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INTRODUCTION (presentation abstract)

Relevance and necessity of the topic. The development of laser sources of fast
and ultrashort pulse durations within the range from a few tens” optical cycles down
to a single optical cycle has allowed the reaching of light field intensities in 104 to 10%
Wem2. In these conditions, vast new strong-field phenomena are raised, associated
with laser-induced multiphoton processes, such as above-threshold ionization, high-
order harmonics generation, and so on. The ionization behaviour of various materials
in strong laser fields and its detailed understanding are of fundamental interest since
the initial single-ionization process is a prerequisite to the subsequent evolution of the
quantum systems in the driving laser field. Additionally, the strong-field process under
consideration plays a fundamental role in areas such as photocatalysis and the surface
photochemistry of nanoparticles. The absorption of light by nanoparticles can lead to
electron transfer to molecules adsorbed to the particle surface and initiate molecular
reactions. The microscopic details of surface photochemistry largely determine the
impact on biological systems. For example, irradiated metal nanoparticles have been
used extensively for the imaging and treatment of cancer, thermally controlled local
delivery of active molecules and aerosolized mesoporous dielectric nanoparticles
containing drugs showed promise toward treatment of respiratory symptoms. The
development of effective sources of coherent extreme ultraviolet (XUV) radiation is
another important problem interesting for the fundamental and practical needs of
optics. The high-order harmonics generation (HHG) of ultrashort laser pulses in
isotropic media (gases and preformed laser plasma) is the simplest and most reliable
method of changing the frequency of exciting pulses in the XUV direction. Methods
of HHG enhancement include optimization of various parameters, such as particle
density and excitation level, the intensity of exciting pulses, fluence of HP, etc, to
create preferred conditions of this process, when phase mismatch does not play a
decisive role in limiting the HHG conversion efficiency. Various metals, metal alloys,
insulators and semiconductors were analyzed by ablation and HHG in laser-induced
plasmas (LIP). Further optimization of these processes involves the methods not
applicable in the case of HHG with the use of gas jets. LIPs can naturally include
relatively large aggregates (clusters, quantum dots and nanoparticles). The resonance
amplification of single harmonic and the formation of specific conditions of modulated
LIP, when quasi-phase matching is achieved for different groups of harmonics, can be
used for enhancing single harmonic signal in a preselected spectral region. These
methods are difficult to implement in a single experiment since the requirements for
these methods can contradict each other. Therefore, the search for new schemes,
materials, methods and approaches is of paramount importance for the improvement
of HHG. Practically the coherent light sources in the XUV spectral range can facilitate
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the optical visualization of nanoscale and subcellular systems, allow the improvement
of optical lithography and monitoring of the movement of electrons in atoms,
molecules, and nanostructured systems in real-time. In addition, such radiation sources
may contribute to creating a new analytical approach - resonance spectroscopy in
XUV.

International context of the research. Numerous leading universities and
research centers worldwide are performing research in the field of strong-field
phenomena, particularly ionization, HHG and application of coherent XUV to study
ultrafast electron dynamics in atoms, molecules and materials with attosecond time
scale. Among them are the group of HHG spectroscopy at Imperial College (London,
England), HHG and EUV science group at the Advanced Research Center for
Nanolithography (Amsterdam, Netherlands), the Ultrafast Dynamics department at
Max-Planck Institute for Multidisciplinary Sciences (Gettingen, Germany), group of
Nanostructures and Ultrafast X-Ray science at ETH-Zurich (Zurich, Switzerland),
group of Nonlinear Optics at Changchun Institute of Optics, Physics and Fine
Mechanics (Changchun, China), group of Common Research Facility at American
University of Sharjah (Sharjah, UAE), group of the Center of Nanotechnology at
University of Munster (Munster, Germany), group of Nonlinear Optics at the
University of Tokyo (Tokyo, Japan), group of the Laser Plasma Division at the Center
of Advanced Technologies (Indore, India), a group at the National Institute of the
Science (Montreal, Canada) and other.

Current state of the research on the topic.

Coherent short-wavelength radiation is becoming increasingly important for a
wide range of fundamental and applied research in various fields of science and
technology. Monochromatic and coherent light pulses in XUV spectral range with the
femtosecond and attosecond duration will further increase the resolution of optical
lithography, facilitate the optical visualization of nanoscale and subcellular systems, as
well as allow monitoring the movement of electrons in atoms, molecules, and
nanostructured systems in real time

The most effective approach for generating coherent radiation in the XUV region
Is HHG using ultrashort laser pulses. Notice that the most commonly used method since
the late eighties till now is the HHG in gases [M. Ferray et al, “Multiple-harmonic
conversion of 1064 nm radiation in rare gases,” J. Phys. B 21, L31-L36 (1988)].
Meanwhile, the use of relativistic HHG, HHG in gases, and HHG during propagation
through the solids is limited by the relatively low efficiency of converting the main
wave into higher harmonics (i.e., into harmonics exceeding the thirtieth orders of
commonly used near-infrared lasers; respectively, less than 10 and less than 10 for
HHG in gases and from surfaces), which, despite considerable efforts and financial

costs, apparently have not significantly improved over the past thirty years. The fourth
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method is the use of LIP for HHG, which began its development in the nineties of the
last century.

When a high-intensity laser pulse passes through a gaseous or plasma medium,
its atoms and ions emit odd harmonics. For a laser radiation wavelength 4, a
superposition of the components 4, 4/3, /5, A/7, etc. is observed at the output of the
nonlinear medium. The harmonics of laser radiation result from a three-stage process
that comprises the ionization of an atom (or ion), the electron acceleration in the
electromagnetic field, and the subsequent recombination with the ion and emission of
harmonics. This process is periodically repeated every half cycle of the electromagnetic
wave. The highest-order harmonics are due to the electron acceleration at the instant
of ionization at the peak intensity of the laser pulse.

A characteristic feature of the three-stage HHG is a rapid decrease in the
intensity of first (low-order) harmonics followed by a long plateau where the intensities
of high-order harmonics differ only slightly from one another, and an abrupt decrease
in the intensity of the highest-order harmonics generated (the so-called harmonic cutoff
H¢). The position of H. is determined by the ionization potential |; of the particles
participating in harmonic generation (of atoms in the case of HHG in gases and of ions
in the case of HHG in plasma) and by the ponderomotive potential, which defines the
accelerated electron energy and depends on the intensity of femtosecond radiation and
its wavelength. The main HHG properties may be characterized using the semiclassical
model [J. L. Krause et al, “High-order harmonic generation from atoms and ions in the
high intensity regime,” Phys. Rev. Lett. 68, 3535-3537 (1992). P. B. Corkum, “Plasma
perspective on strong-field multiphoton ionization,” Phys. Rev. Lett. 71, 1994-1997
(1993). M. Lewenstein et al, “Theory of high-harmonic generation by low-frequency
laser fields,” Phys. Rev. A 49, 2117-2125 (1994)], although a more accurate
description calls for a consistent guantum mechanical treatment.

Along with the microscopic consideration of the processes occurring in the
interaction of high-power ultrashort laser pulses with atoms and ions, account should
also be taken of macroscopic processes such as the effect of transmission through a
medium and group effects. These effects primarily include dephasing, absorption, and
defocusing, which were analyzed in [D. B. Milosevi¢, “Theoretical analysis of high-
order harmonic generation from a coherent superposition of states,” J. Opt. Soc. Am.
B 23, 308-317 (2006)].

The introduction of new advanced theoretical and experimental methods in
plasma spectroscopy using the high-order harmonics generation approach (for
example, using filaments, radiation sources in the mid-infrared region, external two-
color pumping, solid-state nanostructures, clusters, and quantum dots with high values
of lower-order optical nonlinearities, etc.), along with previously developed methods

will allow a deeper understanding of the physical and optical properties of materials
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through the interaction of the laser with ablated samples. This knowledge is also
extremely important for further improving the conversion efficiency of HHG and
formation of the effective sources of coherent XUV for practical needs.

From the point of view of the variety of topics implemented during the
development of this approach, HHG in plasma can be considered as a multi-panel
problem, including the interaction of laser with the matter, atomic spectroscopy, the
synthesis and application of nanomaterials, laser physics, low-density plasma studies,
quantum and nonlinear optics. As follows from the objectives of this approach, it is
aimed at studying materials due to the synergy of the above areas. The subjects of these
studies are almost all non-radioactive solid materials of the periodic table. Note that
the commonly used HHG in gases is limited to a few, usually noble, gases.
Additionally, HHG conversion efficiency in LIPs can be, in the case of some ablating
targets, larger than the one in gases. The potential of HHG spectroscopy in ablated
materials suggests its application to thousands of solids (metals, metalloids,
semiconductors, dielectrics, complex structures like large organic molecules, alloys,
nanostructured species, such as clusters, quantum dots, nanoparticles, thin films, etc.).
Thus, this HHG method significantly expands the fields of materials research using
new approaches. To facilitate this process, the development of various theoretical
approaches is required.

The use of the plasma formed during laser ablation of solids as a medium for
HHG is a very attractive and promising approach since it leads to the realization of
advantages that allow the analysis of plasma components in various ways. Plasma
media provide various possibilities for creating effective coherent sources in the XUV
region using HHG when the femtosecond pulses pass through them. The use of
extended LIPs, resonances in atomic or ionic systems, clusters, quantum dots, and
nanoparticles in plasma formations, two- and three-color pumping of LIPs, creation of
optimal conditions for energy transfer in spatially modulated plasma structures, and
other technical and fundamental advantages of this HHG approach allow us to expect
high conversion efficiency to XUV (up to ~10* for the 20 eV photons [R. A. Ganeev
et al, “Strong resonance enhancement of a single harmonic generated in extreme
ultraviolet range,” Opt. Lett. 31, 1699-1701 (2006)]), which can lead to the practical
applications of such coherent radiation sources. Similar to HHG in gases, harmonics
from plasma plumes can have unique temporal characteristics in the attosecond time
domain, which makes it possible to simultaneously generate ultrashort pulses and
diagnose various processes related to harmonic emitters [R. A. Ganeev, High-Order
Harmonics Generation in Plasmas: Resonance Processes, Quasi-Phase-Matching,
and Nanostructures, 270 pages, Springer (2022).]. Thus, further steps in this direction
require a detailed theoretical consideration of different mechanisms influencing the

process of HHG in LIPs.
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Connection of the research topic with the research activities of the
institution. Experimental results for Ph.D. research were obtained in the research
facilities of Changchun Institute of Optics, Physics and Fine Mechanics (China) and
Common Research Facility at American University of Sharjah (UAE). Theoretical
calculations and modeling simulations were performed at Changchun Institute of
Optics, Physics and Fine Mechanics (China), American University of Sharjah (UAE),
University of Latvia (Latvia) and in cooperation with simulations groups of various
universities in Germany, Japan, and Russia.

The aim of the research work is the both theoretical and experimental study of
the strong-field ionization and high-order harmonics generation in laser-induced
plasmas and gases using ultrashort laser pulses. The theoretical and experimental
analysis of high-order harmonics generation using single- and two-color pumps of
laser-induced plasmas to achieve the resonant-enhanced and quasi-phase-matching-
enhanced (QPM) harmonics emission.

The tasks of the research are:

Study of strong field ionization dynamics in molecules and on the surface of
nanoparticles under irradiance by short and ultrashort laser pulses;

Investigation of high-order nonlinear properties of gases and various laser-
induced plasmas;

Study of resonance-enhanced HHG and processes of spectral tuning with the
application of multijet plasmas;

Understanding of the mechanism of HHG with two-color pumping schemas and
with the utilization of chirped laser pulses;

Application of nanoparticles enriched laser-induced plumes for HHG.

The object of the research is the laser-induced plasmas from simple metal and
complex molecular targets, nanoparticles-containing plasmas and gas jets.

The subject of the research is the properties and characteristics of time-of-
flight spectra, high-order nonlinear optical properties of the target's materials, and
spectral characteristics of generated high-order harmonics.

Methods of the research include both theoretical and experimental. Theoretical
methods include simulation with analytical models derived in the frame of strong-field
approximation and numerical integration of time dependent Schrodinger equations.
Experimental methods include probing gas jets or forming by heating laser pulse laser-
induced plasmas with short and ultrashort probing pulses, in conditions of high
vacuum. lon yields and momentum spectroscopy are collected using an extended time-
of-flight technique, known as reaction nanoscopy. HHG emission is registered using
XUV spectroscopy method.

The scientific novelty of the research



It was demonstrated that proton momenta obtained by reaction nanoscopy are
characteristic of single nanoparticles and their clusters in an aerosol stream. It was
demonstrated for the first time that cluster signals dominate over single nanoparticle
signals at low intensities, offering a suitable explanation for discrepancies between
previous experimental data on the electron emission cutoff from silica nanoparticles.

For the first time were presented results that unravel complex and unique
molecular dynamics carried by water/heavy water molecules adsorbed on the surfaces
of SiO, nanoparticles to form Hs;*/Ds" ions. Results offer an unambiguous
demonstration of a characteristic of nanoparticles as catalysts for exotic chemical
reactions in intense femtosecond laser fields.

For the first time were performed the detailed strong-field approximation (SFA)
calculations of HHG spectra for Li, Li* LIPs, a good agreement with experimental
results was found and proper conclusions about the role of Li* ions, possessing the
highest second ionization energy, in HHG cutoff extension were reported.

It was demonstrated for the first time for the aluminum Al LIPs that the presence
of strong ionic emission lines in the XUV range does not affects the yield of single
nearby harmonics. A 5-fold growth of harmonic yield was demonstrated in the case of
Al nanoparticle (NP) plasma. SFA calculations were presented and it was demonstrated
that cutoff is attributed to the involvement of Al neutral atoms rather than Al*.

Generalization of the Gaussian exact model (GEX) for description of HHG was
formulated which allowed a fully analytical representation of SFA HHG for molecules,
without using Saddle-point technique. The explicit influence of the highest occupied
molecular orbital (HOMOQO) symmetry on peculiarities of HHG spectra, including the
polarization properties of harmonics around the minima region was demonstrated in
the case of H, and H,™ molecules.

The variations of the Cooper minimum (CM) in the HHG spectra generated
during the interaction of Ar gas with 1030 nm, 35 fs laser pulses and with applying
orthogonally-polarized fields of the fundamental radiation and its second harmonic are
demonstrated.

The enhancement of harmonics in the vicinity of 32 nm during HHG in the Mo
LIP was analyzed both numerically and experimentally.

The comparison of resonance enhancement and quasi-phase-matching together
with the combination of both processes are presented and investigated theoretically and
experimentally.

For the first time the study in carbide-containing LIPs, with SiC, B4C, and Cr;C,
nanoparticles, as media for high-order harmonics generation during single-color pump
and orthogonal polarized two-color pump with chirped and chirp-free pulses are
presented. Theoretical SFA calculations demonstrated the role of the polarization

orientations pumping fields.
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Practical results of the work. Results of the theoretical and experimental
analysis were used during the design improvement of HHG facility at American
University of Sharjah (UAE). Various codes for HHG calculations and experimental
data processing were developed and are now actively applied within the research
groups at Changchun Institute of Optics, Physics and Fine Mechanics (China),
American University of Sharjah (UAE) and the laboratory of Nonlinear Optics at
University of Latvia (Latvia).

The reliability of the research results is supported by the fact that they were
obtained using modern calculation and experimental techniques. The reliability of the
results is also based on the compatibility of obtained results with the experimental data.
Moreover, to further underline the reliability of obtained results, all articles of the Ph.D.
work were peer-reviewed by the experts in the field of nonlinear optics and published
in the highly-ranked journals attributed to the Q1 and Q2 quartiles.

Significance of research results. Theoretical and experimental results of the
research devoted to studying strong-field ionization phenomena contribute to the
development of photocatalysis and the surface photochemistry of nanoparticles, which
open routes to exotic molecular entities to be produced via non-traditional ways. The
results of research devoted to HHG contribute to a better understanding of high-order
nonlinear optical processes and practical help in developing coherent light sources in
the XUV spectral range. This work is important for the optical visualization of
nanoscale and subcellular systems, optical lithography and monitoring of the
movement of electrons in atoms, molecules, and nanostructured systems in attosecond
scale of time.

Implementation of the research results.

The obtained results of the study were used in more than 50 scientific articles, in
particular - studies of the control of the Cooper minimum in the HHG spectra were
used 4 times (T.-F. Jiang, J. Phys. B 55, 075601; G.S. Boltaev, M. Igbal , N.A. Abbasi
etal., Sci. Rep. 11, 5534; K. M. Dorney, T. Fan, Q. L. D. Nguyen et al., Optics Express
29, 38119; R. Rajpoot, A. R. Holkundkar, J. N. Bandyopadhyay, J. Phys. B 53,
205404), abnormal formation of Hs* cations on the surface of nanoparticles 5 times (J.
Wang, Q. Qu, F. Sun, et al, Optics Express, 31, 9678; V. Yalyshev, G. Boltaev, M Igbal
et al, ACS Omega 7, 28182; H. Li, X. Gong, H. Ni, Journal of Physical Chemistry
Letters 13, 5881 et al.), resonant HHG in plasma of molybdenum — 8 times (M.
Venkatesh, V.V. Kim, G.S. Boltaev, et al ., International Journal of Molecular Sciences
24, 6540; W. Fu, YH Lai, W. Li, Optics Express 30, 47315, etc.), ionization
suppression results in molecular gases are found 15 times (J.E. Szekely, T. Seideman,
Physical Letters of Review, 129, 183201; M.K. Stroe, M. Fifirig, Optik, 224, 165612;
Y. Chen, B. Zhang, J. Phys. B 45, 215601 et al.), comparison study of HHG in Ar and

various LIPs was used 9 times (R.A. Ganeev, Applied Physics B 129, 17; V.V. Kim,
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I.A. Shuklov, A.A. Mardini et al., Nanomaterials 12, 1264; D. Goldberger, D. Schmidt,
J. Barolak, Optics Express, 29, 32474, etc) and etc.

Publication of the research results. The results of the Ph.D. research are
presented in 15 peer-reviewed articles published in prestigious Q1/Q2 quartile
scientific journals recommended by the Supreme Attestation Commission of the
Republic of Uzbekistan for publication of the main scientific results of Ph.D. thesis
and displayed in the Web of Science scientific database.
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MAIN CONTENT OF THE WORK

Introduction. The results covered here are published by PhD candidate and his
coauthors in 10 scientific articles from Q1/Q2 quartiles of scientific journals. Most
theoretical calculations and experimental data for these publications were collected
during the 5 years period of work in scientific institutes and universities of Uzbekistan,
People Republic of China, United Arab Emirates and Latvia. The topics of publications
cover the main strong-filed phenomena such as strong-field ionization and high-order
harmonics generation (HHG). lonization and HHG were studied in different media,
such as atomic noble (Ar, Xe), molecular gases (N2, Hz, F2, O, etc) and laser-induced
plasmas (LIPs) produced on the surfaces of solid targets with various molecular and
structural content (metals, metal carbides, nanoparticle-containing materials). The
parameters of a main probing tool, ultrashort femtosecond laser pulses, such as pulse
energies, durations, presence and amount of chirp, were tuned, together with the
application of the two-color pump configurations. In this section the theoretical and
experimental studies of ionization suppression phenomena from simple diatomic
molecules [Phys. Rev. A 79, 023415 (2009)], ionization on the surfaces of
nanoparticles and clusters [ACS Photonics 7, 1885-1892 (2020)], formation of Hs" ions
[Nat Commun 12, 3839 (2021)]; HHG from simple metals LIPs (Li and Al) [Opt. Lett.
44, 3693-3696 (2019); J. Phys. B: At. Mol. Opt. Phys. 52, 245601 (2019)], HHG in
diatomic gases H,, H," [J. Phys. B: At. Mol. Opt. Phys. 53, 155405 (2020)],
interference process during HHG [New J. Phys. 22, 083031 (2020)], resonant-induced
effects of harmonics enhancement [J. Phys. B: At. Mol. Opt. Phys. 53, 195401 (2020)],
quasi-phase matching of harmonics [Opt. Continuum 1, 1098-1116 (2022)] and HHG
in the LIPs containing nanoparticles [Nanomaterials 12, 4228 (2022)] are presented.

Part 1. Strong-field ionization in homonuclear diatomic molecules, reaction
nanoscopy technique on the surface of nanoparticles. In this section, the results of
both theoretical and experimental studies of ionization processes under irradiation with
ultrashort femtosecond pulses are presented. First work [Phys. Rev. A 79, 023415
(2009)] is devoted to theoretical consideration of the puzzling phenomenon of no
suppression observed in experiments on strong-field ionization of laser irradiated
diatomic F, molecules as compared to its atomic counterpart Ar of nearly equal
ionization potential, while the clear signs of laser field-induced intramolecular
interference effects due to the two-centered nature of molecular wave function became
manifested by a somewhat enhanced e.g., for N, versus Ar and/or highly suppressed
e.g., for O, versus Xe ionization observed for laser-irradiated diatomic molecules
compared to their “companion” or counterpart atomic species of nearly identical
binding energies. In the presented work velocity-gauge formulation of molecular

strong-field approximation (VG SFA) was used for calculations. One of the reasons for
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developing an approach based on an alternative formulation of SFA was an inability to
receive an appropriate interpretation within the developed strong-field molecular
orbital Ammosov-Delone-Krainov (MO-ADK) theory, which also resulted in a high
suppression for ionization of F, and O, in terms of the so-called ADK model of
tunneling ionization. The approach essentially exploits the density-functional-theory
DFT method applied for the numerical composition of initial laser-free molecular states
using the modified van Leuwen—Baerends LB-intramolecular binding potential, which
incorporates both the exchange and correlation local-spin-density approximation
LSDA potentials and also allows the construction of initial laser-free wave function
correctly reproducing molecular and/or atomic valence shells and respective binding
energies. The information about the specified properties of the laser-exposed system
under single active electron (SAE) based consideration is contained in the form of the
ionization potential and Fourier transform of the initial laser-free wave function of the
n'" discrete state. In the case of laser-irradiated homonuclear diatomic molecules F»,
N2, and O, and their atomic counterparts Ar and Xe initial discrete states were
approximated by a set of valence shells of well-separated discrete binding energies and
respective wave functions, which were composed numerically using the standard
routines of the quantum chemistry GAUSSIAN-03 software. In particular, the initial
laser-free total molecular and/or atomic wave function is presently composed using a
standard Gaussian basis set (GTO) and modified employing admixing the orbitals of
sp-type and DFT calculation method applied along with the LB- model intramolecular
binding potential. The HOMO corresponding to molecular wave functions numerically
composed for N, O,, and F, and resulting in accurate values of molecular binding
energies are presented in Fig. 1 in momentum space. In particular, on the calculated
30y HOMO in N, Fig. 1a is well seen the electron momentum distribution lined up
along the internuclear axis and consists of three well-separated regions noticeably
extended along the spatial direction perpendicular to the internuclear axis. Results of
VG SFA calculation, as an illustration of the relevance of the applied DFT-based
numerical composition of molecular valence shells in homonuclear diatomics, are
displayed in Fig. 2 for instant molecular ionization rates depending on the incident laser
field intensity. In particular, Fig. 2 demonstrates no suppression in the ionization of N
as compared to F, and Ar, as well as no suppression in the ionization of F, as compared
to Ar.
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Fig. 1. [Fig. 2 in Phys. Rev. A 79, 023415 (2009)] The contour maps planar cuts of molecular
wave functions ®(p,Ro) in momentum space the Fourier transform of the respective molecular
wave functions calculated for the HOMO in homonuclear diatomics: 3og in N2 panel 1a, 1ng in F2
panel 2b, and 1mg in O2 panel 2c. The internuclear molecular axis is supposed to be lined up in a
horizontal direction.
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Thus, according to the presented DFT SFA consideration, F, proved to be more
likely ionized than Ar, in good accordance with experimental data, although in
contradiction with the respective results of the earlier alternative strong-field
considerations all predicting a high suppression in the ionization of F, versus Ar. In the
meantime, Fig. 2b suggests a high suppression in the ionization of O, versus Xe, which
is also well consistent with relevant experiments. Moreover, results in Fig. 2 also all
suggest that the ionization of either of the diatomics under consideration is always
dominated by the contribution from the ionization of their HOMO, so the respective
contribution from inner molecular shells will always be considerably smaller. It is also
interesting to note that within a whole laser intensity domain under consideration the
relative contribution from the ionization of the inner 3o shell in O, and F, remains
noticeably suppressed even as compared to that from the ionization of the inner 1w,
shell. In conclusion for results of [Phys. Rev. A 79, 023415 (2009)], the process of strong-
field ionization in the laser irradiated diatomic molecule F, compared to other
homonuclear diatomics N, and O, and their counterpart atoms Ar and Xe, respectively
was considered theoretically and studied numerically within the framework of the
velocity gauge VG version of conventional strong-field approximation SFA and
adequately described the phenomenon of no suppression in the F; ionization versus N,
and Ar. More specifically, the currently applied VG SFA approach is essentially based
on an incorporated alternative and more accurate DFT method of numerical
composition of initial laser-free molecular and/or atomic state under ionization.
Moreover, elaborated numerical methods were partially used and extended in the
subsequent works [Opt. Lett. 44, 3693-3696 (2019); J. Phys. B: At. Mol. Opt. Phys.
52, 245601 (2019); J. Phys. B: At. Mol. Opt. Phys. 53, 155405 (2020); Nanomaterials
12, 4228. (2022)] for theoretical calculations of high-order harmonics generation in
various media.
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The next two presented works in this section [ACS Photonics 7, 1885-1892
(2020) and Nat Commun 12, 3839 (2021)] are presenting experimental and theoretical
results of the sophisticated reaction nanoscopy technique, what represent a further
evolution of time-of-flight (TOF) techniques, enabling registration of momentum map
distributions for both ion and electron products of interaction of ultrashort femtosecond
pulses with targets. Fig. 3 shows experimental arrangement for reaction nanoscope, by
mean of the aerodynamic lens aerosol jet containing nanoparticles are formed. By
joining with a novel high-power fiber-based laser amplifier femtosecond system (AFS-
UFFL-300-2000-1030- 300 from Active Fiber Systems GmbH) at the American
University of Sharjah (AUS) with a central wavelength of 1030 nm and repetition rate
of 150 kHz with pulse duration of 40 fs makes world-unique combination for study of
ultrafast processes.

The interaction of laser light with these nanoparticles facilitates local field
enhancement and nanofocusing. Through interactions with intense laser pulses, control
over light-induced electron emission and acceleration on subwavelength spatial and
attosecond temporal scales can be achieved. At moderate intensities (~10'* Wem), a
variety of effects have been discovered that contribute to electron acceleration. These
include elastic electron backscattering in near-fields as well as local and nonlocal
charge interactions. At higher intensities, laser acceleration of ions and plasma
dynamics can be investigated with aerosolized nanoparticles. Based on a point-
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projection mapping concept, for sufficiently low intensities without plasma formation,
reaction nanoscopy has opened the door to the investigation of femtosecond laser-
induced photochemical processes on the surface of aerosolized nanostructures with
high spatial resolution. It was shown that relative reaction yields of deprotonation
reactions on single spherical nanoparticles can be mapped with nanometer precision at

the surface.

Atomizer
—_—

Aerodynamic Lens

Polarization

Np
Solution

Fig. 3. [Fig. 5 in Nat Commun 12, 3839 (2021)] Reaction nanoscopy. lllustration of the
experimental setup showing the nanoparticle solution (Np Solution) that is aerosolized by an
atomizer with the help of Ar as carrier gas. The aerosol is then collimated using the aerodynamic
lens producing a jet that is admitted to the ultrahigh vacuum chamber. The nanoparticles interact
with the laser field in the center of a constant-field (E) spectrometer. The ions generated from the
interaction are accelerated towards a microchannel plate (MCP) and delay-line detector (DLD).
The electrons are accelerated towards a channeltron and are used to discriminate between
nanoparticles and background ions. The inset shows a scanning electron microscope (SEM) image
of the silica nanoparticles (NanoComposix) used in the experiments.

Nanoparticles are often prepared as colloidal suspensions in suitable solvents.
The tendency of the particles to aggregate in the solution depends on a variety of factors
and can be controlled. Furthermore, in the evaporation step, droplets can contain
several single particles that can result in cluster formation. It is common for aerosol
sources to generate a beam of single particles and their clusters. In the work [ACS
Photonics 7, 1885-1892 (2020)], the point-projection mapping of near-fields to the
angular distribution of laser-generated ions is exploited to accomplish an in situ
discrimination between reaction yields from single particles and their clusters. While
the single nanoparticle exhibits a rather dipolar field distribution, the field pattern
around the dimer is more complex, larger in magnitude and strongly orientation-
dependent. These differences in the near-fields significantly affect nonlinear processes
such as strong-field ionization of the nanoparticle surface and the bond breaking of

molecules attached to the surface. Using reaction nanoscopy, proton emission was
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investigated from molecular dissociation on the surface of silica nanoparticles,
concluding that distinct differences in the proton momenta allow discrimination
between reaction yields from single nanoparticles and their clusters. Because of this
sensitivity to the precise shape of the enhanced near-field, reaction nanoscopy can be
considered, collaterally, as an in-situ particle characterization technique.

The near-field distribution around silica spheres with a diameter of 300 nm and
their dimers is obtained from FDTD simulations (Lumerical 2020a, FDTD Solver
version 8.23.2194) on a regular grid with 5 nm spacing. The probability distribution
for the generation of static, positive charges on the surfaces is calculated from an ADK-
type quasi-static ionization rate for a Gaussian laser pulse with 40 fs FWHM of the
temporal intensity envelope. An ionization potential for silica nanoparticles of 10.2 eV
was used in the simulations. The distribution of protons near the surface is assumed to
be the product of a radial Gaussian distribution (ro = 150 nm, o, = 30 nm) and a power
law (1%). The Gaussian distribution models the spatial distribution of molecules near
the nanoparticle surface, while the power law accounts for the intensity dependence of
proton generation, adapted here for a wavelength of 1030 nm. The initial positions of
protons are sampled from the corresponding probability distribution and then
classically propagated in the static field of a sample of positive point-charges drawn
from the surface-charge distribution. Trajectories inside a nanoparticle are neglected.
Multiple sets of sampled charges are simulated to ensure convergence of the final
momentum distribution. With the power law for proton generation, it is implicitly
assumed that the intensity is far below the saturation regime for proton generation,
which is ensured experimentally by a proton rate of less than one generated proton per
laser shot. The effect of focal-volume averaging can be neglected, as in the
nonsaturated regime the proton yield very strongly scales with intensity. For the
orientation averaged results for dimers, about 600 random dimer orientations were
used. For faster convergence, the sampling density for different alignment angles 6 was
adapted to the expected proton yield. The final proton momentum spectra were
obtained by a weighted sum of the results for the individual orientations.

A comparison of experiment and simulation for nanoparticles and dimmers is
shown in Fig. 4. The projection of the 3D momentum distribution onto the polarization-
propagation plane, displayed in Fig. 4b, shows near-quantitative agreement with the
experimental result (comp. Fig. 4a). The experimental and theoretical results for the
projected momenta onto the plane normal to the polarization (Fig. 4c,d) agree to a
similar extent.
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Fig. 4. [Fig. 5 in ACS Photonics 7, 1885-1892 (2020)] Comparison of experiment and simulation
for nanoparticles and dimers. (a, ¢) Measured momentum distributions of protons from isolated
nanoparticles at a peak intensity of 5 x 10 Wem™ and a sample concentration of 0.2 g/L. Here,
pprop 1S laser propagation direction, ppol is the laser polarization direction, and pjet is the momentum
component along the nanoparticle jet. (b, d) Corresponding model simulations for single
nanospheres. (e, g) Experimental data for dimers at a lower peak intensity of 1.85 x 101 Wem™
and a sample concentration of 1.5 g/L. (f) and (h) display the corresponding model simulations for
nanosphere dimers

For a better demonstration of the quantitative agreement between theory and
experiment, Figs. 5a-c show one-dimensional projections of the momentum
distributions onto all three axes. Apart from minor discrepancies at small values of |ppol|
(Fig. 5a) and large values of pyrop, the shape of all three measured distributions is well
reproduced by the model.
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Fig. 5. [Fig. 6 in ACS Photonics 7, 1885-1892 (2020)] Projected proton momentum distributions
for single nanoparticles and dimers. The projected distributions are obtained from the data in Fig.
4. The results for single particles are displayed in the first row (a)-(c). The results for dimers are
depicted in the second row (d)-(f). The first column (a), (d) shows the momentum component
along the laser polarization ppol, the second column (b), () the component along the laser
propagation axis pprop, and the third column (c), (f) shows the component along the nanoparticle

jet pjet
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In the [Nat Commun 12, 3839 (2021)] are presented results that unravel complex
and unique molecular dynamics carried by water/heavy water molecules adsorbed on
the surfaces of SiO, nanoparticles to form Hs*/Ds" ions. This bimolecular
photochemical reaction, which involves proton/deuteron migration as well as bond
cleavage and bond formation, is shown to lead to the formation of H3*/D3" from two
water/heavy water molecules. Results offer an unambiguous demonstration of yet
another characteristic of nanoparticles as catalysts for exotic chemical reactions in
intense femtosecond laser fields. The same experimental arrangement as in [ACS
Photonics 7, 1885-1892 (2020)] is used. To investigate the formation of Hz*/D3* from
water/heavy water molecules adsorbed on the surface of silica nanoparticles, a series
of experiments on SiO, nanoparticles (300 and 100 nm diameters) were conducted,
which were suspended in deionized H,O and D,0, before their injection into the
vacuum chamber. The silica nanoparticles were exposed to laser intensities that are
well below the intensities where metallization is expected to occur and, therefore, the
effects of plasmon excitations can be neglected. To ensure the accuracy of
experimental results, by Fourier-transform infrared (FTIR) spectroscopy was
confirmed, that nanoparticles possessed a pure surface, devoid of any hydrocarbons;
the surface exclusively comprised silanols. The absence of hydrocarbons from the
surfaces of nanoparticles is essential for our experiments, as it allows to precisely and
unambiguously identify the source of the emitted trihydrogen and trideuterium ions.
Fig. 6 shows a comparison between the TOF spectra of 100 nm silica nanoparticles
suspended in D0 and H,0. The observation of D3" when D,0 is used as a suspension
solution is unequivocal evidence in support of the formation from water adsorbed on
the nanoparticle surface. Moreover, the existence of HD," in the TOF spectrum
provides further confirmation, as it can only be produced when a D, moiety is formed
through a migration mechanism in a single D,O molecule followed by the abstraction
of a proton from a neighboring silanol ion. The TOF spectra in Fig. 6 reveal a
considerable difference in yield between Hs;™ and D3;* emitted from the surfaces of
nanospheres inhabited by H,O and D,O, respectively. The relative yield of the
trihydrogen ion, which is calculated as the ratio of the area under the Hs* peak to the
sum of areas under H*, H," , and Hs" peaks, was found to be 5.4% when produced from
nanoparticle surfaces inhabited by H,O. In the case of D,0, we found the relative yield
of D3" emitted from D,O molecules on the surface of silica nanoparticles to be ~0.38%.
We have also measured the relative yield of HD," to be ~0.54%. Thus, the sum of the
yields of D3* and HD," remains less than that of Hs* emitted from the surface of silica
nanospheres inhabited by H,O. As isotopologs, H,O and D,0 have nearly identical
values of ionization energy and a very similar intensity requirement to initiate the
hydrogen migration process as well. It is therefore expected that the relative yields of

Hs" and D" will be similar. However, the difference in the yields between H;" and Ds*
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suggests tantalizing possibilities of the existence of multiple novel pathways to form
the trihydrogen cation as follows: (i) the production of Hs™ exclusively from water
adsorbed on the surface (ii) or solely from silanol, (iii) a hybrid process involving
silanol and water where in H, is formed from silanol, followed by acquisition of a
proton from water, and (iv) a hybrid process where the H; is generated from water,
which then abstracts a proton from silanol.
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Fig. 6. [Fig. 2 in Nat Commun 12, 3839 (2021)] lon emission from D,O in gas phase and on
nanoparticles. (Left panel) Comparison between time-of-flight spectra for D20 in the gas phase
for different laser intensities as indicated. The observed H* ions originate from background gas.
(Right panel) Comparison between TOF spectra taken for DO in the gas phase at 9.5 x 10 Wem-
2 laser intensity and ions emitted from the surface of 100 nm nanoparticles inhabited by D,0
molecules at a laser intensity of 1 x 10* Wem™. Only the spectrum associated with nanoparticles
demonstrates the formation of D>*, HD." , and D3" ions.

