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IIVIEHAPHBIE JIEKIIUH

MODELING OF MACROSCOPIC QUANTUM STATES IN FUNCTIONAL
PROPERTIES OF THE LASER-INDUCED 4D-TOPOLOGICAL
NANOCLUSTERS IN THIN FILMS ON A SOLID SURFACE

S.M. Arakelian, T.A. Khudaiberganov, A.V. Istratov, I.Yu. Chestnov, D.N. Buharov

Stoletovs Vladimir State University
600000, Russia, Vladimir
e-mail: arak@vlsu.ru

Several topological structures for nanoobjects, obtained by computer simulation in arbitrary units, was
modeled using different numbers of the key parameters. The topology peculiarities of the granulated
metallic film deposited on dielectric substrates in a laser experiment are discussed in clustered metallic
structures for both Volt-Ampere characteristics and the optical transmission spectra.

Key words: topological nanostructure, computer simulation, electrical and optical properties,
quantum correlated states

Laser-induced nanostructures and thin films on a solid surface with controllable topology are
depended on the laser pulses duration and may be associated with the 4D-laser technology fabrication
of new structures and materials. In fact, the interaction effects of solid targets with laser pulses of
different durations for obtaining of various nanocluster structures can be viewed as the possibility of
synthesizing the 4D-objects. The result depends not only on the stationary topological/geometric
parameters of the system, but also on the dynamic interactions in the system leading to different final
stable structures. This is due to the fact that for different durations of laser pulses the specific
mechanisms of nanostructuring are activated. Therefore, time plays the role of a control parameter
responsible for phase transitions as well as the spatial parameters do when nanostructures of various
dimensions arise — from quantum dots (0D) to 3D nanostructures.

The simplest model of a nanocluster within its shell model is the representation for the first shells
as a spherical potential well (radius Ro) with infinite walls (we count energy from the bottom of the
potential well [1]). A feature of the nanocluster structure is the need to take into account the different
dependences of the electron density on the surface (~R%) and in the volume (~ R¢®) of the
nanocluster. We will now be interested only in the surface states of electrons (dominate for small Ro),
since the electronic states in the volume of the nanocluster are assumed to be completely filled.

Let’s consider the surface strain of the following type:

( [(1+kycos(®)cos(p:)) +

R p2-1
R(6, ) = 0 +k, ((—1)Tmod(p2, 2)sin(p,0) + mod(p, + 1,2)cos(p29)>

,p1 # 0,

¢Y)
IU?Ok2 ((—1)pzT_1mod(p2, 2)sin(p,0) + mod(p, + 1,2)cos(p29)>,p1 =0.

where p, =0, 1, 2, ... is the number of zenith (in «longitude») distortions; p1 = 0, 1, 2, ...; p2 is the
number of azimuthal distortions (in «latitude»), k1 and k. are the magnitudes of the corresponding
distortions. Some cluster shapes for the case are shown in Fig.1. By the approach we can completely
determine the energy picture for an isolated cluster in this approximation.

Further, we consider according to the perturbation theory [2]:

En,l,m = Er(l(_]l) + 6En,l,m ) (2)
where n,I,m are the ordinary quantum numbers.
In the case of p, = 2; p1 = 0 we have the relation:
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The resulting splitting of the energy levels due to the different magnitude of deformations () of
the initially spherical cluster are shown in Fig. 2. Significant changes in the energy spectrum are seen
which makes it possible to speak of the topological spectral characteristics of nanoclusters of various
types. In fact, in Fig. 3 are shown the changes in the optical properties of the deposited bimetallic
films (Au + Ag) obtained by computer simulation using the FDTD method.

°l @ [ &
1 : < &
S - ¢

Fig. 1. The cluster deformations shape as the energy potential of the problem.

Po=4, pr=0-"

005 010 015 020 025 030 005 010 015 020 025 030 005 010 015 020 025 030
deformetion pararmet defonmaton parametr deformaion  perametr ,a

Fig. 2. The splittingyo'fa energy levels (fine structure) for different values of parameters: p2 = 2, p1 = 0;
p2=2;p1=1;p2=4;p1=0; p2=4; p1=1; p2 =4; p1 = 2; p2 = 4; pr = 3 (first order of perturbation theory by
numerical calculations in the basis of functions in soft Mathematica).
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Fig. 3. Transmission spectra T (1) of deposited films: 1 — Au: Ag (weight  Fig. 4. Localized cluster states in
ratio 1: 1), particle diameter (D) — 50 nm, one layer, distance between the dielectric matrix model (dark
particles (gap) — 5 nm; 2 — Au: Ag (1: 1), D — 10 nm and five layers, gap  background)  with isolated
4 nm; 3— Au: Ag (1: 1), D — 10 nm and five layers, gap 2 nm. cluster states (light circles).

Thus, in the cluster model, as a potential well of a finite depth, transformations of the energy
spectrum, determined by its depth and width, become even more significant. In this case, for electrons
(especially at higher energy levels), the processes of their going beyond the cluster boundaries occur.
Then the problem should be considered as the passage of electrons through an ensemble of potential
barriers, and in the general model, with different parameters. However, for us it is now of fundamental
importance that the movement of electrons under applied electrical field in a nanostructured system
leads to electrical conductivity. Thus, the problem can be reduced to a dynamic model of the motion
of electrons in accordance with integrals over quantum trajectories (cf. [3]). In the case the model of
electrophysical processes in the granular structure/system of nanoclusters can be based on the
phenomenon of the type of Anderson localization (Fig.4). The results for tunnel electroconductivity
between two spatially separated granules are shown in Fig. 4.

T=2arb.un,R=25nm T=2arb.un, time; $ =10 nm

T=8arb.un,, R=2.5 nm

arbitrary amperage units.
]

Fig. 5. Volt-ampere characteristics of thin films when both the distance (S) between the conducting islands
changes and the radius (R) of the deposited particles changes — for different values of parameters. The parameter
values are indicated directly in the figures; T — time of laser deposition (in arbitrary units);
H — thickness of the thin film; W — distance between microcontacts for electrical measurements.

The potential V with matrix elements V| for a harmonic oscillator in an external field E with an
offset (x-xm) — the one-dimensional (x) case — has the form:

2
Vl,m = % (x - xlm)z’ (4)
V= Z{Vl,me(Vl,m — Ef) + Ef0(Ef — Vim)} — Ex.

Lm
Propagator (Fourier transform image) U for the propagation of charge particles between two
space-localized states with normal coordinates (¢' - ¢’ at the corresponding time points (t' - t'') are
written in the form:

(@"lU",)lq) = [ exp (5[ Ldt)Dq, 5)
where D is the differentiation operator, and Lagrangian L is represented in quadratic form
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For electrical conductivity, it is necessary to determine the propagator for two (a and b) harmonic
potentials:
K(xb tb: xata) = Zn wn (xa)lpn (xb)e_lEn(tb_tg')/Fl ’ (7)
where 1 is the wave function in Schrodinger equation.
By discretizing the integral of the action and using the propagator (5) we have a final result for

the average current density as follows:

. [-Sg/AID
G = Foarsminn ®
where Sg is Euclidean action:
t 12
Sg = Jy ds [+ V(x(9),9)] ©
The obtained dependences for resonant tunneling electroconductivity are shown in Fig.6.
Iyl
arb.un.
- £ - | '

! - 2l 2 JL_ ,-/; 3

a) b) 0 a, a-L grapL C) ( : ¢ [ 10

Fig. 6. Double potential well (a) and barriers (b) for the passage of an electron with energy E in the presence of
applied electric field; (c) resonant tunneling effect. The designations of the parameters are given directly in the
figures.

The approach gives us an opportunity to establish the basis of new physical principles to create
the functional elements for topological photonics in hybrid set-up (optics + electrophysics) being
controllable by nonlinear dynamic processes (cf. [4]). Some these data discussed in [5,6]. A special
case is the random temporal and spatial variations in selection topological parameters. The case may
result in large variations of quantum correlation states for electrically charged particles in respect of
the Cooper pairs appearance in superconductivity (cf. [7]).

The work has been carried out under of the state order Ne16.1123.2017/4.6 and with the support of
the RFBR (grants No. 17-52-10003 KO _a).
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CLASSICAL AND QUANTUM LIGHT SOURCES ON NANOMETER
SPATIAL AND FEMTOSECOND TEMPORAL SCALES

V. Balykin, P. Melentiev

Institute of Spectrsocopy RAS
108840, Moscow, Troitsk, Fizicheskaya, 5

In the past two decades, a huge amount of research has been directed to the development of new ultra-
small lasers. Most progress has been achieved with semiconductor lasers. A fundamentally new
approach to miniaturization of lasers is the approach based on the use of plasmon fields instead of
photon fields [1]. There are two types of plasmons and the corresponding types of plasmon modes:
(1) localized surface plasmons (on the surface of metal particles) and (2) propagating surface
plasmons (on the metal/dielectric interface). Fields caused by surface plasmons decay exponentially
from the interface, which allows light to be concentrated on sizes smaller than the diffraction limit.
Accordingly, the electromagnetic effects caused by these fields occur in the sub-wave region near the
surfaces, namely, in the nanometer range. Therefore, an approach based on the use of plasmon fields
instead of photon fields allows one to overcome the diffraction limit on the laser size. Among global
applied problems, the solution of which depends on the possibility of spatial localization of light,
include the possibility of combining modern silicon electronics with optical components.

The subwavelength size of nanoparticles gives rise to an efficient restoring force acting on driven
electrons, which leads to the occurrence of resonances and field amplification both inside and outside
nanostructures. Plasmon resonances have been studied in particles of a variety of shapes and sizes:
spherical, elliptical, nanorods, nanoshells, split-ring resonators (SRRs), U-shaped, and others. We
propose and experimentally realize a new element for nanoplasmonics - Split Hole Resonator (SHR)
[2]. The SHR is the marriage of two basic elements of nanoplasmonics, a nanohole and a nanorod.
One of the main merits of the marriage of the two basic elements of nanoplasmonics is that, by varying
the SHR parameters (geometrical and material), it is possible to tune the surface plasmon resonance
wavelength of the SHR over a much larger wavelength range than for the nanoparticle and nanohole
alone, namely, from the UV to the IR range. At resonance, the peak field intensity in SHR occurs at
the single tip of the nanorod inside the nanohole. The peak field in the SHR is much stronger than the
peak fields of the nanorod and nanohole, since the field in the SHR is enhanced by the two
mechanisms: the surface plasmon resonance excitation and the lightning-rod effect. For this reasons,
the use of SHR is of special interest in nonlinear nanoplasmonics. We show that the SHR
nanostructure is a source of intense UV radiation in the wavelength range of 250— 300 nm. The near
field amplitude reaches 0.6% of the fundamental frequency field amplitude, which enables the
creation of UV radiation sources with a record high intensity.

We design [4] a planar plasmonic nanolaser, extending the idea and implementation of plasmonic
lasers reported in [5]. It is a planar waveguide made of a liquid dye molecules layer deposited on a
plasmonic crystal. The plasmonic crystal is formed by an array of nanoholes (with 175 nm diameter
and a pitch of 565 nm) created in a 100-nm-thick silver film deposited onto a quartz substrate. Dye
molecules are optimal for plasmonic lasers because the dye molecules are capable of nearly 100%
yield and allow for the creation of an optically homogeneous medium with high gain. The use of a
liquid gain medium offers the advantages over a solid gain medium by fixing the bleaching problem.
Also, the employment of microfluidics make plasmonic intracavity spectroscopy suitable for lab-on-
chip technology. The lasing occurs at pumping intensities above 500 kW/cm. At intensities below
500 kwW/cm?, the spectral contour is very similar to that of usual dye luminescence. However, at higher
pumping intensities, the luminescence contour changes dramatically, and a very narrow spectral line
with the half-width of 1.7 nm emerges at 628 nm. Such a narrow line width indicates that we deal
with lasing.
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CBEPXBBICTPOE OITUYECKOE YIIPABJIEHUE CIIMHAMM
B MAT'HUTO®OTOHHBIX CTPYKTYPAX
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Bo30yxeHne cIMHOBOM ANHAMHUKH B HAHOCTPYKTYPHUPOBAaHHBIX MarHUTHBIX MaTepHagax ¢ MOMOIIbIO
(eMTOCEKYHAHBIX Ja3epHBIX HMMIIYJIBCOB II03BOJISIET JIOKATbHO BO3JEHCTBOBAaTh HAa MAarHUTHBIN
MaTtepHuai ¥ Bo30yXKIaTh Pa3IMYHbIC MOl CIIMHOBBIX BOJIH.

KuroueBble ciioBa: MarautodoToHuka, 00patHeii 3 dexr Dapanes.

Bo30yxneHne COMHOBOM JAMHAMHKH B MAarHUTO-YNOPSAIOYEHHBIX MaTepHaigax C IOMOIIBIO
(heMTOCeKYHIHBIX JIa3ePHBIX UMITYJIHCOB MPEICTABICT OONBIIOE HHTEPEC, IIOCKOIBKY TaKOH MOIXO0/
MMO3BOJISICT BO3ICHCTBOBATE HAa HAMAarHWYCHHOCTh JIOKAIBHO B OONIACTH MOPSAKA HECKOIBKUX
MHKPOMETPOB B TEYEHHE JMHECATKOB MM COTHH (EMTOCEKYHZ. OTO OCOOCHHO BaKHO MJIS
cBepxOBICTpOil onTH4ecKoil 3amicu nHGopMarmu. KpoMe ToTo, IOKaIbHOE ONTHIECKOE BO3IACHCTBUE
Ha MarHUTHYIO IUICHKY TTO3BOJISICT BO3OYIUTH B HEll CHMHOBBIC BONHBL [Ipn 3TOM 00MacTsh oOpasma,
Ha KOTOPYIO MamaloT c(hOKyCHpPOBAaHHEIEC Ja3epHBIC UMITYJIBCHI, HTPACT POJIb TOUYCYHOTO MCTOUYHHKA
CIIMHOBBIX BOJIH. BayKHBIMU ITpeUMyIIIECTBAMHU TaKOTO METOa T'eHEePaIlK CITMHOBBIX BOJIH SIBIISIOTCS
BO3MOXKHOCTb YIPABJICHUSI CIIEKTPOM BO30YKJa€MBIX CIMHOBBIX BOJIH 32 CUET U3MEHEHHS (DOPMBI U
pa3Mepa Ja3epHOTO IATHA, a TaKKe BO3MOXHOCTh CMEIICHHS HCTOYHHKA CIIMHOBBIX BOJH B
IIPOCTPAHCTBE ITyTeM CKaHMPOBAHMS JIA3€PHOTO JIyda 1o o0pasny. JlonosHUTEeIbHbIE BO3MOKHOCTH
OTKpBIBAIOTCA ~ IPHU  TNPOXOXKJICHUM  JIa3epHOrO  Jyda  4Yepe3 O KUAKOKPHCTATIHUECKUIl
MIPOCTPAHCTBEHHBIN MOJYJISATOP, KOTOPHIN MO3BOJISIET OJHOBPEMEHHO BO3CHCTBOBATH Ha obOpasen
HECKOJBKUMH JIa3epHBIMU UMITYJIECAMH, PA3HECCHHBIMA B IIPOCTPAHCTBE U BO BPEMEHH, T.€. CO3/IaeT
HECKOJIbKO MCTOYHHKOB CIIMHOBEIX BOJIH C 3aJaHHBIMH ITapaMeTpaMu. [Ipu 3ToM ymaeTcs MmoryduTh
MepecTpauBacMyr0 HHTEP(QEpPCHINI0 CHOUHOBBIX BOJNH. HakoHeN TepHOTUYEcKHe Jia3epHEIC
AMIYJIBCHl TMO3BOJITIOT TONYYHTh PEXHM CHHXPOHHM3AIWH CIIMHOBBIX KOJICOAHWH W Ja3epHBIX
HMIYJIBCOB, NMPH KOTOPOM AaMIDINTYlA CIIMHOBBEIX BOJH 3HAYUTENHHO YCHIIMBACTCS, a CIIEKTP
CIIMHOBBIX BOJIH CYXaeTcCsl.

ULTRAFAST OPTICAL CONTROL OF SPINS IN
MAGNETOPHOTONIC STRUCTURES

V.1. Belotelov*
Lomonosov Moscow State University
119991, Moscow, Leninskie gory

*e-mail: belotelov@physics.msu.ru

Excitation of spin dynamics in nanostructured magnetic materials by femtosecond laser pulses allows to
influence locally on magnetic materials and to excite different modes of spin waves.

Key words: magnetophotonics, inverse Faraday effect.
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QUANTUM-PHOTONIC INTEGRATED CIRCUITS

G. Goltsman

Department of Physics, Moscow State Pedagogical University
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420029 Kazan, Russia

e-mail: goltsman@mspu-phys.ru

We show the design, a history of development as well as the most successful and promising approaches
for QPICs realization based on hybrid nanophotonic-superconducting devices, where one of the key
elements of such a circuit is a waveguide integrated superconducting single-photon detector (WSSPD).
The potential of integration with fluorescent molecules is discussed also.

Key words: quantum optics, integrated optics, superconducting nanowire single-photon
detector.

Currently, many physical systems for the realization of qubits including superconducting circuits,
trapped ions and atoms, quantum dots, color centers in a solid and photons are intensely studied. Here
we focus only on the last item in the list - photons. Because photons interact only weakly with an
optically transparent medium but not with each other, have several degrees of freedom for encoding
of quantum information and provide fast propagation speed, they are an attractive choice for creating
quantum networks. However, while individual photons can be manipulated conveniently, the creation
of two- and three- deterministic qubit gates requires strong nonlinear interaction between photons. In
this case, the advantages of the photons are compensated for by their shortcomings, which for a long
time limited the use of photons as qubits. Fortunately, Knill, Laflamme and Milburn (KLM) proposed
the concept of linear optical quantum computing (LOQC), allowing to create non-deterministic gates
using photons, linear optical elements and single photon detectors [1]. While the implementation of
the KLM-protocol is possible in free space, the need for a large number of optical components and
their precise configuration requires more complex solutions. Due to a number of advantages, such as
scalability, small footprint, inherent stability, no need for optical alignment as well as low power
consumption and CMOS-compatibility, quantum photonic integrated circuits (QPICs) can
successfully overcome these challenges.

Popular material platforms for the realization of QPICs include silicon, gallium arsenide, and
diamond. Each platform has its own advantages and disadvantages and is currently in different stages
of development [2]. Nevertheless, all of the platforms rely on combining single photon sources, linear
optical elements and single-photon detectors on chip.

Recently, a fully integrated circuit including a single photon source (carbon nanotube), detectors
(superconducting nanowire single-photon detectors) and silicon-nitride waveguides has already been
implemented on a single chip [3]. Despite the demonstration of the working concept, the purity of the
emulsion of electroluminescent photons is not yet sufficient for large scale processing and new single-
photon sources are constantly being investigated.

Fluorescent molecules are one of the promising single-photon sources. Recently the emission of
single photons from Dibenzoterrylene (DBT) molecules into Si3N4 ridge waveguide at room
temperature was demonstrated [4]. DBT was placed on a Si3N4 waveguide to couple emitted single
photons through the evanescent waveguide mode into the guided mode. The advantages of this
approach include a small footprint, simple fabrication methods and scalability towards arrays of
integrated single photon sources for QPICs. However, unlike the on-chip integrated
electroluminescent nanotube [3], a more complex photonic circuit is required. The next step in the
integration of a single-photon emitted molecule and QPIC including effective pump rejection (CDC)
and superconducting nanowire single-photon detectors (WSSPDs) is proposed in Fig. 1b. As an
efficient on-chip filter a contra-directional coupler (CDC) can be used [5, 6]. After optical pumping
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of a single molecule, the residual pump is rejected to the neighboring waveguide and routes to the
optical absorber. Emitted photons are directed to WSSPD, reproducing the Hanbury Brown-Twiss
scheme. By measuring the on-chip second order correlation function, one can detect non-classical
light for QPICs, as well as to study the molecules itself.
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Fig. 1. a) Schematic view of the platform for the realization of QPIC. The nanophotonic chip includes single-
photon sources, single photon detectors and quantum logic. FWM is four wave mixing and SPDC is spontaneous
parametric down-conversion. b) Schematic view of a nanophotonic circuit with on-chip fluorescent single
molecule

Going beyond such proof-of-principle concepts, the realization of large scale QPICs is expected
to have profound impact on science and technology, material engineering, as well as quantum
information processing including quantum computing, simulation and metrology.

The research has been carried out with the support of the Russian Science Foundation (project No.
16-12-00045).
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RESONANT LIGHT SCATTERING BY DIELECTRIC
NANOSTRUCTURES AND METASURFACES

A.B. Evlyukhin

Institute of Quantum Optics, Leibniz University
Hannover, Germany
e-mail: a.b.evlyukhin@daad-alumni.de

Theoretical approach to the multipole analysis of the electromagnetic reflection and transmission
properties of dielectric particle arrays is demonstrated and discussed. The main attention is given to the
contributions of first multipoles, including octupole terms, into the light scattering process.

