, which is a unipolar
short burst of electric field. Such pulse shape allows to entirely exclude the rescattering
channel, which will otherwise dominate the process. This helps to examine alternative
correlation mechanisms. Analysis of the Perelomov-Popov-Terentyev formulas [4]
for the probability of sequential ionization and their generalization [2] to the case of
collective ionization shows that the collective channel could potentially make a significant
contribution to the double ionization rate of a negative bromine ion. However, the
numerical solution of the time-dependent Schrodinger equation demonstrates that
electron-electron repulsion significantly inhibits the formation of a quasi-particle of two
electrons, which suppresses the collective ionization channel. This suppression is most
significant for one-dimensional systems.

However, electron-electron correlations contribute qualitatively to the double ion-
ization dynamics. The numerically extracted rates do significantly change when the
electron-electron correlation is accounted for, making the standard picture of sequential
tunneling questionable. Our numerical results demonstrate that in a one-dimensional
two-electron system, electronic correlations can considerably reduce the probability
of ionization of the second electron compared to the case when tunneling occurs
independently.
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Abstract

In this work, we investigate the behavior of Wannier-Stark states in a dissipa-
tive array of coupled optical cavities whose eigenfrequencies depend linearly on
the resonator number. It has been shown that laser generation on Wannier-Stark
modes can be achieved in the systems with linear gain saturated by the nonlinear
losses. We have demonstrated numerically and analytically various stationary
solutions including Bloch oscillations. Moreover, it is shown that properly dis-
tributed effective linear gain allows to obtain monochromatic lasing in a wide
range of pump amplitudes. We have also revealed that the presence of Kerr
nonlinearity may result in destabilization of single-frequency generation.

Key words: Optics, Nonlinear waves, Wannier-Stark states, Bloch oscillations

Introduction

Wannier-Stark (WS) states (eigenstates localized in a periodic structure, see [1])
and the effects associated with them have been actively discussed in the scientific
literature for more than a decade, see [2]. It is worth noting that the interference of
these states may result in the appearance of such an interesting phenomenon as Bloch
oscillations (BOs) [3]. The mentioned effects were discovered in solid-state physics,
however, are also observed in other physical systems, including optical ones, see, for
instance, [4].

From an experimental point of view, the study of optical WS states is more
achievable compared to quantum ones. Besides, optical systems make it possible to
observe BOs not only in a linear, but also in a nonlinear regime. Namely, stochastic
BOs may appear when a one-dimensional array of nonlinear microresonators is excited
by a periodic sequence of sufficiently powerful pulses [5].

WS states and BOs are most often observed in conservative systems. However,
they may be also utilized in active systems, for example, in microlasers arrays. In order
to use WS states as lasing modes in such systems, one can put the resonant frequency
as a linear function of the resonator index. The advantage of these active systems is
the possibility of frequency tuning by a spatial shift of the pump area. In addition, the
working mode may be localized within a sufficiently large number of resonators, which
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may result in increasing total generation power. The purpose of this work is to study
a laser generation in a one-dimensional array of interacting resonators whose resonant
frequencies are the functions of electromagnetic field intensity (Kerr nonlinearity).

Main text

The dynamics of the coupled resonator system may be described by a discrete
dissipative nonlinear Schrodinger equation. Then, provided that we work in the tight-
binding approximation, the evolution for the complex amplitudes of the resonator
modes Un(t) is assumed to be

i∂tUn + σ(Un+1 + Un−1) + µnUn + α|Un|2Un + iγnUn + iβn|Un|2Un = 0, (1)

where n enumerates the resonators, σ is the coupling between the neighboring res-
onators, µ is the steepness of the linear dependency of the resonator eigenfrequencies
on their number, α is the nonlinear coefficient, γ and β are the strength of the linear
and nonlinear losses, respectively.

Optical or electric pump can make the linear losses negative (thus producing linear
gain in the resonator) so that the individual resonator may switch into the lasing
regime with the stationary amplitude determined by the balance of the linear gain and
nonlinear losses.