If there were a significant exchange between D,O and SiOH to generate
deuterated silanols, D;" would have been formed through four different pathways
(similar to H3*™ in the case of H,O described above) and, consequently, the TOF spectra
in Fig. 6 would have displayed a higher yield of Ds" compared to Hs* in the “D,0O on
Si0,” experiments, as, in this case, the formation of D3" would have a pathway from
deuterated silanol in addition to two hybrid pathways and one solely from DO.
However, based on our FTIR spectra taken at different time intervals of the particles
in D,0 solution and the observed TOF spectra, we do not find any evidence suggesting
significant deuteration of silanols under our experimental conditions. A quantitative
explanation of the processes involved in the formation of the high energy Hs* and D3*
ions observed in presented experiments defies existing theoretical models. Any
theoretical model that is to be developed needs to properly account for the dynamics
of laser-field-induced ionization and fragmentation of water molecules on the surface
of nanoparticles.
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Part 2. High order harmonics generation: Simple systems. In this section the
results of both theoretical and experimental studies of high-order harmonics generation
processes in “Simple” systems are presented. The “simplicity” is defined by
consideration of only relatively small number electron configurations atomic systems
— HHG from Lithium (Li) [Opt. Lett. 44, 3693-3696 (2019)] and Aluminum (Al) [J.
Phys. B: At. Mol. Opt. Phys. 52, 245601 (2019)] LIPs; and HHG spectra simulation
from simplest hydrogen molecule and ion — H; and H,* [J. Phys. B: At. Mol. Opt. Phys.
53, 155405 (2020)].

The theoretical background for all these three works was sufficiently similar -
numerical calculations within the strong field approximation (SFA) approach,
commonly referred to as the Lewenstein HHG model were used with different
additional prerequisites or improvements. Lewenstein HHG model is involving three
steps: tunnel ionization from the highest occupied bounded state, acceleration of the
free electron in the laser field, and recombination of the electron to the state from which
it originated. The last step leads to emission of a photon. Contribution of intermediate
resonances is not taken into account, ignoring nuclear dynamics and considering the
evolution of the molecular system only from the highest occupied atomic (AO) or
molecular (HOMO) orbital.

First work in this section [Opt. Lett. 44, 3693-3696 (2019)] is devoted to the
theoretical explanation of HHG spectra for Li LIPs. Targets of high ionization potential
have been considered promising sources of short-wavelength HHG. This is attributed
to the three-step model of HHG, where the cutoff energy is given by Ecyosr = Ip +
3.17U,. Here, I, is the ionization potential of the atom, and U, is the ponderomotive
energy of the electron in the laser field. One method to extend the cutoff energy is to
use target materials that have high ionization potential (such as helium or neon) to
reduce the effect of ionization. An alternative method to extend the HHG cutoff has
been demonstrated by using alkali ions from a laser plasma source as the nonlinear
medium. Their higher ionization potential will allow the increase of I,, which should
also contribute to increasing the cutoff energy. The analyzed experimental HHG
spectra and the cutoff position showed strong mismatch with the expected contribution
from Li ions with the highest second ionization potential of 75.6 eV, which potentially
is making Li the most promising source of ultrashort wavelength coherent radiation,
which hindered a proper interpretation of the observed extended cutoff position.
Moreover, Li has the simplest electron configuration, among the solids at normal
conditions, which makes it attractive for simulation and comparison with available
experimental data. Additionally, we HHG spectra for Li ion and He atom were
compared, since they both have closed 1s atomic orbital.
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For the 2s atomic orbital of Li atom, with ionization energy 5.39 eV, we used an
expansion in a set of 8 STO basis functions. The HHG spectra were calculated for
parameters of laser field close to those used in the experiment with a wavelength equal
to A = 795 nm and pulse duration T, = 150 fs. Results for P;(€2) of 2s atomic orbital of
Li atom are presented in Fig. 7, for different intensities and corresponding Keldysh
parameter yx. For the range of laser intensities used, yx is less than 1, ensuring the
validity of the tunneling model leading to well-defined plateau region. In the
experiment, the shift of the cutoff position to higher orders was attributed to
contributions from the singly charged Li ions, which possess high second ionization
potential (75.64 eV). The barrier-suppression intensity for the singly-charged lithium
ion is estimated to be 3.2 x 10 Wem2, while Igs < 102 Wem for neutral Li atom.
Therefore, it is expected that with such a small Igg, for neutral Li, most of the atoms
will be ionized already in the initial part of the 150-fs laser pulse. For Li, the cutoff
would be around the 97-th order for laser intensity 1, = 4 x 10 Wcm2. However, the
experiment had shown no influence on HHG cutoff position from singly charged ions.
To further support the conclusion that singly charge ions do not contribute to the HHG
cutoff, we analyzed the interactions using the Keldysh parameter for I, = 75.64 eV and
I, = 4 x 10 Wcm. At these values, yk is equal to 1.26. Which means that the process
is of multiphoton nature.
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Moreover, at these parameters, the applicability of the Lewenstein’s model and
SP approximation become questionable. Nevertheless, we performed calculations for
the Li* 1s atomic orbital, and the results are presented in Fig. 8. We also carried out the
QO estimation of the cutoff position at these conditions. In the case of Figs. 8(a) and
8(b), HHG spectra have the multiphoton nature. The slope function (red line),
corresponds to the dependence of the form of ~Co(C1xI,)¥, where k is the harmonics
order. Plateau harmonics start to appear only at very high driving pulse intensities, as
can be seen in Figs. 8(c) and 8(d). It is clear that for yx > 1 and yx = 1 in the case of Li
ions, the QO approach fails to describe the position of the cutoff. We see it in Fig. 8(b),
for y« = 0.8, when again no plateau region and no harmonics at 169" order, and
therefore, no harmonics at 217th order appear in the HHG spectra. Our calculations
demonstrated that with parameters close to those used in the experiment, there is no
cutoff extension.

Similar problems of the stable aluminum LIP formation and HHG from this
source were studied both theoretically and experimentally in [J. Phys. B: At. Mol. Opt.
Phys. 52, 245601 (2019)]. From the experimental point of view conception of stable
HHG from a rotary Al rod target was realized. The application of 35 fs pulses as the
heating radiation allowed the extension of harmonic cutoff up to the 35" harmonic
(54.2 eV, Fig. 9a). This figure shows the images of stable harmonics generation during
ablation of the rotating Al rod. Our studies showed that stable harmonic emission in
the case of rotating target (Fig. 9b, curve 1) was significantly worsened once the
rotation stopped (see the curve 2 of Fig. 9b). The same can be said about the emission
lines of Al in the shorter-wavelength range. Figs. 9c and 9d show the decay in the
plasma emission at the wavelength of the Al Il transition excited by femtosecond
pulses. After ten seconds from stopping the rotation of Al rod the intensity of 17.01 nm
line decreased by almost three times (Fig. 9c). The same was observed in the case of
ablation by picosecond pulses. Inset in Fig. 9d shows the raw image of Al 111 plasma
line at the wavelength of 17.01 nm excited using 200 ps, 800 nm heating pulses.
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Fig. 9. [Fig. 4 in J. Phys. B: At. Mol. Opt. Phys. 52, 245601 (2019)] Stability measurements of the
plasma and harmonic spectra from the plasma produced on the rotating aluminum rod. (a)
Combined images of HHG spectra collected during 5 min. The upper and bottom panels of spectra
correspond to the heating of Al rod by 200 ps and 35 fs pulses respectively. (b) Time-dependent
variation of the intensity of the 15th harmonic generated from the aluminum plasma produced by
picosecond pulses. Curve 1 corresponds to a constant rotation of Al rod and curve 2 corresponds
to the abrupt termination of rotation. Inset: snapshots of 15 pulses of H15 collected during 1.5
seconds of ablation of the rotating aluminum rod. (c) Decay of plasma emission (17.01 nm, Al 1)
and harmonics after abrupt stopping of rotation rod at the moment corresponding to 0 s. (d)
Decrease of 17.01 nm emission excited by 35 fs pulses during ablation of stopped Al target. Inset:
Image of the part of XUV spectrum showing the decay of 17.01 nm emission line of Al 111 excited
by 200 ps pulses after stopping the rotation of ablating rod.

To address the observed harmonic cutoff in aluminum plasma we used the
Lewenstein model of HHG. Al and Al* were modeled using simple hydrogen-like
atomic orbitals. The first and second ionization potentials were taken equal to 5.98
eV and 18.83 eV. The results of our calculations are presented in Fig. 10. The
positions of cutoff for each spectrum were estimated using the expression, where the
cutoff was equal to the integer part of (1,+3.2Up)/o (I, is the potential of ionization,
U, is the quiver energy of electron and o is the frequency of laser). The evaluation
of barrier suppression intensity gives us Igsi = 2.6x10* Wcm2 for the first and lgs; =
2.7x10% Wcm for the second ionization potentials. Our simplified model
demonstrates some mismatch in the value of laser field intensity in the focal spot.
According to calculations, HHG spectra achieve the H35 cutoff at | =2.5x10* Wcm-
2 for neutral Al atoms and at | = 2x10* W cm for Al*. The difference between
experiment (I = 3.5x10* Wcm=2) and theory can be partially explained by the
uncertainty of the experimental measurements of laser intensity. Although the
presence of positively charged ions is confirmed by observation of the plasma
emission, Lewenstein model predicts sufficiently lower conversion efficiency for
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Al" ions. On the top left panel of Fig. 10 we show two HHG spectra from Al and Al*
at laser intensity | = 2.5x10* Wcm, one can compare the conversion efficiencies
from two components of plasma, which is sufficiently lower in the case of Al* at the
middle of HHG plateau and 2 orders of magnitude less in the cutoff region.
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Fig. 10. [Fig. 3 in J. Phys. B: At. Mol. Opt. Phys. 52, 245601 (2019)] Calculated harmonic
spectra for Al (left panel) and Al+ ion (right panel).

In [J. Phys. B: At. Mol. Opt. Phys. 53, 155405 (2020)] we address the problem
of HHG from H, and H," molecules, which are very attractive for being the simplest
molecular systems to test any theory. Moreover, previous predictions on HHG from
those systems have not yet been supported by experimental measurements. We present
a generalized approach, designated as GEX (Gaussian exact model), based on the
representation of initial field-free active highest occupied molecular orbital (HOMO)
as linear combination of atomic orbitals (LCAO) and apply it to the problem of HHG
from H, and H," molecules. Since, by its own ideology of SFA, all information about
spatial (including all symmetries) and momentum electron distribution are contained
in the initial wavefunction, it is very important to build it in a proper way. Common
ways are the application of tabulated data of Hartree—Fock—Roothaan solutions or the
determination of the coefficients by using computational chemistry codes like
GAUSSIAN or GAMESS. Additionally, depending on the choice, two types of basis
sets appear for approximate representation of HOMO, Slater-type orbitals (STO) and
Gaussian-type orbitals (GTO). We chose GTO basis since it allows us to get closed
analytical expression for the induced molecular dipole moment. Using the obtained
expression, we analyze HHG spectra for simplest diatomic molecules H," and H, with
various laser parameters.

First of all, we defined the initial wavefunction of the active electron at the
starting moment in the absence of a laser field. Fig. 11 shows the probability maps |®[?
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in the (X, y) plane for H; (left bottom panel) and H," (right bottom panel) molecules.
These wavefunctions were obtained using the Gaussian 03 code, restricted Hartree—
Fock (RHF) and unrestricted Hartree—Fock (UHF) model calculations with the STO-
6G basis chosen in the case of H, and H," molecules, respectively. The internuclear
distance is fixed at 2 x ro = 1.4 a.u. for Hy and 2 x ro = 2 a.u. for H," (Fig. 11, top panel).
Reproduced ‘vertical’ ionization energy for H, and ionization potential for H," are
close to experimental values.

Fig. 11. [Fig. 1in J. Phys. B: At. Mol.
Opt. Phys. 53, 155405 (2020)]
) B 1 Probability maps for H (left bottom
panel) and Hz* (right bottom panel)
molecules plotted on the base of
calculation of the Gaussian 03 code
with schematic orientation (left
bottom panel) of laser polarization
axis (red arrow) and molecular axes
(cyan line with 2 circles on ends). 0 is
the angle between these two
directions. On the top panel is plotted
—— Distance (a.u) sectional view along molecular axis
for Hz (green solid line) and H2* (red
solid line)

In Fig 12 we plot the results for A = 1300 nm and I, = 5 x-10** Wcm™2, At these
parameters of laser field we have Ncuoii= 281. Panel (a) of Fig. 3 shows the spectra for
the limiting cases 0 = 0" (open red triangles) and 6 = 90° (filled black rhombuses). Here
we observe a well-determined minima in the plateau at around the 145™ harmonic for
Dy at 6 = 0°. Since the minimum is placed deep inside the plateau, its valley does not
affect the cutoff region. The interference minima travel at 6 = 15°, 30° and 45° (panels
(b), (c) and (d)) for the Dy component parallel to laser field (open red square), with the
positions of minima corresponding to 155, 189", and 269" orders. For panels (b), (c)
and (d) the total spectral intensity W (black filled circles) was calculated since the
existence of the non-zero contribution of Dy. One can again see that with increasing 0
the effect of minima vanishes. This feature is clearly seen on panels (c) and (d) where
we have the flat plateau region for W. As a result, it will be impossible to recognize
the presence of minima at high 6 in the experiments with harmonics detectors based on
intensity or photons counting techniques. Another conclusion is a requirement of very
accurate orientation of molecules in space by prepulse, since the interference minima
is well observed only for narrow angles at around 6 = 0" as well as the dependence of
interference minima position on the molecular angle can shift its position beyond

plateau region.
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Fig. 12. [Fig. 3in J. Phys. B: At. Mol. Opt. Phys. 53, 155405 (2020)] Calculated harmonic spectra
for Hz molecule with & = 1300 nm and I, = 5 x 10* Wem™. Red arrows show the positions of the
minima and green arrows indicate the cutoffs. Panel (a) presents the HHG spectra for D
component at 6 = 0" (red open triangles) and 6 = 90° (black filled rhombus). Panel (b) shows the
spectra for Dx component (open red squares) and W = |Dx|? + |DyJ? (filled black circles) at 6 = 15°;
inset presents the calculated ellipticity for 6 = +15° (solid red circles) and 6 = -15° (solid green
circles). Panel (c) shows the spectra for Dx component (open red squares) and W (filled black
circles) at 6 = 30°; inset presents the ellipticities for 8 = +30° (solid red circles) and 6 = -30° (green
solid circles). Panel (d) shows the spectra for Dx component (open red squares) and W (filled black
circles) at 6 = 45°; inset presents the ellipticities for 6 = +45° (solid red circles) and 6 = -45° (green
solid circles)

Concerning polarization properties, our model predicts the existence of
elliptically polarized harmonics at around the spectral minima at small values of 6. This
peculiarity is demonstrated in panel (b) of Fig. 12. The ellipticity of harmonics are
plotted with solid red and green circles, corresponding to the rotation of molecular axis
in positive (0 = +15°) and negative (6 = -15) directions. Panels (c) and (d) of Fig. 12
show that, with increasing angle 0, the ellipticity decreases. However, since the Dy
compensates a decrease of Dy in the region of minima, the polarization direction of
harmonics becomes oriented along y direction, thus remaining linearly polarized. This
effect is strongly expressed for cutoff harmonics at 6 = 45° in panel (d) of Fig. 12. At
the present moment there is no experimental HHG polarimetry measurements for
H./H," molecules, but in [X. Zhou et. al “Elliptically Polarized High-Order Harmonic
Emission from Molecules in Linearly Polarized Laser Fields” Phys. Rev. Lett. 102,
073902] was found that harmonic emission from nitrogen N, can be strongly
elliptically polarized even when driven by linearly polarized laser fields. In Fig. 13 we
present the calculated HHG spectra from H," ion at different laser parameters and 6.
HHG spectra at A = 800 nm are combined for 6 = 0° and 6 = 90°, since the interference
minimum in the former case is not so pronounced and it is simpler to recognize it with
regard to the background spectrum at 6 = 90°. The positions of minima for these
wavelengths are at around Ay = 13 nm (61" and 79" orders). Panels (b) and (c) show
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the positions of minima for 6 = 15° and 30°. One can see that, for small angles (0° and
15°), the positions of minima almost coincide with each other. Inset in panel (b)
demonstrates the polarization properties of emitted harmonics for A = 800 nm (solid
red circles) and A = 1030 nm (solid green circles). The group of harmonics at around
minima are elliptically polarized, similarly to the cases shown in Fig. 12. Panel (c)
shows the total intensity W at A = 800 nm (black filled triangles) where the minimum
was suppressed since the Dy component becomes dominant.

Fig. 13. [Fig. 5 in J. Phys. B: At. Mol. Opt.

Phys. 53, 155405 (2020)] Calculated
Photon energy (eV) harmonic spectra for H,* ion. Red arrows
124 826 62 496 413354 show the positions of interference minima.
Lo s ! Panel (a) shows the HHG spectra for Dy
R e St component of at 6 = 0", with A = 800 nm, I =
7 x 10%* Wem2 (filled red circles), at 6 = 907,
with A = 800 nm, In= 7 x 10** Wem? (filled
black squares), and at 6 = 90 with A = 1030
nm, In = 5 x 10 Wem? (open blue
rhombuses). Panel (b) shows the HHG
spectra for Dx component at 6 = 15°, with A =
800 nm, I, = 7 x 10 Wem? (filled red
Fl circles) and with A = 1030 nm, I =5 x 10*
T“ Wcem? (open blue rhombuses). Inset shows
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Generalization of GEX model, combined with LCAO representation of HOMO
allowed us to analytically calculate the three-dimensional integrals over momentum,
without using Saddle-point technique. We have demonstrated the explicit influence of
HOMO symmetry on such a peculiarity of HHG spectra, as the presence of interference
minima. We confirmed the conclusions of the numerical simulations on the base of
direct TDSE solution that the position of interference minima in HHG spectra does not
depend on the parameters of laser radiation, such as wavelength and intensity. The
position of minima strongly depends only on the internuclear distance in molecule for
bonding molecular orbital and angle 6 between the polarization direction of linearly
polarized laser field and the molecular axis. We have demonstrated that the polarization
properties of harmonics around the minima region strongly change with variation of 0.

Part 3. High order harmonics generation: Complex phenomena. This section
Is devoted to complex phenomena, observed in process of HHG in gases and LIPs

containing resonant-possessing materials, nanoparticles and combined with multi-jet
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LIPs formation conditions and by altering properties of pumping pulses. In [New J.
Phys. 22, 083031 (2020)], the systematic study of control Cooper minimum in Ar gas
with the change of pumping conditions was presented. Generation of single, enhanced
resonant harmonics from Molybdenum LIP was studied both theoretically with solving
TDSE and experimentally in [J. Phys. B: At. Mol. Opt. Phys. 53, 195401 (2020)]. Joint
effect of structured, multi-jet plasma plumes application to the materials possessing
resonant-enhanced harmonics are studied in [Opt. Continuum 1, 1098-1116 (2022)].
Results with HHG from LIPs containing nanoparticles made of metal and
semiconductor carbide materials are presented in [Nanomaterials 12, 4228. (2022)].

Most of experimental results of works presented in current and previous sections
are obtained with HHG facilities built by our group at Changchun Institute of Optics,
Fine Mechanics and Physics (CIOMP, China) and at American University of Sharjah
(AUS, United Arab Emirates). The common scheme of HHG facility can be presented
by Fig. 14.
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Fig. 14. The common experimental scheme of HHG.

The uncompressed picoseconds laser pulse after amplifier (AMP) is directed by
a mirror (M) to the compressor comprising the compressing grating (CG), vertical
retroreflector (VRR), and horizontal retroreflector (HRR). The compressed probing
pulse (PP) propagates through the optical delay line (DL) and then focuses through a
spherical focusing lens (FL1) inside the vacuum chamber (VAC) comprising the target
chamber and XUV spectrometer. The focused pulses propagate through the 0.2 mm
thick barium borate (BBO) crystal to generate a second harmonic (SH) beam for the
two-color pump of plasma. The femtosecond/picoseconds/nanosecond heating pulses
(HP FS) are focused by a focusing lens (FL2) on the target (TG) to ignite the laser
plasma. Optionally, nanosecond heating pulses (HP NS) can be used. The generated
harmonics and fundamental radiation propagate through the slit (SL) and enter the
XUV spectrometer comprising the gold-coated cylindrical mirror (CM), flat-field
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grating (FFG), and micro-channel plate (MCP). M1 and M2 are the mirrors on flipping
mounts for selecting either between femto/pico or nanosecond heating pulses.

The observation of distinct local minimum in the high-order harmonic emission
from noble gas targets can be considered as fingerprint of presence of so-called Cooper
minimum (CM), which is also present in the XUV photoionization of noble gases. The
appearance of the minimum in the harmonic’s distribution from single-atom HHG
spectrum of Ar has been attributed to radiative recombination of an electron to atomic
ion, which is the inverse process of photoionization where the cross section has a
minimum. It was demonstrated in [New J. Phys. 22, 083031 (2020)] the application of
two orthogonally-polarized fields of fundamental radiation and its second harmonic,
which is also used to generate controllable yields of odd and even harmonics, led to
diminishing the CM in the harmonic spectra.

Fig 15. [Fig. 3 in New J. Phys. 22, 083031

(a) Photon energy (eV) (b) Photon energy (eV) (2020)] Spectra Of hal’monICS generatEd
T_e M ® B war 1 in Ar at different experimental
wortT o m |, T e 1 conditions. (a) Modification of cutoff
e MM{UMF \ | 1 energy by changing the diameter of the
R Sy ] A £ ot |Barbaosmow] 1 iris placed in front of the focusing
5™ £ o] .1 spherical lens in the case of single-color

P + H63 ~ T -
e | Tl |2 DL Wil pump (1030 nm). The dashed black line
= 30000 | Eaa70 ] 1 2 [Eemeao] i shows the position of CM at the photon
OJMMM o] 2 ' ws | energy ~49 eV (H41). The solid arrows
= Ut | £ . " show the width of CM. (b) Same
oo, 12320 | I T TR ] 1 dependences are presented in the case of
“I“ s 1 orthogonally polarized two-color pump

. ] ) b (1030 nm + 515 nm) of argon, which

° Ol om P ® Wavelengthomy . Show the absence of CM. Dashed black

line in this figure shows the position of
CM in the case of a single-color pump.

The intensities of different harmonics as well as the width and depth of CM were
analyzed at different experimental conditions, particularly by varying the intensity and
spatial conditions of the driving 1030 nm pulses and by using a two-color laser pump,
as shown in Fig. 15. In these experiments the driving beam sizes were changed using
an iris with variable diameter. Also, the gas jet was moved at different positions with
respect to the focal plane of focusing lens. The disappearance of CM by changing the
phase-matching conditions based on the defocusing-assisted phase mismatch of the
driving pulses in Ar is shown in Fig 15(2) [E, = 470 pJ, at the 12 mm beam diameter
after the iris]. We also analyzed the dependence of CM width on the energy of the
driving laser pulses. The panels in Fig. 15(a) show the dependence of harmonic cutoff
energy on the energy of the driving femtosecond pulses. The increase of the energy of
laser pulses led to increase in the cutoff energy. During these experiments, harmonics
up to the 69" order [A = 14.9 nm, upper panel of Fig. 15(a)] were observed. In the case
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of two-color pump scheme, no CM was observed with the variation of the beam
diameter [Fig. 15(b)], but, strong odd and even harmonics yields were observed as a
function of the total energy of the driving and SH pulses (E,, + E,).

For the theoretical explanation of the underlying Ar HHG mechanisms the time-
dependent Schrodinger equation was numerically integrated. Since orthogonally-
polarized laser fields were used in the experiment, solution for full three-dimensional
TDSE is presented. To consider the focal volume effect and phase matching in the
propagation, the TDSE was solved thousand times for different IR intensities and
different ratios of the two-color laser fields. Since CM may be washed out after the
phase matching process, the atomic HHG without the focal volume averaging and
phase matching was presented first to study the dynamics of the CM in HHG at the
atomic level. The convergence of the simulation was checked by comparing the results
from length and acceleration forms and only the HHG in the acceleration form is
presented. Fig. 16 shows the HHG of Ar atoms in orthogonally-polarized laser fields.
Also the experimental single photoionization cross section and simulations based on
the linear response theory are plotted.
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Fig. 16. [Fig. 5 in New J. Phys. 22, 083031 (2020)] (a) Ar single photoionization cross sections
from the experiment and simulations. Variation of HHG spectra generated from Ar atoms in two-
color laser fields for (b) lo:l2 = 1:0; (€) lo:l2e = 25:2; and (d) lo:le = 5:2 with I, =2 x 10 Wem'
2

In the simulations, the polarizability was directly calculated, with its real part
relating to the refractive index of Ar gas, and the imaginary part representing the
photoabsorption as shown in Fig 16(a). Simulations are in good agreement with the
measurements for the photoionization as shown in Fig. 16(a). The single
photoionization cross-section to the d-partial wave reaches zero or CM around 40 eV,
which is lower than the measured one. There is no CM for the 3p — s-partial wave in
that energy regime, and the cross-section is much smaller. In the simulations, the z-
direction as the propagation direction of the IR pulses, and the x-direction as the
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direction of polarization were chosen. The polarization of the second harmonic laser
field is along the y-direction. To clearly show the physical origin of the CM, plot the
HHG from Ar 3po (with magnetic quantum number = 0) in the single color laser field
in Fig 16(b). During the conservation of the magnetic quantum number, the 3p, state
can only reach a state with magnetic quantum number m = £1, not an S-state by a
photon polarized in the x-direction, therefore, s-partial wave does not contribute to the
HHG and there is very deep minimum around harmonic order of 30. This shows that
the present model potential can be used to investigate the CM qualitatively although it
differs from the measured one in position. Without the second harmonic laser, the HHG
shows a clear CM in the power spectra as shown in Fig 16(b) even after we sum all the
contributions from 3p.;, 3po states coherently (the subscripts stand for the magnetic
quantum numbers). The position is shifted and the width is broadened by the IR laser
field due to the ac stark shift. The CM exists even in a very strong laser field. When a
second harmonic laser field (polarized in the y-direction) orthogonal to the
fundamental one (polarized in the x-direction) is added, both even and odd harmonics
appear with even harmonics polarizing along the y-direction and odd harmonics
polarizing along the x-direction as shown in Fig 16(c). As the intensity of the second
harmonics increases further, as shown in Fig 16(d), the CM almost disappears.

The enhancement of harmonics in the vicinity of 32 nm while generating them
in the Mo laser-produced plasma is presented in [J. Phys. B: At. Mol. Opt. Phys. 53,
195401 (2020)]. Resonant harmonic is analyzed using various methods to optimize
amplification process. The role of a strong ion transition with a large oscillator strength
leading to an increase in the nonlinear optical response is discussed. The experimental
findings were compared with numerically simulation of HHG from Mo using state-of-
the-art implementation of an all-electron three-dimensional real-time ab-initio method
called the time-dependent complete-active-space self-consistent-field (TD-CASSCF)
method. In this method, the all-electron total wave function is expressed by the
following superposition of Slater determinants consisting of time-dependent spin-
orbital functions. The harmonic spectra obtained for Mo | and Mo Il as the initial
system for a laser pulse with 806 nm central wavelength, 2 x 101 Wcm peak intensity,
and foot-to-foot four-cycle sin? pulse shape are shown in Fig. 17. The curves for Mo |
(black) and Mo Il (red) mostly overlap each other, since the neutral Mo is quickly
ionized to produce Mo Il plasma.
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Fig 17. [Fig. 7 in J. Phys. B: At. Mol. Opt. Phys. 53, 195401 (2020)] (a) HHG spectra calculated
starting from Mo | (black) and Mo 11 (red). The spectrum for Mo Il calculated with frozen core up
to 4p (light blue). (b) Close-up.

We can see enhancement around 38 eV (32.6 nm, ~H25) and suppression around
33-34 eV (~36-38 nm, ~H21-H22) which well reproduce the experimental features
discussed in Fig 18 below. In Fig. 17 is also shown the spectrum calculated for Mo I
with up to 4p orbitals treated as frozen core in the simulation (light blue). Freezing 4s
and 4p leads to disappearance of both features, which implies that the dynamics of 4s
and/or 4p is relevant with them. The experimental results for 806 nm driving pulse
energy on the variation and enhancement of harmonics from Mo plasma at the
conditions of TCP (806 nm + 403 nm) is shown in Fig 18(a). The increase of driving
pulse energy from 0.5 to 1.3 mJ caused both the enhancement of conversion efficiency
of H2 and the growth of harmonic yield along the whole range of their observation.
Notice the appearance of the group of enhanced harmonics with the increase of the
energy of DP. The interesting observation is the stronger H26 compared with H25,
which demonstrates the optimization of resonance-induced process for the harmonic
order, which is better suited to the optimal phase relations between the driving field
and even harmonic (H26). The shift of the optimal harmonic order (from H25 towards
H26) is clearly seen. Experimental results on the role of 806 nm driving pulse energy
on the variation and enhancement of harmonics from Mo plasma at the conditions of
TCP (806 nm + 403 nm) is shown in Fig 18(a). The increase of driving pulse energy
from 0.5 to 1.3 mJ caused both the enhancement of conversion efficiency of H2 and
the growth of harmonic yield along the whole range of their observation. Notice the
appearance of the group of enhanced harmonics with the increase of the energy of DP.
The interesting observation is the stronger H26 compared with H25, which
demonstrates the optimization of resonance-induced process for the harmonic order,
which is better suited to the optimal phase relations between the driving field and even
harmonic (H26). The shift of the optimal harmonic order (from H25 towards H26) is
clearly seen once one compares two bottom panels of Fig 4(a) showing the harmonic
spectra in the case of TCP and SCP, respectively.
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The comparison of two processes, resonance harmonic generation and quasi-
phase-matching, resulting in the enhancement of the high-order harmonics of ultrashort
pulses during propagation through different laser-induced plasmas (vanadium,
antimony, indium, and manganese) is presented in [Opt. Continuum 1, 1098-1116
(2022)]. The tuning of maximally enhanced harmonics during quasi-phase-matching
in multi-jet plasmas with simultaneous enhance of the resonantly-enhanced harmonics
are demonstrated. Theoretical calculations supporting experimentally observed single
harmonic enhancement (SHE) in the frame of four-step model and quasi-phase-
matching (QPM) of a group of harmonics phenomenon in LIP independently of SHE,
within the framework of the interference model and the nonperturbative approach were
performed. Within the selected framework the medium was represented as a series of
atoms interacting with a laser field, having parameters depending on the position of the
atom in the medium. Due to the propagation in the medium, the parameters of the laser
field change from atom to atom. The response of individual atoms is calculated in the
framework of the nonperturbative theory (amplitudes and phases of harmonics and its
dependencies over the position of the atoms inside the LIP extracts from numerical
experiments). The total response of the photoemission of the medium is calculated
following the interference model (as a sum of coherently generated emitters). The
parameters of the laser fields (intensities of single and two-color laser field
components, their temporal widths, and delay times between the components of two-
color laser fields) and the plasma parameters (such as widths of LIP jets, their number,
densities of plasmas) were selected in accordance with the experimental data.
Parameters of the laser field change during the propagation in the LIP due to dispersion.
The influence of plasma is taken into account by the Lorentz theory. Reabsorption of
the generated radiation is not taken into account.
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The results of numerical calculations of the QPM enhancement of harmonics in
the four studied plasmas are shown in Figs. 19 and 20 (indicated by stars). The
experimentally measured QPM enhancements are also shown in Figs. 19 and 20 for
direct comparison (indicated by squares). The positions of the maximally enhanced
harmonics calculated numerically and measured experimentally, almost coincide with
each other. Moreover, the calculated values of the QPM enhancement also correspond
to the experimentally measured ones. The results of numerical calculations allow us to
separate the influence of QPM and SHE: in all calculated cases, the influence of QPM
on the resonance-enhanced harmonic is constructive. As a result, in most cases, the
decrease in the number of ions is compensated by a small addition of QPM-induced
enhancement of “resonance’ harmonics.
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Fig. 19. [Fig. 6 in Opt. Continuum 1, 1098-1116 (2022)] (a) Calculation of QPM enhancement in
vanadium plasma presented in the case of perforated plasma (red stars). Experimentally measured
QPM enhancement is presented for comparison (black squares). (b) Calculation of QPM
enhancement in antimony plasma. Experimentally measured QPM enhancement is presented for

comparison (black squares)
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Fig. 20. [Fig. 7 in Opt. Continuum 1, 1098-1116 (2022)] (a) Calculation of QPM enhancement in
indium plasma. Experimentally measured QPM enhancement is presented for comparison by black
squares and by black open crossed squares. (b) Calculation of QPM enhancement in manganese
plasma. Experimentally measured QPM enhancement is presented for comparison by black
squares and by black open crossed squares.

The latter makes it possible to observe a slight growth of the harmonics enhanced
by resonance in all cases, except for the case of 8 jets of manganese plasma and for
both investigated cases of indium plasma, since the position of maximally enhanced
QPM harmonics for these cases are far away from the "resonant™ harmonics for these

types of plasma. Carbon-containing plasma is proved to be an attractive medium for
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harmonics generation. Some compounds of carbon with other elements (carbides) can
cause the combination of the advanced nonlinear optical properties of two components.
The molecules containing metals and carbon (metal carbides) also can be used for HHG
and analyzed by different methods such as the application of chirped pulses, two-color
pump, and different ablation methods. An interesting additional option is the use of
nanoparticles containing such molecules since NPs proved to enhance the harmonic
yield. In paper [Nanomaterials 12, 4228. (2022)] was experimentally demonstrated the
harmonic generation in the SiC, B,C and Cr3C, NPs-containing plasmas. Various
parameters of HHG in these LIPs were examined. The simplified two-color pump
model calculations of HHG based on the strong field approximation were used for the
experimental data analysis. The change from chirp-free 35 fs pulses to the
positively/negatively chirped pulses was performed by tuning a distance between CG
and HRR (see Fig. 14) symmetrically, from the point of view of the pulse duration
measurements using the autocorrelation technique. The pulse energy was not changed
during the variations of laser chirp. So, we have the pairs of pulses with the same 70 fs
and 130 fs pulse durations but possessing opposite signs of the chirp. Fig. 21 shows
three groups of temporal shapes of chirp-free and chirped 70- and 130-fs pulses
determined numerically. Fig. 22 shows the comparison of experimentally measured
cutoff harmonic orders in three scenarios. The first scenario, plotted with green crossed
squares is the variation of cutoff position with the change of chirp-free 35 fs pulse
energy. The pulse’s energy was tuned by the controlled pump of the laser amplifier
(PUMP and AMP in Fig. 14). Starting from the maximal intensity defined for each
material, one can see the saturation effect, when increasing the PP does not increase
the cutoff order.
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Fig. 21. [Fig. 3 in Nanomaterials 12, 4228. (2022)] The modelled broadening of pulses and the
relative time positions of SH pulses (blue curve) compared with the fundamental pulses (red
curves) after passing through the 0.2 mm thick BBO crystal. The intensity of SH is increased by a
factor of 4 for better visibility. To(w) and Tp(2w) are the pulse durations for fundamental and SH
pulses.