Key words: optical resonance, nanoparticles, multipole moments, reflection, transmission

Electromagnetic properties of particle structures attract a lot of interest currently due to their
application perspectives for controllable manipulation of electromagnetic waves on different
spacescales. Especially it concerns artificially fabricated 2D arrays of particles which can resonantly
interact with electromagnetic waves providing manipulations of their amplitudes and phases. Such
artificial arrays are called metasurfaces because the sizes of array's particles ordinary are smaller than
the wavelengths of external electromagnetic fields. Due to subwavelength sizes of the particles,
electromagnetic properties of the arrays and metasurfaces can be described and explained in the
couple multipole approximation, when each particle in the arrays is treated as an electric and magnetic
multipole scatterer. If single particles can support individual electromagnetic resonances, like
plasmon resonances of metal nanoparticles or Mie resonances of high-index dielectric nanoparticles
in the optical spectral range, the multipole coupling in one- and two dimensional arrays can produce
narrow collective resonances in electromagnetic wave (EMW) scattering spectra. In the case of
periodic nanoparticle arrays these resonances appear at the wavelength of scattered EMWSs close to
the wavelength corresponding to the Rayleigh anomaly [1, 2]. In this report, a theoretical approach
to the multipole analysis of different nanoparticle structures and periodic arrays is discussed. The
method is applied to high refractive-index spherical and nonspherical nanoparticles supporting
resonant multipole response in the optical range. Firstly, the realization of the resonant transmission
suppression and the resonant lattice Kerker effect in arrays of silicon nanoparticles are discussed in
the dipole approximation [3,4]. Then spectral multipole resonances of single non-spherical silicon
nanoparticles illuminated by linearly polarized light waves are investigated. It is shown how scattering
diagrams are connected with overlapping of different multipole modes resonantly excited in the
nanoparticles [5]. After that, the multipole expansions of the reflection and transmission coefficients
of metasurfaces are applied for investigations of their optical properties. Suppressions of light
reflection or transmission in metasurfaces are presented as a result of interference between waves
irradiated by several multipole moments of nanoparticles. In particularly, a “lattice invisibility effect,”
when light goes through the metasurface almost without amplitude and phase perturbations with the
simultaneous excitation of nanoparticles’ multipole moments, is demonstrated and explained [6].
Application of demonstrated approaches for design and optimization of metasurfaces is discussed.
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NEPCIHEKTUBHBIE CXEMbI ONTUYECKOM KBAHTOBOM MAMSTH
HA OCHOBE AHCAMJIA HEHTPOB OKPACKH B AJIMA3E
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OO6cyXnarTcss MEPCIEKTUBHBIE TBEPIOTEIbHBIE CXEMBI ONTHYECKOIl KBAHTOBOH NaMsATH Ha OCHOBE
HEPE30HAHCHOTO PAMAHOBCKOT'O IOTJIOIIEHUS U HCIyCKaHHUs (OTOHOB. AHAIM3UPyeTCs BO3MOXKHOCTh
peann3anuy 3THX CXeM B aHcaM0je LEeHTPOB OKpackd KpeMHHH-BakaHCHS B anMase. Omnpenensrorcs
YCIIOBHS, TIPH KOTOPBIX MOXKHO JOCTHYb KakK BBICOKOH 3()(EKTHBHOCTH, TaK M OOJBIIOTO OTHONICHHS
CHUTHAJI/IIyM Ha BBIXO/IE YCTPOWCTBA KBAHTOBOM IMAMSITH IPH 3aITHCH OJHO(POTOHHBIX COCTOSHUIA.
KiroueBble cjoBa: KBaHTOBas maMATh, LEHTP OKpackd B ajiMma3e, HEpPEe30HaHCHOE
PpaMaHOBCKOC IMOTJIONICHUE, PE30HATOP, OTHOIICHUE CI/IFHaJ'I/IHyM.

Co3naHue ONTHYECKOW KBAHTOBOM NaMATH SBISETCA OJHOW M3 BaKHEHMIIMX 3ajjad KBAHTOBBIX
WH()OPMALMOHHBIX  TEXHOJIOTHHA. YCTpOWCTBa, cCrnocoOHble 3((GEKTHBHO  3amKCHIBaTh U
BOCIIPOM3BO/INTh KBAHTOBBIE COCTOSIHMSL CBETa, 0O0pasyloT minargopMy s IOCTPOCHHUS
MacIITabuPyEeMbIX JINHEHHBIX ONTHYECKUX KBAHTOBBIX KOMITBIOTEPOB, CUMTAIOTCS HEOOXOANMBIMU
JUISL peani3aiiy JaIbHOACHCTBYIOIIEH BOJOKOHHOM KBAaHTOBOM CBSI3U U T.A. (CM. HEAaBHUE 0030pHI
[1, 2]). B Hacrosmiee BpemMsi MHOTO BHUMaHHS YHAEIACTCS pa3pabOTKe CXeM KBAaHTOBOW MaMSATH,
UCTIONB3YIOMNX B3aUMOJEIHCTBHE CIIA0OBIX CBETOBBIX HMITYyJbCOB C aHCAMOJIIMH ONTHYECKUX
LHEeHTpoB. IIpy 3TOM HCHONB3YIOTCS TakKWe SIBICHHA Kak (POTOHHOE 3X0, 3IEKTPOMAarHUTHO-
HHAYIMPOBaHHAs MIPO3PAvYHOCTh M HEPE30HAHCHOE KOMOMHAIIMOHHOE (PaMaHOBCKOE) MOTTIONICHUE U
HCITyCKaHHE CBETOBBIX MMITYJIECOB, YTO MO3BOJISIET pEai30BaTh MHOTOMO/IOBYIO KBAaHTOBYIO ITaMSATh,
HEOOXOANMYIO JIJIsl IPAKTHYECKOTO IMTPUMEHEHHs1. UTO KacaeTcst KBAHTOBBIX HOCHUTENeH HHpOpMaInH,
TO OJHUM U3 IEPCHEKTUBHBIX MAaTEpUAJIOB ABISETCA aiMa3, COAep Kalluil EHTPBl OKpacKu (CM.,
Hanpumep, 0630p [3]). B wactHOCTH, B mocneiHee BpeMs O0IBIION HHTEPEC BHI3BIBAIOT OTPUIIATEIBHO
3apsyKEHHBIC IIEHTPhI KpeMHui-Bakancus (SiV™) [4-7], nemoucTpupyroiue 6obinoit dpakrop Jebas-
Bamnepa, ciekTpanbHYI0 CTaOMIBHOCTD U MaJIoe€ HEOAHOPOIHOE YITHPEHHE ONTHYECKHUX IEPEXO0/I0B.
IMocnennee siBNsieTCs CYIIECTBEHHBIM ISl PEAJIN3aIMU IEPCIIEKTHBHBIX CXEM ONTHYECKOI KBAaHTOBOM
NaMsITH Ha OCHOBE HEPE30HAHCHOI'O PAMAHOBCKOTO MOTJIOMICHHS U McIycKaHus (poToHOB [8-11].

B Hacrosmieii paboTe paccMOTpEeHa BOZMOXKHOCTh peallM3allii TAKUX CXEeM B aHcaMOJje IEHTPOB
okpacku SiV~, HaxoJsIIeMCsl B pe30HaTOpe. BHINOJIIHEHO YHCIIEHHOE MO/ICIIMPOBAHUE U ONPEEIICHBI
YCIIOBUSI, IPH KOTOPBIX MOXHO JJOCTHYb KaK BHICOKOH 3((EKTUBHOCTH, TaK U OOJBIIOr0 OTHOLIEHUS
CUTHAJI/IIYM Ha BBIXOJIE YCTPOWCTBAa KBAHTOBOW MaMATH IPH 3aIHMCH OJHO(POTOHHBIX COCTOSHHH.
Kpome Toro, paccmoTpeH cimydail aHcamOiIs IIEHTPOB OKPAcKH, PaclojIOKEHHOTO B CBOOOIHOM
MIPOCTPAHCTBE, KOTOPBIA ITO3BOJIIET PEANTM30BaTh YIPABISEMYI0 YacTOTHYIO TpeOeHKY JIMHHUH
TTOTJIOIIEHUS ¥ BBITIOJTHHUTH Pa3InYHbIEC TPeoOpa3oBaHns 0THO(POTOHHBIX COCTOSHHN, TPEII0KEHHBIE
B pabore [11].
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PROMISING SCHEMES OF OPTICAL QUANTUM MEMORY BASED
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Promising schemes of solid-state optical quantum memory based on off-resonant Raman absorption and
emission of single photons are discussed. The possibility of implementing these schemes in an ensemble
of silicon-vacancy centers in diamond is analyzed. It is shown that both high efficiency and high signal-
to-noise ratio can be achieved at the output of the memory device for a single-photon input state.

Key words: Quantum memory, color centers in diamond, off-resonant Raman absorption,
cavity, signal-to-noise ratio.
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3AKOHOMEPHOCTH ®OPMHUPOBAHHUA CBETOBOM ITYJIN
N EE CIIEKTPA B ITPO3PAYHbBIX JTUDJIEKTPUKAX

A.E. Topmugonosl, E.JI. 3ano3nan'?, B.O. Komnanen®, C.B. Yekanun' ", B.I1. Kanaugon'?

YUncmumym cnexmpockonuu PAH
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[IpencraBieHO COBpEMEHHOE COCTOSHHE MCCIEAOBAaHUN (OPMHUPOBAHMSA SKCTPEMaJbHO CHKATBIX
BOJIHOBBIX IIAKETOB U IIHPOKOINOJIOCHOTO CYNEPKOHTHHYyMa HpH (punamMeHTarmu (GpeMTOCEKyHIHOTO
JIA3€pPHOT0 U3ITyYEHMsI B IPO3PAYHBIX JUAIEKTPUKAX IPU aHOMAJIBHOM AUCTIEPCUU IPYTIIIOBOM CKOPOCTH.
OmnpezeneHsl yCIOBUS MPOCTPAHCTBEHHO-BPEMEHHON KOMIIPECCHH BOJHOBBIX MAKETOB, YCTAHOBIICHBI
3aKOHOMEPHOCTHU (bOpMI/IpOBaHI/IH AHTHUCTOKCOBa Kpblla B CICKTPE CYINCPKOHTUHYYMa, KOTOPLIC
0000IIaI0T U3BECTHBIC PE3YIBTATHI CIIEKTPOCKOIMYECKUAX UCCIICTOBAHUIMA.

KiiloueBble  cjioBa: cBeTOBas  MyJs, CYNEPKOHTUHYYM, aHTHCTOKCOBO  KpBLIO,
(demrocexyHHas puitaMeHTanus, pa3oBas CaMOMOAYJISAINS, KOPOTKOBOJIHOBAs OTCEUKA.

@dunameHTanus B MPO3PAYHBIX AUIEKTPUKaX (PEMTOCEKYHIHOTO JIa3€pPHOTO M3IIyYCHUS Ha JTHHE
BOJIHBI B 00JIACTH aHOMAJBHOW TUCIIEPCHH TPYIIIOBOH CKOPOCTH CONPOBOXKIAETCS 00pa30oBaHUEM
CBETOBBIX ITyJIb — BOJIHOBBIX ITAKETOB, SKCTPEMANIBHO C)KAaThIX B IPOCTPAHCTBE U BpeMeHH [ 1,2]. IIpu
3TOM NPOCTPAHCTBEHHO-BPEMEHHAsT KOMIIPECCHS H3IIydYCHHUs] Pa3BUBAcTCs B 00BEME CpeAbl B
OTCYTCTBUHM KaKUX-JIMOO HAIPABIAIOIIMX CTPYKTYp THIA KalWUIIPOB, ONTHYECKHX BOJIOKOH,
(oTOHHBIX KpucTamioB. HeoOXonumeiM ycioBHeM 00pa3oBaHMS CBETOBBIX Iylb B Cpele C
KEPPOBCKOW HEJIMHEHHOCTBIO SABJISETCS aHOMAJIbHAS IUCIIEPCHS] TPYIIIOBOM CKOPOCTH, IIPU KOTOPOH
MIPOUCXOTUT KOMIIPECCUSI UMITYJIbCa TIPH HENMHEHHOH (ha30BOH MOAYINISAIMH BO BPEMEHH IOJI00HO
camo(oKycHupoBKe Iydka. B mpo3payHbIX IUAIEKTPUKAX M BO3AyXe K OONACTH aHOMAaJIbHOU
JHCTIEPCUU IPYIIIOBON CKOPOCTH OTHOCUTCS M3Ty9YEeHUE Ha JAJIMHE BOJHBI cpenHero MK-nnamnasona.

JlocTaTo4HBIM YCIIOBHEM OOpa30BaHUsI CBETOBBIX IYJb SIBISIETCSl IIPEBBINICHUE MOPOTOBOM
MOII[HOCTH, BEJIMYMHA KOTOPOH ONpeAessieTcs OTHOIIEHHWEM MU(PPaKIMOHHON M AMCHEPCHOHHON
JUTUH BOJIHOBOTO IIaKeTa M HE 3aBUCHT OT (PM3MYECKUX MapaMeTpoB cpensl u u3nmydenus [3]. [Ipu
ONMM3KMX 3HAUYEHHSAX XapaKTePHBIX JUIMH BOJIHOBOTO TAKETa €r0 KOMIIPECCHsl B MPOCTPAHCTBE U
BPEMEHHU MPOUCXOAUT COINIACOBAHHO, M IOPOroBas MOIIHOCTb HE IPEBBIACT KPUTHUYECKYIO
MOIIIHOCTh CTallMOHapHOH camMo(pOKycHpoBKH. IIpy IUCHEpCHOHHON JUIMHE, TPEBBIMIAIOIICH
I(HPAKIMOHHYIO, TOPOroBasi MOIIHOCTH 00pa3oBaHWS CBETOBBIX ITyJIb 3HAYUTEIHHO OOJbIIIE
KPUTHYECKOH MOIITHOCTH caMO(pOKYCHPOBKH BCIIECTBUE CHUKEHUS MMKOBONH HHTEHCUBHOCTH H3-3a
JUCTIEPCHOHHOTO PacIUIbIBAaHKUA BOJHOBOTO nmaketa (Puc.1).

] =50, (Brenzpmen)

--0-- 8i0,

a—LiF
~a- CaF,

PP,
w

110- -0 ety =T

o1 1 10
Ly/ha,
Puc. 1. I[Toporosas MomiHocTs Pth M 00pa3oBaHus CBETOBOM MyJM, OTHECEHHAs K KPUTHYECKOH MOIIHOCTU
CTalMOHAPHOI caMO(OKYyCHPOBKU Pcr, B 3aBUCHMOCTH OT OTHOILICHHS AU(PPAKIUOHHOW JUTHHBI BOJHOBOTO
naketa Ldif K qucriepcuonHoit Laisp (9xcriepument — SiO2 (¢); unciennoe moaenuposanue — SiOz (o), LiF (o),
CaFz (A)).
27



JnuTenbHOCTh CBETOBOM Mmynu cocTaBisieT 1+1,5 onTthueckux OCHWIUIALMI, €€ TuaMerp —
HECKOJIBKO JUIMH BOJIH, IMKOBas HHTEHCUBHOCTD npesbinaet 5-10%° Br/cm? [4]. CeeToBas myins, Kak
TpPEXMEPHBII BOJTHOBOI! MAKET, SIBISIETCSI HEYCTOHYMBBIM 00pa3oBaHKEM, €€ AJMHA Ipo0era HopaaKa
500 mxwM [5]. [Ipu pacripocTpaHEHUH IPOUCXOANT «IBIXaHUE» OTHOUUKIOBOW CBETOBOM ITyIH, IIPH
KOTOPOM MaKCHMYM aMIUIUTYZAbI CBETOBOTO MO NMEPUOANIECKH MEHSECTCS! BCICACTBHE OTINYUSA
(ha30BOI U TPYNIIIOBON CKOpOCTEH B cpeze. “‘JlpIxaHue” CBETOBOM ITyJI HAJECKHO 3apETHCTPUPOBAHO
B LiF MeTo10M 51a3epHO# KOJIOpALUH 110 CTPYKTYPE AOJITOKUBYIINX LIECHTPOB OKPACKHU, HABEACHHBIX
CBETOBOI1 ITyJIel B OJTHOMMITYJILCHOM peXuMe (uiiamMeHTanuu [6].

OOpazoBaHHE CBETOBOW ITyJIM COINPOBOXKIACTCS HM3JIyYEHHUEM CYNEPKOHTHHYYMa, TeHepalus
KOTOpOT'O ONpeJelsieTcs] HeIMHEHHBIM TpoleccoM (a3oBOi CaMOMOAYJISIIMU CBETOBOTO MOJIA, a
(OpMHpOBaHHE €ro 4YacTOTHO-YIJIOBOTO CIEKTpa - WHTep(EpEeHIMOHHBIMU IIpolleccaMH B
aucneprupyomeit cpene. [Ipu gazoBoit camoMoaynsy B ycIoBUsIX Ae(DOKYCHPOBKH B JIa3€PHOM
IUIa3Me, HaBEJCHHON Ha XBOCTE CBETOBOI ITyJIH, JTHHA BOJTHBI KOPOTKOBOJTHOBOM OTCEUKH B CIIEKTPE
CBETOBOI ITyJIM YMEHBIIAETCS C yBEIMYEHHEM MOpPAIKa MHOTO(OTOHHOCTH MpoLecca TeHepalnuu
cBOOOAHBIX HOcHTeNeH [7]. B pesynpraTe nHTEpdEpeHINN MNPOKONOIOCHOTO CYNIEPKOHTHHYYMA,
N3JTy9aeMOro CBETOBOM IyJied, IBIDKYHICHCS B Cpele NpU aHOMAaIbHOH IWCIIEPCHH TPYIOBOH
CKOPOCTH, 00pa3yeTcsi M30JIMPOBAHHOE AHTHCTOKCOBO KpbUTo. C yBEIMYCHHWEM IUTMHBI BOJHBI
BO3JICHCTBYIOIIETO U3YYCHHUS Ao CIICKTPATBHBIA MAaKCUMYM aHTUCTOKCOBA KPbLIa Asc CMEIIAeTCs B
KOPOTKOBOJIHOBYIO OOJIACTh, M IIMPHHA €r0 CIEKTPAIbHOM MOJIOCH COKPAIAETCS 10 HECKOIBKUX
JECATKOB HaHOMETpOB [8]. /IMHA BOJHBI Ag CHIEKTPAIEHOTO MaKCUMyMa M30JIMPOBAaHHOTO KpbLIa
MOJAYUHSACTCS  JUCIEPCHOHHOMY ypaBHeHHIO [9], KoTopoe o0000m@aeTr Bce H3BECTHBIC
OKCIICPUMCHTAJIbHBIC JaHHBIC, ITOJTYYCHHBLIC B IIJIABJICHOM KBapue u (I)TOpI/I}IaX, U IIO3BOJISACT
IIPOTHO3UPOBATh PE3yNbTaThl IKCIIEPUMEHTOB B Ipyrux cpenax(Puc.2).

35F
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Puc. 2. Caur A= Asc -Ao MaKCUMyMa H30JIMPOBAHHON aHTHCTOKCOBOH ITOJIOCHI B CIIEKTPE CBETOBOH IMyIIH B
3aBUCUMOCTH OT LEHTPAILHOW UIMHBI BOJHBI A0 B Pa3IHYHBIX MarepHanax. Todkd — OIyOIMKOBAHHBIE

OKCHEPUMEHTAJIBHBLIC TaHHBIC, KPUBLIC — IMMOJYYECHHOEC TUCIIEPCUOHHOC YPAaBHCHUE.

dopmupoBaHKE CBETOBBIX MyJIb M UX CIIEKTpa MpH (UIaMeHTAMN u3mydeHus cpeanero K-
JMana3oHa B KOH/IEHCHPOBAHHBIX CpeslaX M BO3JyXe NOAYMHACTCS €JMHBIM 3aKOHOMEPHOCTSIM.
Pabora BeImosiHeHa pu noepxke PH®, npoext Ne 18-12-00422
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THE TRENDS OF THE LIGHT BULLET AND ITS SPECTRUM
FORMATION IN TRANSPARENT DIELECTRICS

A.E. Dormidonov?, E.D. Zaloznaya?, S.V. Chekalin?, V.O. Kompanets?, V.P. Kandidov'?

Lnstitute of Spectroscopy, Russian Academy of Sciences
108840, Russia, Moscow, Troitsk
2Faculty of Physics, Moscow State University
119991, Russia, Moscow,

State of the art investigation of extremely compressed wave packets and broadband supercontinuum
formation under femtosecond laser pulse filamentation in transparent dielectrics at anomalous group
velocity dispersion are presented. The conditions for spatial-temporal compression of the wave packets
are determined. The trends of anti-Stokes wing formation in supercontinuum spectra are revealed which
summarized the known results of spectroscopic investigations.

Key words: light bullet, supercontinuum, anti-Stokes wing, femtosecond filamentation, phase
self-modulation, shortwavelength cutoff.
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HAPYHIEHUME IIPUHIUIIA COOTBETCTBUA
"OBBEM - HOBEPXHOCTB" B TOIIOJIOTMYECKOH ®OTOHUKE

B.B. Kiumon

Qusuyeckuil uncmumym um. I1.H. Jlebedesa PAH
119991, Mocksa, Jlenunckuii npocnexkm, 0.53
e-mail: klimov256@gmail.com

Ha ocHoBe TO4YHOrO pelieHus BEKTOPHBIX ypaBHEHMH MakcBesla HaiieHs! Mpeesbl IPUMEHUMOCTH
MPUHIIUIA COOTBETCTBUS 00BEM-TIOBEPXHOCTb B TOMOJIOTHYECKOI (POTOHHKE.

KiarueBble ciaoBa: Tomoioruueckas — (OTOHHMKA, BOJIHOBOIBI, OHM-aHH30TPOITHEIC
runepOoIUIeCKue cpelbl, uncia YepHa.

Pa3paboTka oNTHYECKHX MEKXIPOLECCOPHBIX M BHYTPUIIPOLIECCOPHBIX HHTEPKOHHEKTOPOB SBIISIETCS
YpE3BBIYAHHO Ba)KHOHM 3amadeil Al CHIDKCHMS SHEPro3arpaT INPH MAcCCHBHBIX BBIYHCICHUAX. B
HACTOAIIES BPEMs IIHUPOKO DPACIPOCTPaHEHA TOYKA 3PEHMS, YTO ONTHYECKHE HAHOBOIHOBOJBI C
TOIIOJIOTMYECKH 3AIININEHHBIMU TOBEPXHOCTHBIMU COCTOSTHISMHU MOTYT IOMOYb JIOCTHYb 3TOH IIENH.
3TO0 JOBOJBHO TpyAHas ¢ (U3MYECKOW TOUYKHM 3PEHHS 3ajada M OOJBIIMHCTBO HCCIEIOBaTeleH
paccMaTpHBaIOT T€OMETPUU BOJHOBOOB, KOTOPbIE JaleKHU OT MpakTHKH. B MoeMm noknane OymyT
NIPE/ICTABIICHBI PE3YJIbTAThl UCCIIEA0BAHUS ONTHYECKUX CBOMCTBA TPEXMEPHOI'O BOJHOBOJAA M3 OH-
AQHMU30TPOIIHOTO  TUIEPOOJIMYECKOTO0  MeTaMaTepHana, KOTOPbIH  HMMEET  HEeTPHUBHAIBHYIO
TOIOJIOTMYECKYIO CTPYKTYpPY 00paTHOro npocrpancTsa [1].