In the case of one-cavity pumping we have numerically obtained single- and
dual-mode regimes for different kind of nonlinear losses, see Fig. 1. The developed
perturbation theory allows to find the amplitude of the stationary solutions in the
form of WS states.

For the case when the pump excites several resonator we have still observed the
lasing regimes mentioned above provided that the pump is relatively close to the
threshold. However, the pump increase results in the emergence of various multi-
frequency solutions, some of which were BOs.

In order to expand the range of single-frequency generation based on WS states we
have utilized spatially non-uniform losses and pump. This approach made it possible
to increase the range of single-mode lasing by two orders of magnitude.

We have also investigated Kerr nonlinearity effect on the stability of monochromatic
generation in the form of WS states. It was numerically discovered that when the
pump increased some critical value, the destabilization of single-mode regime occurs.
Using the perturbation method we found that this dynamics can be explained as a
parametric excitation of sideband modes.

Acknowledgments. This work was supported by the Ministry of Science and Higher
Education of the Russian Federation, Goszadanie no. 2019-1246.
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Figure 1: (Color online) Stationary states |Un| in the form of WS states with (a)
m = −8, (b) m = 8, (c) m = −8 and m = 8 (time-averaged field); Panels (d), (e) and
(f) show the respective evolutions of the field module |Un(t)|. The pump amplitude
slightly exceeds the excitation threshold. Nonlinear losses are nonzero only in the
excited resonator with n = 0, i.e. β0 = β, for (a), (b), (d), and (e); nonlinear losses are
spatially uniform, i.e. βn = β, for (c) and (f). The blue circles are the resonators, the
solid blue lines are guides for eyes, and the dashed red lines are the pump (resonator
with n = 0). The used parameters are: µ = 0.2, γ = 0.01, a = 0.1, β = 1.
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Subradiant two-photon states in planar atomic lattices

I.A. Volkov1, D. K. Kornovan1, A. S. Sheremet1,
R. S. Savelev1 and M. I. Petrov1

In this work we consider two-photon states in infinite quadratic lattice of similar two-level atoms
with out-of-plane polarization of dipolar transition. To obtain dispersion, we apply quasi-infinite
lattice method, in which center of mass of two photons can propagate in infinite lattice with no
restrictions and relative distance between these photons is restricted to some number of lattice
periods. Here we demonstrate different kinds of subradiant two-photon states, consisting of single
photon states similar to bound states in continuum (BIC) and band edge (BE) states.

Figure 1: Radiative losses Γ/Γ0 analytically calculated for quadratic lattice of atoms with out-of-plane
transition dipole moments. (a) Single photon dispersion of radiative losses in ΓMKΓ direction. (b) Two-
photon dispersion of radiative losses in ΓMKΓ direction. Different dark states are consisting of BIC and
band edge single-photon states.

Figure 2: Dispersion features of two-photon states with center of mass photon wavevector K = 0. (a)
Dispersion of radiative losses Γ/Γ0 with respect to κ = k1−k2, where k1,2 is the wavevector of a single-photon
state in ΓM direction. (b) Dispersion ∆ω/Γ0 with respect to κ in ΓM direction.(c) Diagram of two-photon
state in the Brillouin zone, consisting of two photons with equal but counter-propagating wavevectors.
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Abstract

In this talk we address the theoretical approach to description of elementary
excitations in diverse exciton-polariton systems, based on the next order beyond
zero-temperature mean-field approximation. We develop the self-consistent finite-
temperature Hartree–Fock–Bogoliubov description for polaritons, universally
addressing the excitation spectrum, momentum-dependent interactions, conden-
sate depletion, and the background population of dark excitons that contribute
to the system’s chemical potential. We show how this theory can be universally
applied to various long-living exciton-polariton systems in thermal equilibrium,
as well as to driven-dissipative polariton fluids in dynamical steady-state.