Other two scenarios plotted with red and blue crossed symbols in Fig. 22 present
the dependencies of cutoff position in the case of variations of chirp. Red symbols
correspond to the path of increasing positive chirp by points {1}— {3} and blue—the
path of increasing negative chirp by points {1}—{3}. Point {2} and {3} designate
chirped pulses with the same measured by autocorrelation technique pulse durations,
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70 fs and 130 fs correspondingly, but opposite signs of chirp. Point {1} designates
share points where red and blue curves achieve chirp-free 35 fs pulse by tuning a
distance between CG and HRR.
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Fig. 22. [Fig. 5 in Nanomaterials 12, 4228. (2022)] Cutoff position dependencies for (a) SiC, (b)
B4C, and (c) CrzC2 NP plasmas at different PP intensities for chirp-free 35 fs pulses (crossed green
squares), positively chirped pulses (crossed red circles), and negatively chirped pulses (crossed
blue triangles). Point {2} and {3} designate chirped pulses with the same pulse durations, 70 fs
and 130 fs correspondingly, but possessing opposite signs of chirp. Point {1} designates share
points where red and blue curves achieve chirp-free 35 fs pulse by tuning distance between CG
and HRR (see Fig 14).

For all three materials, the initial point {1} is chosen PP = 1.65 x 10 Wcm™,
The pulse energy along paths {1}— {3} was not changed. In the case of B4C and Cr3C;
NPs (Fig. 22b,c), starting intensity point {1} is placed close to or into saturation range
and we can see the common behavior for chirp-free (green crossed squares) and
negatively chirped paths, while moving along the positive sign of chirp the path
reduced the cutoff position. In the case of SiC NPs (Fig. 22a), the starting point {1} is
placed below the saturation intensity. While the negative/positive chirp paths
demonstrate similar pattern, the relative position for chirp-free path was changed.

The simplified two-color pump model calculations based on the strong field
approximation, commonly referred to as the Lewenstein HHG model are presented on
Fig. 23, showing the results of HHG calculation where the values of I, and I,
correspond to the experimental results of SiC LIP presented in Fig. 24.
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Fig. 23. [Fig. 6 in Nanomaterials 12, 4228. (2022)] Calculated HHG spectra for PTC (a) and OTC
(b). The o designates a relative phase shift for -2 fields, schematically presented in first column
by red (800 nm) and blue solid (400 nm) lines. The intensities of ® and 2w are equal, while the
orientation of polarization vectors is parallel in panel (a) and orthogonal for panel (b). Upper panels
(SCP) present the calculated HHG with only 800 nm field.

The ionization potential 1, was deduced for I, = 1.65 x 10 Wem™ and the cut-
off position from Fig. 22a corresponded to I, = 9 eV. In details, to obtain
“semiempirical” ionization potential 1,, point on the cut-off/intensity chirp-free curve
on Fig. 22a was taken in area before saturation region, where with increase of probing
pulse intensity cut-off position is not raising. For the taken point semiempirical formula
lo = Nc'o —3.17U, from [P.B. Corkum “Plasma perspective on strong field multiphoton
ionization,” Phys. Rev. Lett. 71, (1994)] was used. Here N. — cut-off position, U, —
quiver energy of electron in laser field. The calculations are presented in the case of
equal intensities of @ and 2w fields (I, = 12,) while their polarizations were orthogonal
or parallel to each other. For simplicity, E,, is always oriented along the x-axis, while
E., Is oriented along either x-axis or y-axis. For comparison, the 800 nm pump is
presented with top row HHG spectra (Fig. 23, SCP). Harmonic spectra with different
phase shifts ¢o are presented between 0 and m with a ©/6 step. The corresponding
profiles of @ and 2 o fields are shown in the first column of Fig. 23 with red and blue
solid lines in a time range of single period for fundamental field. In the case of PTC
(Fig. 23a), only Dx component is nonzero, while for OTC (Fig. 23b) two components
persist, Dx and Dy. Correspondingly, the resulted HHG spectra are presented as the
logarithms of sum |Dy* + |DyJ*>. Simultaneous presence of the second field leads to
appearance of all even and odd orders of harmonics for both orientations. Calculations
show the importance of orientation of E,, and E,, vectors. For PTC, one can see the
enhancement of cutoff position from 27th order to 41th—43th orders, while, for OTC,
the cutoff position remains unchanged with some intensity modulations at the end of
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the plateau. Changing of ¢, leads to the modulation of harmonic intensities at the cutoff
region of plateau (in the case of ¢o = /2 to @o = 5n/6 for PTC, Fig. 23a). In real
experiments, this could be observed as the variation of cutoff. A similar minimum is
observed for OTC (Fig. 23b, o = 7/3).
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Fig. 24. [Fig. 7 in Nanomaterials 12,
4228. (2022)]HHG for SiC NP LIPs
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Fig. 24 presents the harmonic spectra during probing of SiC LIPs using chirp-
free and chirped pulses. Green-filled profiles in panels (Fig. 24b) correspond to the
chirp-free pulses with a pulse duration of 35 fs and I, = 1.65 x 10** Wem2 in SCP and
OTC configurations. We estimated the intensity of SH pulses to be I, ~ 9 x 10*2
Wem~2, The most observable peculiarity is a strong reduction of cutoff position for the
OTC pump. In the case of SiC NP LIP, it moved from 25H to 15-16H, despite
relatively small SH intensity. The model calculations (Fig. 23b) for equal ® and 2®
fields do not predict such behavior. Intensity ratios for model calculations were
determined using the pulse energy and duration measurements for fundamental 800 nm
and SH. Phase difference was not exactly measured, but instead was modeled the
variations of HHG spectra using simplified model in the case of chirp-free pulses. In
experiment, the reduction of cut-off was observed in the case of the chirp-free pulses.
This process was not predicted even for equal ® and 2w intensities when the strongest
mutual influence of two waves is expected. Some reduction of cut-off is predicted for
the phase difference around /3.

CONCLUSIONS

Presented here theoretical studies are tightly connected with the data obtained in
experiments and SFA-based theoretical calculations or direct numerical calculation
with TDSE. Both ionization and HHG demonstrated the strength and flexibility of the

SFA-based approach, while adequately reflecting the key characteristics of
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experiments. In contrast, direct numerical solution of TDSE is still a sufficiently time-
consuming procedure.

The main conclusions are:

1. The process of strong-field ionization in the laser irradiated diatomic molecule
F, compared to N, and O; and their counterpart atoms Ar and Xe, was considered
within the framework of the velocity gauge version of conventional SFA. The adequate
to existing experimental data description of the phenomenon of no suppression in the
F, ionization versus N, and Ar was obtained.

2. Proton momenta obtained by reaction nanoscopy can be used as a
characteristic for single nanoparticles and their clusters in an aerosol stream. It was
demonstrated experimentally and confirmed by numerical calculations that cluster
signals dominate over single nanoparticle signals at low intensities, offering a suitable
explanation for discrepancies between previous experimental data on the electron
emission cutoff from silica nanoparticles.

3. Surface of SiO, nanoparticles irradiated with intensive short laser pulses
demonstrates complex and unigue molecular dynamics to form H3;*/Ds* ions. Results
offer an unambiguous demonstration of the characteristic of nanoparticles as catalysts
for exotic chemical reactions in intense femtosecond laser fields.

4. The detailed SFA calculations of HHG spectra for atomic LIPs, on examples
of Li, Li*, Al and Al*, demonstrated a good agreement with experimental results. The
role of singly charged ions in LIPs is explained from a microscopic point of view.

5. Presented generalization of Gaussian exact model GEX for a description of
molecular HHG allowed fully analytical representation of SFA HHG. The peculiarities
of HHG spectra due to the HOMO symmetry, including the polarization properties of
harmonics around the minima region, were demonstrated in the case of H, and H,"
molecules.

6. The orthogonally-polarized pumping scheme with the fundamental radiation
and its second harmonic was applied to study Cooper minimum (CM) in HHG spectra
of Ar. The macroscopic control of CM by the phase matching or changing the gas jet
positions was demonstrated.

7. Experimentally demonstrated and theoretically explained spectral control of
HHG in a combination of two processes, resonance enhancement and quasi-phase-
matching by variation of a number of plasma jets on the surface of the bulk target.

8. Two-color orthogonal pumping scheme with chirped pulses was used to
control and tune HHG in carbide-containing LIPs, with SiC, B4C, and Cr3C;
nanoparticles. Theoretical SFA calculations explained the role of polarization
orientations in pumping fields.
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KHWPHUII (TakaumMoT pedpepaTu)

MaB3yHHUHT 10J3ap0Juru Ba 3apyparu. /laBomuiiauru Oup Heua YHAaH OUp
ONTHUK IUKJIraya OYJraH TE3KOp Ba YJIbTPAKUCKa Ja3ep UMIYJbCIapu MaHOAIapuHU
vnuiab 4YuKUI EpyrauK Maigonn uHTeHcuBauruau 10 mam 10 Bt cm? raua
OLLIMPUII UMKOHHHH Oepin. ByHnaiil mapoutaa, nazep €paaMuaa XOCHI KUJIMHTaH KyIl
dotonnu xapaéunap OmnaH OOFIHMK, OCTOHA YCTH MOHHU3AIUSICH, IOKOPU FapMOHHUKA
reHepalusiCh Ba Iy KaOW SIHTM KyWwId MaWJoH XoJucajapu to3ara kemaaud. Kydnu
Ja3ep MaioHIapu/ia TypJid MaTepUaIJUTAPHUHT MOHJIAIINII X0JIaTH Ba YHU OaTadcuit
TyHIyHUII (yHAAMEHTaIb KU3UKUIIHU YUFOTaAW, YYHKH SIKKAa HOHJIAIIUIIHUHT
nacTiIa0Ku KapaCHU yUFOTYBYM Ja3ep MalJIOHMJA KBaHT TU3UMIIAPHUHT KEWUHHTU
ABOJIIOLMSICH YUYH 3apypuil maptaup. byHaan tamkapu, KypuO YMKUIaETraH Kyw4id
MaiiJIoH »kapaéHu (QoToKaTaau3 Ba HaHO3appaydaJapHUHT CUPT (HOTOKUMECU Kadu
coxajlapga acocuit pon yuHaWnu. HaHozappawanap TOMOHMIAH EPYFIMKHUHT
IOTWJIMIIM  3JEKTPOHHUHI 3appada lo3acura ajacopOUusaHTaH MOJIEKyJajnapra
yTummra oiaud KeauIIM Ba MOJEKYJSp peakiusuiapHu Oouuiamu MyMKuH. Cupt
(GOTOKMMECHHUHT MHUKPOCKONMUK TapCUIOTIApU acocaH OWOJOTHK THU3UMJIapra
TabCUPUHM aHUKNaiau. MacaiaH, HypJlaHTaH METajul HaHO3appayajapu capaToH
KACAJUINTY TACBUPUHU KYPHII Ba TaBOJIAIIA KEHT KYJUITAHWIAIU, JOPHA-TaPMOHIIAPHU
¥3 muura ojrad (Gaos MOJEKyJaJlapHU TepMall HA30paT OCTHAA Maxauluid eTKa3uo
Oepuil Ba a’pO30JUIaHTaH ME30FOBAKIM JUAJNIEKTPUK HaHO3appayaiap pecrnupaTop
CUMIITOMJIAPHU J1aBOJIAlla UCTUKOONHM HaMOEH Kuiaau. KorepeHT skcTpemain
ynbrpabunadma (YD) HypJaHUIIUHUHT caMmapaiu MaHOAJIApUHU WIUIA0 YUKUII
ONTUKAHUHT (PyHIaMEHTaJd Ba aMaliui JSXTUEXKIApU YUyH KU3UK OViraH siHa Oup
MyxuM Myammoaup. M3otpon myxutna (raznap Ba jiazep €paaMua XOCHI KUIHMHTaH
mia3Ma) yJabTPAaKUCKa Jia3ep MMIYJIbCIAPUHUHT FOKOPH TapTUOIM TapMOHHUKA
(FOI'T)nmapuaun  xocun kwmm  OYb WyHanummparn yHWFOTYBUM HMITYJIbCIIAp
YaCTOTACUHHU Y3TapTUPUIITHUHT SHT OAUH Ba UIIOHWIN ycysu xucoomanaau. FOI'THu
AXIIWJIAN yCYJUUIapy TYpJU NapaMeTpiaapHU ONTUMAJUIAIITUPUILIHYA Y3 UYHUra OJaiu,
MacallaH, 3appadajiap 3UWINTA Ba YUFOHTAaH XOJaT, YUFOTYBUA HUMITYJIbCIAPHUHT
WHTEHCHUBIIUTH, KH3UPYBYN UMITYJIHC IHEPTHUS 3ULIUTH Ba Oo1iKanap, Oy »apaHHUHT
KyJail 1IapoWTIapuHU sApaTuil yuyH, (azamapauHr Moc kenmaciura FOIT
aIMAaIITUPUII CaMapaJOpJUIMHUA 4YeKJIalga Xajl KWIYyBYM poji yiiHamaca. Typiu
MeTasuiap, MeTall KOTUILIMaJapy, UHCYJISTOpap Ba SpUM YTKazruuwiap aOisius Ba
nazep €paamuna xocusn KwinHran rmiasma (JIXKIT) mapma FOI'T Owman taxiumn
KWIMHIY. YOy xkapaCHIapHU sHaja ONTUMAUIAIITUPHUIN Ta3 OKUMJIApHIaH
doiinananran xonaa FOI'T onumiga KyanaHuiIMaiIurad yCcyJjlapHU Y3 UUUra OJaju.
JIXKIInap TaOuuii paBumga HUcOAaTaH KaTTa arperatijapHu (Kjiactepiap, KBaHT
HyKTaJapd Ba HaHO3appadajap) y3 MYWra OJUIIM MyMKHUH. SIrOHa rapMOHUKAHHHT
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pe3oHaHC Kywauuiu Ba MoayJsanusgianrad JIXKIIHMHT y3ura xoc mapTiapuHu
MIAKJUTAHTHPUII, TAPMOHUKAHUHT TYPJIU TypyXJapu YUyH KBa3udazaal MOCIalIyBra
SPUILMITAHMA, OJAUHAAH TaHJAHTaH CIEKTpaJdl MHHTaKaga OWTTa TapMOHHUKA
CUTHAJIMHU Ky4YyaWTHpUII Y4YyH (oiiganaHum MyMKUH. YOy ycyJiapHU OHUTTa
Taxpubaja amanra OUIMPUIN KUHWH, YyHKH Oy ycyJulapra KyuwiaauraH Tanaliap
oup-6oupura 3ua 6ynumu MyMkuH. [lyaunr yuyn FOI'THM TakoMUIIIalITupuIn yayH
SHTU CXeMajlap, MaTepuaiiap, ycyjuiap Ba €HAANIYBIAPHH W3JIAll MyXUM axamusiTra
sra. OYb chnekrpan nuamna3oHHIard KOTepeHT EpyFiuK MaHOajgapu aMalija HaHo
VIYOBIA Ba XYXKaWpaJaH TallKapyd TU3MMIIADHUHI ONTHUK TACBUPUHU  KYPUIIHHU
OCOHJIALITHPUILIY, ONTUK JUTOrpausiHM SXIIWJIAIl Ba peajd BakTAa aromJjap,
MOJIEKyJIanap Ba HAHOCTPYKTYpajlu THU3UMIIAPAATH AJIEKTPOHJIAPHUHI XAPAKATUHH
Ky3aTHIll UMKOHUHU Oepanu. byHaan Tamikapu, OyHaal HypliaHUIll MaHOalapu sHTU
aHAJUTUK EHJAIyBHU - OYDbaa pe3oHaHC CHEKTPOCKOMMUSHU SIpaTHINra Xucca
KYILIHIIN MyMKHH.

TagKUKOTHHHI XaJKapo KoOHTekcTH. Jlyné Oyinmad kymiad erakyu
YHUBEPCUTETIIAP Ba TAAKUKOT MapKas3Japh Ky4dId MaWIOH XOAUCalapH, XyCycCaH,
nonnanui, FOI'T Ba korepent DY bHu Kyiuiam coxacuaa atomiap, MOJIEKyJanap Ba
aTTOCEKYHJI BAKT IIKaJach OWjaH mMaTepuajiap/a yTa Te3 3JEeKTPOH JMHAMUKACUHU
ypranui 0yinya TaikuKoTIap oubd 6opmoka. Yiap opacuia Mimnepuan KoJiexuia
(JIongon, Awnrmms) FOI'T cnekrpockomnusicu rypyxu, Hanomurtorpadus wuirop
tagkukotr Mapkazuaa FOI'T Ba OVbB unmuit rypyxu (Amcrepnam, Hunepnanmgus),
Makc-Ilnank kyn tapmokiu dannap uHcTUTyTU (I'erTunren, L. 'epmanus), ETH-
Zurich narm HaHOCTpYKTypajap Ba yJbTpaTe3 PEHTreH HypJapu (aHiapu rypyxu
(ropux, HIBeiiapus), YanruyyH onTuka, pu3nKa Ba HO3MK MEXaHUKA HUHCTUTY THHUHT
HOYM3HUKJIM oNTUKa rypyxu (HanrayH, XuToiil), AMeprKa yHUBEpCUTETUHUHI YMYMUN
TagkukoT Mmapkaszu rypyxu [apxka (Illapxa, BAA), MroHcTep YHHBEPCUTETH
HaHOTEXHOJOTUsIap Mapkasu rypyxu (Mynctep, ['epmanus), Tokuo yHuBepcureTu
(Tokuo, fnoHust) KOMIMAArd HOYM3UKIM ONTUKA Typyxu, WiFop TexHOJOTHUSIAp
Mapkazjaaru jiazep miaszmacu oynumu rypyxu (Mugope, Xunaucton), Mumnuit dhan
uHcTUTYTU Typyxu (Monpeain, Kanana) Ba Gomikanap.

Mag3y 0yiinya TAAKHKOTHUHI XO03MPIH X0JIaTH.

KorepeHT Kucka TYJIKUHIN HypiaHUIl ¢paH Ba TEXHUKAHUHT TypJid coXajlapuja KeHr
KyJnamind QyHIaMEHTAI Ba aMaJIMi TaJIKUKOTIap YYyH TOOOpa MyXuUM axaMuAT Kacoh
3TMOKIa. DeMTOCeKyHJ Ba aTTOCEKyH[ JaBoMmuiliuk Ounan OVYDb chekrpan
JAANa30HuJard MOHOXPOMATHK Ba KOTEPEHT EPYFIMK HMIYJbCIApU  OINTUK
auTorpadUssHUHT aHWKJIUTUHMA SHAJa OIIUPaaHd, HAHO YIIUOBIM Ba XyXKailpa OCTH
TU3UMJIAPUHUHT ONTUK TACBUPUHU KYPHUIIHU OCOHJAIITUPAAN, IIYHUHTIEK aTOMJIap,
MoOJIEKyJIanap Ba HAHOCTPYKTYPAJIH TU3UMIIAPAA AJIEKTPOHIAPHUHT XapaKaTUHU pea

BaKT/[a Ky3aTUIIl UMKOHUHH OepaJiu.
46



OVb coxacuna KOrepeHT HYpPJAHUIIHM XOCHUJI KWJIMIIHUHT SHT camapalid yCyJsd
yIBTPAKKUCKa Jlazep uMmmyibciaapu épaamuaa FOI'T xucobmanamu. DbpTuO0p OCpuHT,
CAKCOHMHYM WWIUIAPHUHT OXUPHUAAH XO3Upraya SHI KyN KYJUIAHWIAJAUTaH YCYJI
rasznapaaru FOI'T sau [M. Ferray et al, “Multiple-harmonic conversion of 1064 nm
radiation in rare gases,” J. Phys. B 21, L31-L36 (1988)]. Illy Owman Owupra,
penstuBuctuk IOI'T, razmapma IOI'T Ba KaTTUK >KUCMIIap OpKadd TapKAJIMIII
xapaéauaa FOI'T man doipgananuin acocuil TYIKMHHUA IOKOpU rapMOHHMKara (SbHH,
KEHT TapKaJirad HHGpaKu3wiI Ja3epIapHUHT YTTU3UHYM TapTUOUIaH OIIMO KeTaauraH
rapMOHHKAra) aiJIaHTUPUIIHUHT HUCOATaH MacT caMapajopiiuryd OuilaH YeKJIaHTaH;
MOC paBuiia, raznap Ba cupraapaaru IOI'T nap yayn 10° nan xam Ba 10° nan kam),
Oy KaTTa Xapakarjap Ba MOJIUSABUI Xapa)kaTiapra KapaMan, CYHITH YTTH3 HWI Huna
CE3WIApIM Japa)kaja sxmuianMarad. TYpTUHUYN yCyJl - YTraH aCpPHUHT TYKCOHHUHYH
numtapuaa puoxiianuiuiu 6onuiarad FOI'T yuyH nazep épaamuiga X0Cuil KUWIMHTAH
wazma (JIXKIT) gan ¢oitnananumi.

FOkopu WHTEHCHB Jna3ep HUMIYJbCH ra3 €KM IUIa3Ma MYXUTHUJIAH YTraHAa, YHUHT
aToOMJIapW Ba HOHJIAPU TOK TFapMOHUKAJIApHU 4MKapaau. Jlazep HypiaHWII TYJIKWH
Y3YHJIUTH A YYyH HOYM3HKJIA MYXWTHUHT wmkumuma A, M3, A5, A/7 Ba Xokazo
KOMIIOHEHTJIAPHUHT ~ CyNEepHo3uIMscH  Ky3aTwiaau. Jlazep  HypJIaHUIIMHUHT
rapMOHUKIJIAPU ATOMHHUHT (EKM HMOHHUHT) WOHJIAHUIIM, AJIEKTPOMArHUT MaloHJIa
AJIEKTPOHHUHT TE3JIAlIMIIKA Ba TAPMOHUKAHUHT MOH Ba IMUCCHUSICH OWJIaH KEHHHTU
PEKOMOMHAIMSIHU Y3 UUWTa OJIraH Y4 OOCKMYJIM >Kapa€H HATWKACH[A F03ara KeJlaiu.
by xapa¢H BakTH-BaKkTW OWJIaH 3JIEKTPOMArHUT TYJKUHHUHT Xap SIpUM IMKJIUIA
TaKpopJiaHaIu. DHT FOKOPH TapTUOIM FapMOHUKAJIAP Ja3ep UMITYJIbCUHUHT SHT FOKOPH
WHTEHCUBIIMTHU/1a HUOHJIAHUII MOMEHTHATH 3JIEKTPOH TE3/IAIUIIUTa OOFIIUK.

Yy o6ockuunn IOI'T HUHT XapakTepiau XyCycusiTU OUpUHYM (MAcT TapTUOJIH)
rapMOHUKaJIAp WHTEHCUBIUTMHUHI T€3 MacailuiliM, YHAAH KEWHWH FOKOPHU TapTUOIU
rapMOHUKAJIAPHUHT WHTEHCUBIUTH Oup-OupuaaH kam (papk Kuiagurad y3yH IJ1aTO
XocwJ Oynumm Ba XOCWJI OYiAraH IOKOpUM TapTUONIM TapMOHUKAJIAPHUHT
WHTEHCUBIIUTUHUHT KECKWH Tacauumuaup (rapmoHuk kecum Hg ne6 aramamm). He
HUHT XOJIaTU TapMOHMKAa XOCWJI OYyJIuliga HIITUPOK O3TYBYM 3appayvajapHUHT
nonnanum notenuuanu | (razmapaa FOI'T xonatuna arommnap Ba minasmagaru FOI'T
X0JIaTUa MOHJIAp) SHEPTUACH Ba (PEMTOCEKYH I HYpIAHUIITHUHT HUHTEHCUBJIUTUTa BA
YHUHT TYJIKUH y3yHJIUrUra OOFJIMK, TEe3JAlITHUPWUIITaH JJIEKTPOHHU Oenruiiaiiura
MOHJIEPOMOTHB NoTeHIMan Ouian 6enrunananu. Acocuit FOI'T xycycusitnapunu sipum
Kiaaccuk Monen épmamuna TaBcudaam mymkuH [J. L. Krause et al, “High-order
harmonic generation from atoms and ions in the high intensity regime,” Phys. Rev.
Lett. 68, 3535-3537 (1992). P. B. Corkum, “Plasma perspective on strong-field
multiphoton ionization,” Phys. Rev. Lett. 71, 1994-1997 (1993). M. Lewenstein et al,

“Theory of high-harmonic generation by low-frequency laser fields,” Phys. Rev. A 49,
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2117-2125 (1994)], rapun aHMKpPOK TaBCH() M3YMI KBAHT MEXAaHHUK HIILIOB OCPHUIIIHU
Tanald KUIaau.

FOxopu KyBBaTiu yiabTpakucKa J1a3ep UMITYJIbCIAPUHUHT aTOMJIap Ba MOHJIAp OWiIaH
y3apo TabCcupuIa coaup Oynaaurad kapaCHIapHu MUKPOCKOTIHK KYpHUO YUKHUII OMITaH
Ooup kKaropaa, Moajga opkanu YTuim 3hdexkTuHr Ba TYpyX 3ddexTaapu kadbu
MaKpOCKOIMK »KapaCHJIapHU XaM XucoOra onuil kepak. by sddexrnap, OupuHun
nasOartna, [D. B. MiloSevic, “Theoretical analysis of high-order harmonic generation
from a coherent superposition of states,” J. Opt. Soc. Am. B 23, 308-317 (2006)] na
KEJITUPHUIITaH.

FOxopu TapTnOIM rapMOHUKIAPHU XOCWJI KWJIHII EHAAITYBUAaH (oiananrad Xouaa
ma3Ma CIIEKTPOCKOIUSACHIA SHTH WJIFOP Ha3apuil Ba SKCIEPUMEHTAN yCYJUTApHU
opuid ATl (Macanal, pumaMeHtiap, ypra uHGpaKU3WI MUHTAKaJAard HypJIaHUII
MaHOanapu, TalllKd MUKKW PaHTIIM Jamiianuiap, KaTTUK >KUCMIIM HAaHOCTPYKTypasap,
KJIacTepJiap Ba MACTKU TapTUOJIU ONTUK HOUM3UKJIMKIAPHUHT IOKOPU KUWMAaTIapura
ATa KBAHT HyKTaJIapu Ba OOIIKajiap), Wirapu unuiad YuKWiIraH ycysuiap OuiaH Oup
KaTopJa Ja3epHUHT aOjalysulaHTaH HaMyHajap OWiaH ¥3apo TabCUPH OpKald
MaTepHALTAPHUHT (PU3HUK Ba ONTHK XYCYCHSATIAPUHUA YyKYPPOK TYIIYHHIITAa UMKOH
oepagu. Yoy omnmmmnap FOI'T anmamTupuin camapaJopJuruHy SHa1a OLIUPHII Ba
amManuil 3xTuéxiap yuyH uzuui O YBHUHT camapanu MaHOamapyHM MAKIIAaHTHPHIILL
YUYH XaM XyJa MyXuMIup.

Ymby EénpanryBHM unuiad YUKUINAA amajira OIIMPWITaH MaB3yJIAPHUHT XUJIMa-
XWJUTMTH HyKTau HazapuaH masmanaru FOI'T kyn nanemu myammo cudatuaa kypud
YUKW MYMKHWH, JKyMJIaJaH Ja3epHUHT MojAa OujaaH y3apo TabCHPH, aTOM
CHEKTPOCKOMUSICH, HaHOMATepUANIADHUHT CHHTE3M Ba KYJUIAHWJIMINW, Jia3ep
dbu3MKacH, MacT 3WWIMKIATH TIa3Ma TAIKWUKOTIIApH, KBAHT Ba HOYM3WKJIA ONTHKA.
Ymly €EHAallyBHUHT MakcaJulapujaH Kenud 4YMKaguran Oyicak, y IOKOpUIAru
COXaJIAPHUHT CUHEPTHsCU Tyalian MaTepuayIapHU YpTaHUIITra KapaTuiran. Yoy
TaJKUKOTIap OOBEKTIApHU JaBpUM KaABaTHUHT Jeapin O0apya paguoakTUB OyaMaraH
KaTTUK MaTepuaiiapu xucoOnaHaau. ["azmapna tes-te3 ummmatwiaaurad FOI'T Gup
HeYTa, oJaT/]a WHEPT Ta3jiap OWIaH YeKJIaHTaHJIMTHHYA YHYTMAaHT. byHJaH Tamkapw,
JIXKIInapaa FOI'T anmamtupuin camapaaopiauru, 6ab3u Oup adiasuus KWIMHAAUTaH
HUIIOHJIAp/Ia, Ta3japJarujaH KaTTapoK OYaumm MyMKHH. AOJSIUsIaHTaH
matepuamiapaa FOI'T CHekTpOoCKONMMSACHHUHT TMOTCHIMATW YHH MHHTJIA0 KaTTHK
KUcMiapra (MeTajuuiap, MeTauIouyIap, SpUMYTKa3ruaap, AUIEKTPUKIAP, WAPUK
OpraHuK MOJICKYJajap, KOTUIIMaNap, Kiactepiap, KBaHT HyKTajlapu, HaHO3appaiap,
IONKa TUIEHKANIAp Ka0u HAHOCTPYKTypajdu MaTepuauiapia) KyJUIallHA Takiaud
kwiaau. [ynnain kunuO, ymoy FOI'T ycynu sarm €npamryBiapiaH ¢oiiganaHra
XO0Jila MarepuaUlapHU TAAKUK KWIHAII COXAJIApUHU  CE3WIapiu  Japaxkaja
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KeHrantupaau. by kapa€HHU OCOHJIAIITUPHUILN YUyH TYPJIM HAa3apuil €HAAIIyBIAPHU
UIUIa0 YUKUII Tanad STUIIAIH.

Kartuk xucmmapHu naszep OwuiaH aOmsauust KWIMII >kapaCHHIa XOCWI OynraH
miazmagad HOI'T yuyn Bocuta cudatuma QoiimamaHum >KyJa >Xo3ubamu Ba
UCTUKOOIUIM €HIIALTYBANP, YYHKU Y IJIa3Ma TapKUOWM KUCMIIApUHU TYpJu ycyJuiap
OWJIaH TaxJIMJI KWIKMII UMKOHUHUA OepyBUYM a(3aJUITMKIApHU aMajra OIIMpHUIITra 010
kenamu. [lnazma myxutu pemMTocekyHI uMITyibcliapu yiap opkanu yrranga FOI'T
épnamuna OYb MuHTaKacua camapainu KOTepeHT MaHOAlapHU SIpaTUILl YYyH TypJid
XWJI UMKOHUATAApHU TakauM 3tanu. Kenrarupunran JIXKIInapaan ¢oitnananum,
aToM €KM WOH THU3MMIIapuaa, KJacTepyiap, KBaHT HyKTajapu Ba IulazMa
HIaKJUIAaHAIIUAary Ha"osappavanap, JIXKIImapau MKKM Ba y4 paHIVIM JaMjaniiard
pe3oHaHcnap, Gpa3zoBUi MOIYJIANMSIIAHTAH TJ1a3Ma Ty3WJIMalapuaa SHEPrus y3aTull
Y4yH ONTHUMAaJ mapoutiaapau sipatuin Ba ymoy FOI'T énpanryBUHUHT OOIIKA TEXHUK
Ba (pyHmamenTtan ad3awukiapy YD HU 10KOpW amMamTHpUII caMapajopJIMruHU
KYTHIIUMU3ra UMKOH 6epanu (20 5B ¢poronnap yuyn ~ 10 raua [R. A. Ganeev et al,
“Strong resonance enhancement of a single harmonic generated in extreme ultraviolet
range,” Opt. Lett. 31, 1699-1701 (2006)]), Oymap Oy kKaOM KOTepeHT HYpJIAHHII
MaHOaJapHUHT aMaluil KyJulaHumura onud kenumu MyMkuH. ['azmapaaru FOI'T'ra
yxiab, miasma gakeuiapuaH rapMOHUKaIap aTTOCEKYH/ BAaKT OpajuFujia Y3ura xoc
BaKTra OOFJIMK XyCyCHUsITIapra sra OYIuIy MyMKUH, Oy OMp BaKTHHUHT Y3UJa YIbTPa
KHCKa HWMITYJIbCIIAPHU SAPATUII Ba TapMOHUK HMUTTEpiiap OwiaH OOFIUK Typiu
*apa€HIIapHU Talxuciam uMKoHuHu Oepaau [R. A. Ganeev, High-Order Harmonics
Generation in Plasmas: Resonance Processes, Quasi-Phase-Matching, and
Nanostructures, 270 pages, Springer (2022).]. lllynnait kunu6, ymoy WyHanuigara
keimarn Kagamnap JIXKIImapma FOIT xapaénura Ttabcup KWIIyBYUM TYpJIH
MeXxaHu3MJIapHU O0atadcuil Ha3apuil KYpruO YUKUIITHY Tajlad Kujaaau.

TagKuKOT MaB3yCMHH MYACCACAHMHI MJIMHH-TAAKUKOT paoausitu OMIaH
oorsmkaurn. Ph.D. TankukoT/iapu ydyH OHKCIEpUMEHTan HaTwxkanap YaHrdyH
onTuka, (pu3MkKa Ba HO3UK MexaHWka HMHCTUTYTH (Xurtoi) Ba Illapka Awmepuka
yuuBepcuteTu (BAA) Common Research Facility TankukoT myaccacanapuia OJuHIN.
Hazapuii xuco06-kutoOnap Ba MOACIUIAIITHPUIL CUMYJISUUsIapy YaHrdyH ONTHKA,
¢u3nMka Ba HO3MK MexaHuka wuHctuTytHaa (Xuroi), Illapka Awmepuka
yauBepcutetuaa (bAA), JlatBusi ynuBepcutetuaa (JlatBusi) xampma ['epmanus,
Anonus Ba POCCUSHUHT Typiu YHUBEPCUTETIIAPUHUHT CUMYJISIUS TypyXJiapu OuiaH
XaMKOPJIMK/a aMajra OlUpUIIIN.

TagKuKOT MIIMHMHT MAKCaAM YJIbTPAKUCKA Jla3ep UMITyJbCIapu EplamMuaa
na3ep €paaMuia XOCHII KWJIMHTaH IJ1a3Ma Ba ra3jiap/a Ky4wIid MaiIoH MOHJIAHUIIY Ba
IOKOpHY TapTUOJIM TAPMOHUKA XOCHIT OYITUIIIMHYI HAa3apuid Ba SKCIIEPUMEHTAN KUXAT/IaH

Vprauumaup. Pe3onanc kywadtupuiran Ba kBasudazapuit Mocnamuin (KOM)
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rapMOHUKAJIAp SMHUCCHUSICUTA SPUIIMII YUyH JIa3epiid IUIa3MajJapHUHT OMp Ba WKKU
paHriM Jamjanuiap €pAaamuaa FOKOpU TAapTUONM TapMOHUKAJIAPHU SPATUIITHUHT
Ha3apuii Ba SKCIEPUMEHTAJT TaXJIUIU XUCOOIaHA IH.