M&! BIiepBbI€ HAILIN TOYHOE aHAIUTHYECKOE PELIeHHe A1 COOCTBEHHBIX MOJ JaHHOW CHCTEMBI,
YTO TIO3BOJMJIO HaM JETaJIbHO MCCJIEAOBATh TOIMOJIOTHYECKH 3allHIICHHBIE IOBEPXHOCTHBIC
cocrostaus (T3IIC). B wactHOCTH, Ha OOHapyxwmu, uyto T3IIC Ha BOTHOBOAE MPOTMANAIOT, SCIH
BOJIHOBOJI MMEET PaAWyC MEHBIINI, YeM HEKOTOpPBIH KPUTHYECKUI paauyc, HM3-3a PasMEpHOTo
KBaHTOBAaHUS a3MMYTaJIbHOTO BOJIHOBOTO 4yncia (cM. Puc.1).

k

'P‘k“ k(p l\ll
Puc. 1. INonoxenue T3IIC amst GM-aHU3OTPOIHBIX BOJHOBOAOB Pa3IHYHBIX PAZMYCOB (YEPHBIC KPECTHKH)
BMECTE C M30YaCTOTHBIMHM KPHBBIMU CIUIOLIHOW OW-aHM30TPONHOM cpeabl (CIUIOLIHBIE YEepHbIE JHHUM). (@)

koR=5, (b) koR=2.5, () koR=0.5. O6parure BHuManue, yto npu koR < 0.5 T3TIC mOIHOCTBIO OTCYTCTBYIOT

2

B cnyuae ecimm g4 < ( [epp — | )(l) , nyra T3IIC coenunser obnacth 0OOBEMHOrO OH-

AQHMU30TPOIIHOTO MaTepHaia ¢ pa3nuuHbiMu uuciamu YepHa. (Puc. 2a, g4 = 0.5 ). Dra curyanus

TIOJTHOCTBIO aHAJIOTHYHASI CIIydasl TOIOJIOTHYECKHX M30JIITOPOB B 3JEKTpOHMKE. B cimywae g4 >
2 o

(,/spu — | )(l) , ayra T3IC wHauMHaeTcss OT W30YAaCTOTHOH IOBEPXHOCTH TPHBHAIILHOIO

OKpYKAIOLIEro IPOCTPAHCTBA, a 3aKAaHYMBACTCS Ha HM30YaCTOTHOM ITOBEPXHOCTH O0OBEMHOro Ou-

aHMU30TPOIHOTrOo MaTepuana ¢ uaaekcom UepHa (Puc. 2b, g5 = 1.5 ). T3I1C Ha BOIIHOBO/IE TOJHOCTHIO
IIpONajalT, €CIU IUAIEKTPUYECKas MPOHHULIAEMOCTh OKpPYKAIOLIEro BOJIHOBOJ IPOCTPAaHCTBA
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2
MIPEBBIIIAET HEKOTOPOE KPUTUUECKOE 3HAUCHUE £y > ( [epu + | )(I) , (cm. Puc.2¢).

k

0

kq;/ko k

¢
Puc. 2. Ilonoxenune T3IIC (xpecTuku) s OH-aHU30TPOIHOTO BOJHOBOJA C JUIS PAa3IMYHBIX 3HAYCHUS
oKpyKaromiero npocrpanctea. (a) g5 = 0.5, (b) g4 = 1.5, (€) &4 = 4. KpacHblil IOJTyKpyr — H30YacTOTHAS
MOBEPXHOCTH OKPYKEHHUsI. YUepHbIe THHHUH - H309aCTOTHBIC KPHBBIE CIUIOLIHON OH-aHH30TPOITHON CPEBL.

HHuTepecHo, uto mpu HeKoTopbIx TreomeTpusiax T3TIC nuMeroT oTpunatenbHoe mpeomMiieHne. Mbl
Hanuti (a3oByl0 nuarpammy s obiactu cymiectBoBanus T3[IC, uTo OTKphIBaeT myTH JUIst
pa3paboOTKH TOMOJIOTMYECKHX BOJHOBOJIOB JUIA ONTHYECKMX HHTEPKOHHEKTOPOB M JPYrUX
YCTPOWCTB. B 1iesioM Hamm pe3ysbpTaThl HOAHUMAIOT OOIIUI BONPOC O Mpejenax MPUMEHUMOCTH
TOTIOJIOTHIECKOH (DOTOHWKH ¥ TPUHIUIIA COOTBETCTBUS OOBEM-TIOBEPXHOCTH B TOIMOJOTHYECKON
(doToHHKE.
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BREAKING OF BULK-SURFACE CORRESPONDENCE IN
TOPOLOGICAL PHOTONICS

V.V. Klimov

P.N. Lebedev Physical Institute
Leninsky Prospekt. 53, 119991, Moscow, Russia

On the base of exact solution of vector Maxwell equations, the limits of applicability of bulk- surface
correspondence principle in topological photonics are found.

Key words: topological photonics, waveguides, bi-anisotropic hyperbolic media, Chern
numbers.
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2S-4P SPECTROSCOPY IN HYDROGEN ATOM: THE NEW VALUE FOR
THE RYDBERG CONSTANT AND THE PROTON CHARGE RADIUS

N. Kolachevsky

P.N. Lebedev Physical Institute, Moscow, Russia
Max-Planck Institute for Quantum Optics, Munich, Germany

Key words: atomic hydrogen spectroscopy, the Rydberg constant, proton size puzzle.

Since 2010 the “proton radius puzzle” has been baffling physicists: the core of this matter is the
dissatisfying discrepancy of four standard deviations between the proton root mean square charge
radii (rp) determined from regular hydrogen (H), the simplest natural atomic system, and its exotic
brother, the muonic hydrogen atom (up) [1]. The 2S-4P transition frequency has been accurately
measured in regular hydrogen, utilizing a cryogenic beam of H atoms available at MPQ and directly
demonstrate that quantum interference of neighboring atomic resonances can lead to apparent line
shifts much larger than the proton radius discrepancy. We motivate an asymmetric fit function that
eliminates these shifts to leading order and obtain r, = 0.8293(91) fm and the Rydberg constant Roo =
10973 731.568 037 (91) m-1. The accuracy of our measurement matches the one from the aggregate
of the previous H world data. Our value is 3.8 combined standard deviations smaller than the latter
result, but in good agreement with the value from up [2]. Still, the “proton radius puzzle” seems to be
not resolved, because more recent spectroscopy data still gives not fully consistent results.

References

1. Pohl R. et al. Nature. 466, 213 (2010)
2. Beyer A. et al. Science 358, 79 (2017)

32



KBAHTOBBIE TEXHOJIOI'NH:
COBPEMEHHOE COCTOSHHME U IIEPCIIEKTUBbI

C.II. Kyauk

Llenmp keanmoguvix mexrnonozutl, usuueckuti paxynromem MI'Y umenu M.B. Jlomonocosa
119991, Mockea, Jlenunckue 2opwet 0.1, cmp. 35

B noxnane PacCMOTPEHbI COBPEMCECHHOC COCTOSIHUE W TCPCIHCKTHBLI OJHOM U3 CKBO3HBIX
TEXHOJIOTUH - KBAHTOBEIX TeXHOJOruil. OCHOBHOE BHUMAaHUE yACIACTCA OCHOBHBIM Cy6TeXHOJ'IOFI/IHM
(KBaHTOBLIM BBIYUCJICHUAM, KOMMYHUKAIIUAM U ceHcopaM), pa3BUBACMbIX B MHUPEC U, 0COOEHHO B P(D,
KOTOPbIC MOTCHUHAJIBHO IMPUBEAYT WJIN YKEC MNPUBCIU K CO3JaHHUIO B OmKamieM 6yaymeM
KBAaHTOBBIX CUMYJIATOPOB U 3allIUIIICHHBIX CUCTEM CBA3HU.

B o00yacTté KBaHTOBEIX CUMYJIAATOPOB, 3TO TEXHOJIOTHH, HUCIIOJB3YIOIIHUC B Ka4YC€CTBE pa60t11/1x
(1)H31/I‘IGCKI/IX CHCTEM HeﬁTpaJIbeIe ATOMbl M HOHBI B JIOBYHIKAX, CBCPXIIPOBOAAIIHNC CUCTCMBI,
MIPUMECHBIC CTPYKTYPhbI U JIMHESHHO-ONTHYECKHIE CUCTEMBI.

B o06mactu KBaHTOBOW CBS3U - 3TO CO3aaHHUC r00ajJbHON CEeTH Ha OCHOBE BOJOKOHHO-
OIITHYCCKUX, aTMOC(i)CpHBIX N KOCMHUYCCKUX KaHAJIOB.

OTI[CJ'ILHO paccMaTpuBaAOTC OCHOBHBIC HpO6J’I€MLI pcajim3anuu TCX UJIN UHBIX y3J'IOB/3J'I€MeHTOB
CHUCTCM KBAHTOBBIX CUMYJIATOPOB U KBaHTOBOM CBSI3H.
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FOMQI[I/IHHI)II?'I ®OTOITPUEM: _
OT KBAHTOBOU TOMOI'PA®UH 1O TPUMEHEHUH

A.B. MacaJjos

Qusuueckuut uncmumym um. I1.H.Jlebedeea PAH, Mockea, Jlenunckuii npocn. 53
Poccutickuii keanmoswiii yenmp, Mockea, Cxonkogo

I'omonuHHBIH (QoTONpHEM, pa3paboTaHHBINA IS PETHCTPALMU TI0JI1 CBETOBBIX BOJIH, CTAJ] CETOJHS
(G (QEKTUBHBIM CPEICTBOM HM3Y4EHHsS KBAaHTOBOTO COCTOSIHMS cBeTa. C IOMOIIbI0 T'OMOAWHHOTO
(doronpueMa peannzoBaHa NMpoLEAypa BOCCTAHOBJIEHHS KBAaHTOBOTO NOPTPETA M3IYUEHHS B BUJE
KBa3HWBEPOSATHOCTHOTO pacipeeieHus (= KBaHToBasi ToMorpadust) ¥ B BUi€ MaTPHUIILI INIOTHOCTH. B
JIOKJIajie TPEJICTABICHBl CBEICHHUS O JOCTOMHCTBAX M OrPaHUUYCHHSX TOMOIUHHOTO (oTompHeMa.
OCHOBHBIM  JIOCTOMHCTBOM  SIBJISIETCSI ~ OJHO(OTOHHAsE  YyBCTBHTEIBHOCTh  T'OMOJIUHHOIO
(doTomeTeKTOpa, a OTPAaHWYCHHUS CBSA3aHBI C YAaCTOTHOH MOJOCOW M NUHAMHUYECKHM JHANa30HOM
HCTIONB3YeMBIX (DOTOAHOIOB.

Bricokass YyBCTBHTENBHOCTH TOMOIMHHOTO (paBHO KaK TE€TEPOAMHHOIO) (QoTompreMa
oOecrieynBaeT ycrex psiia MpJIosKEHIH:

- TeHepalus CIIy4aiHbIX YUCEIT;

- pacupeneneHne KBaHTOBBIX KIIOYeil:

- CBA3b B OTKPBITOM IIPOCTPAHCTRE;

- yHaneHHas peructpaius cmemeHui (korepertsslii LIDAR) u np.

[pouecc reHepauuy ciaydaiiHbIX 4YHCeN C IIOMOIIBIO FOMOJMHHOTO (OoTONpHEMa OCHOBAaH Ha
CTaTUCTUYECKON HEONpENeICHHOCTH JejeHUsl ()OTOHHOTO IOTOKA CBETOAEIMUTENEM, KOTOPbIH
SIBIIICTCS. HEOTHEMJICMOM Y4acThi0 TOMOAUHHOTO (otomerekTopa [1]. [Ipu 3TOM HET HEOOXOAUMOCTH
B HCIOJIb30BaHUU CaMOro MEJIEHHOTO Yy3ja TPaJAULHUOHHBIX I'E€HEPATOPOB CIyYalHBIX YHUCET —
JIABUHHBIX ()OTOUOIOB.

CxeMBbl pacnpefelicHHs KBAHTOBBIX KIIOYEH MOTYT OBITH pealu30BaHbl HE TONBKO C
HCTIOJNB30BaHUEM IHCKPETHBIX TIEPEMEHHBIX ()OTOHHOTO TIOTOKAa, HO H C HCIHOJIh30BAHUEM
HETPEPHIBHBIX TIEPEMEHHBIX — aMIUTUTYABl U (a3el mois [2]. B Takux cxemax TOMOJIUHHBIA
(GOTONETEKTOp  OKa3hlBaeTCs  HEOOXOAMMBIM  JJIIEMEHTOM,  OOecreuuBas  CHIDKCHHYIO
YyBCTBUTEIHHOCTh K ITOTEPSM B KaHAJIE CBSI3H.

HazmexHOCTh ONTHYECKOH CBS3M 4epe3 OTKPBITOE MPOCTPAHCTBO 3aBUCHUT OT MOTEPh Ha MyTH
pacnpocTpaHeHHs cBeTa. | OMOIMHHBIA (DOTOAETEKTOP CIOCOOEH IOBBICHTH HAAEKHOCTH CBSI3U
6saromapst 01HO()OTOHHOMN YyBCTBUTEIBLHOCTH.

Korepentusie JINJIAP-cucteMbl, B KOTOPBIX FETEPOAMHHBINA (HOTOMETEKTOP UIPACT KIIOYCBYIO
POJIb, MOJYIIIIN IIMPOKOE PACIPOCTPAHEHHE IS YIATICHHOTO IeTeKTUPOBAHUS MaJIbIX CMEIICHUN U
BHOpanwii. biarogapsi BRICOKOH YyBCTBHTEIFHOCTH K CBETY OOpAaTHOTO pacCesHHs Peai30BaHBI
JINJJAP-ipubopsl, perucTpupyromue KoiedaHus 00beKTOB B AMANa30HE YACTOT OT eAuHUI 11 110
cotex Kl 1 [3].

Bo3moxxHOCTH ~ COBpeMEHHBIX (DOTOIMOAOB W DJICKTPOHHBIX  KOMIIOHEHT  IO3BOJISIOT
KOHCTPYHPOBATh TOMOJHMHHBIE (DOTOJETEKTOPHI I CAMBIX Pa3IMYHBIX HAYYHBIX M TEXHHYECKUX
MIpUMeHeHHH [4].
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PHOTON ECHO QUANTUM MEMORY IN OPTICAL AND
MICROWAVE CAVITIES, THEORY AND RECENT EXPERIMENTS
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Quantum memory schemes based on the photon echo in optical and microwave resonators are studied.
Herein, we report experimental results on addressable storage of a series of weak light pulses in
Y3Als01, :Tm®* by using a linear Stark effect observed first in this crystal. We also demonstrate the
quantum storage of signal pulses on a single-photon level in this scheme. We discuss the possible using
high-Q optical resonator for broadband storage in the “white” cavity scheme providing considerable
suppression of spectral effects in the interaction of signal photon with atoms. Finally, we analyze
promising properties of a system of high-Q resonators as a superefficient quantum memory-interface for
broadband quantum storage of microwave fields.

Key words: Optical and microwave quantum memory, interface, photon echo, high-Q
cavities, Y3AlsO1, :Tm?* crystal, rare earth ions, impedance matching, “white” cavity.

The creation of a highly efficient multi-qubit quantum memory (QM) is an urgent problem of practical
quantum informatics, the need to solve which is stimulated by the importance of creating long-
distance quantum communications [1,2] and a universal quantum computer [3.4]. In addition, other
interesting applications of QM have recently been proposed, including setting up experiments to test
the limits of quantum mechanics [5, 6].

Recently, it was shown that the use of resonators opens up promising possibilities for creating a
multi-qubit QM containing a smaller amount of working substance when matching the reflection
coefficient of the input mirror with the light loss inside the resonator [7,8,9]. The creation of such a
memory requires the search for optimal schemes for the interaction of input signal photons with
carriers of quantum information (atoms and electron spins) in the resonators used. In this work, we
discuss the QM schemes in optical and microwave resonators using time-reversible photon echo
effects. We experimentally implemented such a scheme in a Y3Als012 :Tm3* crystal, using two
additional control laser pulses to rephasing the optical coherence excited by the signal light pulse at
the optical transition 3He(0)—2H4(0) of thulium ions in the so-called ROSE protocol of QM [10, 11].
Using resonator parameters that are optimal for the coefficient of resonant absorption of signal
radiation with the transverse propagation geometry of the control laser light pulses and the presence
of spectral optical filters allowed us to significantly improve the implementation of the ROSE protocol
for single-photon signal fields, reducing the value of the input signal pulse to 8 photons when
observing an echo signal containing ~ 1 photon, which was comparable with the noise level [12]. The
appearance of optical noise was caused by spurious luminescence, which arises due to incomplete
control by the laser pulses of the optical coherence of thulium ions. In this QM scheme, we also first
implemented the addressable recording and reading of three weak input signals using the linear Stark
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effect, which was first observed by us in this crystal under the action of a uniform external electric
pulse [12]. Addressing efficiency exceeded 95% and can be increased with further improvement of
the implemented memory scheme.

Great advantages of using an optical resonators in QM can be expected with an increase in its Q
factor, which, however, will be accompanied by a narrowing of the working spectral range. To
noticeably attenuate this effect, we propose using a QM scheme in the so-called “white” resonator
[13], in which the working spectral range can be increased by at least an order of magnitude due to
the optimal choice of the dispersion interaction of the signal photons with atoms in such a resonator
and minimizing the level of arising optical quantum noise in the process of an echo signal emission.

Additional opportunities in the implementation of the resonator based QM arise when using a
system of high-Q resonators. In this case, the high-Q resonators can act as a broadband interface. The
efficiency of the interface can reach extremely high values close to 100% when using existing
microwave superconducting resonators, as follows from the analysis of our experimental and
theoretical results [14, 15]. We also consider the application of a multi-resonator approach to the
implementation of a long-term QM by additionally placing an atomic ensemble (electron-nuclear spin
ensembles) in a system of such high-Q resonators [16].

The obtained results indicate the promise of resonant based QM for use in quantum
communications and quantum computing, which, however, requires further research.

This work was supported partially by the by Government of Russian Federation (project no.
14.750.31.0040, Feb. 17, 2017) and by Russian Foundation for Basic Research according to the
research project no. 17-52-560009.
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O TEOPETHYECKUX ITOAXOJAX K OITMCAHHUIO
PACITPOCTPAHEHHUSA OIITUYECKHUX COJIMTOHOB B CBETOBOJAX

C.B. Ca3onos

Hayuonansnuiii uccnedosamensvcxuil yenmp « Kypuamogckuii uncmumymy
123128, Mocksa, na. Akademuxa Kypuamosa, 1
e-mail: sazonov.sergey@gmail.com

PaccMoTpeHBl METOIBI aHATUTUYECKOTO MCCIEAOBAaHMS JHHAMUKH COJUTOHOB B I'PaJHEHTHBIX
BOJIHOBOZIAX, OCHOBAaHHBIE HAa YCPEJHEHHOM BapHAIllMOHHOM IpHHIHMIE. Bo3MOXHBI 1Ba crocoba
YCpeIHEHUs — IO IONEpPEYHBIM M IPOJOJbHBIM KoopauHaraM. IlokazaHo, 4TOo B mEpBOM cilydae
paclpoCTpaHEHUE CONUTOHA MOAYMHAETCA HelnuHeiHoMy ypaBHeHuro lllpenuHrepa [uii BpeMEHHOIoO
conmuToHa. Bo BTOpOM cilydae CONMTOHHBIE IapaMeTphl MOMYHUHSAIOTCS OOOOIIEHHOMY YpaBHEHHIO
I'pocca — [IutaeBckoro It KBaHTOBON 003€-)KUAKOCTH BO BHELITHEM IToJ1e. [IpoaHam3upoBaHbl peXHMBI
pacnpocTpaHeHHs IPOCTPAHCTBEHHO-BPEMEHHBIX COJTUTHOB B IPaJUCHTHBIX CBETOBO/AX.

KiroueBble cjIoBa: ONTHYCCKHUI COJIMTOH, CBCTOBAsA IIyJisd, KEPPOBCKas HeJ'IHHefIHOCTL,
AUcIrepcus, rpa,[[PIeHTHBIﬁ CBCTOBO/.

CaeToBbI€ MMy (IIPOCTPAHCTBEHHO-BPEMEHHBIE COJMTOHBI) MPEICTABISIOT cOOOM JIOKaIM30BaHHbIC
BO BCEX HAINIPABICHMAX U PACIPOCTPAHSIOMIUECS C MOCTOSHHONW CKOPOCTBIO YCTOWYMBBIE CIYCTKH
cBeroBoii sHepruu [1]. [ns hopmMupoBaHUs CBETOBBIX ITyJIb HEOOXOAMMA B3aWMHAsi KOMIECHCAIINS
Takux d(PEeKToB, Kak HOKyCcHUpyolas HeIMHEHHOCTD, Aucnepcus 1 audpakuus. [Ipu aTom xopormro
W3BECTHO, 4TO (POKyCUpYIOLIas KeppoBcKas (KyOMueckas) HENMHEWHOCTh B Kyle ¢ Iudpakuueii u
aHOMaJIbHOH AWMCIEPCHH TPYNIIOBOM CKOPOCTH HECHOcoOHa B OJHOPOXHOH OOBEMHOW cpene
c(hopMHUpPOBATh YCTOWYHMBYIO CBETOBYIO Iyiaio [l]. B HekoToprIx ciydasx K YCTOHYHBOMY
PaBHOBECHIO MOXET IIPUBECTH JIMHEHHAs pedpakiys, co3laBaeMas IPaAHEHTHBIM BOJIHOBOJIOM C
HEOHOPOHBIM PaCTIpeIeJICHHEM B €TO ITONIEPEIHOM CEUSHNH JIMHEHHOTO MOKa3aTelis MPEIOMIICHUSL.
BosHukaeT BOIpoc 0 TOM, Kak aHAIMTHYECKH YyIeCTh BIMSIHUE I'PaJHeHTHOTO BOJIIHOBOAA. CBETOBBIC
ITYJIA MOTYT HCIIONIb30BAaThCS B CUCTEMAX BOJOKOHHO-ONITHUYECKOH cBsA3H. [loaTOMYy aHanuTHuecKue
HCCIICIOBaHUS PACIPOCTPAHEHUS CBETOBBIX ITyJIb B TPAIMCHTHBIX BOJIHOBO/IAX BEChMa aKTyaJIbHBI.