Key words: Exciton-polaritons, Bose condensation, Hartree-Fock-Bogoliubov
approximation, elementary excitations

Semiconductor exciton-polaritons, a hybridized superposition of quantum-confined
excitons and microcavity or waveguide photons, are interacting bosons with light
effective mass in two dimensions. Due to their inherent driven-dissipative nature, they
are known to exhibit nonequilibrium Bose condensation (i.e. to form spatially extended,
although not infinite, macroscopically coherent fluids) at high critical temperatures. At
the same time, in special conditions such as at large positive detunings or in high-finesse
materials with extra low losses, polaritons can be brought in thermal equilibrium
with the surrounding medium and form a true quantum degenerate Bose-Einstein
distribution. In any of these cases, with respect to spectra of low-lying collective
excitations polariton systems behave differently from well-known textbook examples
such as liquid Helium or cold atom Bose-Enstein condensates (BECs). One peculiarity
is the hybridized nature of the particles that results in momentum-dependent mass,
interactions, and lifetime. The other specific property of externally-pumped polariton
systems is the presence of dark excitons which are created by the pump together with
optically active particles. Furthermore, spatial patterning of the material or presence
of external fields can make the polariton fluid strongly anisotropic. All of these features
can considerably affect the spectrum of elementary excitations of the polariton BEC
and hence change its superfluid behaviour.
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Here, we discuss the finite-temperature corrections and modifications produced
by the momentum-dependent interactions within the Hartree-Fock-Bogoliubov (HFB)
theoretical approach applied to a system of exciton-polaritons. The developed theory
yields renormalizations of the bare particle spectrum and the particle effective mass,
both at T = 0 and T > 0, resulting in the shifts of the chemical potential and the
spectrum of collective excitations of the polariton system, altering the Bogoliubov
sound velocity in a non-monotonous manner [1]. This self-consistent HFB approach
is applicable to a variety of systems in both thermal and dynamical equilibrium.
As such, combined with rate equations for the condensate and excitonic reservoir,
it results in an intuitive, analytically solvable model that allows investigating the
influence of dark excitons and the bright, thermally distributed polaritonic reservoir
on the sound velocity in nonresonantly pumped polariton fluids [2]. On the other
hand, when applied to systems with quasi-infinite condensate lifetimes, such as the
polariton BEC in the bound-in-the-continuum (BIC) state, it unveils the peculiar
features of the Bogoliubov spectrum of excitations for the BIC polariton condensate
in an optical waveguide [3]. Curiously, thanks to the dark nature of the BIC state,
collective excitations lying directly above the condensate become observable in enhanced
detail. Using the HFB thery, we reveal interesting aspects, such as energy-flat parts
of the dispersion characterized by two parallel stripes in photoluminescence pattern,
pronounced linearization at non-zero momenta in one of the directions, and a strongly
anisotropic velocity of sound. Finally, considering exciton-polaritons with a dipole
moment in crossed electric and magnetic field, we show that the spectrum of elementary
excitations is asymmetric and features pronounced, controllable roton minima [4].
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Abstract

The discussion focuses on examining the influence of the blackbody radiation
field on the bound electron g-factor of light hydrogen-like ions and the hyperfine
splitting in hydrogen, deuterium, and the 3He+ ion within the framework of
quantum electrodynamics at finite temperatures for bound states. One-loop
thermal corrections are investigated for a broad temperature range, with nu-
merical results presented for various states. The study demonstrates that finite
temperature corrections to the bound-electron g-factor for excited states are
comparable to current experimental uncertainty, even at room temperatures,
and may be discerned within anticipated future measurements. Additionally, we
discuss the combination of two-loop radiative corrections, featuring one zero and
one finite temperature loop, applied to clock transitions in Sr+ and Ca+ ions.
The corrections being considered for the transition frequencies are comparable to
the dynamic corrections applied to the standard thermal Stark shift.