TagkKukoTHUHT Basudaiapu KyHuaaruwjiapaan uoopar:

Kucka Ba ynbTpakucka Jja3zep HUMITYyJbCIapu OWJlaH HypJIaHTUPUITaHa
MOJIEKyJlaJiap/ia HaHO3appayJasiap r03acuia Ky4wIid ManI0H UOHJIAHUII JTUHAMUKACUHU
Ypranuu;

["aznap Ba nasep €paamuia XOCWJI KUJIUMHTAH TUIa3MajJapHUHT FOKOPH TapTUOIH
HOYM3HUKIN XOCCAUTAPUHU TANAKUK KUJIUII;

Pe3onanc kywaitran IOI'T Ba kynm Kamiamiu IUIa3MallapHU KyJulaml OwjiaH
CIEKTpaJ TAPTUOMHU Y3rapTUPUIL KapacHIapUHU YpraHull,

Wkku panrim pamiiam cxemajgapy Ba YHpPIUIAHTAH JIa3ep UMITYJIbCIapuaaH
doitnananran xonna FOI'T MmexaHU3MUHU TYIIYHUIII,

IOIT yuyn HaHO3appauanap OwiaH OoMuTWUIraH nazep €pAamuaa XOCHII
KUJIMHTaH (paKkeJUIapHu KYJLIalll.

TagkuKoT 00bEKTH - O/ METa/T Ba Mypakka® MOJIEKYJIAp HUILIOHIApIaH
nazep €paaMmaa XOCWJI KWIMHIAH IUIa3Maliap, HaHO3appadajlapHU y3 UYMIa OJraH
IJIa3Manap Ba ra3 OKMMIIapH.

TagKukor mnpeaMerM — HUIIOH MATEPUAJUIAPMHHUHI I1apBO3  BAKIU
CHEKTPJIAPUHUHT XOCCAIapu Ba XyCYCHUSTIIapH, IOKOPH TAPTUOIU HOUM3HMKINA ONTHK
Xoccajgapu Ba XOCHJ OYyiraH OKOpM TapTHOIM TrapMOHUKAJIapHUHT CIEKTpall
XYCyCHSTIIapH XUCOOIaHaIH.

TaagKuKoT ycy/ulapura KyduJara XxaM Ha3apui, XaMm dKCIIEpUMEHTAJ yCyJuiap
kupaau. Hazapuii ycymiap Ky4in MaidJJoH SIKUHJIAITyBHU Ba BakTra 6ornuk Llpenunrep
TEHIJIaMAJIADUHUHT COHJIM MHTETPALMSCH JTOMPACHJa OJIMHIaH aHAJIUTHK MOJEIIap
OWJlaH CUMYJSIUMSHHU Y3 WYUTa OJafgu. DKCHEpUMEHTANl yCyJulap ra3 OKMUMIIApUHU
30HIJTAI €KU J1a3ep UMITYJIbCIAPHUHH JIaszep EpAamMuia XOCWI KAJIUHIaH IIa3MajJapHu
IOKOPH BakyyM IIapOMTHAA KUCKAa Ba YJIbTPAKUCKA 30H]UIAII UMIYJbCIapu OHJIaH
KU3IUPUII OPKAIM IIAK/UIAHTUPUILNHU ¥3 wuura onagu. Mon pentalOemiuru Ba
UMITyJIbC ~ CHEKTPOCKOMNMSICHM  peakuus  HAHOCKOMUSCH  71e0  HOMJIAaHYBYH
KECHraUTUPWIraH NapBO3 BaKTH TexHUKacu €ppamuaa wurwianu. IOI'T smuccusacu
DVb cnekTpockonus yCcyiau €paaMuaa Kaa dTUiaau.

TaaKNKOTHHUHT WJIMMH AHTWJIUTH

Peakuust HaHockonusich €praMujia OJIMHTaH NPOTOH MOMEHTIapu OuTTa
HaHO3appavajgap Ba YJAPHHUHI aepo30J OKHUMHUAArW KJIACTEPJIAPUra XOC JKaHJIUIH
Kypcatuiad. bupuHuM MapTa macT WHTEHCHBIMKIA KJAacTep CUTHAJUIapu OWTTa
HaHO3appaya CUTHAJUIAPU YCTUIAH YCTYHIMK KWJIMIITN HAMOWHUII 3TUIIAH, Oy KpEeMHUN
JUOKCUIM HaHO3appadyalapuiaH >JEKTPOH SMHUCCHUS yerapacu Oyinuya OJAUHTU
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HKCIIEPUMEHTA]  MabIyMOTJIap ypTacuaard HOMYBOQUKIMUKIAD Y4YYyH  MOC
TYITYHTAPHUIITHHA TaKIA( KATaIH.

Bupunun mapta, SiO, HaHO3appauanap rozacupaa aigcopbcusmanran H3*/D3*
MOHJIAPUHU XOCHJI KWJIYBYH, CYB/OFUP CYB MOJIEKyJajJapd TOMOHHUJAH YTaJauraH
Mypakkad Ba HOEO MOJIEKYJSIp JWHAMHKAaHU O4YuO OepyBUM HaTWXKajlap TaKIuM
stwiaud. Hatwkanap uHTEHCHB (EMTOCEKYHUIM Jia3ep MailioHnapuia 3K30THK
KUMEBUM  peakuusiiap ydyH Karanuzatop cudartuaa HaHO3appadaJapHUHT
XapaKTEePUCTUKACUHUHT AaHUK HAMOWUIIIMHYA TaKIU( KUAJAIH.

bupunun mapra, Li, Li* mapaunar JIXKIDLiapu yuyn FOI'T crnekrpiapuHuHT
Kywm MainoH skuuiamryBu (KMS) yecymu €pmamuma 6atadceun xucob-kutobmapu
amajira OWUpWIIK, Oy 3KCOEepUMEHTal HaTWXalap OWJlaH SXIIA MOC KEJIHIIN
AHWKJIAHJAM Ba WMKKUHYM OSHI IOKOPM HOHJAHMIN SHepruscura sra Oymran Li*
nonnapuHuHr HOI'T yerapacMHUHI TapMOHUK KECHUIIMIArd POJIA XAKUJA TYFPH
XyJjocanap oepunu.

Amomunnit Al JIXKII napu yuyn 6upunuu mapta OYb nuanazoHuna Kydiu
WOHJIM  SMHUCCHUSA  JIMHWSJIAPUHUHT  MaBXyJUIMTH  OuTra Oup-Oumpura sSIKUH
TapMOHUKAHUHT YMKUIINIAa TAbCUP KUIMAacauru kypcatwiaud. Al nanozappaua (H3)
Japy IJIa3Macy MHUCOJUAA FrapMOHUKA YMKUIIMHUHT 5 Oapobap YCUIM KYpCcaTUIIIu.
KM xucob-kutobaapy TakAuM STHIAA Ba TapMOHMK Kecuin Al™ smac, OGanku Al
HEWUTpaJl aTOMJIAPUHUHT UIITUPOKU OMIIaH OOFIMKIIUTH KYPCATHIIIN.

IOIT taBcudnam yuyn [aycc anmk moxenuuun (ITAM) ymymmamTupuin
makutantupuan, 0y FOI'T yayn KMS Hu monekynanap ydyH JOBOH YCYJHIIaH
dbolinananMacial TYIUK aHATUTUK KYpCaTUILl UMKOHUHU OepAu. DHT I0OKOPU MILIFOJT
KuimHrad mousekysisip opoutan (HOMO) cummerpusicununr FOI'T cniekTpiaapuHUHT
y3ura Xoc XyCycHsTIapura, uIy >KymJiaJaH MHUHUMaJl MHHTaKa aTpoduaaru
rapMOHUKAJIAPHUHT KYyTOJIAHWII XyCyCcHsTiIapura aHuk Tabcupu H2 Ba Hy'
MoOJIEKyJIalapy MUCOJIMIA KYPCATHIIJIN.

Ap razunusr 1030 am, 35 ¢c nazep umnynbcnapu OuinaH y3apo TabCUpUa Ba
aCOCHM HYPJAHUIIHUHT OPTOTOHAJI-TIOJSPU3ALMSAIAHTaH MAUAOHIAPUHU KYyJUIaIaa
xocuit O0ynran FOI'T cnekrpnapunaru Kynep munumymu (KM) y3rapuniiapu Ba yHUHT
WKKUHYY TAPMOHUKACH aHUKJIAHTaH.

Mo JIXKIIga FOI'T maiituaa 32 HM SIKUHWZIA TAPMOHUKAHUHT KyYaWHIIM XaM
paKamiid, Xam 3KCIEepUMEHTAN PaBUILIA TaXJIUI KUIHH/IH.

Pe3onanc kywaiimmm Ba KBaszu(aszalid MOCHANIyBHHM HKKajla >KapaéHHUHT
KOMOHWHAIMACH OWJIaH TaKKOCIHAIll Ha3apuil Ba IKCIIEPUMEHTAT KUXATAAaH TaKIuM
STUJITaH Ba YPraHWITaH.

bupunun wmapra, SiC, B4sC u Cr;C, kabu kapbua ¥3 wuuura oJsran
HaHo3appauanap JIXKIlmapu, Owutra panHrim jgamiam Ba YUpIUIAHTAH —Ba

qUupIlIaHMarad HMMITYJbCIapra 3ra OpTOroHall KYT6HaHFaH HKKHW PaHIJIM daMJiall
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JABOMHUJAa IOKOPH TapTUOJIM TapMOHUKaJapHH sApaTUIl Yy4yH BocuTa cudaruaa
KyJUlaraH XoJjja TaaKUKOT HaTwkajgapu Takaum dtuirad. Hazapuii KMS xmco6-
KATOOJIapH 1aMyall MaiJOHIAPUHHUHT KyTOJaHUII HYHATUIIMHUHT POJIMHU KYPCATAH.

Nmuear amanuid Hatwokagapu. Haszapuii Ba 3KCliepuMeEHTan  TaxXJIWJ
Hatwxkanapu [llapxka Awmepuxka ynuBepcutretuna (bAA) HOIT kypunmacunu
JOMMXANAIITUPUIIIHA ~ TakoMuwutamtupuiga — doigananuwnrad.  HOIT  xuco0-
KUTOOJIApY Ba SKCHEPUMEHTAT MAbJIyMOTJIIApDHU KaWTa HILIAIl y4yH TYpJIH XHII
KOJUIap UILIa0 YuKuiarad Ba xo3upja Yanruyn Onrtuka, pusrka Ba HO3UK MEXaHUKA
uHctutytu (Xurtoit), Amepuka [llapxa yausepcuretu (BAA) TaiKUKOT rypyxjiapuia
Ba JlatBusa yHHMBepCUTETUHHMHI (JIaTBUSI) HOUMBHMKIM ONTHKa Jaboparopusiiapuaa
dhaon KYUIaHIMOK/IA.

TagkMKOT HATHKAJTAPUHUHT WIIOHWINJIMIH yJIap 3aMOHABUN XHUcoOJIall Ba
HKCIIEpUMEHTAN yCyJulap/iaH QoiilaJaHTraH X0J1/1a OJTMHTaHJIUTY OWiIaH TaCAUKIaHAIH.
HartwxanapHuHr  WIIOHYWIWIWIHM,  WIYHUHTJEK,  OJWUHIAH  HATWKAJIAPHUHT
AKCHEPUMEHTANl MabIyMOTJapra MOC KeIuIIura acociaHagu. byHpaH Tamikapw,
OJIMHTAH HATWKaJAPHUHT MIMOHWIWJIMTUHU SHAaJAa TabKUAJIAIl YYyH HOM3OJHHUHT
Oapua MakoJiajlapy, WIMUK UIUIApU HOYU3HUKIIM ONTHKA COXACUJard MyTaxaccuciap
TOMOHUJaH Kypub uukuiarad Ba Q1 Ba Q2 kBapTuiuiapura TETUIUIM OYJraH IOKOPH
PEUTHHIIIN KypHAIUIapAa HalIp 3THIITaH.

TaagKUKOT HATWKAJAPUMHUHI WJIMHMHA Ba aMaaud axamuatu. Kyumum
MaWJJOHHUHT WOHJIAHMIII XOJUCAJAPUHU YpraHUIIra OarulllIaHTaH TaJKUKOTHUHT
Ha3apuil Ba OKCIIEPUMEHTAJ HaTWXKajlapu HOAHbAaHABUM ycyJulap OuiaH unuiad
YUKapUJIaIUTaH AK30THK MOJIEKYJISIP oOBbeKTIapra Ay o4aJuraH
HaHO3appavyajapHUHT (OTOKATAIU3 Ba CUPT (POTOKUMECUHU PUBONKIAHTUPHUIITA
épnam Oepamu. HOI'Tra OaruMnutanraH TaaKUMKOT HaTWXKalapu IOKOPU TapTHOIU
HOYM3UKJIM ONTHK >KapaHJapHU SXIIUPOK TymryHWIira épaam Oepaau Ba OVYb
CIEKTpaj Juara3oHu]ia KOTepeHT EPYFIIMK MaHOamapuHU UILIad YUKUIIAA aMaliii
épnam Oepamu. Ym0y Uil HaHO-MUKECIArd Ba XysKalpa OCTH TU3UMJIAPUHU OMTHK
TaCBUPWHU KYpHII, ONTHK JMTorpadust Ba aromjap, MoOJIeKyJajgap Ba
HAHOCTPYKTYpaIM THU3UMJIApAAru OJJCKTPOHIAp XapaKaTWUHU AaTTOCEKYH]Jl BaKT
OpJIUFU/IAa Ky3aTHIl YUyH MyXUMIHUP.

TagKuKOT HATHKAJIAPUHUHT KOPUH KMJIMHHUIIH.

Takaum STWIraH TAAKUKOTHUHT aCOCUM aMaJIMETH Ha3apyuil HATHXKajap, SKCIIEPUMEHT
TU3aifHA, cXeMajap Ba XyJocallapHH KYyJUIalll, ITYHUHTCK, FOKOPU UMITAKT (HaKTOPIIH
KypHaiutapaa dor dtuirad 50 ra SsKuH TaIKUKOT HILIAPHIAH HKTHOOC KEeITHUPUIITaH.
Kymnanan — IOI'T cnektpuna Kynep munumymunn Hazopat kuinuimiaa 4 ta (T.-F.
Jiang, J. Phys. B 55, 075601; G.S. Boltaev, M. Igbal, N.A. Abbasi et al, Sci. Rep. 11,
5534; K.M. Dorney, T. Fan, Q.L.D. Nguyen et. al, Optics Express 29, 38119; R.

Rajpoot, A.R. Holkundkar, J.N. Bandyopadhyay, J. Phys. B 53, 205404),
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HaHO3appavajiap cupriapuaa anoman H3+ karnonnapu maksianuim oyiinda 5 a (J.
Wang, Q. Qu, F. Sun, et al, Optics Express, 31, 9678; V. lalyshev, G. Boltaev, M Igbal
et al, ACS Omega 7, 28182; H. Li, X. Gong, H. Ni, Journal of Physical Chemistry
Letters 13, 5881 u np.), MouOacH cupTHaa XOCHII KruHTaH tuiasmaza FOI'T pesonanc
kyuainmu — 8 Ta (M. Venkatesh, V.V. Kim, G.S. Boltaev, et al, International Journal
of Molecular Sciences 24, 6540; W. Fu, Y.H. Lai, W. Li, Optics Express 30, 47315 u
Ip.), MOJICKYJIIp Ta3iapia MoHu3auus Kamaiumu Oyiinua 15 Ta (J.E. Szekely, T.
Seideman, Physical Review Letters, 129, 183201; M.C. Stroe, M. Fifirig, Optik, 224,
165612; Y. Chen, B. Zhang, J. Phys. B 45, 215601 u np.), Typau na3ep miazManapuia
Ba aprod rasuna FOI'T Takkociam O0yiinda taakukoTiapaa 9 ta (R.A. Ganeev, Applied
Physics B 129, 17; V.V. Kim, I.A. Shuklov, A.A. Mardini, et al, Nanomaterials 12,
1264; D. Goldberger, D. Schmidt, J. Barolak, Optics Express, 29, 32474).

TaakukoT HaTHKajgapuHu Hawmp 3Tail. PhD guccepranuscuHuHT MIIMH
TaJIKUKOT HAaTHKanapu Y30ekucToH Pecry6rmkacu Ounuii aTTecTalys KOMHUCCHACH
tomoHuaan ¢ancadpa dpanu goktopu (PhD) mnmuit mapakaCHHUHT acOCHidl WIIMHIMA
HATWKAJIAPUHU YOM ATUII YYyH TaBcUd 3TWIraH HyQy3nu Q1/Q2 kBapTuiuiap WiIMUANA
KypHaJUIapyuJa 4ol 3TUirad 15 Ta miamMuil Makojanapja kenrtupwiran Ba Web of
Science nnmwuit MabIyMOTIap 0azacuaa KypcaTHIITaH.
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UIITHAHT ACOCUI MABMYHHU

Kupum. by epna éputunran Hatwkanap dancada dannapu nokropu (PhD)ra
HOM30/T Ba YHUHT Xammyajutudiaapu Q1/Q2 xkBapTwiuiapyu WiaMui xypHamuiapuaa 10
Ta WIMHA MaKoJiaJga akc 3TraH. YOy Hampiap Oyindya KyNTWHA Ha3apuidl XucoO0-
KHTOOIAp Ba YKCIIEPHMEHTAN MabIyMoTIap Y36exucTon, Xuroi Xank Pecry6mukach,
bupnamran  Apa0 Awmwupiukinapu Ba JlaTBHS WIMHMII  MHCTUTYTJIapu  Ba
YHUBEPCHUTETJIApUJIa HIJIaraH 5 MWWUIMK JaBp MoOaWHuMaa Tyrianrad. WMmvmii
Hampjap Map3yJlapd Ky4wIid MaWJOHJIM HOHJAHUII Ba IOKOPU TapTUOIU
rapmoHuKIap(FOI'T) Hu Xocun Kuiaum KaOu acocuil Kywid XOoJucajapHH Kampad
onanu. Nonmzanus Ba FOI'T Typnu xun myxuTiap/a, Macaiial, aToMUK UHEpT (Ar, Xe),
moustekysip rasmap (Na, Hz, Fz, Oz Ba Gomkamap) Ba KaTTHUK >KUCMIIAP, TYPJIH XU
MOJIEKYJISIp Ba CTPYKTYpaBUi TapKUOra sra Oyaran Mosiekyainap (Meramuuiap, MeTasul
KapOuIap, HaHO3appavayiap Y3 UuMra oJiraH MaTepuaiap) ro3acuja Xocui OViaran
na3ep €paamuaa xocua KwinHrad miasma (JIXKID)napna ypranungu. YiabTpakucka
(eMTOCEKYHUIN Jla3ep UMIYJIbCIApU ACOCUN 30H]Ialll BOCUTACH cU(aTHa UMITYJIBC
HHEPTUACH, TABOMUMIIUTH, YUPITHUHT MaBXKYJIUTH Ba MUKJIOpY Kabu mapaMmeTpiapu,
WKKU PaHIJIM Jamjail KOH(QUTrypaluscCuHu KyJiam OuiaH Oupra cosnaHau. Yoy
000612 oguii TMaTOMUK MOJIEKyJajlap/iaH HOHJIAHUIITHA OOCTUPHUII XOIUCATAPUHIHT
[Phys. Rev. A 79, 023415 (2009)], naHo3appayanap Ba KJacTepjap o3ajapuia
wonnanumr [ACS Photonics 7, 1885-1892 (2020)], Hs" noHapiHHUHT MIaKIAHUTIIIHA
[Nat Commun 12, 3839 (2021)], onawit metaynap (Li Ba Al) cupruga JIXKII napaa
IOI'T [Opt. Lett. 44, 3693-3696 (2019); J. Phys. B: At. Mol. Opt. Phys. 52, 245601
(2019)], H2, Hy" xabu ukku aromuu rasmapaa FOI'T [J. Phys. B: At. Mol. Opt. Phys.
53, 155405 (2020)], IOIT mnaittuaa uatepdepeHims xapaéuu [New J. Phys. 22,
083031 (2020)], rapMOHMKIApHU Ky4YaWTHUPHIIAA PE30HAHC TabCUpHUIA HAMOEH
Oynamuran >kapaémmap [J. Phys. B: At. Mol. Opt. Phys. 53, 195401 (2020)],
rapMOHHMKaIapHUHT KBasugaszamu mociamrysu [Opt. Continuum 1, 1098-1116 (2022)]
Ba HaHo3appauanapuu y3 muura onrad JIXKILtapma FOI'T [Nanomaterials 12, 4228
(2022)] nazapuii Ba 3KCIIEpUMEHTAN TaJAKUKOTIAPH TaKIUM STHIITaH.

1-600. T'omosiipoBMI AMATOMHMK MOJIEKYJAJAPAA KYy4JM MAaHI0H
HOHJIALYBH, HAHO3appayaJap 103acu/1a peakius HAHOCKONUSI TEXHUKACH. Y10y
00012 yiapTpakucka (peMTOCEKYH]T UMITYJIbCIIAPU HYPJIAHUIIHN TahCUPHUIA UOHIAHUIII
KapaHJIApUHUHT Ha3apuid Ba OKCIEPUMEHTal TaJIKUKOTIApu HaTIKalapu
kentupwirad. bupunum wmma [Phys. Rev. A 79, 023415 (2009)] ukku atommu F
MOJIEKYyJJaCHHHA yHTa aToOMap YXIIaml Ba WOHJAIIWII MOTCHUIUATH NIESpId OUp XWIl
Oynran Ar OwiaH CONUINTHpPTraHja ja3zep OWIaH HypJaHTUPWITaHAA KywId MailjaoH
MOHJIAIININY OYiinya Taxkpubanapa Ky3aTUITaH HOHJIAMUITHA OOCTUPULITHUHT CUPIIN
XOJUCACHHM Ha3apuil >KMXATAaH KYpHO YMKHUIIra OaFuIIaHTaH, MOJICKYJISIp TYJIKUH
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GYHKUMSICHHUHT UKKH MapKasiu Tabuatu Tydaiiiu a3zep MaioHu €praMuia XOCHII
OYnTaH WYKU MOJISKYJsip MHTep(epeHIrs kapaHIapu aHWK ajoMatiapu 3ca Oup
Heya Oop Kydailiran Tap3ga HaMmo€H Oymamu, macaman N; yuyn Ar Ownan
COJIMIIITUPTaHa Ba/€KK Kydin OocTupmirad, MacanaH, O, yayH Xe noHHu3aIus Ouian
COJIMIITUPTaHja, jazep OWiiaH HypJjaHTaH JUATOMHK MOJIEKyJanap Y4yH yJIapHHUHT
"KoMIaHbOHJIApU" €KU Aesipiii Oup Xuj OOFJIaHMII SHEpruscura sra OYiIraH atom
TypJIApUHUHT aHajorjiapu OWIAH COJMINTUPTaHja Ky3atuiaau. Takaum STUITaH
U2  XUCOO-KUTOOMap yYyH MOJIEKYJSIp KyWId SKUHJIAIIWII — YCYJIUHUHT
cnupomeTpuk (opmynacugan (CM KMS) doitnananmiran. KM Huar mykooun
dbopmynacura acociaHrad EHAANIYBHH HIIIA0 4MKUIn cababiapwmaH Oupu WILIa0
YUKWITaH KyWwId MaiJoH Mojekyysp opOutan AmmocoB-/enone-Kpannos (MO-
AJIK) Hazapuscu goupacuja TETUIIUIA TATKAHHU OJIOJIMACIIUTH 3/11, Oy XaM TyHHeEN
nonsanuimHuHT A JIK Monienu ne6 atananuran Hykrau Hazapaa Fo Ba O, noHmammim
Y4yH IOKOpH Japaxanu Ooctupuiira onub kenau. by E€npmamryBra acocan
TakoMwulamtupuiran  BaH  Jleywen-baepenac — JIb-monexymsp  GormaHuIn
NOTEHIMAINIaH (poii1aaHraH XoJAa OOLUIaHFUY JIA3ePCU3 MOJIEKYJISIP XOIATIaPHUHT
pakamiIM TapKuOW YYyH KYJUITAHWIQJWTaH 3UWIMK-QyHKIHOHan Hazapus 3OH
ycyiquaaH (QoiganaHaau, Oy XaM aJMallMHYyB XaMJa KOPPEJSIIIUUOH JIOKAJ CIIUH-
suwinuk skunanammi (JIC35) noreHumanuiu 3 naura ojaaau, IIyHUHTIEK MOJIEKYJISIp
€KU aTOM BaJICHT KOOMKJIApUHU Ba MOC OOFJIAHUII DHEPTUSTIAPU TYFPU aKC STTUPYBUHU
OOLUTaHFUY J1a3epCU3 TYIKWH (PYHKIUSHU MAKIUIAaHTUPUIITa UMKOH Oepanu. SAroHa
daon snexkrpoH (ADI) acocumaru KypuO YUKUIAETraH Ja3ep TabCUPUPHUAATH
TU3UMHHMHT MabJIyM XYCYCHUSTIAPU XaKUJard MabJIyMOT N - YU JUCKPET XOJATHUHT
OOLUTAaHFUY JIa3epCU3 TYJIKUH (PYHKIUSCUMHUHI HMOHJIAHUII NOTeHHHaIu Ba Dypbe
anMamTUpuIM  Imakauga Maexya. Fz, Nz Ba Oz romMosiapoBuil  AuaTOMHUK
MOJIEKyJajgapy Ba YJApHUHT aroMmap aHaioriapu Ar Ba Xe Jazep Owiad
HypJAHTUPWITaHAQ OOIUIAHFUY JUCKPET XOJaTJiapu SXIIW aXpaTWiraH IUCKPET
OOFJIaHMIII PHEPTUSICH Ba TETUIUIM TYIKUH (YHKUIUSJIADUHUHT BAJICHTIUK KOOWFU
TYTUTaMH OWJTaH SKUHJIAIITAPWIIN, OyHAa COHIM yeyaaa Ty3unran Gaussian-03 kBaHT
KUMECUHUHT CTaHAAPT AacTypiapu KyJUlaHwiad. XycycaH, OOUUIaHFUY J1a3epcu3
YMyMHUIl MOJEKYJIsp Ba/€Ku atoM TYJIKUH (QyHKIUMscH Xo3zupaa craHpapT [laycc
acocnmapu tymiamu (I'AT) €pmamupa Ty3uiaraH Ba Sp-TUIUJArd OpOUTaUIApHU
apanamtupuigad  Qgoigananran xosnga Yysraptupwiran Ba JIb-monexynanapapo
OofNaHuII NoTeHIMaNU Ounal Kyanuwiaguradn 3OH xucoOnam ycynu KyutaHuiIraH.
N2, O2Ba F, yuyH coHnu Ty3WiraH MOJICKYJISp TYIKUH (PYHKITUSIIIApUTra MOC KeJlauraH
Ba MOJIEKYJISIp OOFJIAHWIN SHEPTUSUIADUHUHT aHUK KUWMAaTiapura ojaud KenaJauraH
HOMO umnynsc ¢azocuaa 1-pacmaa kentupuiarad. Xycyca, No ga xucoOnanrat 30y
HOMO na la-pacmpa sngposmapapo VK OVina0d YM3WITaH DJIEKTPOH HMITYJIBC

TaKCUMOTHU SIXIIKM KYPUHAIW Ba AIpoJjiapapo YKKa MepreHIuKyyIsp Oynran ¢a3oBuii
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WyHamum OYinad ce3wnapid Japakajga 4Yy3wiraH yuTa SXIIH —aXpaTuirad
MuHTakKaaan noopar. CM KMS xucobnam HaTmkamapu, TOMOSIPOBUI MOJEKYIISP
BAJCHTIUK KOOWKIapMHUHT KyJutanunaaurad 3®Hra acocnanran paxkamuid
TapKUOWHUHT O3apOJUTHHUHT MHUCONHM cUdaTHIa JUATOMUKIAP, XOAHCA Ja3ep
MalJJOHUHUHT MTHTEHCUBJIUTUra Kapad Jiax3alu MOJIEKYJISp MOHJIAHUII TE3JIUTH YUyH
2-pacMma Kypcatuirad. Xycycas, 2-pacmaa Ny Ba Ar Ouiad conumtuprasa Ny HUHT
VWOHJIAHUILIMHUHT OOCTUPUIIMACIINIY, IIYHMHTJEK, Ar ra HucOataHn F, HuHr
WOHJIAHUILIMHUHT OOoCTUpUIMacinuru kypcatwirad. [llyngail kuiuO, TakIuM 3TUITaH
3®H KM4 mynoxa3zacura kypa, F» HUHT Ar ra Kaparasja MOHJIAIUTaHJIATH, Taxpuoa
MabJIyMOTIapura Kypa KYNpoK SKAHIUTUHU HUCOOTIAAM, Tapyd OJUHTA MYKOOMII
KyWIH MailIoH MyJIOXa3aJJApUHUHT TETULIUIM HaTHOKallapura 3uj 0yica-aa, yJIapHUHT
O0apuacu F,; HuHr Ar ra HucOaTaH MOHJIAHUINKJA IOKOpPU OOCTHUPHUIIHM Oamiopar
Kuiaau. AvHM maiitna, 26-pacm Oz HUHr Xe ra HUcOaTaH MOHJIAHUIIUAA FOKOPU
OOCTUPUIIIHY TaKIU( KUaau, Oy XxaM TeTUIUIH TaxkpuOanap OuiiaH sXIId MOC KeJaIu.
bynnan Tamkapu, 2-pacmaard HaTWXKaidap UIyHH KypcaTaauku, KYpuO duKuiIaéTran
JTUATOMUKJIAPHUHT Xap OMPUHUHT MOHJAHUIIM Xap AouM yiaapHuHr HOMO cuHuHr
MOHJIAIIYBU XMCCACHUTa TYFPU KEIaJH, IIYHUHT Y9yH WYUK MOJIEKYJIAP KOOMKIAPHUHT
TETUIIIM XUCCACHU Xap JOUM ce3uapiM aapaxkana kuuuk Oymamu. [llynu xam
TabKUJIJIAIT YKOU3KH, KYpHUO YUKWIAETTaH OyTYH Jia3ep UHTEHCUBIUTH qoupacuia O
Ba F, marm 30y MukM KOOMKHUHI HMOHJAHMIIMHUHT HUCOMN XHUccacu HMUYKH 1y
KOOMKHUHT MOHJIAHUIIY OWJIAH CONMINTUPTAH/IA Ce3WIAPIIN 1apaxaaa OOCTHUPUIIAIH.
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1-pacm. [Phys. Rev. A 79, 023415 (2009) na 2-pacm] Koutyp umiyibe (azocuia MOJIEKYISIp
TyakuH  QyHKimssIapuaaar O(p,Ro) TutaHap kecMmanapuHU Ba TOMOSIPOBHN HKKH aTOMIIU
oornanunuiapra HOMO yuyH XucoOnaHraH TETHHUIA MOJIEKYJISIp TYJIKUH (DYHKIMSUITApUHUHT
®dypbe aTMaIITHPUIIINHA KypcaTaan. uatoMuk : N2 1a manenna 3og, F2 26 manenma 1ngsa O2 2¢C
nanenga lng. Saponapapo Monekymsp YK rOpU30HTAN HYHATHIIIA dKOWIAITaH OVIIUIIN Kepak.

[Phys. Rev. A 79, 023415 (2009)] naTmwkanapu Oyiinua Xysiocaa, ja3ep OuinaH
HypJIaHTaH MKKA aToMJid MoJjekyna Fy ma Kydiaum MaioHIM MOHJIAHWII KapadHu
Oomka romosiiposiapra Hucoaran 1uatoMuk Nz Ba Oz Ba yJIapHHUHT YXIIAIl aToMIapy
Ar Ba Xe MOC paBuIla Hazapuil >KUXATHaH KypuO YMKWIAM Ba aHbaHABHHA Ky4wId
Maiinon sxunnamysu KM aunr cmpomerpuk CM Bepcusicu foupacuja pakamiu
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Vpranwiau Ba Ny Ba Ar ra kaparanga F, nonnanummaa OOCTUPUIMITHUHT WYKIUTH
dbeHoMeHN eTapiu Japakaja TacBUPJIAHTaH. AHMKPOK aWTraHja, XO3UPTd BaKTIa
kymnanunaguran CM KM EnpamryBu acocaH HMOHHM3AIMS OCTHUZIA JIa3epCu3
OOIUTaHFUY MOJICKYJISIP Ba/EKHM aTOM XOJATHHUHT PaKaMJIN TAPKUOWHU Y3 MUHTa OJITaH
MykoOms1 Ba aHukpok 3MH ycynura acocnanran. bynnan tamkapu, Uluiad YMKUIraH
pakamiid ycyJuiap KMCMaH KYJUITaHWIIU Ba keduHru unuiapaa [Opt. Lett. 44, 3693-
3696 (2019); J. Phys. B: At. Mol. Opt. Phys. 52, 245601 (2019); J. Phys. B: At. Mol.
Opt. Phys. 53, 155405 (2020); Nanomaterials 12, 4228. (2022)] typau myxuTiapaa
IOKOpY TapTUOJM TapMOHHMKJIAPHU XOCWJI KWJIUITHWHT Ha3apuil XHCOO-KUTOOIapH
y4yH KEeHTauTtupmwign. Ymoy 6004a TakauM 3TUATaH KeWnHru ukkurta acap [ACS
Photonics 7, 1885-1892 (2020) a Nat Commun 12, 3839 (2021)] ymbpTpakucka
(dheMTOCeKyH M J1a3ep UMITYIbCIIAPUHUHT HUIIIOHJIap OWJIaH TabCUPJIAIIyBU/Ia MOH Ba
ANEKTPOH ¥3ap0 TabCHpP MAaxCyJIOTJIapH YYyH HMMIYJIbC TAKCUMOTH XapUTACHHU
pyiixarra ojuil UMKOHUHHU OepyBuH, mapBo3 BakTH ([IB) TexHUKaCMHMHT KEWWHTH
HBOJIIOIUSACHHUA U(OJATIOBYM MypaKKad peakiusi HAHOCKOMHS TEXHUKACHHUHT
AKCTIIEPUMEHTAJ Ba Ha3apuil HATWKaJIAPUHU TaKAUM STaIu.