[enbto paboTHI ABISIETCA TEOPETUUECKUHA aHAIN3 (OPMHUPOBAHUS U PACTIPOCTPAHEHHS CBETOBBIX
IyJb B TPaIUEHTHBIX BOJIHOBOJIaX HA OCHOBE METOJIa YCPEeITHEHHOTO Jlarparkuana [2, 3]. B kauectse
OCHOBHOT'O TIPHMEpPa paccMaTpUBAETCs COMIMTOH HenuHeitHoro ypaBHeHus lpeannrepa (HYI) mpu
y4deTe KOOPIAMHATHOH 3aBUCHMOCTH IOKa3aTessl MPEeJIOMICHUS.

PaccmarpuBatoTcst 1Ba MOAXOAa, AOIYCKAIOIIHE YCPEAHEHHE IO MOMEPEYHbIM M MPOFOJIBHBIM
KOOp/IMHATaM COOTBETCTBEHHO.

B mepBoM ciydae ormbaromasi 3JEeKTPUIECKOTO MOJS CBETOBOTO MMITYJIbCA HPEICTABISAETCS B
BUJIe TIPOM3BENCHUS NByX (QyHKuuil. IlepBast 3aBHCUT OT BpeMEHHM M HPOAOJIBHOI KOOPIUHAUTEHI.
Bropas — or momnepeyHbIX KoopAMHAT. Takoe (aKTOPH30BAHHOE IIPEJICTABIECHHE IPHBOIUT K
oxHomepHoMy HY . Xopo1o u3BecTHO, 4TO 3TO YpaBHEHUE SIBIISICTCS] HHTEIPUPYEMbIM M 00J1a/1aeT
pEIIeHUsIMA B BUI€ BPEMEHHBIX COMUTOHOB [4]. Takum o06pa3oM, (paKkTOpH30BaHHOE MPE/ICTaBICHUE
C MOCTIEIYIONINM TIONIEPEIHBIM YCPEAHEHHEM OBICTPO MPUBOIUT K IPUOIIHKEHHOMY PEIICHHIO B BUAE
cBeTOBOM mynu. OJHAKO IPU TaKOM MOIXOJIE €CTh alpHOPHOE MPEANOI0KECHNE, YTO MOMEPETHBIH
PO IITH UMITYJIECA HE MEHSETCS 110 MEpe €ro paclpoCTPaHSHUS B BOJHOBOAE. DTO BO3ZMOXKHO JINIIH
IIPH YCIIOBHH, YTO CBETOBAs Myl ycToiunBa. OTBETa Ha BONPOC, KAaKHUE yCIOBUSA HEOOXOAUMBI IS
YCTOIUYMBOCTH, TAKOH MOAXOX HE JaeT. A MEeXIy TeM JaHHBIA BOIPOC OYEHb Ba)KEH, MO0 €CIIM HeT
YCTOHYMBOCTH, TO (PaKTOPU30BAHHOE IIPEACTABICHUE HECTIPABEIIHBO.

Bropoii monxox cBszaH ¢ BapHalMOHHOM Mpolenypoi, Bocxonsdmei k padoram [2, 3, 5 — 7).
OCHOBHOM CMBICII COCTOUT B TOM, YTO TIAPAMETPBI OTHOMEPHOTO (BPEMEHHOTI'0) COJIMTOHA CUUTAIOTCS
HEM3BECTHBIMU (YHKIMSMHM KOOpIMHAT. B pesymbrare ycpeaHeHus coorBercrBytomero HYII
JlarpaH’kaHa 10 BPEMEHM HaxOTCs ypaBHEHHS JUIl COJMTOHHBIX mapamerpoB. llomydeHHas
cUcTeMa COBIAJIAeT C HEJTMHEHHBIMU YPaBHEHUSIMH JBYMEPHOTO TEUEHHSI KBAHTOBOM 003€-KHKOCTH.
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ITokazarens mpesOMIICHHS, 3aBUCAIIMN OT TMOMEPEYHBIX KOOPAWHAT, HMIPACT pOJIb INIOTHOCTH
MOTEHIIMAJIBHON SHEPIHH HEKOETO BHEIITHETO MOJIS, B KOTOPOE ITOMEIEHa BOOOpakaeMasi JKUAKOCTb.
JanHas KBaHTOBas THAPOAMHAMHIYECKAas CHCTEMa C IOMOIIBI0 IpeoOpa3oBaHms Manemynra [8]
cBOIUTCA K 0000IIeHHOMY ypaBHeHHUIO [ pocca — [TutaeBckoro. AHaM3 IPUOIIKCHHBIX PEIICHII
JAHHOW CHCTEMBl YpaBHEHHH IIO3BOJISICT JEJaTh BBIBOABI 00 YCTOHYMBOM WM HEYCTOWYHMBOM
pacIpoCTpaHeHUH COIMTOHOB. [Ipn 3TOM B KaXIOM KOHKPETHOM CIydae MOTYT OBITH IOJy4YEHBI
YCJIOBHSI Ha MapaMeTphl COINTOHA, ITPHU KOTOPBIX BO3MOXKHO €ro yCTOHYHMBOE pacnpocTpaHeHue. B
paccmotpenHoM npumepe HVYII  ¢dopmupoBaHue NpoCTPaHCTBEHHO-BPEMEHHBIX COJUTOHOB
BO3MOYKHO B IIBYX Clly4asix: 1) IpH 1eoKycupyomieil KeppoBCKOW HEMTMHEHHOCTH U (POKYCHPYIOLIEM
cBeTOBOJIE; 2) NpU (POKYCHPYIOIIEH KEPPOBCKOW HENMHEHHOCTH M (DOKYCHPYIOIIEM CBETOBOJIE.
[Mocnennuii ciryyaii 0cOOEHHO Ba)KeH, TaK KaK MIMEHHO OH Yallle BCETO Peatn3yeTcs B IPUIIOKEHUIX.
[Tpu 3TOM MOIIHOCTH COJUTOHA JODKHA OBITH MEHBIIE ONPEISIICHHOTO KPUTHYECKOTO 3HAYEHHS, a
XapaKTepHbIM MONEPEIHBIN pa3Mep BOJHOBOA HE TOIDKEH IIPEBBIMIATh JUIHHY CaMO(pOKYCHPOBKH.

PaccMoTpeHBI pemieHust B BHIE PA3IMYHBIX THUIIOB NPOCTPAHCTBEHHO-BPEMEHHBIX COJIMTOHOB.
Oco00 BBIIENNM «TaHIYIOIIYIO» CBETOBYIO ITyNIO. TpaeKTOpHsl paclpOCTpaHEHHs TaKoH ITynu
MIPE/ICTAaBIsIET CO0OM mpocTpaHCTBeHHYI0 (urypy Jlumccaxy Ee wacTHBIM ciydaeM sBiseTcs
(yHIaMEHTaNbHBIH ITPOCTPAHCTBEHHO-BPEMEHHOW COJIMTOH, PAacIpOCTPAaHSIOMINICA BIONb OCH
cBeToBoa. [IpoaHanu3upoBaHa COMMTOHHAs Bepcus 3¢ dexra camonzodpaxkenus [9], cocrosmas B
TIEPUOAUICCKOM BOCCTAHOBJICHUN (bOpMI:-I UMITyJIbCa B MHOTOMOJOBOM OIITOBOJIOKHE.

Pabora BeimonHeHa npu noanepxke Poccuiickoro ¢onzna QyHaaMeHTaNbHBIX HCCIIEIOBaHUN
(mpoekt Ne 19 — 02 — 00234a).
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ON THEORETICAL APPROACHES TO THE DESCRIPTION OF THE
PROPAGATION OF OPTICAL SOLITONS IN FIBERS

S.V. Sazonov

National Research Centre “Kurchatov Institute”
123182, Russia, Moscow, Acad. Kurchatova Squre, 1
e-mail: sazonov.sergey@gmail.com

Methods of an analytical study of the dynamics of solitons in graded-index fibers based on the averaged
variational principle are considered. Two methods of averaging are possible: over the transverse and
longitudinal coordinates. It is shown that in the first case the propagation of a soliton obeys the nonlinear
Schrodinger equation for a temporal soliton. In the second case, the soliton parameters obey the
generalized Gross — Pitaevskii equation for a quantum Bose-liquid in an external field. Various modes
of propagation of the spatiotemporal solitons in graded-index fibers are analyzed.

Key words: optical soliton, light bullet, Kerr nonlinearity, dispersion, graded-index fiber.
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KBAZIPATYPHOE IIEPEITY TBIBAHUE MHOI'O®OTOHHBIX
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[Ipennoxeno ucnons3oBaHue passnoxeHus llIMuara uid XapaKTEpUCTUKU CTEIEHU KBaApaTypHOIO
MEPENyTHIBAHNS MHOTO(OTOHHBIX IBYXMOJOBBIX KBAHTOBBIX COCTOSHHH M IIPOJEMOHCTPHUPOBaHA
IUIOJOTBOPHOCTh TAKOTO MOAXO/A.

KaroueBble c10Ba: MHOTO(OTOHHBIE COCTOSHUS, IBYXMOJOBBIE COCTOSTHHUS, KBaIpaTypHBIE
NIepeMEHHbIE, CTETIEHb NepeITy ThIBaHus, pasinokeHue Llmunra

JlaHOo TeopeTHYecKoe ONHCAaHWE CTENEHHM IIEePeNyThIBAaHUS MHOTO(OTOHHBIX JIByXMOJOBBIX
COCTOSIHMI B TEpMUHAX MapameTpoB pasznoxeHus LlIMuara 1uis KBapaTypHBIX BOJTHOBBIX (DYHKIHH.
PaccMoTpeH psig IpUMEpPOB BKIKOYAs COCTOSHUE TUIIA [BYXMOJOBOIO CXAaTOr0 BaKyyMa.
OOcyxaaercst COOTHOIICHHE MEX/y KBaIPaTypPHBIM U MOJISIPU3aLUOHHBIM TIEpPEy ThIBAHHEM.

QUADRATURE ENTANGLEMENT OF MULTIPHOTON
TWO-MODE STATES

M.V. Fedorov

Prokhorov General Physics Institute of the Russian Academy of Sciences
38 Vavilov st., Moscow, 119991
e-mail: fedorovmv@gmail.com

We propose the use of the Schmidt decomposition for characterizing the degree of quadrature
entanglement of multiphoton two-mode quantum states and demonstrate the efficiency of this approach.

Key words: multiphoton states, two-mode states, quadrature variables, degree of
entanglement, Schmidt decomposition.
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GOAHTOMHBIE N30BPA’KEHUA U ITIOJIAPUMETPUSA
C KBAHTOBBIM U KTACCUYECKHUM U3JTYYEHUEM

A.C. HupkuH

MI'Y um. M.B. Jlomonocosa
119991, Mocksa, Jlenunckue 2opbi
e-mail: aschirkin@physics.msu.ru

O6cyxnaercss (HaHTOMHBIA NPUHIMI ToNydeHus: UH(popManuu o0 oObekTe. YKa3aHHBIM CIIOCOOOM
paccMaTpuBaeTcs  3aliCh  NPOCTPAHCTBEHHOTO  M300paKeHMs, BPEMHHOHW  JUHAMHKH |
MOJISIPU3AIIMOHHBIX CBOMCTB 0OBekTa. OTMEUaroTcsl HANpaBJICHUS HCCISIOBAaHUHM UL YIIyqIIeHHs
KadecTBa (PaHTOMHBIX H300paXKeHHH.

KaioueBble ciioBa: QaHTOMHBIN MeTon, n300paxkeHHe OO0BEKTa, BpeMEHHas MH(pOpMaIus,
HOJIAPUMETPHS, HEKIACCHUECKOE U3ITyUCHUK, TEINIOBOE H3IIyYeHHE.

@DaHTOMHBIN NPUHINI 3aIIMCH IPOCTPAHCTBEHHOH, BpEMEHHON MM NOIIPU3ALHMOHHON HH(POPMAIN
00 00BEKTE OCHOBAH Ha KOPPEISIIHMOHHON (DYHKIMH MHTCHCUBHOCTH HM3IydeHHs. OH IO3BOJISET,
HammpuMmep, B Cilydae NPOCTPAHCTBEHHOTO HM300paKEHUs MONyYHTh H300pakeHHe oObekTa 0e3
MIPSIMOTO HAOIIOJICHUS €r0 IPOCTPAHCTBEHHOM CTPYKTYPBI.

WNudopmanns 06 oObeKTe HW3BIEKAETCS M3 NMPOCTPAHCTBEHHBIX KOPPESALNUI MHTCHCUBHOCTH
MEXAY IMyYKaMH, OIMH U3 KOTOPBIX B3aUMOJIEHCTBYET C 00BEKTOM (B 0OBEKTHOM KaHaje), a APyroi
B BOCCTAQHABIMBAaIOIIEM KaHalle He B3aumojeiictByer. IIpy 3ToM B OOBEKTHOM KaHaie
JICTeKTHPOBaHUE HE 00JialaeT MPOCTPAHCTBEHHBIM pa3pellieHneM M JaeT MH(GOPMAIUIO TOJBKO O
MOJTHON MHTEHCUBHOCTH MPOINEAIIEro H3IydeHHs. BoccTaHaBIMBAIOMMI IMYYOK PETHCTPHPYETCS
[13C-maTpurieii, nomyckasi U3MEepEeHNe MPOCTPAHCTBEHHOH KOPPENIAIMOHHON HHTEHCHBHOCTH MEX Ty
JBYMsI KaHaJlaMH, U3 KOTOPOH n3BJIeKaeTcs HHPOPMAIHs O CBOHCTBaX OOBEKTA.

[pemmoxxennprit B 1990-x rogax B KBaHTOBOH ONTHKE NMPUHOWN (HaHTOMHBIX H300paKeHHN
UCTIONI30BAI 3aIlyTaHHBIE KBAaHTOBBIE COCTOSIHMSI CBETOBOTO M3iIydeHHMs [1], oqHako B Hacrosiiee
BpeMsl NIPUMEHSET B OCHOBHOM HEKOTEPEHTHOE KJIAaCCHYeCKoe H3IydeHue. PaccmarprBaeMblid
MIPUHINT TOYyYrI 0000IIeHNne Ha JTMaNa3oHbl OT TEPareploBOro /10 PEHTT€HOBCKOTO W3ITyYCHHMS
(cMm., Hamrpumep, 0630p [2]).

B noxknane OyneT u3noxeH MPUHIUN (GAHTOMHBIX W300paXKEHH U PACCMOTPEHO COBPEMEHHOE
COCTOSIHHE HCClieffoBaHMM B (aHTOMHON ontuke. Ilpm 3ToM Hapsay ¢ JeTadbHBIM aHAJIU30M
MIPOCTPAHCTBEHHBIX  (DAaHTOMHBIX M300pakeHU#, Oyaer oOcCyXAaTbCsi TPUHIMII  3aIUCH
JMHaAMHU4ecKol uHpopManun 00 odbekre [3] (“BpeMeHHOe” M300pakeHHe), a TaKKe IMOJydeHHe
nHpopManny O TMOJIPU3ALMOHHEIX CBOWCTBax oObekra [4] (haHTOMHas NONSAPUMETPHS).
OmpeneneHHoe  BHUMaHHe OyJeT  yAeNEeHO Takke  MEeToJaM  MOBBINIEHHS  KadecTBa
BOCCTaHaBJIMBAEMOI'O ONTHYECKOTO HW300paKeHHS TIPH MYJIbTUILIMIUPOBAHUM  (HAHTOMHBIX
n300pakeHui [5] ¢ TOMOIIBIO 3aITyTAHHBIX MHOTOYACTOTHBIX KBAHTOBBIX CBETOBBIX ITYYKOB [6].
Hexortopble HampaBieHHs HcCIeAOBaHWN B (AaHTOMHOM ONTHKE, W3JI0XKEHHbIE B JIOKJIAJE,
nojiepxkanbl rpaHTamu PODU Nel8-01-00598 u Nel18-02-00849.
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The ghost principle of obtaining information about an object is discussed. In this way, recording of a
spatial image, temporal dynamics, and polarization properties of an object is considered. Research
directions for improving the quality of ghost imaging are noted.

Key words: ghost technique, object imaging, temporal information, polarimetry, non-classical
radiation, thermal radiation.
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ITPUT'JTAINEHHBIE JTOKJIA IbI

KBAHTOBASI METPOJIOT'MS: KAK 1 YTO UBMEPSITDH
3A IIPEJEJIOM I'EM3EHBEPT' A

A.IlL. Anopxanu*, /I.B. Hapés, Hro Txe Bunb

Yuusepcumem UTMO
197101, Canxm-Ilemep6ype, Kponsepxckuii npocnexm, 49
*e-mail: alexander_ap@list.ru

B pabote m3yueHo (opmupoBaHHE MaKCHMAaJbHO 3alMyTaHHBIX COCTOSHHHA MaTepHaIbHO-BOJHOBBIX
COJMTOHOB B CJIa0OCBS3aHHBIX bo3e-KOHIeHCaTaX, MOMEINIEHHBIX B W-moreHuuan. Ha ocHoBe
unrepdepomerpa Maxa-I{eHmepa npe/yIoKeHa cXxeMa BO3MOKHOTO SKCIIEPUMEHTA 0 TPELU3HOHHOM
WHTEPPEPOMETPHH C HWCHOJB30BAHUEM JAHHBIX cocTosHUH. [lokazaHO JOCTH)KEHHE TOYHOCTH
usMepenus 3a npeneiioM [eiizenbepra npu u3mepenun Habera a3 B ieyax HHTEpPEPOMETPa, a TaAKKE
pacCToAHUA MEXKAY HCHTPpaMH MacC COJIMTOHOB.

KmroueBblie ciaoBa: Konmencar bo3se-Oinmreiina, conutod, NOON-cocTossHHE, KBaHTOBAs
MeTpoiorus, npeaen [ eizenbepra.

B HacTosimee Bpemsl NpHCTaJbHOE BHHMAHHE YAENACTCS KBAHTOBOW METPOJOTMH M KBAaHTOBOH
CCHCOpPHKE — MOJIOABIM pa3JliellaM COBPEMEHHOW KBaHTOBOM (HM3MKHM, INpEJIararoliiM HOBBIE
MOJXOIBI K U3MEPEHUIO U OLICHKE (PM3MYECKUX ITapaMeTpOB C IpeeIbHON TOYHOCTBIO, JOCTYITHOH B
paMKaxXx COBPEMEHHBIX KBAaHTOBBIX TexHosoruil. [1-2] OCHOBHBIM HHCTPYMEHTOM KBAaHTOBOM
METPOJIOTHH OCTAIOTCS HHTEP(HEPOMETPHI PA3IIMYHBIX KOH(DUTypaLnii, IPHYeM TOYHOCTh H3MEPEHHI
BO MHOTOM 3aBHCHUT OT KBaHTOBOTO COCTOSHHMSA, TOJAaBaeMOro Ha BXOA. Tak, I TpaIuIMOHHOM
nHTEP(HEPOMETPUH XapaKTEPHO MCIOIb30BaHNE KOT€PEHTHOTO JIA3EPHOTO M3ITy4YEHUsI, TI0/1aBaeMOT0
Ha OJMH W3 BXOJIOB HMHTEep(epoMeTpa, B TO BpeMs KaK COCTOSHME Ha JPYroM BXOJE SIBIISETCS
BaKyyMHBIM. TOYHOCTh HHTEP(EPOMETPHH B TAKOM CITydae OIpaHHYCHA CTaHAAPTHHIM KBAaHTOBBIM
npenenom (CKII), onpenenseMbiM Kak

1
o= N (1)

rae N — cpe/iHee YKCIo YacTHI, YYaCTBYIOUIMX B H3MEPEHHH.

Bbu10 3KCIIepUMeHTaIbHO oKa3aHo, 4to mnpeogoieHre CKIT Bo3MOXKHO Ha JTHOOBIX ABYMO/IOBBIX
CUCTeMaX, TAKUX KaK HHTEp(EpPOMETpPhl, TUPOCKOIBI U YCTPOUCTBA JUTOTpadUK, €ClIi B KA4eCTBE
BXOJIHBIX COCTOSHHI TIPUMEHSTH HEKJIACCHUECKHE CIKATHIE HITH KOPPETUPOBAHHBIE COCTOSIHUS [3-5].
B TakoMm ciy4ae TOYHOCTh JIMHEWHOrOo WM3MepeHus ¢aspl orpanmdyeHa mnpezenom I eiizenoOepra,
ompeaesieMbIM KaK

o=

: O]

zZ |~

B TO e Bpems ObUTO TeOpeTHUYECKH JoKa3aHo, mpeaen [ eiizenbepra mocturaeTcs Uil JTFOOBIX
JIBYMOJIOBBIX MHTEP()EPOMETPOB, HCITOIB3YIOIINX MAKCHMAIBHO 3aIlyTAHHBIC COCTOSIHUS, B KAUECTBE
BX0JHBIX [5-7]. Takue coctosnus uzBectHbl kKak NOON-cocTOsIHUS:

INOON) = % (INO) + e'®|ON)). ©)

I'enepamus mHorogacTHuHbIX NOON-cocTOSTHUI OCTaeTCst HETPUBUAIBLHOM, 1 TIOKA HE PEIIEHHOM
3amadeil. B Hameil HenmaBHel pabore [8] Obu1 mpenyoxkeH moaxon kK ¢opmupoBannio NOON-
COCTOSTHUH ~MaTepHaJbHO-BOJHOBBIX COJHMTOHOB, (OPMHPYEMBIX B JABYX Cla00-CBSI3aHHBIX
koHzeHcarax boze-Oitnmreiina (BOK), nomemennsix B W-noreHunuai.
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B ciyuae, xorma acHMMMeETpusi CHrapooOpa3HBIX JIOBYIIEK, COCTaBIAIOIINX W -NOTECHIMA,
JOCTaTOYHO BeiHKa, conmuToHBl BOK 00mamaroT mpocTpaHCTBEHHOW CTENeHBI0 CBOOOABI. DTO
00CTOSITEIECTBO OTKPBIBAET JIOMOTHUTEIBHBIE BO3MOXKHOCTH IJISi MHTEPHEPOMETPHHU, HANpPUMED,
HM3MEpEHNE PaCCTOSTHAS MEXIY IIEHTPaMU MacC COJUTOHOB [9].