Key words: Theoretical physics, Finite temperature QED

Introduction

The formation and development of quantum theory for bound states is closely
connected with precision spectroscopic experiments performed on the hydrogen atom
and a number of hydrogen-like ions. Having their own methodological features,
such systems are most accurately theoretically described within the framework of
quantum electrodynamics (QED). In the last decades, experimental measurements and
theoretical calculations of the hyperfine structure (HFS) and g-factors in simple atomic
systems have attracted particular interest. Significant progress in evaluation of QED
radiative and nuclear-structure corrections, as well as the improvement of experimental
techniques, make it possible to identify the fundamental parameters of the theory (the
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Figure 1: Feynman diagrams describing the TQED contributions to the bound-electron
g-factor, HFS and level widths.

electron to proton mass ratio, the Rydberg constant, nuclear parameters, etc.) and to
look for manifestations of new physics.

To date, the transition frequencies in various atomic systems are measured with
extremely high accuracy and also serve as a tool for building atomic clocks, metrological
frequency standards, tests of perturbative quantum electrodynamics and others. In
particular, the relative error in measuring the transition frequencies in hydrogen
is about 10−15 ÷ 10−13 [1], the hyperfine interval is determined with an accuracy
about 10−13 [2], and the g-factor is as accurate as 10−12 [3]. Such extraordinary
precision stimulates theoretical studies of more subtle effects that are at the level of
modern experimental error and less. Along these lines, the influence of the blackbody
radiation field (BBR) on these quantities is of particular interest. It is well known
that the BBR field leads to a quadratic ac-Stark shift of energy levels and reduces
the lifetimes by inducing electron transitions between atomic states. The effects are
extremely important in the spectroscopy of Rydberg atoms, the construction of atomic
clocks, and the determination of frequency standards. The study of the effect of
equilibrium radiation on the characteristics of atomic systems is usually limited to
the quantum mechanical approach, in which the root-mean-squared field induced by
BBR is considered as a perturbation. In our recent works, bound-state quantum
electrodynamics theory at finite temperature (BS-TQED) has been developed to
calculate thermal effects in atomic systems.

One-loop radiative corrections to the interaction vertex

Within the framework of the present study we discuss radiative corrections that
take into account the finite temperature environment affecting the measurement of the
g-factor, the HFS, and the determination of the level widths in simple atomic systems
[4, 5, 6, 7]. The lower-order radiative corrections relevant to this study can be depicted
using Feynman graphs in Fig. 1. Considering various combinations of the vertex part
(attributed to interactions with an external magnetic field or hyperfine interaction)
and the loop part (attributed to an "ordinary" or thermal photon), corrections can
be evaluated to the g-factor, the HFS as the real part and to the level width as the
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Figure 2: The Feynman graphs representing the combined two-loop self-energy QED
corrections to the atomic energy level.

imaginary part of the corresponding contributions.
In particular, the lowest order corrections to the g-factor at different temperatures

for the hydrogen and light hydrogen-like ions were described in [4], and within the
model potential approach for Rb and Cs atoms in [5]. Thermal radiative corrections to
hyperfine structure of light hydrogen-like systems were evaluated in [6]. It is shown that
the corrections are at or close to the accuracy level of modern experiments. Further,
the discussion of the imaginary part of the contributions corresponding to the graphs
in Fig. 1 is considered in detail. The theoretical analysis is devoted to the magnetic
interaction given by the vertex part of the diagrams and to two cases: when the loop is
attributed to the emission of a photon and its magnitude stimulated by the blackbody
radiation. The entire analysis is devoted to the low-lying states of hydrogen and
hydrogen-like ions [7].

Combined two-loop radiative corrections

We also investigate combined type of two-loop self-energy corrections, including
one zero-vacuum and one loop at finite temperature. By utilizing the method of
dimensional regularization, we derived closed analytical expressions for the energy
shifts of atomic levels. Our numerical calculations demonstrate that even at room
temperature, these corrections can be significant for excited states, reaching the
magnitude of the thermal induced Stark contribution [8]. The particular examples are
provided for clock transitions in Sr+ and Ca+ ions.

Acknowledgments. The work was supported by the Russian Science Foundation
under grant No. 22-12-00043.
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Abstract
We present the first relativistic calculations for the g factor of excited states

of lithium-like ions over a wide range of nuclear charge numbers Z = 10 − 92.
The interelectronic interaction contributions are considered in the framework of
perturbation theory up to second order. One-loop QED contributions are calcu-
lated in all orders of αZ. Nuclear recoil contributions are also taken into account.
The quadratic and cubic contributions to the Zeeman effect are considered.