2-pacm . [Phys. Rev. A 79, 023415 (2009)
Mmakonana 3-pacm] Jlazep OwinaH HypiiaHraH
muaromuk 6ofnap N2 3a Ba 30 manemnap, F2
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3-pacMZla HAHOCKON pEaKIMICH YYyH OKCIHEpUMEHTal TapTuOd KYypcaTuiraH,
aepoJMHAMUK JNUH3ajdap €paaMuia TapKuOuAa HaHo3appadaiap OyiaraH aepo3ol
okumu xocun O0ynanu. [lapxka Amepuka yausepcureruaa (IIIAY) mapkaszuii TYJIKuH
y3ynnuru 1030 M Ba Takpopianui yactotacu 150 kl'u, ummnynasc naBomuidnuru 40
¢dbc OYynran sSHTM IOKOpUM KyBBaTJIW HypTojiara Jja3ep KydyaWTUpruy acociaHTaH
demrocekynum tusumura (AFS-UFFL-300-2000-1030- 300 from Active Fiber
Systems GmbH) ¢oligananuin opkain yiabTpaTe3Kop KapaéHIapHU YpraHuil y4yH
nyHEéna HOEO UMKOHMITHM sipatanu. Jlazep HypHMHMHI HaHO3appauajap OuiaH y3apo
TAbCUPU JIOKAJ MaiIoHHM Ba HaHO(OKYyCNAIIHU KydaWTupanud. VHTEHCHB mnasep
UMIYJbCIapu OWIaH y3apo TabCUp KWIHII OpKalu EPYFIMKIAH KeTud 4YuKaauraH
SMUCCHUSHH HA30paT KWIKII Ba CyOTYIKHUH y3yHJIUTH (pa3ocuaa Ba aTTOCEKYH]I BAKT
IIKAaNacuaa  OSJEKTPOHJIAPHM  TE3NAIITHPHINTAa  OPHIIMII  MYMKHH.  Yprada
uHTeHCHBIMKAA (~10% WceM?) snekTpoH Te3nammvmmra Xucca KYIIaauraH Typiu
s dexTnap Tomwiau. bynapra skuH MaiiioHIap/a AIEKTPOHIAPHUHT JIACTHK OpKara
COYMJIMILIN, IIIYHUHTAEK, JTOKAJI Ba HOJIOKAJ 3apsi/ y3apo Tabcupiaapu kupaau. KOkopu
WHTEHCUBIIMK/IAa HWOHJAPHUHT Ja3ep Te3Jallhild Ba I[Ula3Ma JIHUHAMHUKACU
aepo30JUUIaHTaH HaHo3appavanap €paamMujia TEeKIMpuiauinn MyMKuH. [lmazma xocun
OynMaciaH eTrapiauya MacT MHTEHCUBIMK YUyH HYKTa MPOEKUUSACH KOHLEMLHICUTa
acocliaHuO, peakius

DLD + MCP

Atomizer
E
—_— P

Aerodynamic Lens

Np
Solution

3-pacm. [Nat. Commun. 12, 3839 (2021) na 5-pacm] Peakmus nHanockomusicu. TamryBum ras
cudaruga Ar €pramMuia YaHIJIATTUY TOMOHMJAH NypKalauraH HaHosappada sputMacu (Np
SpUTMACH) KYpcaTWTaH HKCHEpUMEHTal CXEMaHUHI pacMu KenrtupuiraH. Keitmn aepozon
aepoJMHAMUK JMH3aNap €EpAaMuaa KOUTUMalMs KuiuHaau, Oy 3ca yTa IOKOpH BaKyyM
KaMmepacura KUpUTWIAJUTaH OKMMHU Xocui Kuianu. Hanosappauanmap goumuii maiinon (E)
CTIEKTPOMETPHHHT MapKa3HJard Jia3ep MailloHH OMIIaH Y3apo TabCHP KUIaH. Y3apo TabCHp
HaTH)Kacuga Xocusl OynraH vonnap MukpokaHaum miactuHka (MKII) Ba keuukum 4usuru
nerekropu (KYJ[) TomoH Te3mamamu. DNEKTPOHJApP KaHAITPOH TOMOH Te3jallajd Ba
HaHo3appavajgap Ba (OH MOHIAPHMHM aXpaTHIIl yYyH Huoulatwiagn. Kymmuua pacmaa
AKCIEPUMCHTIIapAa WIUIATUIAIUTaH KPEeMHHUU AMOKcUau Hano3appadanapu (NanoComposix)
CKaHepJIOBYM MIEKTpoH MUKpockon (CEM) TacBupu KypcaTuiras.
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HAHOCKOMNUSICK IOKOpW (ha30BMl aHUKJIMKAA AaepO30JUIAaHTaH HAHOCTPYKTypajap
103acuia GeMTOCEKyH/I Ja3ep Tabcupuaa POTOKUMEBUH kapaCHIapHU YpraHUIl YUyH
SIIMKHK  odYaau.  SlroHa  chepuk  HaHO3appadajapaaru  JEHpOTOHJIAII
peaKIUSTApUHUHT HUCOMN pPEaKIsl XOCUIAOPIUTHHU CHUPTIAa HAHOMETP aHUKIHUK
OuJiaH XxapuTaian MyMKUHJIUTY KYPCaTUIIH.

Hanozappadanap kymnvH4Ya MOC 3pUTYBUHIJIapAa KOJUIOMJ CycHeH3usuiap cudaruaa
Taiépianaaud. IpuTMazaa 3appadyalapHUHT TYTIAHUIIT TEHICHIUSACH Ty OMUJUIapra
OOFJIMK Ba yJIapHU Ha30paT KWIUII MyMKUH. byHiaH Tanikapu, OyfiaHuin 60CKu4Inaa
TOMUMJIAp KJIAacTep MIAKIJIAaHUIINWTA OJIMO KenmaauraH Oup HeuTa OUTTa 3appadanapHu
Y3 uuura OoJMIIM MyMKHH. Aepo3osl MaHOanapuaa OMTTa 3appayanap Ba yJIapHUHT
KJIacTepiapyu HypiaHumu ojatuii xommup. Ymoy [ACS Photonics 7, 1885-1892
(2020)] nmga, nasep Epaamua XOCHII OYIIraH HOHJIAPHUHT OypUYak TAKCUMOTHTA SIKUH
MalJOHJIApHUHT HYKTa NPOEKUIUSACH XapUTacH, SKKa 3appadajap Ba YJIApHUHT
KJIacTepapuaH peakius YMKUIIM ypTacuaa in situ papKUHU amalira OIUPHIL YIyH
¢oiinananunrad. Slkka HaHO3appaya aHya JUIOJSAP MailoH TaKCMMOTHra 3ra oyica-
na, nuMep atpoduaard MaioH HaKIUIapH MYypakkKaOpOK, KaTTaJWTH KaTTapok Ba
Kywid WyHamumira Oofnuk. SkuH Mmaiinonnapgaru Oy dapkiiap HaHO3appayaiap
I03aCHHMHT KY4IH MailJIOH MOHJIAHHIIIY Ba CUPTra OMPUKTUPHITAH MOJICKYJIaIapHIUHT
OOFJIaHUIIMHUHT Y3WINLIM KaOW HOYM3UKIM >Kapa€Hiiapra ce3ujapiu Japaxaja
TabcUp Kwiagu. Peakuus HaHockonusicugaH ¢oiinananu0, MPOTOH 3SMHUCCHUSICU
KpEMHHUIl JHOKCUIM HaHO3appajapu o3acuja MOJEKYyJsap JAUCCOLMAlMsIIaH
ypranuino, MpOTOH MOMEHTUIArM aHUK (apKiap sKKa HaHO3appadajap Ba yJIapHUHT
KJIacTepjapuaaru peakiusi XOCUIIOpIUKIapuHu dapKiIail IMKOHUHA Oepaau JeraH
xyJnocara kenau. KeHralTupuiaran SKWH MalIOHHUHT aHWK I[IAKIWTa CE3TUPIUTU
Tydailam peakuuss HAHOCKONMSCHHU 3appadajapHd In situ TaBcu@uam ycyiu
cudaruga Kopud YMKUII MYMKUH.

Huamerpu 300 HM Oynran KpeMHHUI TUOKcUIU chepacu Ba AUMepiapu atpoduaaru
aKiH Maiion TakcumMoTu FDTD cumymsumsinapu (Lumerical 2020a, FDTD Solver
8.23.2194 Bepcusacu) EpaamMuaa S5 HM KaJaMJIM JIOMMHUN TaHXKapaja OJIMHTaH.
Cuptnapaa crtatuk mycOaT 3apsyiap Xocusl OViaum 3xTuMoiu TakcuMmotu AJIK
TUMWJATY KBAa3UCTATUK HMOHJIAHUIN TE3NMUru Oyiinua ['aycc nazep MMMYJbCH YUYyH
BaKTMHYAJIMK WHTCHCHUBIIMK KOHBEPTUHUHT sipMH MakcuMman keHrmuru 40 ¢c nma
xucobnanaau. Cumymsmusinapaa 10,2 5B kpeMHuid THOKCHIM HaHO3appalapu Y4yH
WOHJIaHUII ToTeHIuanuaaH Qoipananwirad. [IpoToHIapHUHT CHUPT SKHUHHJA
TakcumMianuinm pamuan ['ayce Takcumoru (o = 150 HM, 6, = 30 HM) Ba KyBBaT KOHYHH
(1) ne6 xucobmanamu. I'aycc TAKCHMOTH MOJIEKYJTAIAPHUHT HAaHO3appaJanap K3acu
SKUHUIATH  (a30BUMl  TaKCUMOTHHU  MOJCUIAIITHPAAW, Kyd KOHYHH Ica
MOCJAIITUPWITAH MPOTOH XOCHJI OVJIMIIMHUHT WHTEHCUBIIUTUTA OOFIMKIUTUHU

xucobra omamu. by epma 1030 HM TYIKuH y3yHJIurd y4ayH. I[IpoTOHJIapHUHT
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OOLUTAHFUY TO3ULMUSTIAPH MOC KelaJuraH HSXTHUMOJUIMK TaKCUMOTHUJIAH HaMyHa
OJIMHAJM Ba KEWMH CUPT-3apsA] TaKCUMOTHIAH OJHMHTaH MKOOMI HyKTa-3apsiaiap
HaMyHAaCUHUHT CTaTHK MailIOHM/a KJIACCHUK Tap3a Tapkaiaau. Hanosappaua nunaaru
TpaeKTOpHsUIap JbTHOOpPra OJWHMAWIW. SIKyHHH WUMIyJIbC TaKCHUMOTHHUHT
SKUHJIAIIAIIMHYA TabMUHIAI Y9yH HAaMyHaBUW 3aps/iITapHUHT OUp HeuTa TYIiaMu
cuMyssiiiist  KuidHaau. [lpotoH wunuia®d yukapuin KyBBaTH KOHYHHUTa  Kypa,
WHTEHCUBIIMK MPOTOH MIUIA0 YUKAPUII YUYyH TYWHHTAHJIMK PEKMMHUJAH aH4a MacT
oynmanu, 16 TaXMHUH KWJIMHAAHW, Oy 3ca Xap Oup Jiazep 3apbacu ydyH OUTTa MPOTOH
XOCHJI OYJraH MpOTOH TE3JMUTY OmiIaH Taxkpubanaa TabMuHIaHaAu. DOKYCIN XaKMHU
ypTada XHCOONAIIHUHT TabCUPUHU OJBTUOOPCH3 KOJNAMPHUII MYMKHUH, YYHKU
TYUMHMAaraH peXuMaa MPOTOH XOCWINOPIUTH HHTCHCHUBIWK OWaH XKyJda Ky4JH
y3rapanu. JluMepiap yuyH OpUeHTAMSHUHT YpTaya HaTHKajdapu yuyH TaxmuHad 600
Tacoau(uil AUMEp HYHATUILIAPU UIIATHITaH. Te3poK SKUHIAMIUIT YUYyH TYPJIA XU
Oypuak Oypuakiiapy yuyH HaMyHa OJIUII 3UYJIUTH O KyTHJIraH MPOTOH PEHTA0EILTUTUTa
MOCHAIITUPWIIU. SIKyHUN MPOTOH UMIYJICH CIIEKTPJIapy UHIAUBHUAYaAT HYHAIUIILIAp
Oyiinya HaTH>KAJIApHUHT Ba3HJIU MUFUHIUCH OWJIaH OJMHIaH.
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4-pacm. [ACS Photonics 7, 1885-1892 (2020) makonanaru S-pacm] Hano3zappanap Ba qumepiap
yUyH Taxkpuba Ba CUMYIAIMSAHM Takkocnmam. (a, C) Maxcuman unteHcuBmuk 5x10%% Bt cvm? Ba
HaMyHa KoHUeHTpauuscu 0,2 /1 Aa M30ISUMsUIaHTaH HaHo3appadaiapJaH MPOTOHIAPHUHT
VII4aHTaH UMITYJIbC TAKCUMOTH. By 3paa pprop - TA3€pHUHT TaPKATUII MYHAIUIIH, Ppol - TA3EPHUHT
KyTOJIaHHIN ITYHAJIHMIIH Ba Pjet - HAHO3appavagap OKMMH OYitnad nummynbsc kommoneHtu. (b, d) Skka
HaHocdepanap yuyH Moc Mojen cumyisnusiapu. (€, g) 1,85x10% Br cm? Ba 1,5 1/1 HamyHa
KOHLEHTPAaLUsACH TNAaCTPOK YYKKUCH MHTEHCHUBIMIHMAA JUMEpJIap YUYyH OKCIIEpUMEHTAI
mabaymotiap. (f) Ba (h) numepnap Hanochepacu yayH MOC MOAET CUMYJISIUSIAPHHN KYpCaTaIH.

Hanozappauanap Ba JuMMepiap YYyH OKCHEPUMEHT Ba CUMYJSIUUSIIAPHU
COJMINTHPHUII 4-pacMIa KypcaTwirad. 4b-pacMmpa kypcarmiran umiysibcHUHT 3D
TaKCUMOTUHHUHT KyTOJAHUII-TApKAIUILI TEKUCIUIUra MPOEKUUACH IKCIIEPUMEHTAN
HaTWka OwiaH Jespid MHUKIOPHA MYBOQUKJIMIMHUA KypcaTamu (4a-pacm).
KyTtbnanumra HopMan TEKUCIMKKA MPOEKIUSIIAHTaH UMITYJIBCHUHT 3KCIIEPUMEHTAI
Ba Hazapui HaTwkaimapu (4C,d-pacM) xaMm Xyaau IIyHJIAH Japakaja MOC Kelaiu.
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Muknop xuxaTAaH SXIIMPOK HAMOMMII KWJIMII Y4YyH Ha3apusi Ba JKCIEPHUMEHT
¥pTacugaru KeJuiryB, Sa-C-pacmiiap/ia 6apua y4 yYKra UMIyJbC TAKCUMOTHHUHT OUp
YITYOBIIM MPOCKIMSIIAPUHE KypcaTtaau. Kuuuk KuitmMaTiapaara KUKk TagoByTiaapAaaH
TalmKapu |[ppot| (5a-pacM) Ba KaTTa KHMMATiap pprop, Oapya yuTa YIUOBIH
TaKCMMOTHHHT IAKJIA MOJIENI TOMOHUAAH SIXIIN TaKpOpPJIaHAIH.

g LOF (a) [ (b) 1@ 1 single
3 particle
L8]
£ 0-51 T 1T 1 exp.
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5-pacm. [ACS Photonics 7, 1885-1892 (2020) makomamaru 6-pacm] SIkka HaHO3appajap Ba
auMepiap y4yH OamiopaT KWIMHTaH IPOTOH UMIYJIbCH OYiinya TakCUMOTH. bamopar KuimuHran
TAaKCUMOTIIAp 4-pacMIaru MabJiyMOTJIapJaH OJIMHTaH. SIkka 3appanap y4yH HaTHXajgap OUpHHYH
Karopaa (a) - (C) kypcatuiaran. Jlumepiap yuyH Hatmxkanap ukkuaun katopaa (d) - (f) pacmnapaa
tacBUpiaHrad. bupunun ycryn (), (d) iasep monspusanusicu 0Vitiad uMITyIbC KOMIIOHCHTHHH
Kypcaraau ppol, UKKuHYH ycTyH (D), () nmazepHuHT TapKaiuin KU 0Yiiiad UMIyIbC KOMIIOHEHTH
Pprop Ba yurH4H ycTyH (C), (f) HaHO3appavanap okumu 0yitiadb KOMIIOHEHTHHH KypcaTaau

[Nat Commun 12, 3839 (2021)] unmuii acapaa SiO; HaHO3appavagapu ro3ajiapuiaa
CYB/OFHp CyB MOJIEKYyJAJapUHUHT  aacopOUMsUIaHuIny  HaTmwkacuga Hs'/Ds*
VMOHJIADUHUHT XOCHJI OynuIIM Kabu Mypakkad Ba HOEO MOJIEKYJSIp JUHAMUKAHU
OUYyBYM HATHMKajap TaKauM dTuirad. [I[poToH/neiTpoH MUTpalUsACUHH, IIyHUHTCK,
OOFJIapHUHT MapyajJlaHUIlId Ba OOFJIAHUII XOCWJI OYJIMIIMHMU Y3 MYUTa OJraH ymly
OuMONeKysip (POTOKMMEBUN peaklMsi MKKUTa CYB/OFUpP CyB MOJIEKYJajJapHiaH
Hs*/D3" woHmapuHUHT XOCWJI OyiuInura onud Keauind Kypcatwiarad. Hatwkamap
WHTEHCUB (DEMTOCEKYH TN JIa3ep MalJOHIapua 9K30TUK KUMEBUN peakiusiap yuyH
Katanu3aTtop cudaruga HaHO3APPATAPHUHT SHA OUP XYCYCHUSTHHU aHUK HAMOWHIII
sraau. [ACS Photonics 7, 1885-1892 (2020)] unmuii acapaa xam Xyaau Oy kKaOu
HKCIIEPUMEHTAJ CXeMa KYyJlaHuiIrad. KpeMHuil 1uokcuiv HaHo3appavaiapy 3acuia
ajicopOIusIaHran  cyB/oFup cyB Mouekyianapunan Hs'/Ds" woHmapuHUHT XOCHI
Oymumuan ypranum yuyyH SiO; HaHozappaudanap (auametpiapu 300 Ba 100 HM)
ycTuAa OWp KaTop TaxpubOanap YTKa3WIIU, yJiap BaKyyM KaMepacura KUPUTHUIIIaH
onauH JevoHmsanusuianran HoO Ba DO napma cycnensusuianrad. Kpemuwii
HaHO3appaJiapy Jla3ep MHTCHCHUBJIMTUTA Tydop OYNraH, yjiap MeTaJULIallyB COIUP
OYnUIIM KyTHJIa€TTaH MHTEHCUBIIMK/IAH aH4ya 1MacT OYJIraH Ba IIYHUHT YYyH IJIa3MOH

KY3FaJIUIUIADUHUHT TabCUPUHU IbTHOOPCU3 KOJAMPUIL MYMKHH. DKCIIEPUMEHTAT
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HATHKATAPHUHT aHUKJIUTUHY TabMUHIIAI YuyH DOypbe-aIMalITUPUIILIA UHOPAKU3UIT
cnekrpockonusicu (FTIR) €épnamuna HaHo3appadanap yrieBoA0OpOAJIapJaH X0Iu T03a
cUpTra »dra OHKaHJIWUTH TAaCAWKJIAHIW, Fo3ach (akaT CHJIaHOJUIapAaH uOopart.
Hano3zappauanap ro3anapuaa yriaeBoAOpOIapHUHT HYKIUTH TaXKpuOadapuMu3 YIyH
Kylna MyXUM, YYHKH Y YUKAPWITAH TPUTHJIPOTEH Ba TPHUACUTEPUN HOHJIAPUHUHT
MaHOACHHU aHUK Ba OMp MabHOJIa aHUKJIAIl UMKOHUHU Oepaau. 6-pacmaa D-O Ba H,O
na cycnensusiianrad 100 HM YdaMiim KpeMHUN JUOKCUIW HaHo3appajdapuHudr [1B
CHEKTpJapu ypTacuaard Takkociuam kypcaTwirad. DO cycneH3ust spuTMacu
cudparnaa doitmananmiaragaa D;" HMHr Ky3aTWIMIIH HaHO3appadajap I03acuia
aJcOpOCHsUTaHTaH CyBJIaH XOCHJI OVJIMIIMHKA TAaCAWKJIOBYM aHWK Mamwiaup. byHmax
tamkapu, HD," auar [1B ciekTpuia MaBxyaiuru KymMya TacTUKHU Oepajiv, Iy HKH
y Do xkucemu sirona DO mosnekynacuga MUrparis MEXaHU3MU OpPKau XOCHII OoJIraH1a
Ba KYIIHU CUJIAHOJI MOHU MOJIEKYJacUAaH MPOTOH aXXpaJIUIIU OUSIaH XOCUJ OVIuIIu
MyMKuH. 6-pacmparu [IB cnexrtpinapu moc paBumiiga H,O Ba D,O tapkuOumaru
HaHochepanap ro3alapuaaH yukapwiaguran Hs® Ba Ds* ypracupmarn yukuim
opacuaaru cesmiapiu (apkau kypcaramu. Hs' uykkucu octumparn MaigoHHuHr HY,
H," Ba H3" uykkuimapu ocTHaarum MaWIoHJap WUFHHIWCUTA HUcOaTH cudaruga
xucoomanran HpO TapkuOupma maBxkyj OYJraH HaHo3appauya o3ajlapujaH HUIiad
YUKApWITaHJa TPUTUAPOTCH HOHUHUHT HUCOMI peHTadeuru 5,4% HU TalllKuiI ATAH.
D,O xonmatupma Ou3 KpeMHUN HaHo3appadanapu ro3zacuna D,O mornekynanapuaaH
yukapwirad D" HuHr HucOmii pentademumruau Tonauk ~ 0,38%. Illynunraek, 6u3
HD," uunr nucOuit pearademmruan ~ 0,54% ne6 yauaguk. llynnait kumuo, Ds* Ba
HD," perrabemuruauar duruaaucu HoO narm kxpeMHuil HaHocdepanap 103acuaaH
yukapuirad Hs* man kampok 0yiau0 xonaau. M3otononoriap cudaruga H,O Ba DO
MOHJIAHUII SHEPTUSACH Ba BOJIOPO]I MUTpAIUs KapaEHUHU OOIILIAII YUYH JKyJla YXIIaIl
VWHTCHCUBIIMK Tajalu jaespyu Oup xui Kuiimatiapra sra. lllynunr yuyn Hs* Ba Ds*
HUHT HUCOMH peHTAaO0CIIMIrH yXmain Oyauinm KyTwiMmokiaa. bupok, Hs' Ba Ds'
ypracuna yukumgard ¢Gapk TPUTHIPOKATHOH XOCWJI Oynummmaa Oup HedTa SIHTU
Ayuiap MaBXyIIUTHHUHT a)KOHHO MMKOHUSTIApUHU Kypcataau, Macanad (i) Hs" au
dakat cupTaa agcopOuusIaHTad CyBAaH UiLad ynkapuii (i1) €k pakar cuiaHoAaH,
(111) cuaHoJI Ba CYB MIITUPOK ATaAUrad TuOpua xapaét, Oynaa Ho cunanongan xocui
OYynanau, cyHTpa CyBllaH MPOTOH oJuHaau Ba (1v) cyBaaH Hy xocui 6ynaguran ruopua
KapaéH, KeHWH CWJIAHOJJaH MPOTOHHW aXpaTuOd ojaau. Arapaa AedTepuUIaHraH
cunanouiap xocun Oymummma D,O Ba SIOH ypracuaa ceswmapiu aaMmallidHyB
MaBkya 0yica, D3 TYpT Xui Wy opkaau xocui 0yaap 314 ( FOKOpUIa TaCBUPIIaHTaH
H,O xonatuaa Hs* ra yxmanr) Ba myHuHT yayH 6-pacmaaru [1B ciektpiapu D3 HUHT
IOKOpPH peHTaOe/UTMIuHU Kypcatran 0ymap sau. "SiO; ma D,O" Taxxpubanapuga Hs"
OWJIaH COJMINTHPIaHa, YyHKH Oy Xosaa Ds* xocuit Oyiuiim aedTepausiaiad CHIaHOI

WKKWATa TUOpuU HWynra Kymmm4ya paBuiiga Ba pakar ourra DO gan yTum iynura sra
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oynaau. bupok, D,O spuTMacugaru 3appadajlapHUHT TypJid BaKT OpaJIMFUa OJMHTaH
DKCHEPUMEHTAN MmapoutuMmusga cuwna”HoimapHuHr FTIR - cnexkrpimapumns  Ba
ky3atwirad [1B cnekrpmapu acocuma Ou3 MyxuM JeHTepalusiH KypcaTaJuraH Xed
KaHaal JaJIWI ToNa OJIMAJUK.

w— = 2x10' Watt/cm? < ~ w— gas phase
s H* D* — =4 x 101" Watt/cm? D*/ H; — 0N S10;
— | = 9.5 % 10" Watt/em?
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6-pacm. [Nat Commun 12, 3839 (2021) mnmuii acapma 2-pacm] D20 nman ra3 ¢dasacuma Ba
HaHo3appavaiapaa uoH smuccusicu. (Yan manen) KOpcaTuinraniek Typiu ja3ep WHTCHCUBIIUTH
yuyH ra3 ¢azacunaru D20 yuyH napBo3 BakTH CIEKTpJIapH ypTacuaaru tTakkociamni. Kysaruiran
H* nonnapu doH rasunan kenu6 uynkamu. (Yar nanen) 9,5x10% Br cm nasep MHTEHCHBIMIHIA
ra3 ¢azacuna D20 yuyn onunran 1B cnexrpmapu Ba 1 x 10** B M nasep unrencusiuruaa D20
MoJieKyanapu Tapkuoumaara 100 HM yiuamian HaHO3appavaiap 103acuaH YMKApUITraH HOHJIap
ypracumaru Takkocnam. dakar HaHoszappadanap Owian Oornanran crmektp D2, HD," Ba Ds*
MOHJIAPUHMHT XOCHJI OYJIUIIMHU KypcaTaay.

Takgum oSTHiaran TaxpuOanapia KysaTWirad [OKopu sHeprusid Hz® Ba D3’
WOHJIADUHUHT XOCWJI Oynmumm OusiaH OOFJIMK >KapaCHJIApHUHT MUKIOPHA H30XU
MaB:XyJl Ha3apuii Mojeiapra 3uaaup. Mimnad yukumim kepak 0yiarad xap KaHgai
Hazapuil MOJIeJI HaHO3appavajap ¥03acu/ia CyB MOJICKYJIaTapUHUHT JT1a3ep MakI0OHHU1aH
Ken0 YMKKAaH WOHJIANTYBU Ba TapyajlaHWIl JUHAMUKACHHH TYFPH XUCOOTa OJUIIH
Kepak.

2-000. IOxkopu TapTHOJH TapMOHUKAJAPHU XocWwJa Kuwiaum: Opaui
cucremaJjap. Yoy 6061a "Oqauit" cucremaiap/ia FOKOpY TapTUOIU rapMOHUKIAPHU
XOCWJI KWJIUII kKapaCHIaApUHUHT XaM Ha3apuil, XaM SKCIEPUMEHTAl TaJIKUKOTJIap
HaTwkamapu kearupwirad. "Ogauiinuk" aToM THU3UMJIAPUHUHT HUCOATaH KUYUK
SJIEKTPOH KOH(MUTYpalMsACUHM XHcOOra OJIraH Xoyijga aHukiaaHamud - jutait (Li)
JIXKIIxa FOI'T [Opt. Lett. 44, 3693-3696 (2019)] Ba amomunwuii (Al)ga JIXKIT FOI'T
[J. Phys. B: At. Mol. Opt. Phys. 52, 245601 (2019)]; Ba 3Hr omawii BOIOPOJ
MoJiekyJiacu Ba nonu - HyBa Hy" man FOI'T cniekTpiapunau cumyiisiius Kuomui [J. Phys.
B: At. Mol. Opt. Phys. 53, 155405 (2020)].
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Jlesenmreitn OI'T mMomenu ne6 artanaauran Kywid MaigoH skuniamysu (KMA)
EHIANIyBA JTOMPACHIArd pakamJid XUCOOJIap Typid XWiI KyIuM4Ya IIapTiap EKu
sxmTaauniap ounad unoiatwirad. Jlesenmrein KOI'T monenn yura 60ckuyHu ¥3
W4Ura OJIaJy: SHT FOKOPH WINFOJN KWIMHTAH dYerapajllaHraH XOJIATJaH TYHHEN
WOHJIAHUIIIH, JIA3ep MAIOHUATH SPKUH SJICKTPOHHUHT TE3JAIINUIIN Ba SJICKTPOHHUHT
KeJIMO YMKKaH XoaTura pekoMmouHarusicu. OXupru 60cKud GOTOH IMUCCHSICUTA OTHO
kenamu. Opanuk pe30oHaHCHApHUHT  XHMCcacH  XucoOra OJMHMANAH,  SIpo
JTUHAMUKACUHU 3BTUOOPCU3 KOJAUPUO, MOJEKYISP TU3UMHHUHT (hakaT SHI OKOPU
sratanran atoM (AO) éku monekymsip (HOMO) opOutanman SBOTIONUSICHHHA
XHcoOTra onau.

Yoy 6ymummaru ounpuaym wi [OnT. Jlert. 44, 3693-3696 (2019)] Li JIXKILtap yuyH
FOI'T cnektpnapuHu Hazapui TyHIyHTHpUINTa OarunuiaHrad. HOKopu HOHJIaHUII
NOTSHIIMAIMHUHAT Makcaaiapu Kucka Tynkuuian FOI'T HuHr netukbosum ManOanapu
xucoOnanaau. by FOI'T HUHT y4 OOCKMYIM MOJENUTa Taa Ty KIUAUp, Oy ep/ia KeCHIl
sHeprusich Ecyorf = 1p + 3.17U, Ounan Oepunagu. By epaa |, - aTOMHMHT MOHJIAHUIL
norenwuanu, Uy - nasep MaiiIoHUIaru 3J€KTPOHHUHI TMOHAEPOMOTHUB HEPTUSCH.
Kecuir sHeprusiCHHM KEHTAaUTHUPHIN YCYyJIapuIaH OWPH HWOHJAHWII TabCHUPUHU
KaMaTHPUII YIYH FOKOPH HWOHJIAHWII TIOTCHIMAIWTa dra (Tenuil €Ku HEeOH KaOw)
Makcaanu marepuaimapaan povgananumaup. FOI'T yerapacuuyn KeHraWTUPUIITHUHT
MYKOOMJI yCYJIM HOUM3UKIIN MyXUT cudatuia mazep miazMacu ManOacuaaH UIIKOPUN
noHJIapAaH (QolgamaHuIl OpKaIM KypcaTWiIIW. YJIAPHUHT OKOPU HWOHJIAHMIII
NOTeHTCHAIU |p HUHT ommIMra MMKOH Oepanu, Oy XaM KECHIIl IHEPTUsICUHU
omupuinra €paam Oepuiid Kepak. Taxymn KwinHran oskcnepumentan HOIT
CIIEKTpJIapy Ba KECHIII MO3ULIMACH 75,6 3B 10KOpY MKKWUHYM MOHJIAHUII TOTCHIIMATIUTa
ara Oynrad Li noHIapUHUHT KyTHIaéTraH X|ccacu OMIaH KydId MOC KeIMacCIUTHHA
Kkypcatau, Oy Li HU yIbTpaKuCcKa TYIKUH y3YHIUKIATH KOTCPEHT HYPJIAHUITHUHT YHT
UCTUKOOJUTM MaHOaWra aiiiantupanu, Oy 3ca Ky3aTWIraH KEHTaUTHPUITaH KECHII
NO3HMIIMSACUHN TYFpU TAJIKWH KWIMHUIINATA XajdakuT Oepamu. byHman Tamkapu, Li
HOpMAaJI IIAPOUT/Ia KATTUK KUCMJIAP OPaCU]Ia SHT O AJIEKTPOH KOH(DHUTyparmsra
ora, Oy yHU CHMYJISIUS KWIHMII Ba MaBXyJ SKCICPUMEHTAJ MablyMOTIap OWIaH
TaKKOCJIaIll YYyH k03u0a10p Kuiaau. bynman Tamkapu, Li non Ba He atomnapu yuyH
IOI'T cnexkTpnapyu COJMIUTHPUIAM, YyHKH YJIAPHUHI MKKajdacu xaM 1S €nuk aTtom
opOutanura sra. Mownanum sHeprusicu 5,39 sB Oynran Li aromuHHMHT 2S atom
opoutamn yuyn 6m3 8 ta STO (CneliTep THUMUAard aToM OPOMUTAIHM) aCOCHM
byHKIMsUIapu TymiamMuaa keHraumaad dongaranauk. FOI'T crekTpnapu TYIKUH
y3yHJIuru A = 795 HM Ba ummyibc AaBoMmuiaurd T, = 150 ¢c ra tenr Oynran
Taxprbaaa WIUIATHIAAUTaHIapra SKUH Jla3ep MalJOHUHHUHT IapaMeTpiiapyu ydyH
Xuco01ad umkmirad. Li aromunuHr 2S atom opOutanuuuur Pi(Q) matmwkanapu 7-

pacMaa, TypJid WHTEHCUBIMK Ba Moc Kenaumn napameTpu Yk yuyH Oepuiiras.
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Amanyuard ja3ep MHTCHCUBIIUTY JWANA30HU Y4YyH Yk 1 JaH KUYMK OYIuO, aHMK
OeJITMJIaHTaH IJIATO Xy IyAura oju0 KelaJurad TYHHEJ MOJICIMHUHT XaKUKUIINTUHA
TabMUHJIAUIH.

Lo enRY A‘-°~2~°»"°~‘-°-5~°~°A° .’A"A”P.’{’ 7-pacm. [Opt. Lett. 44, 3693-3696 (2019)
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0.31.

Taxpubaa KecUIIUII MO3ULUSACUHUHT I0KOPH JAapaxkajiapra YTHIIN IOKOPU UKKUHYU
WOHJIaHUII noTeHIanura (75,64 sB) sra 0ynran oup 3apsianrad Li noHIapuHUHT
xuccacu OuinaH OOFIMK 34u. buTTa 3apsiiyanrand TMTHI HOHU YUyH TYCUKHH OOCTHPUII
uaTeHcHBIMry 3,2x10% Bt cm?, meiitpan Li atomu yuyn sca lgs) < 10'? Bt cm 1e6
0axonananu. LllyauHr yayH HewTpan Li yayH OyHnail kuuuk lgs) Ounan aroMiapHUHT
kymummurn - 150 ¢c  mazep 3apbacMHMHT  AacTia0Ku  KUCMHAA — alsIaKavyoH
MOHJIANITHPUITaH OyIuiny KyTunMokaa. Li yayn nazep untencusmuru |, = 4x10% Br
cm? yuyn 97-um taprub arpopuaa Oynamu. bupok, Taxkpuba Oup 3apsIaHTaH
nonnapaan IOIT kecumn xonatura Xed KaHJad TabcHp Kypcarmaau. Srona
3apsiasianrad vonsap FOI'T kecunuiunra xucca Kymmanay Aerad XyJ0CaHu KylliuMua
paBuIa Kyauad-KyBBamiam yuyH 6us |, = 75.64 eV and I, = 4 x 10'* Bt cM? yuyn
Kenanm mapameTpu €paamMuaa y3apo TabCUpJIApHU Tax I KWIAUK. by KuliMatinapaa
v« 1,26 ra Tenr skaH. by xapaéH MynbTH(OTOH XycCycHsATra sra JKaHJIUTHHH
aHTJIATaIu.

mamemmnmem 0 8w W WM gpacw. [Opt. Lett. 44, 3693-3696 (2019)
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bynnan tamkapu, ymoy napametpaap Owian JIeBeHIITeH MOenu Ba arap HyKTacH
(SP) sikpHIaNTyBUHUHT Ky UTaHWIHIIM 1ryoxanu 0ynamu. [llynra kapamait, 6us Li* 1S
aToOM OpOHTaNN YUyH XHCOO-KHTOOJIapHH aMajra OlMpIuK Ba HaTIkKajlap 8-pacmia
kentupwirad. [lyauaraek, 6u3 ymoOy maptiapaa kecumn xonatuau KO 6axomnanran
amanra omupauk. 8(a) Ba 8(b) pacmiap muconuaa, FOI'T cnexkrpiapu MyabTUGOTOH
TabuaTra sra. DrpuiuK GyHKIUACH (KU3UI 4n3kK), Kyiugaru ~Co(Cyx1)* maxngaru
OOFIMKJIMKKa MOC Kenaau, Oy epaa k - rapmonukanap raptudu. [lnato rapmonukanapu
dakart KyJla FOKOpH YUFOTYBYHM UMITYJIbCIIAp MHTEHCUBJIUIU/IA a0 0Yi1a Oonuiaiam,
oynu 8(c) Ba 8(d) pacmnapna kypuin myMkuH. Kypunub typubauku, yx > 1 Ba v = 1
yuyH Li nonnapu xonaruga KO €npanryBu KecuIl >KOMHHM TacBUpIail onmaiinu. bus
oynu 8(b)-pacmaa yx = 0.8 yuyH kypamus, OyHma sHa m1aTo coxacu Ba 169 - raptudma
rapMoHukanap UuyKk Ba myHUHr yuyH IOIT cnekrpnapuna 217-taptudnaru
rapMOHUKaIap nanao 6ynmManau. BU3HUHT XUCOO0-KUTOOIApUMU3 IITYHHU KYPCATIUKH,
HKCIIEPUMEHT/Ia HWIUIATWIAIUTaH TapaMmeTpiapra sKWH Oyiaran Xojjua, KEeCHUII
KUCMUHUHI KEHTaNUIIHU UYK.