C mnoMoOIpI0 BapHallMOHHOTO METOAa KBAaHTOBOM TEOPHH TONSA OBIIM IOIYYEHBI YETHIpE
YpaBHEHUsI TUHAMHUKH BapHAallMOHHBIX NIEPEMEHHBIX, MAHUMAIbHO HEOOXOAMMBIX UIS ONHCAHUS
cucremsl: = 0, — 0;, z = (N, — N,)/N — pasuocreii pa3 u HaCeICHHOCTEHN COMUTOHOB; § = X, —
X, — paccTOsIHUS MeXy LIEHTpaMH Macc COJIMTOHOB U P = P, — P; — UMITyJIbCa UX OTHOCUTEILHOIO
neikeHust. C BRIBOJOM ypaBHEHUH MOYKHO 03HAKOMUTHCS B paboTax [8,9]. 31eck ke npuBeIeM JIUIIIb
caMH ypaBHEHHUS:

0 =Az -2 [(1-z2)I]; (4a)
2=1(1-22)% (46)
§=—P+(1-2)2; (48)
P=—-(1-29)2, (4r)

I7ie TOYKaMH 0003Ha4eHbI TPOU3BOIHBIE 10 Oe3pa3sMepHOMY BpeMeHHU T = 2kt. Taxxke B (4) BBOAUTCS
KIIFOUeBOM (MaTepuaibHbIM) TMapaMeTp Cpeipl, ONPEACISIONIMH AWHAMUKY COJIHTOHOB A =
u?N?/16x. Hakomnen, | — GyHKIHOHAT CIEIYIOMETO BUAA:

Px/
[ = J-oo cos[6+2m]dxl (5)
"~ Y~ cosh[x’-zvVkA8] +cosh[zx —VKAS]

®dynkuponan (5) B 06IIEM CIIydae HE MOKET OBITh BRIPAKEH Yepe3 2IEMEHTaPHEIE QYHKIIUH,
OIHAKO OH UMEET PEIIEHHE B HHTEPECYIONIEM HAC IPEIEIie MAKCHMAIBHOM 3aIlyTAHHOCTH, KOT/Ia
z? =~ 1:
I = Acos[0], (6)

P&,
2
Ha4YaJIbHbIM MOMCHT BPEMCHU.

B uccnenyemom npenene (6) cucrema ypaBHeHU# (4) cyliecTBeHHO yrpoiiaetcs. [IpaBbie yacTu
ypaBHeHul (46) um (4r) oOpamaioTcs B HyJdb, a ypaBHeHHE (4a) B JaHHOM TMpejaelie UMeeT
cranponaproe pemenwe (8 = 0):

T m P .
rae A = ;sech 2 x| cos ; 6o = 8(0) — paccTosiHUE MEXY «IIEHTPAMU MAacC» COJUTOHOB B

6, = arccos [— %] . (7

[IpuMewarensHO, YTO B TpeneNe HEMOIBIKHBIX COMHTOHOB P = 0 pemenue (7) cBoguTcs K
0 = arccos[—2A/m], ucnonszoBanromy B [8] mas dpopmuposanust NOON-cocTosuus. Jleno B ToMm,
YTO Pa3HOCTh HACEJICHHOCTEH B UCCIIEAYEeMOM TIpeiesie ONpeaeieHa ¢ TOYHOCTRIO 10 3HaKa. B aTom
CJIyqa€ KBaHTOBas q)I/ISI/IKa MMPpEANNUCBIBACT HAM pacCMaTpUBaTh OTHOBPEMCHHOC CYIIIECTBOBAHUC B
cpene AByX pemieHHH ¢ Z = —1 u ¢ z = +1, T.e Cyneprno3uIMi0 COCTOSHUS, MPH KOTOpoM Bce N
qaCTul HaAXOOATCSI B HepBOI\/’I JIOBYHIKE, U COCTOSAHHUA, IPU KOTOPOM BCE YaCTHUIbI €CTh B HpaBOI\/’I
noymke. 310 1 ecTb NOON-cocTosiHue

INOON) = = (I+) + e"Noo|)), (8a)

rac
|4) = = [, (120985, (0eP/2)dx] 0); (86)
WY = @sech [%X] (8B)
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[Momumo koHUTrypanuu HHTEphEpOMETpa M COCTOSIHHSA, IMOJABaeMOTO HAa BXOJ, OOJbBIIOE
BIMSHHE HAa TOYHOCTh M AK€ NPHHIMIHUAIBHYIO BO3MOXKHOCTh M3MEPEHHs OKa3bIBAeT CIIOCO0
JEeTeKTHpOBaHus. TpaguIHOHHO B SKCIIEPUMEHTAX TAKOTO POAA BBIYHCIAIOTCS mapameTpsl CTokca,
KOTOpBIE, OHAKO, KaK ITOKa3all pacyeT, B HAIlleM CIydae He 3aBHCST OT Habera (asbl, a 3HAUNT, HE
MIO3BOJISIOT €€ BBIYHCIIUTD.

M5l pezyiaraeM cxemy 9KCIIEpUMEHTa, H300paKeHHYI0 HIKE Ha pucyHKe. OCHOBY CXEMBI
cocrapisieT uHTEpdepomerp Maxa-Llennepa, B KOTOpOM BXOJ] BMECTE C TIEPBBIM JEIHUTENEM TYyYKOB
3aMeHeH Ha W-nioteH1uan, reaepupyoumii NOON-cocTosHus.

UCTOYHUK

3anyTaHHbIX . I[CTCKTOp
CO/IUTOHOB
JI1

Puc.1. Cxematmueckoe wu3oOpakeHne wuHTeppepomeTpa Maxa-llenmepa A NPEUU3UOHHOTO H3MEPEHUS
pasHocTH (a3 ¢ =¢;—dy. 3mece I — «gemurens» mydkoB, ¢; — Haber  ¢aswl
B j-M IUI€UE.

Cxema, n300paxeHHas Ha PUCYHKE, COIEPKUT JCTEKTOp, pabOTaloNINi B PEXXUME CUeTa ducia
YacTHILl. OTO YCJIOBHE HEOOXOIMMO, IOCKOJIBKY BMecTo mapamerpoB CToKca B JITaHHOW cXeme
n3MepsieTcsl YeTHOCTD Ynciia 4acTuil. Pa3oBblil CABUT ¢ = ¢, — ¢p; M3MepsieTcs yepes u3MepeHue

+
CpeHero 3HadeHus oneparopa detHoctr I, = (—1)%2%2, cm. [8] u Puc. 1.

CoracHoO Teopuu OoLeHOK [1], uyBCcTBUTENBHOCTH (pazoBoro mnapamerpa ¢ sk CXEMBbI,
n300paKEHHOW Ha PUCYHKE 1, ompenensieTcs Kak

2

o
(@p)2) = (@2 |52 ©)
UTo B JAHHOM CJIydYae JacT 3HAYCHUE MOTPEIIHOCTH U3MEPEHHUs (pa30BOT0 CBUra
6y = V@) (em. [8]):
1
Gd) = N, (10)

T.e. JocTHraercs npexaen Ieisendepra (2).

ITockonbky pasznoctb a3 (7) mog NOON-coctosiHus (8) 3aBHCHT OT MHOTHX MapaMeTpOB, OTH
mapaMeTphl TAKXKE MOTYT OBITh MPUHIUIHATBHO W3MEPEHBI MO MPEIUIOKEHHON cxeme. [[is 3Toro B
X0/ie M3MEpEeHus] HeoOX0oaAnMO o0ecreunTh OTCYTCTBHME AomosiHuTeNnsHOoro ciusura ¢ = 0. Tak,
Hanpumep, pasa (7) 3aBUCHT OT paCCTOSIHHS MEXTy IICHTPaMHU Macc COJIMTOHOB B HAYAJILHBI MOMEHT
BpemeHH . C yuerom (7) u (9) mOrpenrHoCTh U3MEPEHUS STOTO PACCTOSHUS COCTABIISICT

_ 32k | VAZ -A? 1
980 = N3y2 Ptan[ﬂ] ' ( )
2

T.e. TOYHOCTh U3MEPEHUsI peBbIIacT npenen [ eitsendepra Ha nBa nopsiaka N, cM. [9].
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QUANTUM METROLOGY: HOW AND WHAT TO MEASURE
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In this work, we studied the formation of maximally entangled states of mater-wave solitons in weakly
coupled Bose condensates trapped in a double-well potential. We propose a scheme of a possible
experiment on precision interferometry with these states based on the Mach-Zehnder interferometer. We
show that the Heisenberg limit is achieved in a measurement of the interferometer arms phase-shift, as
well as the distance between the solitons’ mass centers.

Key words: Bose-Einstein condensate, soliton, NOON-state, quantum metrology, Heisenberg
limit.
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U3yden nporiecc BO30YKIEHUS H30MEPHOTO COCTOSHHS spa 22°™Th, aToM KOTOPOTO B3aUMOJIEHCTBYET
C JIBYXYacTOTHBIM JIa3EPHBIM IOJIEM, 00pa30BaHHBIM IIEPBOi M BTOPOM rapMoHHMKamu TiSa nasepa.
IMoka3ano, 4To 3((PeKTUBHOCTh BO30OY)XIEHHS YKA3aHHOTO H30MEPHOTO COCTOSHHS MOXKET OBITh
CYIIECTBEHHO BBIIIIE 110 CPABHEHHIO C IPYTHMH IIPOLIECCaMU BO3OYKICHHS S/Iep B JIa3epHOH I1a3Me Hin
UCIOJIb30BAaHKS BHEIITHUX MCTOYHHKOB PE30HAHCHOTO M3IydeHHs. JIeKaluui B OCHOBE 3TOTO SBICHHS
3¢ EKT ABIAETCS HOBBIM IPOLIECCOM 3JIEKTPOHHO-SIEPHOT0 OOMEHa, KOTJa SHEPTus U3 BO30YyXKIECHHOM
9NIEKTPOHHOI MOJACHCTEMBI aTOMa PE30HAHCHBIM 00pa3oM mepemaercs sapy. B oTiuuum oT Apyrux
W3BECTHBIX SIBJICHHH POLECC SIBIISETCSI HECTAIMOHAPHBIM M CBSI3aH C TEM, YTO YacTOTa MSTOH TapMOHHKI
3JIEKTPOHHOT'O TOKA COBIAAeT C YaCTOTOH SIEPHOTO Iepexoa.

KiiroueBble  c10Ba: HM30MEPHOE  COCTOSIHUE, MHOIOYAaCTOTHBIE  JIa3€pHBIE  IOJIS,
HenepTypOaTHBHAS TCOPHSL.

M3omep Topust 2°Th ¢ aHOMaNbHO HU3KOM SHepruei, cooTsercTBytomeil Y@ nuana3oHy cnekTpa,
YK€ JaBHO NpHBJIEKACT BHUMaHHUE uccienosareneii [1]. CrtanpapTHble siiepHODU3NIECKHE METOIBI
JIA0T JINIIH KOCBEHHYI0 HH(OpMANHUIo 0 CBOICTBaX 3TOr0 HEOOBITHOTO siAepHOro M3omepa [2]. Taxk,
JIUIIB HEAABHO OILIEHKA SHEPTHH 3TOTO COCTOSHUS Obula M3MEHeHa ¢ ~3.5 10 ~8 3B u B HacTosIIee
BpeMsI HauboJjiee TOCTOBEpHasl OLEHKA 3TOW sHepruu coctasiseT 7.8+-0.5 3B [3]. Bpems xusHu
HM30MEPHOTO COCTOSIHMS CYIIECTBEHHO 3aBHCHUT OT XHMHYECKOTO OKpYKEHHs aroma Topus,
IIOCKOJIbKY B HEHMOHH30BAHHOM aTOME HambOoyiee BEPOSITHBIM OKAa3bIBAETCS IPOLECC BHYTPEHHEH
koHBepcuu [4]. HenaBHO mpoBeeHHBIE N3MEPEHUS I OIICHKY B 7 MKC IIPH paclajie yepe3 KaHal
BHYTpeHHEH KoHBepcuu u 6onee 60 ¢ yepe3 poToHHBIN KaHam [S].

HeoObrunple cBOMCTBA TAHHOTO M30Mepa MOPOXKIAIOT IIEJIBIA PAl BO3SMOXXHBIX IPUMEHEHUH OT
SITEPHBIX YacoB [5] 10 onTHYecKoro raMMa Jiazepa [6] u kBaHToBOTO KyOuTa [7]. BMecte ¢ Tem, mis
TIOJTY4SHHMS Aep TOPUS B ©30MEPHOM COCTOSIHHM CTaHJapTHO MCHOJIB3YETCs PaAHOAKTUBHBIN pactia
anep 23U, 4TO CyIeCTBEHHO CIEPKMBAET PEATU3AIMIO ITUX Hjeil. [IpsMoe B3Oy kIeHNE H30MEPOB
13 OCHOBHOT'O COCTOSIHHS JI0 CHX IIOP HE PEaM30BaHO, YTO CBSI3aHO C OTCYTCTBUEM KaK JOCTATOYHO
JIOCTOBEPHBIX JIAHHBIX 00 SHEpPTUH BO30Y)KAEHHs, TaK M CHEKTPAJIBHO SPKUX IEepPeCcTParnBaEMbIX
nCTOYHUKOB Y® nuamnas3oHa (3Heprus KBaHTOB 6-15 3B). B xauecTBe Takoro HCTOYHUKA MOXKHO OBLIO
OBl UCTIONIL30BATh 5-YI0 TAPMOHUKY M3ITy4eHUs MepecTpanBaeMoro pemrocexkyHnaHoro Ti:Sa mazepa
(TOYHO COOTBETCTBYeT 3HaueHHIO 7.8 3B mpu meHTpanbHON UIMHE BOJHBI (PEMTOCEKYHIHOTO
m3nydeHnst §00HM — meHTpy MOJ0CH ycrieHus T1:Sa 1 MOXKeT OBITh JIETKO IIEpecTpoeHa B THAITa30He
6-9 5B) wiu npyroro mepecTpauBaeMOro MCTOYHMKA MOUIHBIX KOPOTKHX JIa3€PHBIX HMMITYJIbCOB,
0HaKO 3((PEKTHBHOCTh TEHEpaluu IATOH TapMOHMKHA C IIOMOILIBIO TPAJWIMOHHBIX METOJIOB
(kackasHOTO) NMPeoOpa30BaHMS U3ITyUESHHUS B HEIMHEHHO ONTHYECKUX KPHCTAJIaX HEBEJIHKA.

B Hacroseii paGoTe MBI IPOBOIMM MCCIIEN0BAHKE Npoliecca Bo3Oyxaenus 2°Th ceszanHOTO €
HOBBIM 3()()eKTOM 00OMEHa dHEepruell Mexy JJIEKTPOHHOH U siepHOW mojacucTteMaMu atoma [8]. B
OTJIIMYMHU OT M3BECTHBIX MEXaHU3MOB OOMEHA YHEPruel OH SBISETCS HECTAIMOHAPHBIM, TOCKOJIBKY
N3JTy4eHHEe Ha 4acTOTe IATONH I'apMOHMKH OOYCIIOBJIEHO aTOMHBIM TOKOM HAaBEICHHBIM Ja3€pPHBIM
II0JIEM B AJIEKTPOHHOM 00010uKe aToMa. MBI IojlaraeM Tak»ke, 9TO B Ha4aJIbHBI MOMEHT U sAepHas
W DJEKTPOHHAS IIOJCHCTEMBI aTOMa HAXOAATCI B OCHOBHOM COCTOSHHH. PaspaboraHHas
MaTeMaTHIeCcKast MOJIENb YIUTHIBAET CIIEAYIOLIIE 0COOCHHOCTH. BO-TIepBBIX, OCHOBHBIM COCTOSIHUEM
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BAJIICHTHBIX OJIEKTPOHOB aToMa TOpHs ABISETC 6d? COCTOSAHME, MOITOMY TIPH BO30YKICHHH
aTOMapHOTO TOPHS WIIM €r0 COSAWHEHHH, B KOTOPBIX TOPUI OJHOKPATHO MOHHW30BAH, HEOOXOIMMO
YUYUTBHIBATH HEHYJEBOE 3HAUCHHE YITIOBOTO MOMEHTa BAJCHTHBIX JJICKTPOHOB. [lOCKOJNBKY, Kak
MTOKA3aHO B HAIIMX MPEeAbIIymuX padorax, 3G(HeKTHBHOCTh PagalliOHHOTO BO30YKICHHUSI 3aBUCHUT
OT B3aUMHON OpPHEHTAIMH BEKTOpa IMOJPU3ALUH BO30YKAAIOLIETO JIA3EPHOTO IO M YIJIOBOTO
MOMeHTa aToma [9]. Bo-BTOpBIX, TpaAMIIMOHHBIE PACUETHl CIIEKTPA OTKJIMKA aTOMa, BKJIIOYAs II0JIe
BBICOKMX TapMOHHK, [OJpa3yMeBalOT pacdeThl Mojs B JaibHeW 30He. B mpuHmuMne, B MuUleHH
TBEPJOTEJIbHONW IUIOTHOCTH BO30Y)XIEHHE SAEp MOXET OBITh OOYCIIOBJICHO IOJIEeM T'apMOHHUK,
TeHepUpPYEMBbIX coceHUMH aromamu. OjHako, B JI0O0OM ciydae, TapMOHHKH, T€HEpHpyEeMbIe
9JIEKTPOHAMH PaccMaTpHBaeMOro aToMa, He OIUCHIBAIOTCS (OpPMYJIaMu JUIs MOJIsl B NAJIbHEW 30HE.
[TosTOMy pacueT mosst OTKJIMKa aToMa MPOU3BOAUTCS 0€3 MCIOJIb30BAHUS IPUOIMIKEHUS TaIbHETO
nojis. B-TpeTbux, ucnonb3yemass HaMH TEOpHs SIBISCTCS BEKTOPHOM, II03TOMY MO3BOJISET
PacCUMTHIBATH XapaKTEPUCTUKH BCEX TPEX HPOCKUUI T'eHepUpyeMOoro M3IydeHHUs (aMIUIMTYABI
(a3er), BKIIOYAs MPOAOIBHYIO KOMIOHEHTY 1ot [10].

Pabora BeImoNHEHa TpH YacTHYHON QuHAHCOBOH moguepkke PODU (rpanter Ne 18-02-40014,
18-02-00743, 18-02-00528).
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EXCITATION OF LOW-LYING NUCLEAR STATE OT ?*Th BY
INTENSE TWO-COLOR LASER FIELDS

A.V. Andreev?, A.B. Savel’ev!, S.Y. Stremoukhov!?*, O.A.Shoutova?

'Faculty of Physics, Lomonosov Moscow State University,
119991, Moscow, Leninskiye Gort, build.1
2National Research Centre “Kurchatov Institute”,
123182, Moscow, pl. Akademika Kurchatova 1

*e-mail: sustrem@gmail.com

The excitation of the isomeric nuclear state 22Th by two-color femtosecond pulse consisting of the
fundamental wavelength Ti: Sa laser and its second harmonic is analyzed. It is shown that the rate of
isomeric state excitation can be enhanced significantly with respect to other nucleus excitation processes
in laser plasma or by an external coherent source at the resonance wavelength. The process lying in the
basis of this effect is a new phenomenon of electron-nuclear energy exchange when the energy of excited
electron subsystem of atom is transferred resonantly to nuclear subsystem. The effect is non-stationary
and high efficiency of the process is due to resonance between the fifth harmonic of atomic current and
energy of nuclear transition.

Key words: isomeric state, high-order harmonics generation, non-perturbative theory
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MNEPBOE HABJIIOJEHUE AHTUIIEPECEYEHUIA
CBEPXTOHKHX YPOBHEM B ONTUYECKOM CIEKTPE

K.H. Bosnbipes’*, M.H. Ilonosa?, 5.3. Maakun?, H.M. Agumes’

Uncmumym cnexmpockonuu PAH
108840, Mockea, Tpouyx, yn. @uzuueckas, 0.5
2Kasanckuii @edepanvuviii Yuueepcumem
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Coobmaercss 0 MHEpPBOM MPSIMOM HaONIOACHWH AHTHIEPECEUCHUH CBEPXTOHKHX IOAYpPOBHEH B
OINTHYECKOM crieKTpe. D dexT HabogaIcsa B CIEKTPE MOIIOICHUS BBICOKOTO Pa3pelleHHs! KpUCTallIa
"LiYF4: Ho* (0,1 a1.%) BO BHENIHEM MATHUTHOM TIOJIE, MAPAIUIETBHOM TETPArOHATBHON OCH KPHCTAILTA.
AHanm3 CIEeKTpaJbHBIX OTHOAIOIINX, COOTBETCTBYIOIIUX IEPEXOAaM MEXIY SJIEKTPOHHO-SIEPHBIMU
MOJypOBHAMHU HEKPaMEPCOBBIX AyOJIETOB M CHHTICTOB MOHOB Ho%*, Ha OCHOBE MHKpOCKOMYECKOMH
Mozienu  dekTponHoi kou¢puryparmu 4f 10 mossomun momydnte MHQOPMANMIO O CBEPXTOHKOM
CTPYKTYpE OJJIEKTPOHHBIX CHHIJIETOB, SIJICPHBIX KBAIPYIOJIBHBIX B3aMMOAEHCTBHH M CIydalHBIX
nedhopMauaX KPUCTAIUIMYECKON PEIICTKH.

KaioueBble ciioBa: aHTUIEpecedCHHsT YpPOBHEH, CBEpXTOHKas cCTpykTypa, LiYF4:Ho,
CIEKTPOCKOIHS BEICOKOTO pa3pemieHus, FTIR, cnydaitasie nedopmarm

AnTunepeceueHre (pacTaJKuBaHUE) yPOBHEW ¢ 0Opa30BaHMEM LICIH B CHEKTPE BO30YKACHHUN
HaOmromaeTcss B pa3HBIX cCHCTeMax (aTOMHBIE M MOJIGKYJIIpHBIE Ta3bl, IOJIyPOBOJHUKH,
MOJICKYJIIPHBIE M aTOMHBIE MPUMECHbIE IIEHTPHI B AWAIEKTPUKAX) IPU HU3MEPEHUU HEKOTOPOTO
HEMPEpPHIBHOTO IapamMeTpa B raMIIbTOHHAaHE (HAallpHMep, MarHUTHOTO MOJsI). AHTUIEpeceueHHe
YPOBHEH BBI3BIBAET MHOI'O HHTEPECHBIX SIBJICHUH. B dacTHOCTH, aHTUIIEpECEYEHME 3JIEKTPOHHO-
AJIEPHBIX (CBEPXTOHKHX) YPOBHEH B CUJIbHO pa3basieHHOM napamarnetnke LiYF4: HO® mpusoaunt
K CTyIIeHbKaM B HH3KOTEMIIEPATypHON HaMarHW4eHHOCTH KpucTaia [1]. Jlo cux mop, HacKOJIbKO
HaM HM3BECTHO, AaHTUIIEPECEUCHHE CBEPXTOHKHMX YPOBHEH SIBHO HAOIIONANOCh TOJBKO B CHEKTPax
OIlP. 3meck MBI coo0maeM O TIIEPBOM HEIOCPEICTBEHHOM HAOJIONECHUN aHTUIIEPECEUCHHS
CBEPXTOHKUX YPOBHEH B OINTUYECKOM CIIEKTpE.
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Puc.1 KapTa HHTEHCUBHOCETH CBEPXTOHKO CTPYKTYpBI B CIIEKTPE MOTTIOIIEHHUS B 3aBUCUMOCTH OT MarHUTHOTO
nojs u cxema nepexona °ls-°17.