Key words: highly charged ions, quantum electrodynamics, relativistic atomic
theory, g factor

The study of the g factor of highly charged ions has recently made significant
progress, leading to precise measurements of the electron mass [1] and the potential
for independent determination of the fine structure constant α [2, 3]. This progress
also allows tests of quantum electrodynamics (QED) beyond the Furry picture [4, 5]
and facilitates the determination of magnetic moments and nuclear radii [6, 7]. In
particular, the measurement of the g factor of thorium-229 ions helps to determine the
lifetime of the isomeric state of this isotope [8].

Many high precision experiments, especially with hydrogen-like ions, have reached
accuracies of 10−10 [9−12]. Further investigations of lithium- and boron-like ions
were stimulated by considering the so-called specific differences, which circumvent the
problem of finite nucleus size and significantly improve the accuracy of the comparison
between theory and experiment [13, 14].

So far, experiments have focused on the ground states of highly charged ions, with
measurements of g factors for excited states limited to lighter systems such as helium
and lithium. Recently, however, there have been proposals for experimental approaches



The International Summer Conference on Theoretical Physics 2024
Faculty of Physics of ITMO University

Abrikosov Center for Theoretical Physics

that allow higher precision in the measurement of g factors for excited states. For
example, the ALPHATRAP project increased the precision of measuring the g factor
of the 2P3/2 state of boron-like argon by a factor of ten [15], while an experiment
using quantum logic technology refined the results to an accuracy of 10−6 [16]. These
advances open avenues for future measurements of Zeeman splitting in different states
of highly charged ions, beyond boron-like ions.

Theoretical calculations of the Zeeman effect for excited states have predominantly
been based on the lowest relativistic approximation. The accuracy of such calculations
is typically remains around 10−4 [17−20], which is insufficient for comparison with high-
precision experiments. To solve this problem, our group has performed first relativistic
calculations of the g factor of the excited states (1s)22p1/2 and (1s)22p3/2 of lithium-
like ions. The interelectronic interaction correction is considered in the framework of
perturbation theory. The first-order 1/Z term is obtained in the framework of the strict
QED approach, i.e. in all orders of αZ. The second order contribution is calculated
in the Breit approximation, taking into account excitations to the negative spectrum.
The one-loop QED contributions, self-energy and vacuum polarisation, have been
calculated in all orders of αZ. The αZ expansion, which includes the currently known
terms, is used to calculate the two-loop corrections. All contributions are calculated
using screening potentials in the extended Furry picture to allow partial consideration
of higher order contributions. The range of full values obtained in different potentials
can be used to estimate unaccounted for contributions, as the exact results should not
depend on the initial approximation. We use the core-Hartree potential and the family
of xα-potentials (the Kohn-Sham, Dirac-Hartree and Dirac-Slater potentials, see e.g.
[21]).

We have also taken into account the leading contribution of nonlinear Zeeman
effects, which are enhanced for closely spaced levels of the same parity, e.g. 2p1/2
and 2p3/2 in boron-like ions stirred by an external magnetic field [22, 23]. This effect
can be noticeable for excited states, which can be important for the interpretation of
experimental data.

For the first time, relativistic calculations have been performed for the excited
states of lithium-like ions for Z = 10 − 92 with an accuracy of 10−6, providing a
valuable tool for verifying future experiments.

The work was supported by the Russian Science Foundation (Grant No. 22-
12-00258) and by the Foundation for the Advancement of Theoretical Physics and
Mathematics "BASIS".
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Abstract

We present theoretical calculations of the hyperfine structure constants and
the ground state hyperfine splitting energy for 35,37Cl12+ ions. The interelectronic
interaction contributions are considered in the framework of perturbation theory
up to second order. One-loop QED contributions are calculated in all orders
of αZ. Nuclear recoil contributions are also taken into account. The present
theoretical calculations agree with experimental results and provide a possibility
to test the bound-state QED effects in five-electron systems.