[J. Phys. B: At. Mol. Opt. Phys. 52, 245601 (2019)] acapaa ym0y maHOagaH OJMHTaH
oapkapop amomunuii JIXKII Ba FOI'T xocuin OYIMIIMHUHT yXIIall MyaMMOJIapHu Xam
Ha3apuil, XaM OKCIEPUMEHTAI pPAaBUILJA YPraHWITaH. OKCIEPUMEHTaNl HyKTau
HazapjaH, aitanyBun Al creprken Humonuaan 6apkapop FOI'T koHnenimsicu amanra
ommpwirad. Ku3aupyBun Hypianummi cudatuga 35 (hc UMIyNbCIapHU KyJIall
rapMOHUK y3WIHIITHA 35-rapMOHUKarada KeHrantupuin uMkonuHu oepau (54,2 3B,
Qa-pacm). Ym0y pacmia ainmanyBur Al cTepkeHUHHM aOMAIMS KWIWII MalTHAA
Oapkapop rapMOHUKa XOCHJ OVJIMIN TacBUpJapH KypcaTuiraH. TaakuKOTIapuMu3
IIYHU KYPCATIUKH, aiijlaHyBYM HUIIIOH X0JaTHa oapkapop rapMonuka smuccus (9b-
pacm, 1 »Srpu 4YHW3WK) alIaHWII TYXTATWITAHJAH CYHT CE3WJIApid Japaxana
émomnnamiran (9b-pacMHUHT 2-3rpu ym3uFuTra KapaHr). Kucka TYIKWH y3YHJIHKIApH
opanuria Al HUHT SMuCCHs YM3MKIApU XaKuaa XaM IIyHaai aeivm myMmkuH. 9¢ Ba 9d
pacmiapaa (GeMTOCEKyHI MMITyJbeiaapu Ownad kysratwiarad Al 1 yrum TyakuH
y3YHJIWTUAA IUla3Ma SMHUCCHSCHMHUHT CYHUIIMHU Kypcatamu. Al cTep)KeHHHHT
alIaHUIIMHA TYXTaTtrangad VH coHus ytrad, 17,01 HM YM3UKHUHT WHTEHCHUBJIUTH
nesipiu y4 6apaBap kamaiiau (9c-pacm). Xyaau 1y Xos1aT MUKOCEKYH TA HMITYJIbCIIap
OunaH aOJsAIus KWIMHraHaa xam Kysatuiaan. 9d-pacmumaru kymumuaga 200 mc, 800
HM KH3IUPHII UMITyJIbciiapu €paamuna yitronrad 17,01 um tynkun y3yrmuruna Al 11
r1a3Ma YM3UFUHUHT UILTIOB OepuiiMaral TACBUPHHH KypcaTaju.

AIOMHHMN TUIa3Macuaa Ky3aTUTaH TaAPMOHUK KECUITHU OapTtapad STUII yuyH Ou3
IOI'T mmur Jleseumreiin momenuman dornmamanauk. Al Ba Al" ommuii Bogopoara
yXmam arom opOuTtauiapu EpaaMuaa MOACIUIAINTHPHWITaH. BUPUHYM Ba MKKUHYH
WOHJIaHUII ToTeHuuamapu 5,98 5B Ba 18,83 3B ra tenr kabyn KuiauHad. busHuUHT

Xuco0-kuTo0apumMu3 Hatwxkanapu 10-pacmaa kentupuirad. Xap OUp COEKTp y4UyH
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kecum nozutusiiapu (l,+3.2Up)/ o (I, - Oy nonnanum norennuany, Uy - 3J€KTpOHHUHT

MIOHJIEPMOTHUB SHEPTHUSACH Ba - JIa3ep yacToTacu) udosa EpaamMuaa 6axonaniam, OyHaa

KCCUIIIMaHUHT 6yTYH KuCMura TCHI' JJU. TS"CI/IKHI/I 6OCTI/IpI/IH_I HWHTCHCHUBJIUNTHUHN

Gaxonama 6us3ra OMPUHYM MOHIAHWII ITOTEHIUAIH yuyH lgs = 2.6x10% Bt cm? Ba

MKKUHYY MOHJIAHUII TOTeHIUan yuyH lgsi = 2.7x10° Bt cm™ nu Gepaau. busHuHT

copJaIaldTUPUIIradl MOICIINMU3 q)OKyC HyKTaaa J1a3cp MaﬁILOHI/IHI/IHF HWHTCHCHUBJINTH

KuiiMaTua 0ab3u HOMYBODUKIUKIAPHU 103ara KeITHPAIH.

(a) Heating (b)
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9-pacm. [J. Phys. B: At. Mol. Opt. Phys. 52, 245601 (2019) makosana 4-pacm] Aiinanaauran
IIOMUHUM CTepKEeHJa XOCWJI KWIMHTAH IUIa3MaJiaH IUla3Ma Ba TapMOHUK CIEKTPJIAPHUHT
Oapkapopiuk Yyiauonmapu. (a) 5 makuka nmaBommaga wwrwiran HOIT  crektpriapuHUHT
Oupnamtupuiran Taceupiaapu. ClieKTpIapHUHT FOKOPH Ba acTku maHesuapu Al crepixeHHUHT
moc pasuiga 200 mc Ba 35 ¢c¢ ummynbcaap Owman Kusgupwiuimra moc kemamgu. (D)
MUKOCEKYH/JIM HMIyJbCIap HaTWXKacuga XOCWJI OYiraH aaloMHHMH IUIa3MacHIaH XOCHII
Oynran 15-rapMOHMKAHWHT MHTCHCUBIMTHHHUHT BakTra OOFNMMK Yy3rapumu. 1 srpu umsuk Al
CTep)KEHHUHI JOMMMH ailaHUIIUIra MOC KeJlaau Ba 2 3TrpH YM3UK alJaHWIIHUHT KECKUH
Tyrammra TYFpu Keiaaud. Kuputuiaran: aillaHyBuUM aqlOMUHUN CTepXKEHHUHT 1,5 coHus
abusius Kyl gaBomuaa iuruiaran H15 aunr 15 ta umnysbcnapuauHr cypatiapu. (C) O ¢ ra
TYFpPU KeJlaguraH MOMEHT/JA aiUIaHWII CTEP)KEHM KECKMH TYXTaTraHJaH CYHI I1a3Mma
amuccuscu (17,01 um, Al 1) Ba rapmonuknapuunr cycaiimmm. (d) tyxrartmiran Al
HUIIOHWHUHT a0msmumsich maituna 35 ¢c wmmmysnbcnmap OwnaH kysratwiran 17,01 M
smuccussHUHT nacaiuimy. Kuputunran: 200 nmc ummynbenap OwinaH KY3FaTHIITaH aOsIus
crepskeH aimanuimm tyxtarangan kevmH Al Il wuar 17,01 HM SMHCCHS YU3HFHHUHT
CycallMIINHM KypcaTtagurad OYb CIeKTpUHUHT KUICMUHHUHT TaCBUPH.

Xucoo-kurodnapra kypa, FOI'T cnekrpiapu wueiirpan Al aromnapu yuyn [ =
2.5%x10" Bt cm? Ba Al* yuyn I = 2x10* Br cm? ga H35 kecum uerapacura
spumamu. Taxpuba (I = 3.5x10%* Br cm?) Ba maszapus ypracumaru (papKHu
KMCMaH J1a3ep MHTEHCUBJIMTUHUHT SKCIIEPMMEHTA YIIYOBIAPUHUHT HOAHUKJIUTH
OWIaH M30XJam MyMKHMH. Myc6ar 3apsjaHrad HOHIAPHMHT MaBKyUIUTH
IIa3Ma SMUCCHUSCMHH Ky3aTHIN OWJIaH TacHMKJIaHraH Oyica-ma, JleBeHITeln
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mozenu Al" woHmapu y4yH amMamTHpHII caMapaJopiMTHHUA aH4Ya TacT aed
taxMuH Kuiaau. 10-pacMHuHT 10KOpH yan nanenuaa o6usz Al Ba Al* nan nkkura
IOIT cnexTpuHu Kypcaramms jasep uHTeHCMBIMrH 1 = 2.5x10%* Br cm?
IUIa3MAaHUHT  HMKKUTa  KOMIIOHEHTHAAH  aJIMAIITHPUII  CaMapaJopiIUTrHHH
COJMIITUPHUII MYMKHH, Oy 3ca muazMajga erapanya nact Oymamu. IOIT
raTocHUHT Ypracuaa Al* xonatu Ba kecur yerapa Xyayanaa 2 1apaxa KaMpok.
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10-pacm. [J. Phys. B: At. Mol. Opt. Phys. 52, 245601 (2019) makonama 3-pacm] Al (gam
nanen) Ba Al" nonu (YHr manen) yuyH XUcOOJaHTaH TApMOHUKA CIIEKTPIIapH.

[J. Phys. B: At. Mol. Opt. Phys. 53, 155405 (2020)] makonama 6u3z H; Ba Hy*
MoJekynanapuaan FOI'T MacanmacuHM Xajn KwiaMu3, yJiap Xap KaHaail HazapusHU
CHMHAO0 KYpHUIIl yUyH SHT OJIJIUA MOJIEKYJISIp cucTeManap OYJIHII yUyH KyJa ®Ko3u0au.
bynnan tamkapu, ymOy cucremanapaan IFOI'T OVyitmua onguHru Oamopatiap
AKCINEPUMEHTANl YJalnuiap OWIaH TacAuKIaHMarad. bus ooumanFud Mmaiijoncus Gaon
3HT IOKOPH JrajutanraH Mousiekyisip opoutamau (HOMO) artom opOuTamapuHUAHT
ym3uku komOuHanuscu (AOYK) cudaruna kypcatumra acocnanran [AM (Taycc
aHUK Mojenu) cudaThga OCNTHIaHraH yMyMJIAIITHPWITaH EHIAIIYBHH TaKIUM
sramu3 Ba yau Hy Ba Hyo" Monekynanapuna FOI'T macanacura kymiaimu3. KM STHuHT
y3ura xoc rosicura kypa, hazosuii (ury xymiagan 0apya CHMMETpUsIIap) Ba UMITYJIbC
AJEKTPOH TAKCUMOTH XaKuJaru 6apya MabIyMoTIap AacTIa0Ku TYIKUH QyHKIUsCHUIA
MaBxKyJ Oyiraniauru cabadiiv, yHU TYFpU Tap3Aa KypUI KyAa MyXUMAHP. Y MyMH
yeyiuap Xaptpu-Pok -PyTaH eduMiIapuHUHT KaiBajl MAbJIyMOTJIIAPUHU KYyJUlall EKU
GAUSSIAN ¢éku GAMESS «kabm xumcobmam KuM€ Komtapu Epaamuia
koepuIMeHTIapH aHUKJIanaup. byHman Tamkapu, TanioBra kapad, HOMO,
Cnarep tunuaaru opourtamapuu (STO) Ba Naycc tunmmaru opoutamiapau (GTO)
TaXMUHUHN KYpCcaTUIll YUYyH UKKUTA Typaaru 0a3aBuid Tymiamiap naigo oynaau. bus
GTO acocuHu TaHJIa UK, YyHKH Y MHIYKIUAJIAHTaH MOJIEKYJISIp IUIO0J MOMEHTH YUYH
€MUK aHATUTHUK U(OJAHU OJIUIIT UMKOHUHU O6epanu. Onunran udoaaaan ¢poigananuo,
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Ou3 TypJu Ja3ep nmapamerpiapu Omnan Hy™ Ba Ho oguii tuatoMuk MoJieKyianap yuyH
IOI'T ciekTpiiapuHu TaxJauia KUIamMus3.

ABBasio, Nazep MaiAoHM Oyamaranma OONUTAaHFUY MOMEHTHA (aosl JIEKTPOHHUHT
OonuTaHFuY TYJIKUH (DYHKIUSICUHU aHUKTaauK. 11-pacmaa H; (wam macTky manen) Ba
H," (YHr macTku manen) Mosekynanapu ydyH (X, Y) Tekucauruzaa |®? sXTUMOIINK
TaCBUpJApU KypcaTwiran. by TyiakuH ¢yHKIMsiiapy Moc pasuiiga H; Ba Hy'
MoJieKynanapu xonaruaa Taniaanran STO-6G acocuma Gaussian 03 Koy, YekIaHraH
Xaptpee-®ok (RHF) Ba uyeknmanmaran Xaptpee-Pok (UHF) monemnmapu Xxpco0-
KuToOMapu épaaMuaa onuuran. Sapomapapo macoda Hy yuyn 2 X ro = 1,4 a.e. Ba Hy"
yayH 2 X Iy =2 a.e. napaxkana oenrmianras (11-pacwm, rokopu manen). Hy yayH kaita
TUKJIaHTaH "BepTHKaI" WMOHJIAHUII DHEPTUsch Ba H," ydyH MOHIAHMIN MOTEHIUAIH
DKCIIEPUMEHTAJ KHMaTaapra sSKuH.

11-pacwm. [J. Phys. B: At. Mol. Opt.
Phys. 53, 155405 (2020) makonaaa
Distance (a.u.) 1-pacm] Jlazep mnossipusanusicu
. . : VKU (KM3WJI CTpeNKa) Ba MOJIEKyJa
Yu(ywiapuaa 2 moupa Oynran Ky
YU3UK)HUHT CXEeMaTuK
OpUEHTALMACH (Jar MaCcTKH MaHewN)
omman Gaussian 03 xommuu Hp»
(macTkwu van manen) Ba Ho" (mactkn
YHI TaHes) MoJIeKyJalnapu Y4YyH
XxycoOyam — acocuaa  OJIMHTaH
9XTUMOJUIMK TacBupiapu. 6 —
yiI0y UKKUTA HYHAIUII Opacuiaru
Oypuak. IOxkopu manenga H>
Distance (a.u.) Distance (a.u.) (sfw y3nmykcw3 4yu3uK) Ba Ho'
(KU3UJ1  y3IIyKCH3 YHU3UK) Y4YyH
MOJIEKYJISIp YKU Oyina® kecma

KYPUHUIIN YU3HUIITaH.

12-pacmza A = 1300 um Ba In = 5 x10* Bt cM? yuyH HaTmxanapau umnzamus. Jlasep
MaiTOHMHUHT ymoy napamerpiapuna ousna Neyost = 281 ra tenr. 12-pacmuunr (a)

nanenuaa 0 = 0° (ounk Ku3mua yuoypuaxnap) Ba 0 = 90° (rynaupunran kopa pomoOiap)
yerapaJlaHraH XoJatiap y4yH crekrpiap kypcatuwirad. by spaa 0 = 0° na Dy yuyn 145-
rapMOHHMKa aTpoduia miaToa aHuK OeNriIaHraH MUHUMYMHU Ky3aTamMu3. MUHUMYM
IUTATOHUHT WYKJIa YYKYp JKOIIaTrananuru cabaliau, yHUHT BOAMIMCH KECHII COXAcHura
TabCcUp KuaMaiau. Jlazep Maiimonura napaiien »ounamran Dy KOMIOHEHTH (OYMK
k3w kBaapar) yayn 0 = 157, 30 °“ Ba 45 ° ((b), (¢) Ba (d) mamemmap) na
UHTEPPEPEHIUSTHUHT MUHUMYM CUIJDKUIIH, 155-, 189- Ba 269-un TapTubIap MUHUMAN
nosunusiiapura mMoc kemaau. (b), (C) Ba (d) maHemmap y4yH yMyMH#E CHEKTpa
unTeHcusiuru W (kopa tynaupuiarad noupanap) Dy HuHT Honra TeHr Oyiamarax
XMCCACUHU XHCOOra ojraH xojja Xucob6nad uukwirad. SlHa kypuin MyMKUHKH, 0
opTaimy OwiaH MuHUMymIap 3¢dextn uykomaau. by xycycusar (C) Ba (d)
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naHesuiapuia aHuk KypuHaau, 0y epaa 6uz W ydyH TeKUC IUIaTo XyIyAura sraMmus.
Hatmwxkana, wHTEHCHBIMK €KW (OTOHJIApHM XUCOOJAIl yCyJulapura acocjaHTaH
rapMOHHMKa JEeTeKTopiap OwinaH TaxpuOanapia IOKOpH 0 na MHHMMyMIapHUHT
MaBXyJUIMTUHU TaHUO Oynmaiigu. SHa Oup Xynoca IIyHAaH HOOpPATKH,
MoJieKyJagapHu (a3o/la UMITYJIbCOJIMCUTA KYpa JKyJla aHUK WYHAJITUPHUIL 3apypaTH,
YyHKU uHTepdepeHns MuHuMyMiapu ¢akart 6 = 0° arpodumgaru Top Oypuakiap yuyH
AXIIM  Ky3aTWIagd Ba HWHTEphEpeHIUs MHUHUMYMIIAPU XOJATHHUHT MOJIEKYJIa
Oypuarura OOFJIMKJINTY Y3 YPHUHU IJIATOJIaH TAlIKApUTa CUIKUTUIIIN MYMKHUH.
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Harmonics order
12-pacm. [J. Phys. B: At. Mol. Opt. Phys. 53, 155405 (2020) maxonana 3-pacm] A = 1300 am u
In = 5x1014 Bt cM-2 na H2 monekynacu yuyyH XHMCOOJaHTaH TapMOHMK crekTpiap. Ku3un
CTperKallap MUHAMAJT YPUHIIAPHH, ST CTpEJIKaiap 3ca KeCHIUIapHHu Kypcataau. (a) maHen 0
= 0" (xm3u ounk yuOypuakiap) Ba 0 = 90 ° (kopa Tynaupuiaran pom6) na Dx KOMIIOHEHTH yuyH
IOIT cnekrpnapunu takauM 3taau. (b) manen 0 = 15° na Dy (oumk ku3un kBagpatiap) Ba W =
IDx|? + |Dyf? (r¥nampuiran xKopa moupanap) KOMIOHEHTIAPMHHHT CTIEKTPIAPU KENTHPHITaH,
Kymmmuana 0 = +15 ° (saxaut ku3uin goupaiap) Ba 0 = -15 ° (saxumt smmn goupanap) yudyH
XHUCOOJIaHTaH UIMITUKIMKHA KypcaTtamu. (C) manen 0 = 30" ma Dx koMIoHeHTH (OYHMK KH3WIT
kBajpatiap) Ba W (Tynaupuirad Kopa goupaiap) y9yH COSKTpJIApHU KypcaTaau; KymMiaia
0 = +30° (sxumt km3un goupamap) Ba O = -30° (Amwmn KAaTTHK JoMpanap) y4yH
UTMNTAKIUKIapHA TakauM dtaad. (d) mamen 0 = 45" ga Dy xkommoHeHTH (OYMK KH3HI
kBajpatiap) Ba W (Tyaupuiran Kopa Joupanap) yuyH CIeKTpIapHH KypcaTaau; KyIIuM4aia
0 = +45° (stxyuT Ku3wi qoupanap) Ba 0 = -45 ° (i sXJIUT qoupanap) yuyH SJUTHITHKITUKIAPHA
TaKIUM 3TaJIH.

[Tonapuzanus Xycycustiapura Kejicak, OW3HMHT MOJeIuMuU3 € HUHI KHYHK
KUMaTiiapuga CIeKTpall MUHUMyMJap aTpouaa SJUIMITHK MOoJapu3alysiaHTaH
TrapMOHUKAJIAPHUHT MaBXKY/JIMTUHA TaXMHUH KWwiaau. by y3ura xocnuk 12-pacMHUHT
(6) maHenmuma KypcaTHiraH. ['apMOHMKAHMHT SJUTMOTHKIATH MOJCKYJSAP YKHUHT
mycoar (0 = +15°) Ba maudwuii (0 = -15°) iyHanuiiapy ailTaHUIIATa MOC KellaJuraH
SIXJIUT KA3WII Ba ST oupaiiap ownian uyuswirad. 12-pacmuaru (c) Ba (d) manemiapu
0 Oypuak opTHIIN OMIaH IUIMNTUKIMK NacaluIIMHY KypcaTtagu. bupok, Dy Munumym
MUHTaKangaru Dy KamMallMIIMHM ~ KOMIIEHCAalMs — KWwirawiura  ca®admm,

TapMOHUKJIADHUHT KYTOJAHUI HYHAIWINM y WYHaIuIIM OYiia® WyHanTUpUITaH
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O0ynu0, yn3uKIu KyTOaanran 0ynub komaau. by Tabcup 12-pacMHuHT (1) manenua 0
= 45" na xecuIll rapMOHHKJIApU YUyH Kywin udomananras. 13-pacmaa 6u3 Typim j1azep
napameTpiapu Ba 0 ma H," wonmman xucoOmanran IOI'T crmekTpmapuHM TakauM
stamu3. A = 800 um ga IOI'T cnekrpmapu 6 = 0° Ba O = 90° yuyn Oupramtupuiaim,
YYHKHU aBBaJITM X0JIaT[a UHTephEepEeHIIMs MUHUMYMH YHYAJIMK aHUK 3Mac Ba YHU 0 =
90 ° pon cnekTpura HEUCOATaH TAaHUO OJMII OCOHPOK. YIIOY TYJIKUH Y3yHIUKIApU
Y4yH MUHUMaJ no3unusiiap Aq= 13 amarpoduna (61- Ba 79-yu raptudaap). [lanemnap
(6) Ba(C) 6 =15"Ba 30° ydyH MUHUMYMJIQPHUHT MTO3UIUSIApUHU KypcaTaau. Kypunuo
TypuOauky, kuuuk Oypuakiap yuyH (0° Ba 157) MUHUMyMIApHUHT TO3HUIMSIIAPH
nesipiu oup-ompura Tyrpu kenaau. [lanenmaru (b) ypaatmaran A = 800 HM (IXJTUT
Ku3ui goupanap) Ba A = 1030 HM (SxuMT S Aoupanap) YYyH YUKapUIraH
rapMOHUKAJIAPHUHT KyTOJIaHUII XyCyCUSTIApUHU KypcaTaau. MUHUMYM atpoduaaru
rapMOHUKIIAp TypyxXu 12-pacMua KypcaTwiraH xoJjariapra yximad, 3JUTUNTHK
nosiapu3anusuianrad. (C) manen A = 800 M (kKopa Tynaupuirad y4oypdakiap) aa
ymymuid uHTeHcuBiIMK W HHM Kypcatanu, Oy epaa MUHMUMYM Kecuiaranga Dy
KOMITOHEHTH JIOMUHAHTTa aillaHaJIu.

13-pacm. [J. Phys. B: At. Mol. Opt. Phys.
53, 155405 (2020) makonazna 5-pacm] Ha*
HOHM y4YyH XHMCOOJaHraH TapMOHHUK

CIIEKTpJIap. Kuzun cTpenKanap
UHTEpPEpeHIINs MHUHUMYM
Photon energy (eV) p(b PCHIL o Y
124 826 62 496 413 354 MO3UIMSUTAPUHU KypcaTaau. (a) manen 6 =
i 1 PR T W U e WU CW RN Pres

0" ma Dx xommonentu yuyn IOIT
cneKkTpaapuau kypcataau, A = 800 um, In =
7x10%* Br cm? (TYynaupunTaH KU
noupanap), 0 = 90 ° ", A = 6wran 800 HM,
In = 7x10'* Bt cm? (Tymaupunran kopa
kBajpatiap), Ba 0 =90 “ga A = 1030 uM™, In
= 510 Bt cm2 (ounk kK pomomaap). (b)
naHen 0 = 15 ° n1a Dx KOMIOHEHTH y4yH
IOI'T cnexrpnapunu kypcaragu, A = 800
M, In = 7x10% Bt cm? (tynmmupunran
Kku3win goupanap) Ba A = 1030 um, Iy =
7x10%* Br cm? (oumk Kyk pombGmap).
Kymmmya  pacM  rapMOHHKaJJapHUHT
IUTMNTUKIUTUHYU KypcaTaau. (¢) manen 6 =
30° na Dx xomnonentu yuyH IOIT
RS cnekTpiaapuau kypcaraau, A = 800 um, I, =
N waveleng?h fiing) 0% 7x10% Br cm? (TYynaupuiran Kusui
noupanap) Ba A = 1030 um, In = 5x10% Br
cM? (ounk kyk pom6map), Ba 0 = 30° ma
YMYMUH TapMOHHMK peHTadernk W, A =
800 uM, In = 7x10% Bt cm™ (Tynaupuiran
Kopa yuOypuakiap).
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GEX moaenuuuar LCAO HOMO TacBupu OuiiaH OuMprajiMkia yMmyMIallTHPUINAIIN
Ousra orap HyKTacu ycynugad ¢oiinamanMaciad y4  YIYOBIM  HMITYJIbC
UHTETpAUIApUHN ~ aHANUTHK  XucoOnam  uUMKOHMHM  Oepau. buz  HOMO
cumMmerpusicnauar  FOI'T  cnektpmapuHuHr OyHAal y3ura Xoc XyCyCHUsITUTa,
uHTEepPEPEHINST MUHUMANIADUHUHT MAaBXKY/IJIUTUTa aHUK TAbCUPUHU KYpcaTAuK. bus
Tyrpunad-tyrpu TDSE TeHrmamacu pakamid CHUMYJALHUS acoCUIa XYJIOCAJTapUHU
tacaukiaauk, FOI'T cnextpnapuiaa unrepdepeHiys MUHUMAJUIAPUHUHT X0JIaTH JIa3ep
HYPJAHUIIMHUHT TYJIKUH y3YHJIWITYM Ba UHTEHCUBJIMTY KaOW MapameTpliapura OOFiIuK
sMac. MUHHMIAPHUHT OJKOWJIANIyBU (akaT MOJIEKYJSIp OpOWTan Ba UM3HKIU
NOJIIPU3AIUSUIAHTaH J1a3ep MallIOHUHUHT KyTOJaHUII HYHAIUIIN Ba MOJIEKYJISAp VKU
Yypracunaru O OypuakHu OOfjaml ydyyH MOJIEKYJIaJard siapojapapo macodara Kydiu
O0orMK. MUHUMYM MUHTaKa aTpoduari rapMOHUKIAPHUHT Ky TOJIAaHUII XOccanapu 0
y3rapuiny OuiaH Ky4in Y3rapuiiiHu KYpcaTIuK.

3-000. IOkopu TapTHOJM TapMOHMKAJAPHU XOCWJI Kujuii: Mypakkad

xoaucajgap. YOy 000 pe3oHaHcra sra Oyiran mMaTepuaiiiap, HaHOo3appajiap Ba Ky
okumiu JIXKIInapHuHr xocusl OYiMIN IIApOUTIIApU Ba Aamilall UMITYJIbCIAPUHUHT
XYCYCHUSITIApUHU y3rapTupuil owiad oupnamtupuiarad raznap Ba JIXKIlnapga FOI'T
KapaéHuia Ky3aTWiaJuran Mypakkad xoaucanapra Oarumnuianrad. [New J. Phys. 22,
083031 (2020)] maxosana, JaMiaml MApPOUTIAPUHUHT Y3Tapuiny OuiaH Ap rasuuaa
Kyrmiep MuUHMMYyMH HA30paTUHH TU3UMIIM YpTraHuiil TakauM dTuian. Monuoaen JIXKIIT
JaH SIKKA, Ky4alTUpWITaH pEe30HAHCIM rapMoHukanapHu xocui Kwinin TDSE Hu
euuIn OWJIaH XaM Hazapuii, xam skcrepumentai [J. Phys. B: At. Mol. Opt. fizika. 53,
195401 (2020)] makomnana kenTupwirad. PesoHaHc KydyalTUpHITaH rapMOHHKAra 3ra
Oynran maTtepuaiiapra Ty3WJraH, Kyl OKMMIIM IJla3Ma HIyJbaJlapUHU KYJUIAIIHUHT
oupramuknaru tabcupu [Opt. Continuum 1, 1098-1116 (2022)] makosima TaxXJIwI
KWIMHTaH. MeTajum Ba sSpUMYTKa3rud KapOuJ MarepuajiapuaaH Tal€piianran
HaHo3appauanapau VY3 wuura osrad JIXKIlnapman FOIT Ounan Hatwkamap
[Nanomaterials 12, 4228. (2022)] makosiaaa KeJATHPHIITAH.
Kopuit Ba onguHrm O0oONapma KENTUPWITAH HIIAPHUHT  AKCIIEPUMEHTAT
HATHMKAIAPUHUHT KYMYWINTK OU3HMHT TYpyXUMH3 TomMoHMzaH YauruyH Onruka,
HO3MK MexaHuka Ba ¢usuka wHcTUTyTHaa (CIOMP, Xwuroit), [lapka Amepuka
yauBepcutetuaa (AUS, bupnamran Apa® Awmupnukinapu) kypwiran HIT
KypwiMasiapu Ownan osvHrad. IOI'T oObekTMHUHT ymymuii cxemacu l4-pacmpaa
TaKJIUM TUJIUTaH.
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14-pacm. IOI'T HUHT yMyMHil SKCTIEpUMEHTAI CXEMACH.

Kyuaiitupruunan (AMP) kelinn koMnpeccaaHMaral MUKOCEKYH/IJIH JIa3ep UMITYJIbCU
oitHa (M) opkanu komnpeccioBun nanwxapa (CQG), septukan perpopediaekrop (VRR)
Ba ropusoHTan perpopedaekrop (HRR) man wubopar Oynran kommpeccopra
nynanrupunaau. Komnpeccnanran 3081 umnyibscu (PP) ontuk keunkui unzusu (DL)
OpKaJIu TapKaJIaJd Ba KEWHMH HUIIOH Kamepacu Ba JYD criekrpomeTrpuHu y3 muura
osrad Bakyym kamepacu (VAC) nuugaru cpepux ¢pokycnoruu nun3za (FL1) opkanu
doxycnanaan. Gokycnanran UMITyJIbCIap MIA3MAHUHT UKKW PAHTIU JaMIIAIld YIyH
UKKUHYM rapMoHuka (SH) HypHu xocmn kuinuim yuyH 0,2 MM KaJIMHIMKAAru oapuit
oopart (BBO) KpUCTAIIH OpKaIu TapKaJIa/In.
deMTOCeKYH I/TUKOCEKYH T/ HaHOCEKYH TN Ku3aupui ummynbciaapu (HP FS) nazep
mazMacuid €kui yuyyH HumoHra (TG) dokycnoBun nuuza (FL2) TomoHMIaH
Kapatwirad. Mxtu€puii, HaHocekyHUIM Kusaupuil wumnyisciaapunadn (HP NS)
doitnananuin MyMKuH. ['eHepalusiiaHraH TapMOHUKAJap Ba acOCUN HYpPJIAHMIL
tupkuin (CJI) opkanu Tapkayiaau Ba OJITHH OWIaH KOIUIAHTaH LWJIMHAPCUMOH OWHA
(CM), Texuc maitnon nanmxkapacu (FFG) Ba mukpokanammum miactuakanu (MCP) ¥3
nuyura onran DYb cnektpomerpura kupaaun. M1 Ba M2 - Oy demrto/muko Eku
HAHOCEKYH/UIM KHU3AMPII HMITyJIbCIapyU YpTacuaa TaHIalll Y4YyH alIaHTUPYBUU
MoOcJIamagapaaru omHanap.

Wuept ra3 HUIIOHJIApPHAAH IOKOPH TapTHOIM TapMOHHMKAa SMUCCHSAA aHUK JIOKal
MUHUMYMHUHT Ky3atuiumnau Kynep munumymu (KM) ne6 aranaauran 6apmMok u3u
cudarua Kypud YUKUIL MyMKUH, Oy nHepT raziapHuar JYb ¢hoTononnanummia xam
MaBxkyln. Ap wHunr Oup aromum FOI'T coekTpuzan TapMOHMKaJapHUHT
TaKCUMJIQHUILIMA MUHUMYMHUHT Taij0 OYIWIIM 3JIEKTPOHHUHT aTOM MOHUTA
paauaon pekoMOuHanusacu ounad 60rIuK 60, 0y POTOMOHIAHUITHUHT TECKAPH
*apaéuu 0yu0, Oynna kecma muauman oynaau. by [New J. Phys. 22, 083031 (2020)]
Makojaga acoCMid  HYpPJAHWIIHUHT  WKKUTa  OPTOTOHAI-TOJSpU3AIMSIIaHTaH
MalJIOHUHU Ba YHUHI MKKUHYM FApMOHMKACUHM KYJUIalll, IIyHUHTAEK, TOK Ba XKy(dT
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rapMOHUKAJIAPHUHT OOUIKApUIaAUraH PEHTAOCIIUIMHM SPaTHUILl YYyH UIUIaTUIAIN,
rapMoHuka crekrpiapaa KMHuHT nacaitummra o6 Keaau.

15-pacm. [New J. Phys. 22, 083031
(2020) wmakonmama 3-pacMm]| Xap Xumn
IKCIIEPUMEHTAN IIapoWTiapaa Ap na

@ Photon energy (eV) o) Photon energy (6¥) XOCHII Oynran rapMOHUKaIap
5 W 40 0 s I ® s cnektpiaapu. (a) bup panrmm gamnamn
- Eo+E20=600
0000 P00 n L e nat 1 (1030 um) xomaruga Qokyciu chepuk
H69 H o
- 1w} ‘;5’ { JIMH3&JIap OJIIura > KOWJIAIITHUPUITaH
= x 2l Earrranii HpHC nradparmacu IMaMeTPUHU
§ 30000 Losinp] ? 1 2 ol . 1 y3raptupwuin OpKau KECHII
-EZWJUU]JMMH " = som| " | oueprumscuHu  y3rapTupunl.  Yu3HKIH
2 : A IHMMM §7] . W ~
= s0000 | Ear=a70 ] 1 % feomemp] Kopa uM3uK (oToH sHepruscu ~ 49 5B
g ! P = 1 (H41) na KM xomatuHu KypcaTaiu.
g15°°°MMMU w1 E ) "1 Sxmur crpenkamap KM  KeHriMrum
o
]'Tum:u.l. = o
* fam370 Ve W] kypcaranu. (6) Xyaau ury OOFTHKIHKIAp
y 4 6000 [* ' b
% s i AprOHHUHT OPTOrOHAJ KyTOJaHTaH WKKU
! T qu ]  panrm pamnamu (1030 BM + 515 HM)
LI S T H T h » % & MHCOJNMAA KentupwiraH, Oy yama KM

Wavelength (nm) oo o
WYKJIMTMHU KypcCaTaliu. yHI6y pacMaaru

TYK KOpa 4YM3MK OUTTa PaHIJIM Jamilaul
xosatuga KM xosatnHu KypcaTaau.