D¢ dekr HabMONAICS B CNEKTPE MOHOM30TONHOTO MoHOKpucTamia 'LiYFsH0®* Bo BHemHem
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MarHuTHOM Tojie. B pabote m3mepenbl Hu3koTemnepatyphbsie (5 K) crnekTpbl moriomieHus (B
nuanaszone sHepruit 5000—15000 cm ¢ paspemennem o 0,001 ecmt) kpucramna LiYF4Ho%* (0,1
aT.%) B MarauTHoe mose (mo 180 mTim), mapamrensHOM TeTparoHansHOW ocu Kpuctamma [1,2]. B
TOYKaX 0XKHUAAEMOTO IMEPECEUEHHs IEKTPOHHO-SACPHBIX YPOBHEH, OTIMYAIOIIUXCS B MPOSKIHAX
A/lepHOro cruHa Ha Am = 2 u Am = 0, Habmropanuck paspsibl 0,01-0,06 cm (300 MI'n - 1,8 T'Tw).
IIpoBeneHo MoOAENMpOBaHME CHEKTPOB HAa OCHOBE TaMWJIbTOHMAHA, BKIIOYAIONIETO 3HEPTHIO
CBOOOJIHOI'O MOHA, B3aMMOJICUCTBHE C KPUCTALIMYECKUM II0JIEM, 3€€MaHOBCKOE, BJIEKTPOHHO-
neopMallMOHHOE, MAarHUTHOE JMWIIOJIBHOE W 9JIEKTPUYECKOe KBaJpYIOJIbHOE CBEPXTOHKHUE
B3aMMO/ICHCTBHA. BbITO MoKa3aHo, 4To aHTUNepeceueHust ¢ Am = 2 o0ycnoieHsl wieHoM Ay(Jxlx +
Jyly) B cBepxrtoHkoMm B3ammopeicTBuu. llomydena uHQOpPMamUst O CBEPXTOHKOW CTPYKTYype
AJIEKTPOHHOTO CHHIJIETa M JISKTPUYECKOM KBaAPYMOJIBHOM B3aHMOJCHCTBHU. AHTUIIEPECECUCHUS
npu Am = 0 HMMEIOT IpYryl0 HPUPOLY — OHHU OOYCIOBJIEHBI CIIy4alHBIMH JeQOopMalusIMH
KPHCTAJUIMYECKOH PEIIETKH M HEeCyT MH(popMamuio o (YHKIHH paclpeacieHus aedopManuii B
Kpuctaie. 1ot 3¢ ekt MoxeT ObITh UCIIOIF30BaH B KAY€CTBE YYBCTBUTEIHHOTO METO1a KOHTPOJIS
Ka4ecTBa KPUCTAJUIOB, YTO HEOOXOAMMO, HAIPUMED, [UIS IPWIIOKEHNI B KBAHTOBOI MH(OPMATHKE.
Ha ocHoBe anTHIIEpecedeHnit Am = 2 MOTYT OBITh IIOCTPOCHBI TPEXYPOBHEBBIE A M V CHCTEMBI JUIS
ONITHYECKO} KBAaHTOBOH MaMATH C PaBHBIMH BEPOATHOCTSIMH IIEPEXOAOB B ILICUaX.

Pabora  BbmomHeHa Ha ~ YHumkampHOW ~— Hayumoit  YcramoBke (YHY) HCAH
«MynbTH(YHKINOHANIBHAS IMPOKOMANa30HHAsI CIEKTPOCKOIHS BBICOKOTO pasperieHus» (YHY
MIICBP UCAH) B pamkax npoekTa «Dypbe-CIeKTpOCKONHs BBICOKOTO pa3pelleHus] MaTepHaloB
¢doronnkmn» B [Iporpamme IIpesnanyma PAH «CoBpeMenHbie poOaeMbl (POTOHUKHY.

Jlutepartypa

1. R. Giraud, W. Wernsdorfer, A. M. Tkachuk, D. Mailly, B. Barbara // Phys. Rev. Lett. 2001. V. 87,
057203.

2. M.N. Popova, K.N. Boldyrev // Optical Materials. 2017. V. 63. P.101.

3. K.N. Boldyrev, M.N. Popova, B.Z. Malkin, N.M. Abishev // Phys. Rev. B. 2019. P.041105(R).

FIRST OBSERVATION OF THE HYPERFINE LEVELS’
ANTICROSSING IN THE OPTICAL SPECTRUM

K.N. Boldyrev**, M.N. Popova?, B.Z. Malkin?, N.M. Abishev?
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108840, Moscow, Troitsk, Fizicheskaya st. 5
2Kazan Federal University
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We report the first direct observation of hyperfine levels’ anticrossing in the optical spectrum. The effect
was observed in the high-resolution absorption spectra of the 7LiYFa: Ho®* crystal (0.1 at.%) in an
external magnetic field parallel to the tetragonal axis of the crystal. An analysis of the spectral envelopes
corresponding to the transitions between the electron-nuclear sublevels of non-Kramers doublets and
singlets of Ho®* ions, based on the microscopic model of the electronic configuration 4f 1°, allowed us to
obtain information on the hyperfine structure of electronic singlets, nuclear quadrupole interactions, and
random deformations of the crystal lattice.

Key words: level anticrossing, hyperfine structure, LiYF4:Ho, high resolution spectroscopy,
FTIR, random lattice deformations.
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BO3MOKHOCTHU DLW-STED HAHOJIMTOT' PA®UMN JJIA
KBAHTOBOMH ONITUKH

A.I'. Buryxnosckuiil?”, I.A. Uy6nu?, JI.A. Konbimarun?, P.JI. 3pareasckmii’?
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B pmokimazne mpemaraetces obcyxieHue 3Q(EKTHBHOTO COYCTaHHs JBYX aKTyaJbHBIX HaIpaBJCHHMIL:
Meroa aaauTuBHONM 3D meyaTd W pa3sBUTHE MHOTOKOMIIOHEHTHBIX (DOTOHHBIX CXEM, a TaKKe
pa3paboTka OCHOB aJAMTHBHOI MacumITaOupyeMoil M THOKOW ONTHYECKOW TEXHONOTHH CO3IaHHS
MEXCOCTHMHEHMUI U ONITHIECKHX CTPYKTYP, KOTOPAsi CMOKET PEIIHTD MPOOIEMbI CO3TAHMST MEKIHIIOBBIX
ONTHYECKHX COCIMHEHUH, Pa3HOOOPA3HBIX ONTHYECKHX M KBAHTOBO-ONTHYECKHX CHCTEM Ha YHIIE
(pe30HATOPEI, MOAYISITOPEL, POTOHHBIC NETEKTOPBI, OXHO(DOTOHHBIC HCTOYHUKA U3IYICHHUS H T.J1.).

KnaioueBble ciioBa: (eMTOCEKYHIHBIH Jlazep, (OTOHHBIE HHTErPANIbHBIE  CXEMBI,
nByxQoronHas  ¢oromoauMepu3anysi, ~ ONTHYECKHE  KOHHEKTOPBHI,  3JIEKTPOHHAs,
KOH()OKaJIbHAS M aTOMHO-CHJIOBAsI MUKPOCKOIIHS, CHEKTPOCKOIIHS ¥ JIIOMUHECLICHIIUSL.

B mpesenranmu obcyxnaercss mpomecc OOBEIMHEHMS [IBYX aKTyaJbHBIX HaIlpaBICHUIl: MeTona
agmuTuBHON 3D medaTH W pa3BUTHE MHOTOKOMIOHEHTHBIX (POTOHHBIX cXeM. Pa3HooOpasHble
(hOTOHHBIE CUCTEMBI YK€ aKTHBHO HCIIONIB3YIOTCS B PA3IMYHBIX NPWIOKEHUAX, HO HX KOHCTPYKIHN
SIBJISIFOTCS IBYMEPHBIMH U3-32 OTPaHUYEHHI JINTOTpahUUECKUX TEXHHK.

OTcroa cineaytoT O0bIINe OTPaHUYCHUs! Ha IIOTEHIIMAIbHBIE BO3MOKHOCTH (DOTOHHBIX CHCTEM B
uenoM. YToObl NpeomoieTh 3TH HENOCTaTKH, HeoOXoanMma pa3paboTKa OCHOB aJIJAMTHBHOU
MacIITaOUpyeMOl ¥ THOKOH ONTHYECKOW TEXHOJOTHH CO3JaHUS MEKCOCAMHECHUN M ONTUYCCKUX
CTPYKTYP, KOTOpasi CMOXKET PEIIUTh ITPOOJIEMbI TAKOT'O POJia KaK CO3J[aHUE MEKUYHUITOBBIX ONITHYECKUX
COCIMHEHUI1, pa3HOOOpa3HbIX ONTUYECKUX W KBAHTOBO-ONTHYECKHX CHUCTEM Ha 4YuIe (pe30HaTophl,
MOJYJISTOPBI, (POTOHHBIE AETEKTOPHI, 0THO(OTOHHBIE HCTOUYHUKN M3Iy4eHus u T. 11.) [1].

[pencrapinsieTcss HOBask TEXHOJOTHS ONTUYECKUX coeAnHEHHH (KoHHeKkTopoB, PWBs — Polymer
Wire Bonds) mexny anemenTamu GoTOHHBIX MHTEerpaybHBIX cxeM (PIC) metonom nByxX(OTOHHOM
(emrocexyHHON hoToMMTOrpaduy ¢ KCIOIb30BaHNE Kak MPsIMOTo JiazepHoro nuckMa (Direct Laser
Writing -DLW), Tak 1 ¢ npUMeHeHHeM JOIOIHUTENBEHOro Tymaniero gasepa (STimulated Emission
Depletion-STED)[2]. Hmxe npuBeaeHs! mpuMeps! co3manabix PWBs.

2
dan

Puc. 1. SEM uszo6paxenne PWB (poronnas paseszka) u PWB monens.

Jna pemenns 3amad KBaHTOBOW OITHKH HY)KHBI OZHO(OTOHHBIE M3Ty4aTeNHd C KBaHTOBBIMH
TOYKaMH, TOCTHIAIOLINE MaKCUMAaJIBHOTO CpelHero uuciia pOTOHOB Ha MMITyJbe <n> = 1. Hyxen
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OBICTPBI WCTOYHMK B auamnazoHe [T Ha JIuHE BOJHBI TEIEKOMMYHUKAIUK (TIe TMOTepH
ONTHYECKOTO BOJIOKHA MHUHHMAJBHBI), W y3Kas MIMPUHA JMHUN W3IY4YCHUS I OOecredeHHs
MYJBTHIDICKCHPOBAHUS C pa3lelieHHeM II0 JJIMHE BOJHBI W, CIEIOBAaTENHFHO, BO3MOXKHOCTH
JATBFHEHWIIETO TOBBIIICHNSI CKOPOCTH KBaHTOBOTo pacmpeneneHus kimodedt (QKD). Kommonmusie
KBAaHTOBBIE TOUYKH OCOOCHHO MHTEPECHBI IS ATON IeNIN W3-32 HeAABHUX YIIYYIICHUH UX YUCTOTHI U
cTaOMITBHOCTH OAHO(POTOHHOTO W3ITYICHUS.

C mNOMOIIBIO TOJYKOHTAKTHON aTOMHO-CHJIOBOM MHKPOCKONMM HCCIIEJOBaHbl pa3MEpHbIC
rapaMeTpsl IJIaHapHBIX ¥ HOIUMepHBIX 3D BoiaHOBOMOB (PoTOHHBIX NpoBosoB — PWB) n mpexne
BCEro OIpeJeNieHa WX BBICOTA OT IOBEPXHOCTH HUTPUAA KPEMHHUS U CpEeAHEKBaJpaTHUHAs
repoxoBatocTh (15HM). ['MOpuHBIE TpeXMEpHBIE ONTUYECKHE KOHHEKTOPHI MO3BOJISIOT YCIIEIIHO
3aBOJUTH CBET OT 3((EKTHBHBIX HCTOYHUKOB OJMHOYHBIX (DOTOHOB Ha OCHOBE KOJUIOMHBIX
KBaHTOBBIX TOYEK M a30THO- M KpeMHHMH 3amelneHHbIX BakaHcuid (NV wu Si-centers) B anmase,
WHKOPIOPHPOBAHHBIX B co3MaBaeMble monuMepHele PWB, B mmaHapHble BOJTHOBOIBI IS
MTOCTIETYFOIIETO HCIIOIh30BaHUS B (POTOHHBIX WHTETPATBHBIX CXEMaX.

Co3manne THOPUIHBIX CHCTEM, COUCTAOIISE CTAaHAPTHBIC TUTaHAPHBIC YHITBI U IOJTMMepHBIe 3D
KOHHEKTOPHI («MOCTBI»), SBIISIETCS MHOTOOOCIIAIONIMM W II03BOJISIET CYIIECTBEHHO PACIIUPUTH
onTuieckre (yHKIMOHAIHHBIE BO3MOKHOCTH, KOTOPBIE HE MOTYT OBITH IoNydeHsl B 2D reomerpun
s PIC. [3]

TexHonormueckas yactb paboThI ojaepkana rpantoM PH® Ne 15-19-00205, a uccnenoBanus -
rpantamu POOU 18-02-00811 u 16-29-11805.
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FEATURES OF DLW-STED NANOLITHOGRAPHY FOR QUANTUM
OPTICS

A.G. Vitukhnovsky'?", D.A. Chubich?, D.A. Kolymagin? R.D. Zvagelsky'?
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The report proposes a discussion of the effective combination of two current trends: the additive 3D
printing method and the development of multicomponent photonic schemes, as well as the development
of the foundations of additive scalable and flexible optical technology for creating interconnects and
optical structures, which can solve problems such as the creation of interchip optical compounds, various
optical and quantum-optical systems on a chip (resonators, modulators, photon detectors, single-photon
radiation sources, etc.).

Keywords: femtosecond laser, photon integrated circuits, two-photon photopolymerization,
optical connectors, electron, confocal and atomic force microscopy, spectroscopy and
luminescence.
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BJINKHEIIOJIBHASL MUKPOCKOIINA HAHO®OTOHHBIX
CTPYKTYP
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B nocnegaue roapl HabMIOMAETCS CTPEMUTENIPHOE PAa3BUTUE TEXHOJOTUH M HCCIEOBaHUM B 00IacTH
HaHO(OTOHUKH Ha OCHOBE MOBEPXHOCTHBIX IUIA3MOH-TIOJSIPUTOHOB. OTH 3JICKTPOMATHUTHBIC BOJIHBI
PacrpoCTpaHsAIOTCs BAOJb IPaHUL] pa3jeia MeTalI-AUIEKTPUK U MOTYT YIIPABIIATHCS METAIIMYECKUMU
HAHOCTPYKTYpaMH Ha CyOJUIMHHOBOJIHOBBIX Macmtabax. JTa 3amedaTenbHas BO3MOXHOCTH HMeEeT
YHHKaJIbHBIE TIEPCIIEKTHBEI UL pa3pabOTKH BEICOKOMHTETPUPOBAHHBIX CHCTEM 00pabOTKH (POTOHHBEIX
CHUTHAJIOB, METOIOB ONTHYECKOT0 (OPMHUPOBAHMS N300paKEHUH M ATYNKOB C HaHOpaspemeHueMm. B
JAaHHOM JIOKJIaJe MBI CYMMHpPYEM OCHOBHBIC HPHHIUIIBI U OCHOBHBIC JOCTIDKCHHUS IUIa3MOHUKH U
oOcykmaeM B JETalsIX COBPEMEHHOE COCTOSIHHE CyOBOJHOBBIX IUIA3MOHHBIX KOMIIOHEHTOB JUIS
MAaHUITYJSIIUH U3Ty9eHHeM, a TAKXKe HaHO(OTOHHBIE KOHQUTYpaluy sl HAHO()OKYCHPOBKH CBETA.

KiaoueBble cioBa: HaHO(I)OTOHI/IKa, IJIa3MOHHKa, OIMKHETIOIbHAS MUKPOCKOIINA,
HWHTCTpAJIbHAA ONTHKA.

TexHomornn Ha OCHOBE HAHO(DOTOHMKM IIO3BOJIIIOT  yCOBEPUICHCTBOBATH HHTErPAlIbHBIC
MHKPOCXEMBI, YCKOPSS Ipoliece nepenad curHanoB. OcHOBHasI pobieMa 3aKIIF09aeTcsl B TOM, 4TO
I(paKIus CBETa, OrPAaHNYNBAECT MUHUMAIbHbBIE pa3Mepsl (POTOHHBIX KOMIIOHEHTOB 10 BEJINYHHBI,
NPUOJIM3UTENLHO PABHOMW JUTMHE BOJHBI CBeTa. VIMEHHO 1I03TOMY HaHO()OTOHHBIE KOMITOHEHTHI TIOKa
ele He MOTYT O pa3Mepy CpaBHUTBCS C COBPEMEHHBIMH TpaH3ucTOpamu. UToObl 00oHTH
JU(PaKIUOHHBIA Tpenell, YueHble HCIOJIb3YIOT METallI-IU3JIEKTPUIECKHe CTPYKTYpPBI, KOTOpPBIC
MOTYT HpeoOpa30BhIBATE CBET B IMOBEPXHOCTHBIE MJIa3MOH-TIOMSPUTOHBI — 3JIEKTPOMArHUTHBIE
BOJIHBI, PacIpOCTPAHSIONINECS 1O MTOBEPXHOCTH MeTamia. B maHHOM noxiage OyAyT MpPHUBEICHBI
Ppe3yJbTaThl HCCIeIOBaHMH (U3NUECKUX CBOMCTB M MPOCTPAHCTBEHHOW CTPYKTYPBI JIOKAJTM30BaHHBIX
Ha HAaHOMETPOBBIX MacIITabax CBETOBBIX MOJIEH, CO3/JaBaEMbIX B IIJIA3MOHHBIX HAHO-BOJIHOBEIYIINX
cTpyktypax. OOcyxnatorcss 3(dexTsl B3aMMOJEWCTBHS TAKOrO poja HAHOCTPYKTYp C
JJIEKTPOMArHUTHBIM U3JIy4€HHEM, B TOM 4YHCIE PE30HAHCHBIE SBJICHUS, HWHIyLUPOBaHHbIE
BO30y’K/I€HHEM JIOKAIN30BAHHBIX TJIa3MOHOB U TNIa3MOH-9KCUTOHHBIM B3aUMO/ICHCTBHEM.

Bynyr paccmorpeHsl kak (QyHIaMeHTanbHble (U3NYECKHe, TaK W TPHUKIaJHbIC ACIEKTHI
nanodotonuku. Ilocnme kpaTkoro o030pa pa3fiMYHBIX MEPCHEKTUBHBIX  HaHO(OTOHHBIX
BOJIHOBEIyIIMX KOH(purypauuii Oyaer ciaenan 0030p HAIIMX SKCHEPHUMEHTAIBHBIX DPE3YJIbTaTOB
MOJTyYEHHBIX HA OCHOBE CYOBOIHOBBIX IIA3MOHHBIX CTPYKTYP [1-6].
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NEAR-FIELD MICROSCOPY OF PHOTONIC NANOSTRUCTURES
V.S. Volkov
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Recent years have seen a rapid expansion of research into nanophotonics based on surface plasmon-
polaritons. These electromagnetic waves propagate along metal-dielectric interfaces and can be guided
by metallic nanostructures beyond the diffraction limit. This remarkable capability has unique prospects
for the design of highly integrated photonic signal-processing systems, nanoresolution optical imaging
techniques and sensors. Here we summarize the basic principles and major achievements of plasmon
guiding and details the current state-of-the-art in subwavelength plasmonic components for the
manipulation of radiation, and configurations for the nanofocusing of light. Potential future developments
and applications of nanophotonic devices and circuits are also discussed, such as in optical signals
processing, nanoscale optical devices and near-field microscopy with nanoscale resolution.

Key words: nanophotonics, plasmonics, near-field microscopy, integrated optics.
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TELECOM WAVELENGTH SUPERRADIANCE AND LASING OF ER®**
IONS IN YPO4 SINGLE CRYSTAL
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Optical superradiance of Er®* ions in YPO4 was observed for the first time and investigated in the
temperature region 3.5 - 18 K. Superradiance lasing with slope efficiency ~12 % was observed at
continuous pumping and statistical characteristics of the irradiated field were measured at pulse pumping.
Key words: superradiance emission, YPO4:Er®*, optical superradiance, telecom wavelength
lasing, rare earth ions.

Dicke superradiance (SR) [1] is a well-known effect of cooperative and coherent spontaneous
emission, which continues to attract great interest in various fields of science and technology,
especially in laser physics, quantum optics, condensed matter physics, optoelectronics, and
plasmonics. There are a serious of excellent reviews and monographs devoted to this phenomenon [2-
13]. SR or superfluorescence (SF) can be observed in optically dense media (aL>2), and these
experiments were performed in gases, semiconductors, molecular centers. Optically dense crystals
doped by rare-earth ions are promising media for optical quantum memory where controllable
coherent spontaneous emission is used for deterministic retrieval of the signal fields [14] however
there are much less information on SR in crystals activated by rare-earth ions [15]. In this work, we
present experimental study of SR in crystal YPO4:Eré* where population inversion of the active optical
transitions was created by relatively long (10 us) and low-intensity (0.4-1.1 pJ) laser pulses. We
characterized basic properties of SR (pulse delay time, its intensity, their fluctuations, and energy
parameters of laser superradiant generation) on the pumping energy and temperature.