Key words: highly charged ions, quantum electrodynamics, relativistic atomic
theory, hyperfine splitting

Hyperfine splitting, which results from the interaction between the magnetic dipole
and electric quadrupole moments of the nucleus and the electromagnetic field of
the bound electrons, causes subtle energy level shifts in atoms, providing valuable
insights into nuclear and atomic properties. Highly charged ions (HCIs) exhibit
enhanced hyperfine effects due to electron-nucleus overlap, making them ideal for
exploring fundamental physics. HCIs provide a unique platform for studying strong-
field quantum electrodynamics (QED) effects [1, 2] and nuclear structure theories,
including the Breit-Rosenthal (BR) effect [3], due to the finite distribution of nuclear
charges, and the Bohr-Weisskopf (BW) effect [4], due to the finite distribution of
nuclear magnetisation strengths.

For nearly three decades, continuous experimental research has focused on the
ground state hyperfine splitting of HCIs. Spectroscopic measurements of hyperfine
structures in various HCIs, including H-like ions (e.g. 209Bi82+ [5]), Li-like ions (e.g.
209Bi80+ [5]) and Be-like ions (e.g. 141Pr55+ [6]), have been extensively used due to
their significant hyperfine splitting. These studies have contributed to understanding
relativity, testing QED effects and exploring nuclear properties. Recently, experiments
at GSI revealed a 7σ deviation between experimental and theoretical values of hyperfine
splitting in Li-like bismuth [7]. This puzzle was solved [8] and a new value of the
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nuclear magnetic moment of bismuth was obtained, restoring the agreement between
theory and experiment. This circumstance raised the question of the accuracy of
tabulated values of nuclear magnetic moments, which are mainly obtained by nuclear
magnetic resonance.

In addition to the influence of the nuclear magnetic moment, inaccuracies in the
calculation of the BW effect can lead to precisely measured experimental results that
cannot be used as meaningful high-precision QED tests. On the other hand, specific
differences in the hyperfine splitting values of HCIs for different charge states in the
same nucleus can eliminate the BW effect [9]. Therefore, the study of ions with different
charge states is crucial. Furthermore, B-like ions offer smaller relative uncertainties
due to the BW effect, allowing easier access to QED effects [9, 10]. Recently, an
experiment was carried out at the EBIT laboratory of Fudan University in Shanghai
to measure the hyperfine structure of the B-like Cl ion ground 2P1/2 and excited 2P3/2

states. Therefore, we have performed the corresponding theoretical calculations of the
hyperfine structure constants through ab initio QED framework.

Our calculations are carried out in the extended Furry picture, which is based on
solutions of the Dirac equation with an effective potential. Solving the Dirac equation
with this potential and evaluating the hyperfine splitting gives a zero-order result
known as the Dirac value. In addition, we use the perturbation theory of bound-state
QED. Two main first-order contributions are considered: one-photon exchange and
one-loop diagrams, namely self-energy (SE) and vacuum polarisation (VP). The use
of the screening potential in the zero-order approximation allows a more efficient
account of the interelectronic interaction in the lower-order corrections. Subsequently,
the second-order contributions have to be considered. Due to their complexity, the
corresponding diagrams are currently beyond the scope of rigorous ab initio QED
calculations. To solve this problem, we use the Breit approximation and apply the
method of configuration interactions in the Dirac-Fock-Sturm orbital basis [11]. As
a result, the most accurate values of the hyperfine splitting constants of the B-like
35,37Cl12+ ions have been obtained for the (1s)2(2s)22p1/2 and (1s)2(2s)22p3/2 states.

The theoretical values obtained agree with the experimental data within the error
limits, demonstrating the prospects for precision tests of bound-state QED in future
measurements in this system.

The work was supported by the Russian Science Foundation (Grant No. 22-
12-00258) and by the Foundation for the Advancement of Theoretical Physics and
Mathematics "BASIS".
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