Typau XUl rapMOHHUKQJIAPHUHT UHTEHCUBJIUIH, ITyHUHTIeK, KM HUHI KeHIUIMru Ba
YyKypJIITH Typid XWJI OSKCIEPUMEHTal mapoutiapia, xycycad, 1030 Hw
UMITYJIbCIIADHUHT WHTEHCUBIIUTU Ba (pa30BUN IIAPOUTIAPUHU Yy3rapTupuil Ba 15-
pacMIa KypcaTWITaHUAEK, MKKH PaHTJIM Jia3ep Jamjail €épaamMuaa TaxJIuil KWIHH]IH.
Ymby taxpubanapia xapakaTJIaHTHUPYBUM HYPJApPHUHI YiIyamjapu y3rapyBuaH
IUaMeTpiau upuc €pramuia y3raptupuiav. byHaaHn Tamkapu, ra3 okuMmu (hokyciu
JVH3AMAPHUHT  (POKyCc  TeKuciaurura  HucOaTaH — Typiaud  Ho3uLUsiIapia
XapakaTJaHTUPWIAW. Ar Ja XapakaTJIaHTUPYBUM HMITYJIbCIAPHUHT J1e(hOKyCIaml
épaamuza (aza Moc KeaMaclurura acocjaanrad ¢azara Moc KejaJura mapouTiIapHu
y3raptupu opkaau KMuaunr iykomumu 15-pacmaa (a) kypcaruiras [E, =470 MK,
upucaan keinH 12 mm Hyp auametpupna]. Ilynunraek, 6uz KM KeHrIuruHUHT
XapaKaTIAHTUPYBYM Ja3ep UMITYJIbCIAPUHUHT SHEPrusicura OOFIMKIUTUHUA TaXJIUII
KWIOUK. 15-pacmpmarm  (a) maHemiap TapMOHHMKAa  KECHII  SHEPTUSCUHUHT
XapakaTIaHTUPYBYU (PEMTOCEKYHJ UMITYJbCIAPUHUHT SHEPTUsicura OOFIUKIUTHHU
Kypcataau. Jlazep uUMIynbClIapd SHEPIUSACUHUHI OLIWIIM KECUII SHEPTUSACUHUHT
ommiura oo kenau. by Taxxpubanap naBomunga 69-rapTudra Kajgap rapMoOHUKaIap
Kyzatwigu [A = 14.9 um, 15(a)-pacMHUHT OKOpH maHenu|. VIKKM paHriM Jamiani
cxeMacusia, Hyp AUAMETPUHUHT V3rapuiu OuiaH xed Kangailh KM kysatunmanu
[15(06)-pacM.], JeKuH, KywiM TOK Ba >Xy(T rapMOHHUKAJTApPHUHT XOCHUJ OYIuIIn
XxapakatianTupyBun Ba SH wmmmynbciapuHuHr ymymui sHepruscura (E, + D)

60FJ'II/IKJ'II/IFI/I Ky3aTHJIaU.
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Ar IOIT mexaHu3mjapvHM Hazapuil TYIIYHTUPHUIN y4yH BakTra OOFJIMK OVirad
[Ipequarep TEHrIamMacd pakaMiIM WHTErpajulaml amaira omupwind. Taxpubama
OpPTOTOHAJN-TIOJSIPU3ALMSIIAHTaH  Jla3ep MaWJOHJapu HIUIATUIATaHIUTu cabaduy,
TynuK y4 ymdonu TDSE yuyH eunm Ttakaum stuirad. @okyc xaxmu >3QQexTu Ba
Tapkanuma ¢aza MOCIUTruHU Xucobra onuml yuyH TDSE Typau xun uHbpakuzui
HYPJIAHUII UHTEHCUBJIUTH Ba UKKW PAHTIIU JIa3ep MalIOHJIapUHUHT TypJid HUCOATIapu
Y4YyH MHUHT MapTa amaJira omupuirad. @aszanapHu MOCIAIITUPUII XKapaEHUIaH KENH
KM roBwmmm MyMKUHJIMTH cababmu, arom japaxacuna HOITnarm KM
TUHAMUKACUHY YPTraHUIll YI9yH OMpUHYN HaBOaTAa (JOKyC XaXKMUHUHT ypTada Ba ¢asa
MocrianryBucu3 aromap gapaxana HOIT  takaum stungu. CUMyISIUUSIHUHT
AKAHJIAIIWIIY ~ Y3YHJIMK Ba TE3JIAHWII MIAKUIAPUAAH OJIMHTAH HaTHXKallapHU
COJIMIITUPHUII OPKAJU TEKIIUPUIIM Ba akat Te3namrupui makiugaru FOI'T Takaum
STUAAU. 16-pacMpa OpTOroHaN-NOJIIpU3ALMSIIAHTAH Ja3ep MahgoHdapuaa Ar
atomsapuHuHr FOI'T kypcatunran. lllyHuHraex, 4usukiM >kaBo0 Hazapuscura
acoCJIaHTaH SKCIEPUMEHTANl SKKa (POTOMOHJIAI KECUM [03aCH Ba CUMYJISIMSIIAP
TaCBUPJIAHTaH.
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16-pacm. [New J. Phys. 22, 083031 (2020) makomama 5-pacm] (a) Taxkpuba Ba cuMysiiusiIapaaH
Ar HUHT siKKa (POTOMOHJIAII KECHM fo3ayiapu. MKk panrim nazep MaigoHuAa Ar aTomiiapuiaH
xocuit 0ynrad FOI'T cniexrpnapununr y3rapuiiu; (0) lo:l2e = 1:0; (€) loil2w = 25:2; ann (1) lo:l2e
=5:2Bal, =2 x 10* Wem?

Cumynsmusanapaa KyTOJNAaHTAaHJIUK TYFPUAAH-TYFPU XHUCO0JIa0 YWKWITAH, YHHHT
XAKUKUM KUCMU AT Ta3MHUHT CUHAMPHUII KYpCATKUYUTa TETUIIIM Ba MaBXyM KHUCMH
16 (a)-pacmaa kypcatuiranujiek, poroadcopobcusinu udoaanaau. Cumynsuusiiap 16
(a)-pacmma kypcaTwiraHujek, (poTouoHU3anus y4yH Vidamnmiap OWIaH SXIIA MOC
KeJIaJu. A-Mapuyai TYJIKUHTa SKKa (POTOMOHIAHUII KECUM 03aCH HOJITA MHTUJIAAN EKU
KM 40 5B ra etaau, Oy ynuaHran KMiiMaTuaH nact. Yoy sHeprus pexumuaa 3p —
S-napuuan TyJkuH yuyH KM #HyK Ba kecuM ro3acu xyaa kuduk. Cumymnsuusiiapaa
WHOPAKU3UI HYPJIAHHUII WMITYJIbCIIADUHUHT TApKAIWIN WyHamumu cudatuga z-
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HyHaIuIM Ba KyTOdaHUII WYHAIUIM cudaTtuia X-UyHaauyM TaHjganrad. UKkuH4Im
rapMOHHKA JIa3ep MalIOHMHUHT MOoJapu3alusicy y-iyHanuim 0yitnab iyunanran. KM
HUHT (pu3uKaBuil KennO® YMKUIIUHU aHWK KYpCaTUIl YYyH OWTTa PaHTIU Jiazep
Margoauaa Ar 3po gad (Mmaraut kBaHT coHu = 0) FOI'T aum 16-pacm (0)na unswiras.
MaruuT KBaHT COHMHHMHT CaKJIaHWIIIM BaKTUIA 3po X0JaTH (pakaT MarHUT KBaHT COHU
m = +1 Oynra" xoJaTia 3pulla oiaau, X-UyHanummuaa KyTOianradH (GOTOHHUHT S-
X0JIaTUa AMac, IYHUHT y4yH s-mapiuan TyiakuH FOI'T ra xucca xymmaiiau Ba 30-
rapMOHUKa TapTUOU aTpoduaa KyJa YyKyp MUHUMYM MaBxyja Oynaau. by maskyp
monen norteHnuanuaan KMuu cudar xuxaTuaaH TEKIIUpUIT Y4yH (oiinamaHuil
MYMKHHJIMTUHU KypcaTaau, rapud y YiI4aHraH KuiiMaTuaad (apk Kuica Xam.
WNkxknaun rapmonuka masepcus, IOI'T 16(0)-pacMmma kypcaTtuiaranumek, 3p-i, 3Po
XoJaTiapuaaru 6apua XuccajlapHu W34l MUFraHMMH3AaH KeiinH xaM aHuk KMuu
KypcaTtaau (macTKu Oeruiap MarHuT KBaHT pakaMmJIapuHu aHriaraau). Ko y3rapaau
Ba KEHIVIMK Y3rapyB4aH TOK CHIDKUIIM Tydainu HuHGpaKu3WI Jiazep MaloHU
TOMOHUJaH KeHraiTupmiaan. KM XarTo xyna Kydiu jgazep MailJIoHH1a XaM MaBxKy/l.
Acocuiira oproronai (X MyHanumm O0yiinya KyTOJaHTaH) UKKUHYMA TapMOHUKA JIa3ep
MalJOHU KyIIujca, )Ky(QT Ba TOK rapMOHMKaiap W HyHanumu Oyinad KyTOnaHyBUd
Ky(pT rapMoHUKanap Ba Oyilylab KyTOnaHyBYM TOK TapMOHHUKaJap Maijgo Oyiamu.
16(c)-pacMma  kypcaTWiraHiek — X-WyHanumu.  VKKUHYA ~ TapMOHUKAHUHT
uHTeHcuBIurH 16 (d)-pacmma xypcarwiraHujaex, sHama optud Oopap skan, KM
JIeSIPIIN UYKOJIa N,

Jlazep €pnamMusia xocui1 KUiauHraH Mo ma3Mmacuja rapMOHUKAHUHT 32 HM SIKUHUJA
kyuaiinmu [J. Phys. B: At. Mol. Opt. Phys. 53, 195401 (2020)] wmakonama
KeJITUpUITaH. Pe30HaHCIM TapMOHHKA Ky4auTUPHUII KAPAEHWHU ONTUMAIIIAIITHPUILL
YUyH Typiu ycyjulap €pAamMuaa TaxJIwi KWIMHTaH. HOUM3UKIM ONTHK KAaBOOHUHT
OILMIIKUTA OJMO KEeJNaIUraH KaTTa OCCHIIATOP Ky4ura 3ra Ky4wId MOH YTULIIMHUHT POJIU
MyXOKama KWIMHTaH. DKCIIEpUMEHTAJl HaTKallap BaKTra OOFIUK OynraH TYIuK (haos
MakoH y3-y3uman n3umi Maiigon ycymu (TD-CASSCF) ne6 aranaguran peaj BakTaa
TYJIUK AJIEKTPOH Y4 YITYOBIIN a0-WHUTHO YCYJIMHUHT 3aMOHABUN TaTOWK STHIUIITHIAH
doinananran xonaga Mo IOI'T HUHT pakamiii CUMYJISIITUSITIApU OMJIaH TaKKOCJIaHIH.
By ycynna OyTyH 3J€KTpOHIM YMYMHM TYJIKUH (PYHKCUSCH BaKTra OOFIMK OYirax
cnuH-opOuTan (QyHKIUsIapaaH Tamkuil tonrad Creiltep AeTepMUHAHTIAPUHUHT
Kyhuaara cyneprno3uiuscu Owiad udonanaHagu. 806 HM Mapkazuid TYIKUH
y3yriury, 2x10 14 Bt ¢cM? MakcuMal MHTEHCHBIIUTY Ba OSKIaH OEKKA TYPT JaBpiH
sin? uMmynbc IDakaura sra OYOraH lasep MMIYIbCH y4YyH OOLLIAHFMY TH3UM
cudparuga Mo I Ba Mo Il yuyH onmHraH rapMoHUWKa crnekTpiapu 17-pacmaa
kypcatmwirad. Mo I (kopa) Ba Mo Il (ku3wi) yuyyH SrpH YU3MKJIap acocaH Oup-
OMPUHUHT yCTUTa TYIIaJu, YyHKU HeuTpan Mo te3 monsnannd6, Mo Il mnasmacunu

XO0CHJI KUJI1aau.
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17-pacm. [J. Phys. B: At. Mol. Opt. Phys. 53, 195401 (2020) makonana 7-pacm] (a) Mo | (kopa)
Ba Mo |l (ku3min) nan 6omutab xucobmanran FOI'T criekrpiaapu. Mo |l yayH criektp My3iatuirad
sapo Ouian 4p ravya (04MK KYK) XucoOsaHraH. (0) SKHHIAIITHPHITAH TaCBHP.

buz 38 3B (32,6 um, ~H25) arpoduna sxmmnanuiiau Ba 33-34 3B (~36-38 um, ~H21-
H22) artpodupa OOCTUpHUINHM KYpUIIMMHU3 MYMKHH, yhap Kyuuna 18-pacmaa
MyXOKama KWJIMHIaH SKCIIEPUMEHTAN XYCYCUSATIAPHHU SXIIH aKc 3TTupaau. 17-pacmaa
CUMYJISILIMSIA My3JIATUITaH spo cudaTtuaa kypuirad 4p raua opourtamiap ouinan Mo
Il yuyH xucoOnaHraH CHEKTp XaM KypcaTwiran (04 Kyk). 4s Ba 4p HU My3JaTHIL
MKKaja XyCyCUSTHUHT UYKOMUIIMra oiaub kenanu, 0y 4s Ba/€ku 4p TMHAMUKACH yJiap
Ownan Oornukauruad anriaatagd. TCP (806 M + 403 wM) mapoutmaa Mo
IIa3Macujlad TapMOHUKAJIApHU Y3rapTupHll Ba Kydatupuiiga 806 HM UMITYJIbC
OHEPTUACUHM XapaKaTJIaHTUPYBUM POJK OYiinua sKcriepuMeHTan HaTwxkanap 18 (a)-
pacmja KypcaTuirad. XapakaTiaHyBuUl UMIYJIbC SHeprusicnHuHr 0,5 nax 1,3 MK raua
ommmu H2 HUHT amIMalITUPUIN CaMapaJOpPJIMTMHU OUIMPHUINra Ba YJIapHU
KY3aTHILIHUHT OyTYyH 1Mana3oHu Oyiiaad rapMOHUKA peHTA0CTUIMKHUHT YCUIIIUTa 010
kenau. DP  osHeprusiciHuHr opTHiM OuilaH KydaWTHUPWITaH TapMOHHKajap
TYPYXUHUHT Taiigo Oynummra »»TrO0p Oepunr. Kusukapnu kysatyB H25 wu H26
OWJIaH CONMINTUPTaH/ia KyWIMpOK OVinb, y TapMOHUKA TaApTUOW YUyH PE30HAHCIIaH
Kenmubd  uYMKaaWraH — Jkapa€HHM — ONTUMAUIAINITUPHUINHMA  Kypcataaw, Oy
XapakaTJIaHTUPYBUH Jia3ep MalJ0HU Ba XaTrTo rapMonuka (H26) ypracunaru ontuman
¢daza MyHocabaTiapura Kynmpok Moc kemaau. OnTumMajg TapMOHUKA TapTHUOHUHT
cuwpkumu (H25 man H26 ra) moc paBumga TCP Ba SCP xonatinapuja rapMOHHUK
CIEKTpJIapHU KypcaTaguraH 18 (a)-paCMHMHTI MKKWUTa TacTKU [aHEINHU
COJIMIITUPTaH/a aHUK KYPUHAIH.
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806nm+403nm (a)
200 B

EPP=0.5mJ Tep
100 F - H17 H10T
0 Aoy UW
2 200 _[-:}:])20.71“J TCP | 18-paCM. [J PhyS B: At. Mol. Opt PhyS 53,
2 195401 (2020) maxomama 4-pacm] (a) Mo
=5
o 100F H20 l ' l le' JIXKIT mwar TCIT mapriaapuma JIT HuHr
E A
= 0 T top | TypH SHEprusIapuaa rapMOHHKA
Z 200 H12 { CHEKTPJAPHUHT TAPKATUIIMHUHT OOFINKIIUTH
5 H26 H16 .
E 100 g | | (r¥prra rokopu nanen). [lactku manenga SCP
%’ 0 XOJIaTU/IA OJIMHTaH CIEKTP KYpCaTHIIraH.
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Wkkurta >kapaéHHUHT TaKKOCJIAHUIIM, PE30HAHC TapMOHHUKA XOCWJ OVYIHIMd Ba
KBazudazaaym MocallyB, HaTHXada TYypJd Ja3epiu IasManap (BaHaauid, cypma,
WHIUI Ba MapraHell) OpKaJd TapKajdull MaThaa yJITPaKUCKa HMITYJIbCIApHUHT
IOKOpH TapTHOIM rapmonukanapu kydasau [Op. Continuum 1, 1098-1116 (2022)].
MynbTHOKMMIIM MUIa3ManapAa KBaszudaszaiaud MoOCHAIMOIA MakCHUMall Japaxana
KYYaUTUpUITAH  TapMOHHUKAJIAPHUHT  CO3JIAHWIIM,  PE30OHAHCIM  KydalraH
TapMOHUKAJIAPHUHT OWp BAKTHUHT V3WJa KyYaWTHPWIMINKA KypcaTtunrad. Typr
O0ockuuin Mojen Ba kBasudazanu mocnammm (QPM) moupacunga skcnepruMeHTal
Ky3aTWIraH sKka rapMoHuka pe3oHaHcuHU (SHE) kynmaG-kKyBBaT/IOBUM HazapHid
xuco0-kutobnap, JIXKIIxaru rapmonnka rypyxunuar SHE unrepdepenius moaenu
Ba Faja€HIaHMAacOaH XOJIWCAJIap JNaH MYCTAaKui EHNANIYB aMalira OLUWPUIIAM.
TannaHran goupaja BOCHUTA Jia3ep MaioHN OWiaH ¥3apo TabCUP KWIyBUYM aToMJap
KaTopu cudartuia TaKIUM dTHITaH OYIu0, yiap MyXUTiard aTOMHUHT X0JlaTura Kkapao
napameTpiapra 2dra. MyxuTaa Tapkanum - Tydaiim  mazep  MalJOHUHUHT
napamMeTpiiapi  aTOMJIaH aToMTra y3rapaad. AJIOXHaa aTOMJIAPHHUHT KaBOOH
rayaCHIaHMAaCIIUK Ha3apusacu (TapMOHUKAHWHT aMIUTUTynalapu Ba (aszamapu Ba
pakamii Taxkpuoanapaad onuHrad JIXKII yukuimm naugary aTOMIIApHUHAT X0J1aTUra
OOFJIMKJIUTK) Joupacuaa xucobsanaan. MyXUTHUHT (OTOIMHUCCUSICUHUHT yMyMUH
»KaBoOU HUHTepdepeHIs Mojaenu Oyiinya XxucobsaHaau (KOTEPEHT XOCHJI KUITyBYH
SMUTTEpJIAp UMFUHANCHU cudaTuaa). Jlazep MaloHIapUHUHT MapaMeTpiiapu (Oup Ba
WMKKU PAHTIIM JIa3€p MaWIOH KOMIIOHEHTJIAQPUHUHI WHTEHCHUBJIUTH, YJIAPHUHT BaKT
Oylinya KEHIJIUTH Ba WKKWA pPaHTIM Ja3ep MalJOHJIAPUHUHT KOMIIOHEHTIapu
opacHJard KEYMKHII BakKTJIapu) Ba IUa3Mma mnapaMmerpiapu (Macanad, JIXKII
OKUMJIAPUHUHT KEHTJIUTH, YIAPHUHT COHU, TUIA3MAJIAPHUHT 3UYJIMTH ) SKCIIEPUMEHTA
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MabiymMmoTiapra MyBoduk Tanmanrad. [lucnepcuss tydaitnum JIXKIIza tapxamuim
KapaéHuIa Jasep MauJOHUHUHI mapamerpiiapy ysrapaau. [lmasmanuHr Tabscupu
JlopeHny Hazapuscu TOMOHHUIAH XucoOra onuHaaAu. SpaTwiraH HypIaHUITHUHT

peabcopOIHsicu XHcoOTa OMHMANIH.
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19-pacm. [Opt. Continuum 1, 1098-1116 (2022) makonana 6-pacm] (a) [lepdopupnanran mia3ma
(KM3WJI I0JITy3/Map) XoJaTHAa TakAuM OSTWIraH BaHaauid TuazMacuna QPM  pesonancuHun
xucoOmam. Takkocann yuayH skcriepuMenTan ydanran QPM pe3oHaHCH TakauM 3Tiiaau (Kopa

kBagparaap). (6) Cypma miazmacuga QPM pesonancuHu xucoOusam. Takkocnam ydyH
skcniepuMenTan yirdanran QPM pe3oHaHCH TakIuM 3TWITaH (Kopa KBajpaTdaniap).
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20-pacm. [Opt. Continuum 1, 1098-1116 (2022) makomana 7-pacm] (a) Uuauii mnasmacuga QPM
pe30HaHCHHU Xucobnail. JkcrnepuMenTan yirdanran QPM pe3zonancu Kopa KBaapaTiap Ba Kopa
OYMK KECHIITaH KBaJpariap OMJiaH TaKKOCIAIl YUyH TaKIUM 3Tuiaau. (0) Mapraser miamacuaa
QPM pe3onancunm xucobmam. JkcnepuMenTan yimuanrad QPM pe3onancu Kopa KBajpatiap Ba
KOpa O4MK KECHIIraH KBajpaTiap OuiiaH TaKKOCJIAl Y9yH TaKIUM 3TUIITaH.

Cyuruaa pezoHaHc OuaH Ky4yailraH rapMOHMKaHUHT Oup 03 YCUIIMHM Oapya XoJjaTiap/ia Ky3aTHII

WMKOHMHH Oepajy, MapraHell IJIa3MacCHHUHT 8 Ta OKMMH Ba WHIWHN TUIA3MAacCHHHUHT Xap HMKKala
TEeKIIUPWITaH XoJjaTiapu OyHJIaH MyCTacHO, YyHKHM Oy XoJjarjap ydyH MakcuUMall Japaxasa
kyudaitupwirad QPM TapMOHUKAJIApUHUHT TO3UIMSACH TUTA3MaHUHT YOy TypJjapu Y4yH

"pe3oHaHCcau" TapMOHUKAApJaH y30KIa.

TYyprra ypranwirad miazMaaaru rapMoHukanapHuar QPM KyyallMIIMHUHT paKamiid
xuco0-kuToOmapu HaTkanapu 19- Ba 20 (ronmy3nap OunaH KypcaTuiraH)-pacmiapaa
KypcaTwirad. OKCIIEpUMEHTaln paBuilga yiadyaHraH QPM sxmmnaHunuiapy Xam

pacMaa kypcarwirad. TYFpuaaH-TyFpu Takkociam yuyH 19- Ba 20 (kBampaTyanap
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OwiaH KypcaTwiras)-pamiap. Pakamim XucoOllaHraH Ba SKCHEpUMEHTAN Tap3jia
YII4aHraH MakCHMall JapakaJla Ky4aWTUPWIraH TapMOHUKAJIAPHUHI MO3ULUSIapU
nesapiau Oup-Oupura TyFpu Kemaau. bynpan tamkapu, QPM sxmmiaHUIIMHUHT
XUCOOJIaHTaH KUAMaTIapy XaM SKCIIEPUMEHTANl YIIYaHTaH KuiiMaTiapra Moc Kelau.
Pakamnu xucoO-kutoOnapHuHT HaTwkamapu QPM Ba SHE tabcupunu axkpatuin
MMKOHUHHU Oepanu: 6apua xucobsanran xonariaapaa QPM HUHT pe3oHaHC Kydailran
rapMOHUKara TabCUpu KOHCTPYKTUBIUP. Hatrxkana, Ky Xosuiapa voHIap COHMHUHT
Kamaiuimy "pe3oHaHc" rapMoHukagapuHUHT QPM ToMOHWIAH KYIIWIUIIN OWIaH
KYyIIMMYa paBUIIAA KOTUIAHAIY.

Tapkubuga yriaepon Oynran IuiasMa TapMOHUKAlap TEHEPAIMSICHHU XOCHII
KWIMII y4yH »O03M0aJ0p BOCUTA SKAHJIUIU HCOOTIAHTaH. YTJIEPOJHUHI OOIIKA
aneMeHTIap (Kapoumnap) Ounan 6ab3u OMpUKMalapy UKKUTA KOMIIOHEHTHUHT WJIFOP
HOUM3UKIN ONTHK XYCYCHUSATIAPUHUHT KOMOWHAIMSICUTAa ONHO KEJIHUIIA MYMKHH.
Merasn Ba yraepos (Metamn kapOusiap) ¥3 uuura oJiraH MOJIEKYJiajiap, IIyHUHTIEK,
IOI'T yuyH ummaTwiuind MyMKUH Ba TYpJH ycyJulap OwliaH, MacajaH, YdpIUIaHTaH
UMITYJIbCIIAPHU KYJUIalll, MKKH PaHIJId Jamiiall Ba Typiid abiacéH ycyimapu OuiiaH
TaxJ 1 KuianHaau. Ku3ukapiv KyiMMua BapuaHT - OyHaal MoJIeKyIalapHU ¥3 Uuura
OJITaH HaHo3appavaiapjaH (organanuil, yyHku H3map rapMoHHKa reHepalusaCHHU
omMpuInHA ucooTimaau. [Nanomaterials 12, 4228. (2022)] makonana SiC, B4C Ba
Cr3C, H3c ¥3 nuura osiran mia3manapja rapMOHHKA XOCHIJ OYJIUIITN SKCIIEpUMEHTAI
paBumga kypcaruman. Ymoy JIXKIlnmapna FOI'T wHuHr typnu mnapameTpiapu
TEKIIUPWIIA. DKCIEPUMEHTAT MAbJIYMOTJIAPHU TaXJIUJ KWIUII YYyH Ky4Jid MaiJI0H
skuHiamryBura acocyanrad FOI'T HUHT coppamamiTupuiiraH MKKWA paHriv Jamiialil
MOJIETN XUCOO-KUTOOIapH UIIIaTUIITaH.

Umnynsc  paBomuitiuru 35  ¢c  Oynaran  yupruiaHMaraH — MMIYJIbClapiaH
MycoOar/manuii ynpru umnyiascnapra yruim CG Ba HRR ypracupnaru macodanu
(14-pacMra KapaHr) HOCHMMETPHK Tap3/a, MUMITYJbCHHHT JTABOMHUUJIMTHUHM YITdall
HYKTaW Ha3apuJiaH aBTOKOPPEJSIIUS TEXHUKACU EpJaMHIa CO3JAll OpKAJIM amaira
OLIMPUIAN. Jlazep YMPHUHUHT y3rapyilyd MauTHUAA UMITYJIbC SHEPIUsACH Y3rapMaJiu.
[Mynnait kb, 6uzna oup xun 70 ¢c Ba 130 dbc ummnynbc JaBOMURTUKIAPUTA ATa,
aMMO YUPIHUHUHT Kapama-Kaplid UIIopaid Ky(QT uMmmybcaap mMaBxkya. 21-pacmuaa
pakamuiap Omnan anukianrad 70- Ba 130-¢c UMMyIbCIApPHUHT YUPIICU3 Ba YUPILIU
BAKTUHYAJIMK IIAKJUIAPUHUHT y4Ta TYPYyXHU KypcaTWiIraH. 22-pacmja y4ra CeHapuiaa
DKCIIEPUMEHTAJ  Tap3/Ja VJIY4aHraH KECHUINTaH TapMOHMKAa TapTHOJapHUHT
TaKKOCJIAHWIIN KypcaTwirad. Smumn kecud yTraH KBaapardaiap OWJIaH YU3WJITaH
OMpUHYY CEHApUU - YUPTICU3 35 (C UMIYITHLC SHEPTUSCUHUHT Y3rapHuIly OMIaH KECHIII
MO3UIUSICUHUHAT y3rapuiii. VMIyJIbCHUHT SHEPrusic Jjaszep Ky4auTUPTUUMHUHT
OollIKapwIaIuran Jamjaiid ToMoHuAaH co3ianral (14-pacmaa PUMP Ba AMP). Xap
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Oup MaTepuall yuyH OeNruiianraH MakCUMall THTEHCUBJIMKIAH O0uu1al, TYHHHTaHINK
TabCUPUHU KYpHUILl MyMKUH, PPHU olnpHInia KeCUIll TapTUOU OIIMaiau.
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21-pacm. [Nanomaterials 12, 4228. (2022) makonaga 3-pacm] 0,2 mm kamuanukaara bbO
KpUCTAMIAH VTraHJaH CYHI acoCuid uMIyJbchaap (KU3uia 3rpu) OwiaH COJMIITHPTaHa
UMIYJIbCIAPHUHT MOJCIUIAIITUPWITaH KeHraumu Ba SH MMIyJabClapUHUHT HUCOMM BakT
no3unusIapu (Kyk orpm). Sxmmpox kypum yayH SH HuHr maTeHcuBiMra 4 Qaxrop Owmmax
oummmpunami. Tp(w) ann Tp(2w) - acocuit Ba SH uMmynbcnapu y4yH UMITYJIbCHUHT TABOMHUIHTH.

22-pacMJiard KU3WJI Ba KYK KECHINTaH Oenrwiap OuiaaH YM3WITaH OOIKa HMKKHTA
CCHApHH YMPIUHUHT Y3TApUIIH X0JaTIapraa KECUII MO3UITUSICHHUHAT OOFIMKIUTHHU
kypcataau. Kusun 6enrunap mycoat unpnHuHr {1}— {3} Hykranapu 6yiinya opTUILN
nynura Ba kK - {1}— {3} HyKTaymapu 0yitnua MmaH(uii YUPITHUHT OPTULLN UYITUTa MOC
kemamu. {2} Ba {3} HyKTa aBTOKOppEJSIHS TEXHUKAcCH Oyinya YrmyaHraHn
UMITYJIbCHUHT JTaBOMUMIUTH Oup xui, moc pasuiga 70 ¢c Ba 130 ¢c 6ynran, Gupox
YUPIUIAITHUHT Kapama-Kapiiy Oenrunapura sra OYiraH 4Ydpn HMITYJIbCIApUHU
oenrmnaiinu. {1} nykra CG Ba HRR ypracuaaru macodanu co3mnain opKaau KA3HII Ba
KYK 3Trpy 4M3UKJIap uMprapcu3 35 ¢c mysicra spumaural yMyMud HyKTajlapHU
ownIupay.
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22-pacm. [Nanomaterials 12, 4228. (2022) makonaaa 5-pacm] (a) SiC, (6) B4C Ba (c) CrzCz H3
wia3Mangapu yuyyH Typiau xwi PP unteHcuBmukmarm 35 ¢c ummynbenap (KecHINraH) y4dyH
KECHIIHIII X0JIaTUTa OOFIMKIMKIIApH (SIIUI KBapatiap), MycOaT YMPIUIH UMITyJIbCaap (Kecuiaral
KM3WJI Jlovpajiap) Ba MaH(UH YUpIUIM MMITyJbcnap (KecuiaraH Kyk yuOypuakiap). {2} Ba {3}
HYKTa OUp XUJI UMITYJIBC JaBOMUILTHKIapH, Moc paBuiaa 70 ¢e Ba 130 ¢c 6ynran, nexuH kapama-
KapIlli 4MpIl UIIopajapura sra Oyiran 4upIuid ummynbciaapHu Oenrunaiinu. {1} nykra CG Ba
HRR ypracumarm macodanu coznam OpKaiW KH3WI Ba KYK STpH YH3UKIAp uduprcus 35 ¢c
UMIyJIbCTa SpUIIAIUTaH YMyMHUI HyKTajdapHu Oenrunaiinum (14-pacmra Kapasr).
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2 TaHIaHAIN.

Bapua yura MaTepuan yuyH aactiadku Hykra {1} PP =1,65x10 Bt cm”
{1}—{3} uynmnapu 6Viinad nmmynsc sHepruscu y3rapmaau. B4C Ba CrsC, H3nmapuna
(22b,c-pacm) OGonmaHFUY HHTEHCUBIIMK HYKTacH {1} TYWWHTaHINK AUana30HUATa STKUH
¢KM YHUHT WYUTa >KOMNAINTHpWIaad Ba OW3 dYMprCcU3 (Al kecu® YTrax
KBaJlpaTyanap) Ba MaHQUU YHUpIUIM HYIiap yuyyH yYMyMUH XapakaTHU YUPITHUHT
MycOaT wumopacu OViiad  xapakariaHa€Tranma, WYJd  KECHII  XOJIATUHH
KUCKapTUPUIIUHU KypuinumMu3 MyMkuH. S1C H3nap xonatuaa (22a-pacM) OomuUIaHFUIY
HykTack {1}  TYWMHraHJIMK WHTEHCUBIMIHJAH  MACTPOKAAa  JKOIIallraH.
Manguit/mycbatr uyupn HymIapu I[IyHra YXIIaml HaKIIHE Kypcala-zia, 4YupIicu3
UYTHUHT HUCOMM mosuuuscu y3raptupunau. I, Ba |, KuiiMaTiapu sKcrepuMeHTal
HaTwxkamnapra Moc kemagurad 24-pacmaa kenrupwiran SiC JIXKIT waunr FHOI'T

XUCOOJaII HATHXKaJIAPUHU KYpCaTUIITaH.
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23-pacm. [Nanomaterials 12, 4228. (2022) maxonana 6-pacm] PTC (a) Ba OTC (6) yuyH
xucobnanrad FOI'T cnektpiapu. @o Oupunun ycryHaa kusuia (800 HM) Ba kyk panriau (400 HM)
YM3UKNIAp OWJIaH CXeMaTHK Tap3[a TaKIuM STHITaH ©-20 MaiJoHIapu Y4yH HHCOMH (dasa
CHJDKMIIMHY OWJITUPAZM. ® Ba 2() HUHT MHTEHCUBIUKJIAPU TEHT, MOJIAapU3alls BEKTOPIapUHUHT
WyHanumm (a) maHenna mapawien Ba (0) manen yuyH oproroHan. FOkopu manemnap (SCP)
xucobOnanrad IOI'T Hu dakar 800 HM MaliJoOH OMIIaH TaKIUM 3TATH.

|, norarwm norenmuanu I, = 1.65x10' Bt cm™ yayn unkapuinay Ba 22a-pacMaaru
kecumn mno3uiusacu I, = 9 »sB ra Tyrpum kenau. XwucoO-kuTobiap ® Ba 20
MalioHIapuHUHT TeHr uHTeHcuBiuru (I, = ly,), yJapHUHT KyTONAaHHIILIAPH
opToroHai €ku Oup-oupura rmapamiena Oynarad Xoiaa Takaum dtwiaan. Connanik yayH
E, xap moum x yxu OViinabd, Ea, oca X yku €ku y Yku OVyinad WyHanTUpHITaH.
Takkocnam yuyH 800 aM gamman rokopu Taptudau FOI'T cnekTpnapu 6unaH Takaum
stunrad (23-pacm, SCP). Xap xun ¢aza cCHIDKUIIM (o OYJIraH TapMOHHMKA CIIEKTpJiap
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7/6 xanam Ounan 0 Ba T opaiuFuaa TaKJIUM STUIAAN. ® Ba 2() MalJOHJIAPUHUHT MOC
Kenaaurad npoduwiapu 23-pacMHUHT OUPUHYH YCTYHHUIA ACOCHI MalIOH YUyH STOHA
JIaBp BaKT OpAJIUFUIa KA3WI Ba KYK PaHTIIN SXJIUT YU3UKIap Omnan kypcatuwirad. PTC
xonatuza (23a-pacm) akat Dy komnonentu Honra TeHr amac, OTC yuyn (236-pacm)
MKKUTa KOMIIOHEHT JaBoM 3tanu, Dy Ba Dy. Illynra moc paBumpa, onmaran IOI'T
cuexrpiapu Dy |* + |Dy|? liuruaaucununr norapudmiuapu cudaTuaa TaKIuM STUIIAIH.
NKkrHYM MalJIOHHUHT OUp BaKTHHUHT Yy3WJla MaBXYJIMTM WKKaja WYHAJIUII Y4yH
rapMOHUKAHUHT Oapua >XypT Ba TOK TapTUOJapHu Maijo OYnuimura oaud Keau.
Xucoo-xkutobmap E, Ba Ey, BekTOpIapMHWHT OpPUEHTAIUSACH MYXUMIUTHHH
kypcaragu. PTC yuyH kecum mO3UIMSICMHUHT 27-un  TapTuOnan 41-43-un
TapTUOIapra KyTapuiraHWuHU KYpUIIl MyMKHH, KECHUIIl Ba3UATUAAH TalllKapy pexKuMIa
aca IJIaTo oxXupuaa 06ab3u MHTEHCUBIMK MOMYJISIUsIaApU OWJIaH KECUII TO3UIUACU
y3rapuiicu3 KoJaju. (o HUHT Y3rapuIlM IUIATOHUHT Yerapa XyayAujaa TapMOHUKa
WHTCHCUBJIMKIIAPHUHT MOy Isiusicura oiauo kenaau (23a-pacmaa PTC yuyn @o = m/2
JaH (o = S7/6 raya xojaTaa). XaKMKUi TaxpuOanapaa OyHU KECHUITHUHT Y3rapuIu
cudartuaa Ky3atuil MyMKUH. XyJII4 OIyHAal MUHUMAJ KECUILJIaH TallKapu KuiMar
yUyH XaM Ky3atuiaau (230-pacum, ¢o = 11/3).

| SiC, SCP and OTC | 25H

Pos. chirped, PD=70fs
Chirp free, PD=35fs

24-pacm. [Nanomaterials 12, 4228.
(2022) wmakomama  7-pacm] HOI'T
yupruianrad Ba yupncu3 SCP Ba OTC
owran SIiC H3 JIXKILiapu. (a) manen

0,2 MM KATUHIAK AT BBO
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(a)
Pos. chirped, PD=70fs
Chirp free, PD=351s
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24-pacmaa SiC JIXKIInapau yupricu3 Ba YUPIUIM UMITYJIbCIIAp EpAaMuaa TEKITUPHIIL
naiTuga rapMOHMKa CIEKTpJiapu KenTupuirad. [lanemnapnaru smumn paHr OuiaH
Tynaupuirad npodumiap (246-pacm) SCP Ba OTC kondurypamusiiapuaa 35 ¢c
MMITyJIbC JaBoMuiiaury Ba I, = 1.65x10 Bt cM™ 6yaran unprcus MMITyJIbciapra Moc
kenaau. buz SH wuMnysibclapyuHUHT WHTEHCUBIUTHHU [, = 9x10 Bt cm™? neb
XUCOOIaIuK. DHT Ky3ra TanuiaHaaurat y3ura xociauk - 0y OTC namnammHUHT KeCcuI
xonatuHuHr Kywin kuckapumm. SiC H3 JIXKII xonatwma, aucOatan kuumk SH
MHTEHCUBIUIUra kapamai, y 25H nan 15-16H raua kyuau. Tenr o Ba 20 mMaiiioHIapu
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Y4YH MOJIeN Xuco0-kutoonapu (236-pacm) OyHai XxoaucanapHu OamopaT KuiaIManIu.
Monen xuco0-kuTobapu yuyH HHTEHCUBIUK HucOaTnapu acocuit 800 um Ba SH yuyH
VMITYJIbC DHEPTUACH Ba JABOMUWINTM Yia4yoBiapu épaamuaa anukiaanan. daszamap
dapku aHMK ViauaHMaAW, JEKUH OyHHHI YpHUTA YHPIICU3 UMITYJIbCIap XOJaTuaa
conpanamTupwiran  monen €pmamuaa HOI'T  crekTprapuHHHT — Y3rapuiiapu
MoJeUTam TP, Taxpubanga, YHPIICU3 UMIYILCIAP XOJATHAA KECHITHUHT
KUCKAPHUIIH Ky3aTHH. VIKKY TYJIKHHHUHT SHT KyWIH Y3apo TabCUPH KyTUJITaHa, Oy
*apaéH TEHT ® Ba 2() MHTCHCUBIUTH/A XaM Oaropar KWiuHMarad. /3 arpoduuaru
dazanap dhapky yuyH KECHUIIUIITHIHT OUPO3 KUCKAPHUIINA TAXMUH KHJTUHAIH.