Method of crystal growth, luminescence and spectroscopic properties of YPO4:Er®* (concentration
of Er®* ions was 0.2 at. %) were described in our previous work [16]. We used *l152(I75)— *lon(T'7),
N152(T7H)— *lora(T72) or “lisp(C7Y)— *Fen(I7Y) transitions (see Fig.1a) for excitation luminescence
from “4l132(TY) state by using Ti-sapphire or Dye lasers and acousto-optic modulator to form the
pumping pulses. With an increase of the pumping pulse intensity and reaching the threshold value
(~0.4 wJ for *l152(T7)— *ler2(T'7?) pumping transition), luminescence from #l13,2(T"6') state to states of
the *l1s2 multiplet was transformed into a ringing SR pulse at the frequency of *l132(Tst)— *l1s2(CY)
transition (see Fig. 1b). The intensity of this pulse exceeded the luminescence intensity observed by
pumping below the threshold value by 3-4 orders of magnitude. Averaged energy of SR was
proportional E?, where E is energy of the pumping pulse. The first SR pulse delay was found to be
~Ln(E)/E with small fluctuations within 2-3% of magnitude. The width of first SR pulse dependence
from energy of pumping pulse was close to 1/E. The fluctuations of pulse width were high (~10-15%).
These parameters strongly depended on temperature and SR was observed app to 18K.
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Fig. 1. a) Simplified scheme of energy levels of Er®* in YPOa. Solid black arrows correspond to the optical
transitions that were tested to excite luminescence and SR emission. Dashed black arrows indicate luminescence
transitions that observed at low power of pumping and were reported in article [16]. Wave-type arrows
correspond to nonradiative transitions. Solid strong red arrow shows SR-transition investigated in this article.
b) SR of Er®* in YPQa at various pumping pulse intensity. T=4 K.

For continuous pumping we observed SR laser generation with 5.8 and 6.7 % slope efficiency of
generation for the forward and backward directions, respectively.

This work was supported by the Russian Foundation for Basic Research (Grant No. 17-52-
560009)
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Coobmaercst 00 3ddexTe crennpuaeckoro MepIianus GOTOTFOMUHECIICHIINE MUKPOKPUCTAJIIA aiMa3a
C repMaHUEBBIMU IEHTPAMHU OKPACKH. SIBJIEHHE 3aKII0YAETCs B IEPEX0IaX MEKITY OJHUM «TYCKIIBIM» H
HECKOJIBKAM («SIPKHMH» PEXMMAaMH CTAl[MOHAPHOIO CBEYEHHs B CiydailHble MOMEHTHI BPEMEHH B
MPUCYTCTBUM HEU3MEHSIOMIENCS HENPEPHIBHOM JIa3epHOM Hakaukh. llepexobl XapakTEPHBI SIPKO
BBIP&KCHHBIMH BAapUAHTAMH JMHAMHUKA HApPACTAHUS W Claa HHTEHCHBHOCTH ()IyOPECICHTHOIO
CHIHAJIa Ha CEKYHIHOM MaciuTabe. [Ipu 3TOM He HaOJII0IaeTesl CyNIECTBEHHBIX H3MEHEHHHI B CIIEKTPAX
¢uyopecteHIMH W BO30YKICHUS (DIIyOPECUCHIMH IS SIPKHX PEKUMOB H3IydeHHs. [IpemiokeHo
TEOPETHYECKOE OOBICHEHHE HAOIONAIOIINXCS CTAIIMOHAPHBIX COCTOSIHMN U TIEPEXOJHON JIHHAMHUKH,
OCHOBaHHOE Ha BO3MOXKHOCTH (pOPMHPOBAHHUS KOJUICKTHBHOTO AHCAMOJIS H3IYUYaIOIMX LIEHTPOB BHYTPH
MHKPOKPUCTAIUIA U BOSHUKHOBEHUS OTITHYECKON MYJIbTHCTA0UIbHOCTH.

KurwueBble ciioBa: (I)OTOJIIOMI/IHCCHCHHI/IH, LICHTPBI OKpACKH, ajiMas

CpolicTBa (OTONIOMHHECIIEHIINM OJWHOYHBIX KBAaHTOBBIX OOBEKTOB M aHCAMOJICBBIX CHCTEM
H3TydaTeneid MOTYT CYIIECTBEHHO OTIIMYATBhCS M, COOTBETCTBEHHO, OKa3bIBAThCA IONE3HBIMH UL
pa3HBIX NpuiIokeHUH. DIyopeceHTHBIN CBET OT aHCaMOJI YaCTHIl MOXKET He OBITh CyMMapHBIM I10
MOIITHOCTH CHTHAJIOM OT HECKOJIBKHX OTIENbHBIX HE3aBHCHUMBIX HCTOYHHMKOB. VI3BECTHO, YTO B
IpoLIecce aHCaMOJIEBOTO UCITyCKaHHs, 00OYCIOBJICHHOIO CIOHTAHHBIMUM MEXaHH3MaMH pelakcaluy,
IIPU  ONpEAEIEHHBIX YCIOBHSX MOXET TI'eHEpUPOBAThCS KOTEPEHTHBIH CBET, (OPMHUPOBATHCS
ocoOeHHasl TuarpaMMa HallpaBJIeHHOCTH CBEUEHHS, PEaTM30BbIBATHCS 00JIee YeM OIMH yCTOWIHMBBII
CTAllMOHAPHBIA peXMM. MOTyT HWMeTh MECTO JUIUTENBHBIE IIePEXOAHBIC TPOLECCHl  HIN
JMHAMHUYecKui xaoc. K Kiaccy JIIOMHHECHEHTHBIX MaTepuaioB, JUIi KOTOPBIX IPEICTaBIISETCS
BO3MOXKHBIM PErHCTPHPOBATH M3IyUEeHHE KaK OT OTJEIbHBIX OJMHOYHBIX NCTOUYHHKOB, TaK H OT UX
aHcamOJIel, OTHOCATCS alIMa3bl C PA3IMYHBIMHU [IEHTPaM1 OKPAcKH THIA Ae(EeKT-BaKaHCHS. DTH THIIBI
n3JTydaTesnell UCHOJIb3YIOTCS BO MHOTHX IPHJIOXKEHUSX, BKIFOYasi JIOMUHECIIEHTHbIE Mapkepsl [1],
JaTYNKA MAarHuTHOrO Toiist [2], onHOGMOTOHHBIM HCTOYHMK AJsl KBAaHTOBOM KpHNTOrpaguu M
06pabotku nHpopMarmu 3] uiau faTIMK TeMiepaTypsl [4] u mpoune npuMeHeHHs. [loMrMo Xoporo
M3y4YeHHBIX a30THBIX (N-V) LEHTPOB OKpacKH B anMase, C HEJaBHETO BPEMEHH CTAJM MPHBICKATH
3HAYUTEIbHOEC BHIMAaHHUE aJIMa3bl C alTbTEPHATUBHBIMH [IEHTPAMH, TOTOMY 9TO N-V IEeHTp UMeeT P
BaXHBIX HEJTOCTATKOB, TAKHX KaK ITUPOKHH CIEKTP U3Ty4CHHS, B KOTOPOM MPUCYTCTBYET IHUPOKOE
¢onorHOE KpbUI0. Cpenu MOCIeNHNX TEHACHIMHA OBUIM MPHUIOKEHBI 3HAYNTEIBHBIC YCHIIUS JUIS
W3rOTOBJICHHS W M3y4eHHs Si-V 1eHTpoB. biaronapsi cCHMMETpHYHON CTPYKType HeHTp Si-V umeer
y3KYI0 HEOJHOPOJHYIO INUPUHY JIMHUM M, KaK COOOIIaeTcs, JEMOHCTPUPYET CHEKTPAIbHYIO U
SMHCCHOHHYIO CTaOMIBbHOCTH [5]. JIpyruM MarepuasioM, MMEIOIIUM aHAJOTHYHYI0 CTPYKTYpY H,
BEPOSITHO, CXO/IHBIM C ONITHYECKUMH CBOMCTBAaMH IieHTpa Si-V, sBisercs anmas ¢ nepexramu Ge-V.
Anmassl ¢ Ge-V neHTpamMH SIBISIIOTCS. OTHOCHUTEIBHO HOBBIM MAaTEpPHAIIOM M W3TOTABIMBAIOTCS C
HCTONb30BaHUEM PA3IUYHBIX TEXHOJOIHMM, BKIIOYAas CHUHTE3 BBICOKOTO JABJIEHUS, BBICOKOU
temnepatypsl (HPHT), xumudeckoe ocaxerne u3 naposoit gassl (CVD) 1 HOHHYIO MMIUIAaHTALHIO,
oOecrieunBarolIie MOMyIeHHE alMa30B Pa3IHyHbIX (Gopm u pa3mepos. IIpu 3ToM BO Beex ciaydasx
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¢doromomunecueHms Ge-V IeMOHCTpUPYET y3Koe m3nydeHue ¢ OecdonHoi unueit (BDJI) mpu
602,5 HM TIpH TTOJTHOW ITUPHHE Ha MTOJIOBHHE MaKCHMyMa 4-5 HM IIpH KOMHAaTHOU TeMiiepatype [3,6].

B nacrosmiei paboTe mpenaraeTcs pacieTHO-TEOPETHUECKOE ONICAHUE TIEPEKITIOUCHUN MEX Ty
pPasNMYHBIMM ~ peKUMaMH  (IIyOpECLCHIMH  KOJUICKTHMBHOTO  aHcaMOnsd — W3iydarened B
IVaNeKTpudeckoil  marpune.  OmmceiBaeMas — KapTWHA — NEPEKIIOYCHHI  COOTBETCTBYIOET
9KCTIEPUMEHTAIbHO HAOMIOMAEeMbIM CIOHTAHHBIM IIEPEX0JaM MEXKIY OIHHM «TYCKIBIM» H
HECKOJIBKUM «IPKHMHI» PEKUMaMH (IIyOpeCcIeHIIMN aHCaMOJIsl ICHTPOB OKPAcKH B MUKPOKpPHUCTAILIE
alMa3a B TOJIE HENPEPHIBHOTO JIa3epHOTo M3iydeHus. [lepexonsl xapakTepHBI SPKO BBIPRKEHHOU
JUHAMHUKOW HapacTaHWs W CNajJa WHTEHCUBHOCTH (DIIyOPECLEHTHOTO CHUrHaja Ha CEKyHIHOM
Mmacmrabe. [IpemnoxxeHo TeopeTndyeckoe oObsICHEHNE HAOJIOAABIINXCS PEKUMOB, OCHOBaHHOE Ha
BO3MOXXHOCTH  (POpPMHMPOBaHMS KOJUIGKTHBHOTO aHCaMOJsl M3JIy4aroUIMX IIEHTPOB BHYTPH
MHUKPOKpHCTAIIA, JIOMYCKAIOIIEr0 KOONEPaTUBHYIO ONTHYECKYI0 MYJIbTUCTaOMIbHOCTh. [lokasaHo,
YTO ONMCHIBAIOIINE TAKYIO CHCTEMY ypaBHEHHMS THITa MakcBema-bioxa npy Halnauy 3HAYUTENbHON
HEOJHOPOAHOCTH aHCaMOIs M OOJNBIINX 3HAYCHHMAX CKOPOCTH (Pa30BOM peraKkcaliyl COXPaHSIIOT
BO3MOXXKHOCTh HMMETh HECKOJBKO YCTOWYMBBIX CTallMOHAPHBIX pEUIeHUH, (GOpMHUPYIOMNX
OMCTaOMIBHBIN ONTHYECKUI OTKJIMK NP ONpEACIEHHBIX KOMOMHAINAX 3HAYEHHH WHTEHCHBHOCTH
HaKa4yK{ ¥ KOHIIEHTPAIUH U3TydaTereH.
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DYNAMICS OF SPONTANEOUS SWITCHES OF THE
PHOTOLUMINESCENCE INTENSITY FROM Ge-V CENTERS IN A
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A specific flickering photoluminescence effect from a diamond microcrystal with germanium color
centers is reported. The phenomenon consists in transitions between one “dim” and several “bright”
modes of steady-state emission at random times in the presence of cw laser pumping. The transitions are
characterized by pronounced variations in the dynamics of rise and fall of the fluorescent signal intensity
on the seconds scale. No significant changes in the fluorescence emission and excitation spectra were
observed in the enhanced (“bright”) emission states. A theoretical explanation of the observed steady-
states and transient dynamics is proposed. It is based on the possibility that a collective ensemble of
emitting centers is formed inside a microcrystal that is followed by appearance of optical multistability.

Key words: photoluminescence, color centers, diamond
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KOTI'EPEHTHBIE COCTOAHUA U YIIPABJIEHUE
KBAHTOBOU JTMHAMUKOH

A.B. T'opoxos

Camapckuil HaYUOHANLHBIL Uccredo8amenvekull yHusepcumem umenu akademuxa C.I1. Kopoaesa
443086, Camapa, Mockoeckoe wiocce, 86
e-mail: alvgorokhov@gmail.com

I/ICCJ’ICZ[OBB.HO YIpaBJICHUE NPOLECCaMH B KBAHTOBBIX CHUCTEMaX, raMUJIbTOHHAHbI KOTOPBIX 06J'I3.Z[a}OT
prHHOﬁ JTMHAMHAYECKON CHUMMETPUHU. Hcnonp3oBaHa TeXHUKA KOIr'€pEHTHBIX COCTOSIHUH JUHAMHYECKON

(21}

rpynnsl G, cBoJs1Ias 3aJa4y KBAHTOBOTO YIIPABJICHHS K KOHTPOJIMPOBAHHUIO “KIACCHYECKOH ™ THHAMUKH
B OJJHOPOJHBIX IPOCTPAHCTBAX rpymiibl G. PaccMOTpeHo yrpaBieHHe 31eKTpOMarHUTHBIMH NIEPEX0JaMu
U TEpelmyThIBAHUEM  MEXKIY  BBICOKO  BO3OYKICHHBIMH  PHUAOEPrOBCKMMH  COCTOSIHUAMHM
BOJIOPOJIONIOJOOHBIX aTOMOB.

KiiloueBble cjI0Ba: JWHAMUYECKass CHUMMETPHS, KOTEPEHTHBIE COCTOSIHUSI, KBaHTOBOE
yhpaBJicHHE, pPUA0CPrOBCKIE COCTOSIHUSA, IEPETyThIBAHNUE.

B HacTtosmmee Bpems KBaHTOBas ONTHKA, KBaHTOBas HH(pOpPMaTHKa ¥ (OTOHHKA AKTHBHO
Pa3sBHBAIOTCS U BO MHOTOM HCCJIEIOBAHUS YK€ MEPENUTH HA MHXCHEPHBIH YPOBEHb IO CO3IaHHIO
YCTpOMCTB, pabOTAIOIMX HA OCHOBE KBAHTOBBIX NPUHIMIOB [1]. Pa3zpaboTansl HOBbIE YHHKAIbHBIC
N3MEPHUTENBHBIE CPEJCTBA, MO3BOJIIOIINE OTNEPUPOBATh C OAHUM WJIN HECKOJIBKHMMH aTOMaMH U
¢doronamu [2]. B cBsi3u ¢ 3TUM BechbMa akTyalibHA NpoOJieMa yIpaBJieHHs KBAHTOBBIMHU TIPOLIECCAMH
[3-5]. U3BecTHO, YTO KBAaHTOBAs ONMTHKA SBIISCTCS OJHON M3 €CTECTBEHHBIX 00JIaCTEl MPHUMEHEHHUS
MeTola AuHamMudeckux Tpynm [6-8]. C wHcmonb3oBaHHEM JSTOTO METOJa Ha SI3bIK TEOPHUH
NPEACTABICHUI JTMHAMHYECKON TpyNnbl TaMHJIBTOHHAHA MOXHO IEPEBECTH KaK HaxXOXKACHHE
YPOBHEH 3HEPTHH M BEKTOPOB COCTOSHHUS, TAK U pacyeT BeposITHOCTEH U cedeHuil nepexonos. OqHOM
U3 OCHOBHBIX 33J1a4 B KBAHTOBOW OITHKE SIBJISETCS ONMCAHUE B3aUMOJEHCTBUS BHEIIHETO IOJIS C
BemecTBoM. Eciy mosie 3irydeHust SIBJIsSeTCS MOHOXPOMATHIECKUM, TO CYIIECTBEHHBIMH SIBIISTIOTCS
TIepexo/Ibl MEXIy IByMsl YPOBHSAMH, KOTOPBIE MOMAJa0T B PE30HAHC C TOJIEM M3IydeHHs. B atom
Cllyyae KBaHTOBYIO CHCTEMY MOJKHO PacCMaTpHBATh Kak JIByXypOBHEBYIO. I'pymmoil auHaMu4ecKon
CUMMETPHH TaKoW cucTeMsbl siBisiercs rpynma SU(2). B MHOTOypoBHEBOM cilydae JTUHAMHYECKOH
rpymmoit seisiercs rpynna SU(N), rne N — gucno yposueii [9,10]. 3HaHue rpymniibl JUHAMHYECKOH
CUMMETPHH TaMHUJIBTOHHAHA M MOCTPOSHHE C €€ MOMOIIbI0 TEOPETHKO-TPYNIOBBIX KOTE€PEHTHBIX
cocrosiauii (KC) |Z) no3Bosnsier chopMyIupoBaTh IPOOIeMy KBAHTOBOTO KOTEPEHTHOTO YIIPABICHHS
JIMHAMHMKOH NIEPEXO/IOB, OTBICKUBAS B IMHAMUYECKOH rpynme G Takyro TpaeKTopHIo g(t,t,), KOTopas

OyleT MPUBOAUTH K TEHEpAI[MM HEKOTOPOTO 3aaHHOTO KOHEYHOI'O COCTOSHHS C MaKCHMAallbHO
BO3MOXHOW BEPOATHOCTHIO. 3ajjaua KBAHTOBOTO YIIPABJICHUS CBOAMUTCSA TOTJAa K W3BECTHOU 3ajaue
[11] oTbickaHUsl ONTUMANIBHOM TPAEKTOPHM HAa OAHOPOJIHOM mpocTpancTe rpymmbl Jlu G. Takas
BO3MOKHOCTh OOBSCHICTCS TEM, UTO B CIyYae JIMHEHHO pealn30BaHHON TUHAMUYECKOH rpynisl [9]
KBaHTOBOM CHCTEMbI, B3aUMOJEWUCTBYIONIEH C BHEIUHUM TIOJEM, B MHOXECTBE pEIICHUM
HecTauoHapHOTo ypaBHeHUs llpenuHrepa umeeTcs TouHOE penicHue (C (pa30BEIM MHOXKHUTEIIEM) B

Bune KC | g (1)) =€ |Z(1)), T€ |Z(t)) =U (. 1,)| Z(t,)) =T (a(t.1,))| Z(t,)) > 2 T(9(t,t,)) - omeparop
YHUTAPHOTO TIPEJICTABJIEHUS JIMHAMMYECKOH IPyNIbl raMuibToHHana. OJHAKO B OOIIEM Cilydae
TaKOE PENICHHE MMEET CMBICI TOJBKO Ul JOCTATOYHO MAJoOro MHTEpBama At=t—t,, KOTOpBIii

OTIpeJIeTIsIeTCsl XapaKTepHBIMH BPEMEHAMM HCCIEAyeMOoro Ipoiecca. B maHHOM nokmaze oOmmid
MOJX0/ WJUTIOCTPUPYETCS PACCMOTPEHHEM IMEPEeXOA0B MEXAY BBICOKO BO30Y)KICHHBIMH
PUIOEpPTOBCKUMH YPOBHAMHU BOJOPOAONOA00HOTO aroma [12], Haxomsmerocs moj Bo3AeiicTBHEM
KJIaCCHUYECKOTO 3/IEKTPOMArHUTHOTO OIS, IPEJICTABIEHHOTO CYNEPIO3HIMEN CTAIIMOHAPHOTO MO
JIOBYIIKH | TIOJISI BOJTHBL. J[71s mepexo/10B MeX /Ty COCTOSIHUSIME C COXPaHEHHEM TIIaBHOTO KBAHTOBOTO
9pcia N M30JMPOBAHHOTO aToMa IPYIION IMHAMHUYECKOH CHMMETpHH sBisiercs rpymma SO(4),
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oneparopy Pynre-Jlenua N, KOTOPBI BMECTE C ONEPATOPOM YIJIOBOIO MOMEHTAa L SBJISETCS
reHeparopoM rpynnsl cumMmerpun SO(4) [13]. B pesynbraTe cooTBeTCTBYMOmas 3ajaada o0
yIpaBJI€HUH KBAaHTOBBIMH IIE€PEXOJaMH CBOAWTCS K YIPABICHUIO KBAHTOBOW JWHAMHUKOW JUIst
cuctembl ¢ Tpymmoit SO (3) [14], T.k. SO(4) = SO(3) x SO(3), mpu sTom B [15] B KauecTBe
YIPaBJIIONIETO TOJA BhIOpaHA BEIMYMHA HANPSDKEHHOCTH TIONA JIOBYIIKH. PaccMoTpeHa Takke
3amada 00 yIpaBIIeHUH NepenyTHBAHUEM COCTOSHUH IBYX ITUTIONb-TUIIONIBHO B3aNMOICHCTBYIOMINX
PUIOEPTOBCKUX aTOMOB. YTIPABISTIONINMH TTapaMeTPpaMH BHIOPAaHBI KaK BEJIMIHMHBI TIOJIS JIOBYIIIKH B
KOOpAWHATAX pa3MEMICHHS aTOMOB, TaK WM XapaKTepHBIE KOHCTAHTHl WX IWIOJb-IANOIHHOTO
B3auMoeiicTBrA. 31ech rpymnma guHamudeckoi cummerpun G = SO(4) x SO(4) u raMunbTOHHAH
SIBIIICTCS KBaIPAaTUYHOW KOMOMHAIIMEH €€ TeHepaTOPOB.
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The control of processes in quantum systems is investigated, whose Hamiltonians possess a group of
dynamical symmetry. The technique of coherent states of the dynamical group G was used, which reduces
the quantum control problem to controlling the “classical” dynamics in homogeneous spaces of group G.
The control of electromagnetic transitions and entanglement between highly excited Rydberg states of
hydrogen-like atoms is considered.
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HAHOPA3MEPHBIE IIJIASMOHHBIE JTIOTHYECKHUE 3JIEMEHTbBI

N.B. [3enonauk

Kpovivckuii ghedepanvubiil ynusepcumem umenu B.1. Bepraockozo
295007, Cumgbepononw, npocnekm Bepuadckoeo, 4
e-mail: igor.dzedolik@cfuv.ru

Ha mmockoit TpaHul€ pasacia METalla W AUDJICKTPUKa IIPU BBIINOJHCHUH TI'PAaHUYHBIX yCJ'[OBI/Iﬁ
B036y)K}:[a}OTC${ MOJAbl TIOBEPXHOCTHBIX IUIa3MOH-IIOJSIPUTOHOB. HpI/I OTpaXX€HUU OT obnactu
HCOAHOPOAHOCTH B MCTAJUIMYECKOM CJIOC MaAaroliue U pacCEsIHHBIC IJIa3MOHBI I/IHTep(i)epI/IpyIOT. B
HHTEp(EPEHIIMOHHOM MOJIe BO3HUKAIOT CHUHTYIISIPHBIE TOYKH, B KOTOpPHIX (ha3a Bekropa [loiHTHHTa
HUMEET BUHTOBYIO JUCJIIOKAIUIO, TO €CTh 06pa3y}0T05{ TIa3MOHHBIC BUXPH. B NOTrpy>KEHHOM INIa3MOHHOM
MOJIOCKOBOM BOJIHOBOJIE TAaKXK€ MOXKET OBITh CO3/1aHa JIOKalbHas HEOJHOPOAHOCTh. KoHduryparmeit
BUXPEBOH pEIIEeTKH W MPOMYCKHOH CIOCOOHOCTBIO IIIa3MOHHOTO BOJHOBOJA MOXKHO YIPaBISATh
BHCIIHUM  BJICKTPUYCCKUM TIOJIEM, JIOKA&JIBHO MEHAKINUM JUBJICKTPUYCCKYIO MPOHHUIIAEMOCTH
MOBEPXHOCTHOTO cjiod MeTaia. Ha ocHOBe ynpaBieHus: BUXpEBON pPEIIETKOM WM MOTOKOM IIa3MOH-
TOJIAPUTOHOB MOT'YT OBITh pCain30BaHbl HAHOPA3MEPHBIC IJIa3MOHHBIC JIOTUYECKUE JIEMCHTEI.

KiroueBble cJi0Ba: IOBEPXHOCTHBIM MIa3MOH-TIOJIIPUTOH, MOTPY>KEHHBIN ITOJIOCKOBBIH
BOJIHOBOJ, IUIa3MOHHBII BUXPb, HAHOPa3MEPHBIN IIJ1a3MOHHBIHN JIOTUYECKUH 2JIEMEHT.

B mocnenHue roapl reHepauus, yIpaBlIeHHE M PETUCTpalys IUIA3MOHHBIX BOJH HPUBJIEKAIOT
0oJIbIlIOE BHUMAHHUE UCCIIEJOBATENCH B CBS3U C EPCIIEKTHBOM CO3/IaHMUs MJIa3MOHHBIX IPOLIECCOPOB
¢ OBICTPOAEHCTBHEM, NPEBOCXOSNINM OBICTPOACHCTBHE ITOMYIPOBOAHUKOBEIX IPOIIECCOPOB B
JecsaTKu Thicsid pa3 [1-4]. Takoe HpeBOCXOACTBO B CKOPOCTH IUIA3MOHHBIX HPOLECCOPOB Hal
TPaIUIMOHHBIMHI MOJTYIPOBOJHUKOBBIMH IPOIIECCOPAMHU 00YCIIOBICHO MX pPabOTOH HA ONTHYECKUX
YacTOTax B OTIMYME OT 4YacTOT (YHKIMOHWPOBAHUS IIOJYNPOBOAHUKOBBIX YCTPOMCTB Ha
THrareplueBblX dYacTtoTax. [IpyruM IpEeMMyIIecTBOM IUIa3MOHHOM TEXHHMKH SBISIETCS TO, YTO
IUIA3MOHHBIE CTPYKTYPBI MOXHO PEaIM30BBIBATh IIPU HCIIOJIB30BAHIH CYIIECTBYIOINX TEXHOIOTHH
WOHHOM M 3JIEKTPOHHOMN JIUTOrpaduu JJIsi MUKPOYHIIOB.

[Tna3MoHHbIE BOJHBI BO30YXKAAIOTCS O3JIEKTPOMAHUTHBIM IIOJIEM ONTHYECKOH 4YacTOThl @ B
MIPOBOJAIINX CpellaX, B YaCTHOCTH, Ha TPaHMIE MeTala C JIUDJIEKTPUYECKON NPOHUIIAEMOCTHIO
ey~1 — w?/w? 1 (UANEKTPUUECKOi Cpeibl ¢ IPOHULAEMOCTBIO £p [2,3]. TIoBepXHOCTHbIE MIA3MOH-
nosspuronsl (IIIIT) npencraBisitoT coOoi THOpUIHBIE BOJIHBI, BO3HUKAIONIME B pe3yibTare
B3aUMOJICHCTBUS DJIEKTPOMArHUTHOM BOJIHBI, POHOHHOW BOJIHBI U BOJIHBI IUIOTHOCTH BJIEKTPOHOB
npoBoauMocTH. Ha rpanuie Meramia M JUAJIEKTPUKA TPH BBIIOJHEHUM TPaHUYHBIX YCIOBHN
—&Ey®y = Epay;  Gopmmpyercss  moBepxHocTHas ~ TM-Mozma ¢ KOMIIOHEHTaMH  TIOJIS
E,, E;, B,~e® exp(—iwt +ifz), rae x - momepeyHas K MOBEPXHOCTH, Z - MPOJONbHAS OCH
KoOpmHaT, @ = (ay, —@p) - IEKPEMEHThI B METAIUIE U B qudNekTpuke, @ = (8% — ¢ 2w?e)V?, B =
c Yw(eyep)?(ey + €p)~Y? - nocrosmnas pacnpocrpanenus [2,3]. Ecim TM-moza ITITIT nagaet
Ha TPaHUIy 00JAcTH JIOKAJbHOHW HEOIHOPOJHOCTH AWIIEKTPHYECKONH NPOHUIIAEMOCTH B CIIOE
Metauia (puc. 1), To rpaangHbIe ycaoBus pacupoctpanenus [I1I1 wapymratorcs, TIIIIT orpaxarorcs
OT T'PaHMIIBI [TO]] YTJIOM ¢p OTHOCUTEIHFHO HOPMAJIH K KacaTeIbHOH K IpaHUIle B JaHHOW TouKe [5].
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Puc. 1. UaTepdepeHINOHHAS KapTHHA HOPMAJIBHOM K IIOBEPXHOCTH METaJIa KOMIOHEHTHI Bektopa [loiHTHHTa
S, mpu otpaxenun IIIIII or xpuBoJIMHENHHOW TIpaHUIBl HEOJHOPOJHOCTH B METAUIMYECKOM  CIIOE.
Tononorngeckue 3apsiasl BUxpeit: £y = +1 (kpacHas cTpenka, IpOTUB 9acoBoi), £ = —1 (3eneHas crpernka,
TI0 9aCOBOI1), pa3MephI MO OCSIM OTII0XKEHEI B MUKPOMETpaXx.
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ITpu 5TOM HOpMaJIbHASL K MOBEPXHOCTH KOMIIOHEHTa MarHUTHOTO IOJSI HE Bo30Oyxmaercst B, =
0, a rockocTh aekTpudeckux Bekropos [T moBopaunBaeTcs Ha yroa ¢, T.e. popmupyrotes E-
MOJIbI C KOMIIOHEHTamMu mons E,, Ey,EZ Hu By,BZ. Bonnoseie BekTophl IIIIII, oTpa)keHHBIX OT
KPUBOJIMHENHHON I'paHUIbI, TOBOPAUUBAIOTCA HAa Yroil 2¢ NpOTHB YacOBOI CTpENKH, WIN Ha yroi
—2¢ 1o 4acoBoll cTpenke B JAHHOW TOUYKE I'PaHHUIIBI IO OTHOIIEHHUIO K MpoxoibHOM ocu z. daza
orpakennoro II1I1 pasua ¢ = B(|y| sin2 ¢ — z cos 2 ¢p) — wt. Kommnonenra Bekropa [ToHTHHTA,
HOpMaJbHas K MOBEPXHOCTH MeTailia, pu uaTepdepentuu [T umeet Bun S, = (c/41) (EyBZ —
Esz), tne E,=Ep E,=Egy+E;g B,=Byy+Byg B,=B,;;. Tononorus
nHrepdepenunonHoit  kaptuael  [IIII1  ompenensiercst  ¢dokycupoBkoil  (1eOKyCHpOBKOIL)
orpaxeHHbIX [1I1I1 oT kpuBOMMHEHHO I'paHUIIBI HEOAHOPOIHOW 00JIACTH B METAIUTMYECKOM CIIOE.

B Touky moBepXHOCTH MeTaiua ¢ KoopauHaramu (y, z) npuxoaat Heckoubko [T naparommit
u oTpaxkeHHBIe Ton yriamu 2¢ = t arctan(|y|/z,,). IIIII uaTephepupyOT, U UX IBYMEpHAas
nHTep(EepEeHINOHHAs KapTHHA NPHOOpeTaeT MaKCUMyMbl M MHHUMYMbL. MHTepdepeHnmnonHas
kaptuaa [II1I1 Ha moBepxXHOCTHM MeTaila 3aBUCHT OT (JOPMBI I'PAHMIBI HEOJHOPOIHOCTH B CIIOE
metamia [5]. Buxpu IIII1 He BO3HUKAIOT, €CIIM I'PaHULIA HEOJHOPOIHOCTH NPSIMOJIMHEMHAS.

Buxpu IIIIII Ha mMOBEpXHOCTH MeTalsla MOXHO OOHAapyXWTh C IIOMOIIBIO 30HAA,
MIPE/CTABILIIOIETO COO0N METaJUIMYECKH HaHOIPOBOJ, PACIONOKEHHbIH Haja BuxpeM [6,7]. lpu
9TOM B HaHO30HAE Bo30yxmaercss mona IIIII1 ¢ HampaBieHHeM LMPKYJISPHOW MOJSPU3AINY,
3aBUCSIIKUM OT TOIIOJOTMYECKOro 3apsia BUXps. MeTalsIn4ecKuil HAaHO30H[ CIY)KUT IUTBIPEBOU
HaHOAQHTEHHOH, PETUCTPHUPYIOLIEH OIKHEe Mojie ucciaeayemoro oosekra [7]. HanpspkeHHOCTH mosst
BOJNIM3M OCTpPUS HAHOAHTEHHBI INPEBOCXOAUT aMIUINTYAy IOJIA Ha IOBEPXHOCTH MeTaljga Ha
HECKOJIBKO IOpPSIIKOB. B3ammopeiicTBe HaHO30HAAa C HaOJIOJaeMbIM O0BEKTOM Haumbojee
3¢ PEKTUBHO, KOTIa HIIEKTPHUECKUI BEKTOP B OJMMKHEM I10JI€ HAIIPABJIEH HOPMAIBHO K TOBEPXHOCTH
MeTaIa BAOJIb OCH HAHO30H 1a.

Buxps [1I1I1 Ha moBepXHOCTH MeTallIa IMEET HOPMaJIbHYIO KOMIIOHEHTY 3JIEKTPHUYECKOTO OIS,
[TosToMy mma3MoHHBIA BUXPb 3()(heKTHBHO BO30YKIaeT CUTHAI B HAHO30HJE WM B HAHOAHTCHHE,
PAcIONIOKEHHBIX B CHHTYJSIPHOH TOYKe HHTep(depeHIHOHHOTO moisd. [Ipn 3TOM IIa3MOHHbIE
TIOBEPXHOCTHBIE BOJIHBI PACIIPOCTPAHSIOTCS BIOJIb HAHOIIPOBOAA HAa PAcCTOSHMS B AECSTKH U COTHH
JUIMH BoNH [2]. Takol CcHTHalm MOXKHO PpETUCTPUPOBATh KaK MeETOJaMHU OJFDKHEIONIbHOU
MHUKPOCKOIIMH, TaK U C TIOMOIIBI0 PAa3NUYHBIX JAaTYUKOB, PEArHPYIOUINX HA 3JIEKTPOMArHUTHOE
H3Ty9YEeHUE C BEIXOHOTO KOHIIA HAHOAHTCHHBI.

OpHuM u3 HauOoJiee TNEpCIEKTUBHBIX BapuaHToB Ui Bo30yxaeHus IIII1 B ruia3MoHHBIX
3JIEMEHTAaX I KOMIIBIOTEPHBIX TEXHOJIOTHH SBISIETCS MCIIOIB30BaHNE BCTPOSCHHBIX B YHII CIIa3€pPOB
[8]. TITIIT Bo3OyxkmaroTcst Ha TUIOCKOM TpaHUIIe pa3zelia MeTallia i TUAIICKTPUKa, PacIIpOCTPAHIIOTCS
BIOJIb TIOBEPXHOCTH, JIOKAIM3YysCh BONM3M Hee Ha CYOBOJHOBBIX pa3Mepax, T.e. SBIISIOTCS
9BaHecUeHTHBIMH BoHAMH. J[nmmHa Bomus! [IIII1 A = 21/ B HeckombKO pa3 KOpode, 4YeM JUIHHA
BOJIHBI ONITHYECKOTO M3Jy4EeHHUs] B CBOOOJAHOM IPOCTPAHCTBE, YTO MO3BOJISET YMEHBIIUTH Pa3MephI
IUIA3MOHHBIX 3JIEMEHTOB II0 CpaBHEHHIO ¢ onTHdeckumu [4]. Ha ocHoBe ympaBiieHHs BHUXpeBOH
pemerkoit ITIMIT u neTeKTHpOBaHUS MJIa3MOHHBIX BHXpPEH MOTYT OBITH peajn30BaHBI ITa3MOHHEIC
JIoTu4YecKue daeMeHTHl [5]. HeoHOpOAHOCTh ¢ KPUBOJWHEHHOW TpaHUIEH, B YaCTHOCTH, B BHUJC
«JIACTOYKHWHOTO XBOCTa», MOXKET (POPMUPOBATHCA B CII0€ METaUIa IO/ JAECHCTBHEM 3JIEKTPHUECKOTO
TI0JII OTPUTATENILHBIX 3apsA0B, JJOKATU30BAaHHBIX HA HAHOTPOBOIAX HAJ| clIoeM MeTasuia (puc. 2).
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Puc. 2. Moenb [1a3MOHHOTO JIOTHYECKOT0 3JIEMEHTa Ha OCHOBE yIpaBiieHus BUxpeBoi pemerkoit TIT1I1.
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Jlazepnsrit my4 (kpacHbIit) Bo30yxmaet [I1I1 3a cyet paccesHus Ha TUGPAKITUOHHON pElIeTKE B
¢dopme OOpO3JOK HA MOBEPXHOCTH METAIMYECKOro ciod. HaHompoBozma ¢ oTpHIATENBHBIMU
noteHuuanamu —Ey; U  —E,, pacnojio)k€Hbl HaJ CJIOEM MeTaljla C JUAJIEKTPUYECKOU
MIPOHHULAEMOCTBIO €). IlOTEHIMAN HAHOMPOBOIOB MEHSAET IOUIIEKTPUUECKYIO HPOHHLIAEMOCTh
MeTamIa & TakuM 00pa3oM, Y4TO OHA MPHOOPETacT MEHBIINE 3HAYCHUS B ONTHYECKOM IHMAIAa30HE
yacToT. Torga B o0nactu JeHCTBUS JIEKTPUUECKOTO IMOJIsI TPAHWYHBIC YCJIOBHS PACIIPOCTPAHEHHUS
IIIIII napywatoresa, u IIIIII pacceuBaroTcss Ha rpaHMLE JIOKAIbHO CO3JaHHOM HEOJHOPOJHOCTH
JauaekTpudeckoi npornuriaeMocty Metamna. IIIIT pacopocTpaHsroTcs BIOIb OCU Z U OTPaXKatOTCS
OT JIOKQJIBbHOW HEOJHOPOIHOCTH B (opme nactoukrHa xBocta. [T, koTopble pacrpocTpaHstoTes
BIIOJIb OCH Z, 00pa3yIoT MOBEPXHOCTHYIO BOJHY C MPSIMOJIMHEHHBIM BONHOBEIM (pporTOM, a IIIIII,
KOTOpBIE PAaCIPOCTPAHIIOTCS HA3aJ OTHOCHTENILHO OCH Z, 00pa3yloT IOBEPXHOCTHYIO BOJHY C
KPHBOJIMHEHHBIM BOJHOBBIM (POHTOM Ha MOBEPXHOCTH METAJUIMYECKOTO CIIOSl. MHKPOCEHCOPEHI
MSy, u MS,, CUNUTHIBaIOT HOPMajbHYI0 KOMIIOHEHTY BekTopa [loiintunra S, IIIIII Buxpeil.
V3meHeHHsT TpaHHIBI HEOJHOPOJHOCTH OO0JIaCTM B CJIO€ MeETalla MPHUBOIAT K H3MEHEHHAIM
unrepdepeHunonHoit kaptunel [III1. Buxpu IIIIII cMemaroTcs u3-3a W3MEHEHHUs paauyca
HEOJHOPOAHOCTH OKPYXKHOCTEH TpH H3MEHEHHWH HANPSXKEHHOCTH AJIEKTPHUYECKOr0 O
HaHOMPOBOJOB Ey; u Ejy,, U CUTHAJIBI B MUKpoceHcopax MSy, u MS,, menstorcsa. Takum oOpazom
MOTYT OBITh peaIn30BaHbI Jorndeckue aeMeHTsl «M», «MJINy, «uckmovaromee NI ».
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Puc. 3. Moenb mIa3MOHHOTO TMOJIEBOTO TpaH3UCTOpa: S - UCTOK, D - cTok, G - 3aTBOp, PacmoIOKEHHBIH Ha
paccrostHur h TOA HWKHEH IIOBEPXHOCTBIO HAHOIUIACTHHBI, OT KOTOPOH OH W30JMPOBAH TOHKHUM
JIVDIEKTPUYCCKUAM CIIOEM.

[T1a3MoHHBIE JIOTHYECKHE 3IIEMEHTHI TAKXKE MOTYT OBITh pean30BaHbl HA OCHOBE IIIA3MOHHOTO
MOJIEBOrO TpaH3ucTopa. IIpuHIuN AeHCTBHSA IUIA3MOHHOIO TPAaH3UCTOPa AHATIOTMYEH NPUHIIMITY
paboTHl MONYNPOBOJHUKOBOTO IIOJIEBOTO TPAH3MCTOPA, HO B IUIA3MOHHOM TPAaH3UCTOPE «TOK»
npencrasisier motok IIIIIT [9] (puc. 3). IIIIII BO3OyXkIaroTcst Ha MOBEPXHOCTH IOJIOCKOBOTO
BOJIHOBOAAa cieBa (ucTok S) wu  pacmpoctpasstorcs BmpaBo (ctok D). Tlorok IIIIII,
pacTIpOCTPAHSIOMIMICS Ha TIOBEPXHOCTH IUIA3MOHHOTO BOJIHOBOJA, OIPENENIETCS BEKTOPOM
IloinTHHra. JIBE U30JUPYIOLIUE Y3KHE LIEJIM BOKPYI HAHOIUIACTUHBI IIUPUHON ¢, PACIOIOKEHHOM
[MOCEPEIUHE BOJHOBOIA, UMEIOT MIMPHHY dy << A 3HAYMUTEIHHO MEHBIIYIO UTHHBI BOJHBI TIIII1.
VYupapnsronuii  curHan  +E; Ha 3atBope G yMeHbIIAeT KOHIEHTPALMIO 3JIEKTPOHOB B
MOBEPXHOCTHOM CJI0O€ HAaHOIUIaCTHHBL. Ilpm 3TOM u3MeHseTcs pacnpefeleHue NpoJOIbHON
KOMIIOHEHTbl BeKkTopa IIOMHTMHTa Ha HAHOIUIACTHHE U3-32 M3MEHEHUS JUAJICKTPUYECKON
MIPOHUIIAEMOCTH &), BOIN3M €€ MOBEPXHOCTH, T.€. BOSHUKAET IIOTEHIIMAILHBII Oapbep ¢ IUPUHOH £.
Koapdrumenr mnepemaun B ans IIIIII-curHama, KOTOPBII NPOXOTUT depe3 YIpaBISEMBIi
HOTeHIUANbHEIH Gapwep, paBen D = 16|B1%|B,]%/14]%, rne A = [(B + Bs)? exp(—ifsf) — (B —
Bs)? exp(if )] exp(iBf), B = ' +iB", Bs = i + iy - mocTosHHAs pacnpocTpanenus IIIIT Ha
ITOBEPXHOCTH HAHOIUIACTHHEL [IpOHUIIaeMOCTh MOTEHIMAIBHOTO Oaphepa 3aBUCHT OT aMILIHTY.IBI
YIPaBISIIONIEr0 CUTHANA Ha 3aTBOpe G, MOCKOJIBKY JHAJIEKTPUUECKHE MPOHUIIAEMOCTH £y U Ep, TO
ecTb nocrosinHas pacnpocrpaHenus IIIIII, 3aBucart ot E;. Ynpapistomuidl CUTHaln MOIYJIHUPYET
noctostHAYI0 pactpoctpanerus T u, Takum obpazom, namenser kodpduuneHT nepenaan [I111-
CUTHAJNa B IJIa3MOHHOM MOJIEBOM TPaH3HCTOPE.
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[IIIII Ha MOBEPXHOCTU METAINIMYECKOro ciosi, uiau notokoM IIIIIT Ha MOBEPXHOCTH MIA3MOHHOTO
MIOJIOCKOBOT'O BOJIHOBO/IA, MOJKHO PEIN30BaTh HAHOPa3MEPHBIE MIIIa3MOHHBIC JIOTHUECKHE 3JIEMCHTHI
My, «MJN», «uckmovaromee UJIM» v BeHTUNIM Ui yNpaBieHHUs CUTHAJIAMU B KOMIIBIOTEPHOU
TEXHHKE, pabO0Taromeil Ha ONTHYECKUX JaCTOTAX.

1.
2.
3.

Pa6ora BeImonHeHa pu noaepkke PH® (mpoekt Ne 19-72-20154).
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