XVJIOCAJIAP

By epnma TakauMm STWIraH Hazapuid TaAKUKOTIAp SKCHEPUMEHTA TaJAKUKOTIIap
HaTWXacuaa oJuHral ma'mymotiap Ba KMS acocunaru nazapuii xuco6nap €éku TDSE
OwiaH TYFpUIAH-TYFPU COHJIM XucoOap OuinaH yamOapyac 0ornuk. MoHuzanusa xam,
IOI'T xaM 3KCEpUMEHTIAPHUHI ACOCUM XYCYCHUSTIAPUHM €Tapiid Japaxana akKc
srruprad xonga KMSra acocnmaHran €HIANIyBHUHT  MYCTaXKaMJlIuTd — Ba
MOCJIAIIyBYaHJIUTUHA HaMmouuin 31au. byHnman dapxmu ynapoxk, TDSE nHunr
TYFPUAAH-TYFPU pakaMJIM €UUMM Xajdd XaM eTapiiya BakT Tajnald KWiagura
npoleaypa XxucoomaHaau.

Acocuii Xysnocaiap KyiuaaruiapaaH uoopar:

1. N2 Ba O Ba ynmapHuHr yxmam atomsapu Ar Ba Xe OujaH COTUIITHpPraHaa jazep
Owsan HypJaanrad F, quaToMuk MoJieKyJlacua Ky4jid MaiJOHIM MOHJIAHUII JKapaEéHu
onatuii KMl HUHT Te3nuK yiuarud Bepcusicu Aoupacuia Kypubd dukuaan. MaBxya
DKCIIEPUMEHTA] MabiIyMoTiapra kypa, N, Ba Ar ra Hucbaran F, monmanummaa
OOCTUPWIMIIIHUHT UYKJIUTH XOIMCACUHUHT TaBCU(DU OJIMH]IH.

2. Peakuuss HaHOCKONUS €pJamMuia OJIMHTAH MPOTOH MMITYJIbCUIAH aepo30J
OKMMHUJIATU sIKKa HaHO3appadajiap Ba YJApHUHI KiacTepjapy XapaKTepUCTHKaJIapH
cudaruaa goitnananuin MyMkuH. Kiactep curamiapy nacT MHTEHCUBJIMKIAru OUTTa
HaHO3appaya CUTHAJUIAPU YCTHJIAaH YCTYHJIMK KWJIUIIM OSKCIEPUMEHTall Tap3na
KypcaTWJIId Ba pakamJid XHUCOO-KHTOONAap OWIaH TacauKiIaHau, Oy KpeMHUU
JTUOKCUIM HaHO3appadalapuJaH 3JIEKTPOH SMHCCHS uerapacu Oyinda OJITUHTH
DKCIIEPUMEHTA]  MabIyMOTJIap ypTacuaard HOMYBOMUKIUKIAD YIYH  MOC
TYIIYHTUPHUIITHHA TAKIA( KATaIH.

3. VIHTeHCUBINIH IOKOPU KUCKa Jlazep ummyibciaapu owian SiO; HaHO3appayaiapu
103acuHM Hypiantupranga Hs'/Ds* moHmapuHu XO0CHI KMIIMII OpKaJld Mypakkad Ba
HOE0 MOJIEKYJISIp AUHAMHUKAaHU HaMoMuI 3Tau. Hatmxkanap nHTEHCHUB (heMTOCEKYH U
Ja3ep MaWJoHJIApUAa DK30THK KUMEBHM peakiusiap y4yH Katanu3aTop cudarmma
HaHO3appavaJapPHUHT XapaKTEPUCTUKACUHUHT aHUK HAMOWUIIIMHN TaKIA( KUATaIH.
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4. Li, Li*, Al Ba Al" mucomnapuaa atom JIXKIInapu yuyn FOI'T crexkrprapuHuHT
Oarapcun KMS XucOO-KMTOOMAapH SKCIEpUMEHTal HaTkKajgap OWiaH SXIIU
myBourmuruau kypcarau. JIXKIlnmapga Oup 3apsiijmaHraH HMOHJIAPHUHT  POJIU
MHKPOCKONIMK HYKTau Ha3apAaH TYLTyHTUPUIIIH.

5. Monexkynsap FOI'T taBcudu yuyn ['aycc anuk moaenu ['EXHUHT TakauM 3TUITaH
ymymnamtupwnid KM FOI'T HuHr TYnuK aHanuTuK udojanaHUIINra WMKOH
oepau. XOMO cummerpusicu Ttydaitnu  FOI'T  cnexkTprnapuHuHr y3ura Xoc
XyCyCcUsTIapu, >XKyMiaJlaH, MHHUMal MHUHTaKa arpodujard TapMOHUKaJapHUHT
KyTOanuin xycycustiapu Hy Ba Hy" Monekynanapu Muconnaa KypcaThiam.

6. Acocuii HypJaHMII Ba YHHHI HWKKHHYM TapMOHHMKAacu OWIaH OpTOroOHaJ-
noispusanusuianrad  gammnam  cxemacu Ar wHudr IOI'T cnektpnapuga Kymep
MuHuMyMuHd (KM) Ypranvm yuyn kynnanwinud. dazanapau MociaamTupuin €Ky ras
OKUMHM YpHUHM y3raptupuil opkaid KMHM MakpOCKONMK Ha30paT KWJIHII
KypCaTUJIAH.

7. XaXMHUM HULIOH CHUPTHJA IJIa3Ma OKMUMHM COHUHHU Y3TapTHPHUILI OpPKAJIH UKKHATA
KapaéH: pe30HaHC KydalTupuin Ba kBazudaszanu mocnamuin komouHanusacuaa FOI'T
CIIEKTPUHU  OOIIKApUIII  OSKCIEPUMEHTAJl HAMOWHWII KWIMHAM Ba  Hazapuid
TYUTYHTUPUIIJIH.

8. SIC, B4C Ba Cr3C, HaHO3appavanapu ouiad kapOuaau ¥3 naura oiaran JIXKInapaa
IOI'T HuM Ha3zopaT KWIMII Ba cO3Jalll YYyH YUPIUIAHTAH WMIYJbCIA UKKU PaHIJIH
opToroHai jamuiain cxemacu unuiatuiaau. Hazapuit KM S xuco6-kutobiapu qamoari
MalAoOHIapuAa Mojaspru3alrs HyHATUIUIADUHUHT POJIA TYLIYHTUPHUIIAU.

MuHHATAOPYNINK!

Men unmuii pax6apum npodeccop Pamma ["'aneeBra 6emn WniiaH OpTUK XaMKOPJIUKAA
noumuii  Ba 0ebaxo €pmamMu  Ba KypcaTMalapyd y4YyH MHMHHATIOPYMITUK
omnmupmoxkunmad. dusnka-matemMatuka ¢annapu goktopu [amxkaboii bonraesra
XaAMKOPJIMKAATd SKCIEPUMEHTANT TaAKUKOTIIAPHU YTKA3WITa KYIIraH XUCCacu YUyH
anoxuma paxmar. dusuka-marematuka (annapu nokropiapu Mns Kynarun Ba
Brnagumup Ycadenkora Hazapuil XUCOO-KMTOONApHU KYJU1aO-KyBBaTJIaraHIMKIApH
Y4yH MUHHATAOPYWIMK OUIAMpMOKUYMMaH. byHnaan Tamkapu npodeccop Uynneu ['yo
(CIOMP, Xwuroit) Ba mnpodeccop Amum Annacepra (AUS, BAA) nasep
nabopaTopusiapuia JKCIEpUMEHTal KypuwiMmanap OujaH HIUlamra pyxcar
Oepramiukiapd  y4yH  MHHHATIOPYMIMK  Owinaupaman. Banuxost, PhD
JTUCCEPTAIMSCUHUHT HATHXKAJTApPUHUA TaKIUM DTHIIMMIra pyxcar OepraHu yd4yH
npodeccop bobomypar AxmenoB Ba yHuHr DATUmarm skamoacura amoxuaa
MUHHATJOPYWINK OWJITUpaMaH.
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BBEJAEHUE (AHHOTAIMA K MPeACTABJIEHHN)

Heab0o  ucciegoBaHMs  SBJLIETCA  KAK ~ TEOPETHYECKOE, TAaK U
DKCIEPUMEHTAJIBHOE HCCIECAO0BAHUE IPOLECCOB MOHM3AUMM W TEHEPALMM BBICIINX
FapMOHUK B JIA3€pHO-MHAYLMPOBAHHBIX IUJIa3M€ M ras3ax C MCIIO0JIb30BAaHUEM
YIABTPAKOPOTKUX JA3€PHBIX HMIYJIbCOB. TEOPETHUUECKHUM U SKCIIEPUMEHTAIbHBIN
aQHaJIN3 TEHEpalUU BBICIIMX TAPMOHUK C HMCIOJIB30BAHUEM OJHO- U JBYXLIBETHOMU
HAaKayKU JIa3epHO-UHAYLIUPOBAHHOM IUIa3MBbl JJIs1 JOCTUIKEHUS T€HEPALlMU TApMOHUK C
PE30HAHCHBIM ycuIeHHeM U kBazucuHxpoHuszMoM (KC).

3ajayamMm McCCJIeI0BAHUS SIBISIIOTCS M3y4YCHUE JUHAMHKA MOHM3alUU B
MOJIEKYJIaX M Ha TOBEPXHOCTH HAHOYACTHUI] MpPU OOIYyYEHUH KOPOTKHUMH U
YIBTPAKOPOTKUMHU J1a3€PHBIMU UMITYJIbCAMU;

HccnenoBanne HEMMHENHO-ONTUYECKUX CBOKMCTB I'a30B U PA3JIMYHBIX JIA3EPHO-
VHYLIMPOBaHHBIX ILJIa3M;

UccnenoBanue pe3oHaHCHOM reHepaliuu Boicimx rapmonuk (I'BIT) u mporieccon
CIEKTPAJIBHOU MEPECTPOMKHN C IPUMEHEHHEM MHOTOCTPYHHBIX ILIA3M;

UccnenoBanne mexanu3smMoB ['BIT ¢ IBYXIIBETHBIMHM CX€MaMHM HAKayKu U C
MCMOJIb30BaHNEM YMPIUPOBAHHBIX JIA3€PHBIX UMITYJIHCOB;

Hcnonb3oBaHue coaepKaux HAaHOYACTHULBI JIa3€pHO-UHIYLIUPOBAHOM 1JIa3Mbl
(JIUIT) nst TBT.

O0beKkTOM HCCIeI0BAHMUSA SBISETCS JIA3€pPHO-UHAYLHUPOBAHHAS IUIa3Ma U3
IPOCTBIX ATOMAPHBIX U CIIOKHBIX MOJICKYJISIPHBIX MUILICHEH, IJIa3Ma, COJeprKalas
HAaHOYAaCTHULBI U Ta30BbIE CTPYH.

IIpeamerom mccieq0BaHUS  SIBISIOTCS CBOWMCTBA M XAPAKTEPUCTUKHU
BPEMSIIPOJIETHBIX CIIEKTPOB, HEJIMHEWMHO-ONTUYECKUE CBOMCTBA BBICOKHUX IMOPSIKOB
MAaTEPUAJIOB MHUIIEHEW U CIEKTPAIBbHBIE XAPAKTEPUCTUKU TEHEPUPYEMBIX BBICIINX
FapMOHHK.

MeTtoabl  HMCCOAEA0OBAHUSA  BKIIOYAKOT KaK  TEOPETHYECKUE, TaKk U
DKCIIEPUMEHTAJIbHBIE. TEOpEeTUYECKHE METOAbl BKIIOYAKOT MOJECIUPOBAHUE C
WCIIOJIb30BaHUEM AHAJTUTUUYECKUX MOJIEJeH, MOJYyYeHHBIX B paMKax MNPUOJIMKEHUS
CUJIBHOTO TIOJII, W YHCIEHHOE€ HWHTEIrPUPOBAHUE HECTAMOHAPHBIX YpaBHEHUU
[Ipéaunrepa. K skcnepuMeHTanbHBIM METOJIaM OTHOCATCS uccienoBanue ['BIT B
razax wid (opMuUpOBaHHE IyTEM HarpeBa JIa3epHbBIM HUMITYJIbCOM JIA3€pHO-
VHIYLUPOBAHHOW IUIa3Mbl C KOPOTKMMH H YJIBTPAKOPOTKHUMHM HAKAYMBAIOIIMMU
MMIYJIbCAMU B YCIIOBUSIX BBICOKOTO BaKyyMa. BBIXOJ HMOHOB M pacnpeacicHue
MMIIYyJIbCOB NPOAYKTOB HWOHH3ALMU HCCIEAYETCS C MCIIOIBb30BAHUEM METOJIa
peakumoHHOM HaHockomuu. Owmmuccus ['BIT perucrpupyercs wmeromom XUV-
CIIEKTPOCKOIIUU.
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Hay4Hasi HOBU3HA HCCJIeIOBAHUA

[TokazaHo, 4TO pacHpeeraeHUs] UMITYJIbCOB MPOTOHOB, MOJIYYEHHBIE METOJIOM
PEaKIMOHHON HAHOCKOMHH, CHEeNU(PUIHBI IS OJMHOYHBIX HAHOYACTHUII U UX
KJIACTEpOB B a’3pO30JbHOM TMOTOKE. BrepBeie ObUIO MPOAEMOHCTPUPOBAHO, HYTO
MOHU3aIMs C MMOBEPXHOCTU KIIACTEPOB JIOMUHHUPYIOT HaJ MOHHU3ALMEN C OJIMHOYHBIX
HAHOYACTHUII IPU HU3KUX MHTEHCUBHOCTAX, YTO Mpe/JiaracT aJekBaTHOEe OOBICHEHUE
PACXOXKIEHUSM MEX]Ty TPEAbLAYIIUMU SKCIEPUMEHTAIIbHBIMU JJAHHBIMU 00 SMHCCHU
¢ nmoBepxHOoCcTH HaHo4dactuiy SiO;.

BnepBble ObLIM NpPEACTABIEHBI PE3YNbTATHI, PACKPHIBAIOIIME CIOXKHYIO U
YHUKAIBHYIO MOJICKYJISIpHYIO JuHaMuKy Moiekyn H,O/D,0, amcopOupoBaHHBIX Ha
noBepxHocTd HaHowacTur, SiO; ¢ oOpa3oBanueM uoHoB Hs3'/Ds*. Pesynbrats
OJIHO3HAYHO JEMOHCTPUPYIOT XapaKTEPUCTUKY HAHOYACTHUI] KaK KaTaJau3aTopoB
HK30TUYECKUX XMMUYECKUX PEaKIMi B MHTEHCHUBHBIX (DEMTOCEKYHIHBIX JIa3€pHBIX
MOJISIX.

BriepBbie mpoBeneHbl neTanbHbie pacuersl criekTpoB I'BIT mns Li, Lit LIP B
npubmkeHun cwibHOoro mnoisigs (SFA), o0HapykeHO Xopollee COBMaJCHUE C
OKCIIEPUMCHTAIbHBIMU pe3yJIbTaTaMH MW CJIeJaHbl BBIBOJBI O POJU HOHOB Li*,
oOnagaromux HauOoIbIIeH BTOPON 3HEprueld MOHU3ALMU, B PACHIMPEHHH OTCEUKU
['BI.

Brnepssie ais antomunueBbix Al LIP 6bu10 mpogemMoHcTprpoBaHo, 4TO HAIMYKE
CWIbHBIX JUHUN HMOHHOM »Muccuu B XUV-nmanazoHe HE BIMACT Ha BBIXOJ
CHEKTpaJbHO OJM3KUX TapMOHHMK. B cimydae mmasmbl ¢ HaHoudacTtuniamu Al
IIPOJIEMOHCTPUPOBAH S-KpPaTHBIM POCT BbIXOAA TApMOHHMK. [IpencraBiieHbl pacyeTsl
SFA 1 moka3aHo, 4TO MOJIOKEHUE OTCEYKH CBA3aHO C BKJIAJIOM HEUTPAIIbHBIX aTOMOB
Al, a me Al

CdopmynupoBano 06061enne Tounor moaenu 'aycca (GEX) mist onucanus
I'BI', xoTOopo€ MO3BONWIIO IIOJHOCTHIO aHanuThdeckoe mnpexacrasienue ['BIT mis
MOJICKYJ1 0e3 HCIOJb30BaHUsS MeTonaa rnepeBana. Ha mpumepe monekyn Hp m Hp'
MOKa3aHO BIMSHUE CHMMETPHH BBICIICH 3aHATOM MoJieKysspHoi opoutamu (HOMO)
Ha ocoOeHHocTH criekTpoB I'BI', B TOM uucine Ha MOdSpU3ALUMOHHBIE CBOMCTBA
rapMOHHK B 00J1aCTH MUHHUMYMOB.

[IpoeMOHCTpUPOBAaHBI KOHTPOJIb KyliepoBckoro munumyma (CM) B criekTpax
I'BI', reHepupyeMbIx NpH B3aUMOAECUCTBUM raza Al ¢ JIa3epHbIMU HUMITYJbCaMU C
murHOU BOJTHBI 1030 HM, ITUTENHHOCTHIO 35 ()¢ ¥ TP UCTIOIBL30BAHUH OPTOTOHAIIEHO
MOJISIPU30BAHHBIX T0JIEN OCHOBHOTO U3JIYYEHHUS U €r0 BTOPOUM rapMOHUKH.

Pe3onancHoe ycuinenne rapmMoHuK B oosactu 32 HM Bo Bpems I'BI' B miazme
MouoaeHa MO npoaHaTu3upOBaHO KaK YHCICHHO, TaK U AKCIIEPUMEHTAJIBLHO.
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CpaBHEHHE  pE30HAHCHOIO  YCWIEHHS U KBa3UCUHXPOHM3MA  IIpHU
OJTHOBPEMEHHOI KOMOMHAIMEl 00OMX MPOLECCOB NPEICTABICHO M HCCIEAOBAHO
TEOPETHUYECKH U SKCIEPUMEHTAIBHO.

BnepBbie mpenctaBieHbl uccheAoBaHus —kapOupoconepxkammx JIMIT ¢
nanouactunamu SiC, B4C u Cr3C;, kak cpej Juist TeHepallii BBICIINX FapMOHHUK IIPH
OJTHOLIBETHOM HAaKayke M OPTOTOHAJIBHO-TIOJSIPU30BAHHOM JIBYXIIBETHOM HaKayke C
YUPIUPOBAHHBIMU M CHEKTPAJIbHO-OIPAaHUYEHHBIMU HMITyJIbCaMU. TeopeThuueckue
pacuetsl B npubmmxeHun SFA mpoaeMOHCTpUpPOBAIN poJib B3aUMHON OpHUEHTAIUi
NOJIIpU3AIMK B IBYXIIBETHOM HaKayKe.

IIpakTHyeckune pe3yjbTaThl HCCJIEJOBAHHMA 3aKIIOYAIOTCS B CIEAYIOLIEM.
TeopeTnyeckue M SKCIEPUMEHTAIBHBIE PE3YyJIUTaThl OBUIM HUCIHOJIB30BAaHbl IPH
YCOBEpIICHCTBOBAHUU KOHCTpyKUMU ycTaHoBku mainsi ['BI' B AmepuxaHckom
yauBepcutere apmxu (OAD). PazpaboTanbl pa3zinuyHble MpOrpaMMHbBIE KOJbI JIs
pacuera I'BI" u 06paboTKu 3KCIIEpUMEHTAIBHBIX JaHHBIX, KOTOPbIE B HACTOSILIEE
BpEMsI aKTUBHO IIPUMEHSIOTCS B HAYYHBIX Ipynnax YaHUyHbCKOTO MHCTUTYTA ONTUKH,
¢u3uku u TouHo mexaHuku (Kwurail), Amepukanckoro yHuBepcuteta lapmxu
(OAD) u nabopatopuu HeUHENHON onTukU YHUBepcuteTa Jlatsuu (JIaTBus).

JIOCTOBEPHOCTH Pe3yJIbTATOB MCCIeA0OBAHUI MOATBEPKAAETCH TEM, YTO OHU
IIOJIy4eHbl C  MCIOJB30BAHUEM COBPEMEHHBIX PaCYETHO-IKCIEPHUMEHTAIBHBIX
MEeTOAMK. JlOCTOBEPHOCTh pE3yJIbTaTOB TAaKKE€ OCHOBAaHA HAa COBMECTUMOCTH
MOJyYEHHBIX PE3yJIbTaTOB C 3KCIEPUMEHTAIbHBIMU JaHHbIMU. Kpome Toro, s
4TOOBI e11ie 00JIbIlIe NOJYEPKHYTh HaJIS)KHOCTh MOTYYEHHBIX PE3YyJIbTaTOB, BCE CTAThU
PhD kannuaara ObUTH pElieH3UPOBAHBI KCIIEPTAMU B 00JIaCTH HETMHEHHOM ONITUKU U
OIyOJIMKOBaHbI B BBICOKOPEHTUHIOBBIX YypHajaX, OTHECEHHbIX K KBapTWiIsM QI u
Q2.

Hayynas u mnpakTuyeckass 3HAYMMOCTH PpPe3yJbTATOB HCCJIeI0BAHUSA
Teopernyeckne M 3KCIEPUMEHTAIBHBIE PE3YJIbTaThl MCCIECIOBAHUM, MOCBSIIEHHBIX
U3YUYECHUIO SIBICHUI HWOHM3alMM B CHJIBHBIX JIAQ3€PHBIX IOJISAX, CIOCOOCTBYIOT
pa3ButTHio GoTOKaTaIn3a U (GOTOXMMHH Ha TOBEPXHOCTH HAHOYACTHI], YTO OTKPHIBAET
NYTH K MOJYYEHUIO SK30THUECKUX MOJEKYJISPHBIX 00pa30BaHU HETPAIUIIMOHHBIMU
ciocobamu. Pesynbrarthl uccnenoBaHuii, mnocesmieHHbIXx ['BIT, cmoco6cTByIOT
Jy4dlIieMy TMOHUMAHUIO HEIMHEHHO-ONTUYECKUX IMPOLIECCOB BBICOKOIO MOPSIKA M
MPaKTUYECKON MOMOIIM B pa3pabOTKe KOTEPEHTHBIX HCTOYHMKOB cBeta B XUV-
JMana3oHe CHekTpa. Jrta paboTa BaxHa [UIsI ONTHYECKOHM BU3yalW3allud
HAHOPa3MEPHBIX U CYOKJIETOYHBIX CUCTEM, ONTHYECKON JUTOrpadui 1 MOHUTOPUHTA
JIBUKEHMSI SJIEKTPOHOB B aTOMax, MOJIEKYJIaX M HAHOCTPYKTYPUPOBAaHHBIX CHCTEMaXx B
aTTOCEKYH/IHOM MacilTabe BpeMEHHU.

Buenpenue pe3yabTatoB  HMcciaenoBaHusi. llomyueHHble  pe3ysbTaThl

I/ICCJIe,ZLOBaHI/IfI CYMMApHO OBLIM MCIIOJIB30BaHbI OoJiee ueM B 50 HaY4YHBIX CTAaTbiAX, B
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YaCTHOCTHU - HcclieoBaHusl KOHTpois KymepoBckoro muHnmyma B cnektpax ['BIT
ObuTH HcTToNTb30BaHkl 4 pasa (T.-F. Jiang, J. Phys. B 55, 075601; G.S. Boltaev, M. Igbal,
N.A. Abbasi et al, Sci. Rep. 11, 5534; K.M. Dorney, T. Fan, Q.L.D. Nguyen et. al,
Optics Express 29, 38119; R. Rajpoot, A.R. Holkundkar, J.N. Bandyopadhyay, J. Phys.
B 53, 205404), anomanbHOro ¢opMupoBaHus KaTuoHoB Hs;" ¢ moBepxHOCTH
nanouactui 5 pas (J. Wang, Q. Qu, F. Sun, et al, Optics Express, 31, 9678; V. lalyshev,
G. Boltaev, M Igbal et al, ACS Omega 7, 28182; H. Li, X. Gong, H. Ni, Journal of
Physical Chemistry Letters 13, 5881 u nap.), pe3oHaHCHOE yCHIICHHE B ILa3Me
mosmmoeHa — 8 pa3 (M. Venkatesh, V.V. Kim, G.S. Boltaev, et al, International Journal
of Molecular Sciences 24, 6540; W. Fu, Y.H. Lai, W. Li, Optics Express 30, 47315 u
Ip.), pe3yNbTarThl [0 TIOJABJICHWIO HMOHW3AallMA B  MOJIGKYJSPHBIX  Tra3ax
ucnoas3oBaiauchk 15 pas (J.E. Szekely, T. Seideman, Physical Review Letters, 129,
183201; M.C. Stroe, M. Fifirig, Optik, 224, 165612; Y. Chen, B. Zhang, J. Phys. B 45,
215601 u np.), cpaBauTenbHOE MccaenoBanre ['BI' B Ar u pasmuunbix JIMII mnazmax
ucnonb3oBaigock 9 pa3 (R.A. Ganeev, Applied Physics B 129, 17; V.V. Kim, LA,
Shuklov, A.A. Mardini, et al, Nanomaterials 12, 1264; D. Goldberger, D. Schmidt, J.
Barolak, Optics Express, 29, 32474) u T.11.

Ony0/MKOBAHHOCTh Pe3yJbTATOB HccenoBaHus. [lo Tteme nuccepranuu
omyO0iIrMKoBaHO 15 Hay4yHBIX CTaTel B MEXIYHAPOJHBIX >KypHaJlaX C BBICOKUMU
UMIIaKT-PakTOpOM M PEKOMEHJOBAaHHBIX BEICIIE aTTecTalluOHHOW KOMHCCHEH
PeciyOnuku  Y30ekuctan 11 MyOJMKAIlMM OCHOBHBIX HAy4HBIX PE3yJIbTaTOB
JOKTOPCKUX TUCCEPTALIUM.

3AKJTIOYEHMUE.

[IpencrapiieHHbIE 3/1€Ch MyOIMKAIIMU TECHO CBSI3aHbI C SKCTIEPUMEHTAILHBIMU U
TEOPETHUECKUMH pe3yJbTaTaMd Ha OCHOBE MPUONMKCHUS CHIBHBIX moner (SFA,
strong-field approximation) wu pacueTamMM METOAOM YHCICHHOTO PEIICHHUS
BpeMsi3aBrcuMoro ypaBHenus Illpenunrepa (TDSE, time-dependent Schrodinger
equation). Ha mpumMepe pacdeToB s MOHU3AIMM B CHIIbHBIX JIa3€PHBIX MOJSIX H
npoiieccoB reHepaiuu Boicimx rapmonuk (HHG, high-order harmonics) 6bum
MIPOJIEMOHCTPUPOBAHBI CHUJIa U THOKOCTh MOJIXx0/1a Ha ocHOBe SFA, ObLIM aJeKBaTHO
BOCIIPOU3BE/ICHBI  KJIFOYEBBIE OCOOEHHOCTH DKCIEPUMEHTAIbHBIX PE3yJIbTaTOB.
Hamnportus, npsiMoe unciieHHoe pemeHue merogoM TDSE mo-npexHemy sBIseTCS
JIOCTATOYHO TPYIOEMKOM MPOLIEAYPOM.

OcHOBHBIE BBIBOJbI:

1. IIpouiecc noHU3aMu B O0JIYYEHHOM J1a3epoM ABYXaTOMHOM MoJekyne Fo mo
cpaBHeHuto ¢ Ny 1 Oz 1 ux aHasioramMu atomamu Ar u Xe paccMaTpuBajCsl B paMKax
SFA B kanmubOpoBke ckopocth. llomyueHo anekBaTHOE  CYHIECTBYIOIIUM
DKCHEPUMEHTAJIbHBIM  JaHHBIM  ONHUCAHUE SIBJIEHUS OTCYTCTBUS IOAABJICHUS

noHnzarmu F, mo otHomennio k N, 1 Ar.
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2. Pacmpenenenus uMIysibca MPOTOHOB, TOJYYCHHBIC C MOMOINBIO reaction
Nanoscopy, MOTYT OBITh UCTIOJIL30BAHBI B OTIPE/ICIICHUS OTMHOYHBIX HAHOYACTHUI] M X
KJIACTEPOB B a3PO30JIbHOM MOTOKE. DKCIEPUMEHTAIBHO OBLIO MPOJEMOHCTPUPOBAHO
Y TIOJITBEPIKICHO YHCIICHHBIMHU pacyeTaMH, YTO HOHU3AITHS C TOBEPXHOCTH KIACTEPOB
JOMUHUPYIOT HaJ WOHM3AIMEeW C OJWHOYHBIX HAHOYACTHI[ TIPU HH3KUX
WHTCHCUBHOCTSX, 4YTO JaeT OOBACHEHHWE PACXOXKACHHUSIM C MPEAbLIYyIIMMU
IKCIICPUMCHTAIBHBIMH JJAHHBIMH IO 3JICKTPOHHOM dMHUCcCcHU HaHOoYacThiaMu SiOs.

3. IloBepxHocTh HaHOYACTHUI] Si02, 00TYYECHHBIX WHTEHCUBHBIMU KOPOTKHMH
Ja3epHBIMH  MMIYJbCAMH, MPOJEMOHCTPUPOBAJA CIOXHYI0O ¥  YHHUKAIHHYIO
MOJICKYJISIPHYIO THHAMHUKY ¢ oOpa3oBanreM HoHoB H3*/Ds*. Pe3ynbpraTsl 01HO3HAYHO
XapaKTEPUCTHPU3YIOT HAHOYACTHIIHI KaK KaTaIM3aTOPhl AK30THUYCCKUX XUMHYECCKUX
peakiuii B MTHTEHCUBHBIX (DEMTOCEKYH/THBIX JIa3€PHBIX MOJISIX.

4. JHeranbubie SFA-pacuersl cnektpoB HHG s aromaphoi nasepHo-
unynuposanHoi iasmel (LIP, laser-induced plasma) na npumepax Li, Li*, Al u Al*
MOKa3aJid XOpOIllee COIJIaCHe C OKCIHEPUMEHTANIbHBIMU pe3ysibTaTamMu. Pob
0JIHO3apsAIHBIX MOHOB B LIP Obu1a 00BsICHEHA C MUKPOCKOITMYECKOW TOUKU 3PEHUS.

5. Ilpencraiennoe obodmeHre Tounoi moaenu Naycca (GEX, Gaussian exact
model) mist omucanus monekyisipporo HHG mo3Bonmio mpeacTaBUTh MOTHOCTHIO
aHanutuueckoe mpexacrasienue Qopmyn migs HHG B npubmmkenun SFA.
Oco6ennoctu crektpoB HHG, oOycnosnennbie cummerpusmu HOMO  (highest
occupied molecular orbital), B TomM 4mcnae monspU3aNMOHHBIE CBOWCTBA BBICIIUX
rapMOHUK B 00JJACTH MHHUMYMOB, OBLITH MPOIEMOHCTPUPOBAHBI B CITydae MoJieKyJ Ho
nu H2+.

6. Jlns uccaenoBanus KymnepoBckoro muaumyma (CM, Cooper minimum) B
cnexktpax HHG Ar Opl1a mpuMeHeHa OpTOrOHATBHO-TTOJISIPU30BaHHAS CXeMa HaKauyKh
OCHOBHBIM W3JIyYEHMEM M €ro BTOpOM rapMoHukou. IIpoaeMoHCTpUpOBaHO
Makpockonuyeckoe ynpasiienne CM 3a cueT (pazoBoro CHHXpOHU3MA UITH U3MEHECHUS
TMOJIOYKEHUS Ta30BOM CTPYH.

7. DKCIEepUMEHTAIBHO TMPOJEMOHCTPUPOBAH M TEOPETHUYECKH OTMHCaH
crieKTpasibHbIM KoHTpoib HHG B coueTtaHun AByX TMPOIECCOB: PE30HAHCHOTO
YCUJICHHS ¥ KBa3UCHHXPOHU3Ma ITyTEM U3MEHEHHUS KOJIMUECTBA TUTIa3MEHHBIX (DaKesIoB
Ha TTOBEPXHOCTH MUIIICHH.

8. JIByxIBeTHas OpPTOTOHAJbHAs CXeMa HAKa4Kd C YHPIUPOBAHHBIMU
UMITyJIbcaMu ObLIa UCTioNb30BaHa Jiyist kKouTposis HHG B kapoumocoaepxkammx LIP ¢
Hanouyacturamu SiC, B4C u CrsC,. Teopernueckue pacdersl B npubmmkeHnn SFA
OB WCIIOJIB30BaHbI JUIsl omucaHusi d(PQPEKToOB B 3aBUCHUMOCTH OT HAIMpaBIICHUS
TIOJISIPU3AIINH B TIOJISX JIA3€PHON HAKauKH.
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